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Abstract  

This thesis concerns the synthesis of salts of non-steroidal anti-inflammatory drugs 

(ibuprofen, ketoprofen, naproxen and salicylic acid) based on alkyl esters of L-amino acids. 

The main objective of this work was to obtain derivatives of the selected active substances, 

which belong to the group of ionic liquids, with an increased bioavailability and skin 

permeability compared with the parent drug. 

The theoretical part focuses on the presentation of problems related to traditional 

forms of non-steroidal anti-inflammatory drugs (NSAIDs) and methods of counteracting 

them, with particular emphasis on transdermal and topical drug delivery and the 

transformation of the drug substance into an ionic liquid with pharmaceutical activity.  

The experimental part presents the synthesis and characterisation of the physico-chemical 

and biological properties of selected acids from the group of NSAIDs. The identification  

and the determination of the purity of the compounds obtained were mainly based on the 

analysis of the proton and carbon nuclear magnetic resonance spectra, the analysis of the FT-

IR spectra and the elemental analysis. 

Physical and chemical properties important for transdermal and systemic application 

were determined, such as: solubility in water, selected buffer solutions and organic solvents, 

lipophilicity, thermal stability, phase transition temperatures, and optical activity.  

The influence of the amino acid structure and the length of the alkyl chain in the ester part 

on the determined properties of the obtained derivatives and the possibility of their potential 

design depending on the selection of the starting cation were demonstrated. 

In addition, the work focused on the determination of the biological properties, with 

particular emphasis on skin permeation tests and the ability to accumulate in the skin, which 

were carried out in collaboration with the Pomeranian Medical University in Szczecin.  

The biodegradability of the obtained derivatives, the antibacterial activity against selected 

strains of bacteria and the antioxidant activity have also been determined. A correlation 

between the biological properties and the drug counterion structure was also demonstrated. 

It has been shown that modifying an acid from the NSAID group by combining  

it with an L-amino acid alkyl ester significantly increases the solubility of the drug substance 

in body fluids and its permeability through biological membranes. This can contribute  

to reducing the dose of the drug substance after its subsequent application and minimizing 

the occurrence of side effects. Furthermore, based on the research carried out, the structure 
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of the cation has also been selected to obtain salts with the most favourable parameters  

for further application and permeability through the skin. 

Keywords: amino acid-based ionic liquids with pharmaceutical activity, non-steroidal anti-

inflammatory drugs, transdermal and topical drug delivery 
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Streszczenie  

Niniejsza praca dotyczy syntezy soli niesteroidowych leków przeciwzapalnych 

(ibuprofenu, ketoprofenu, naproksenu oraz kwasu salicylowego) na bazie estrów alkilowych 

L-aminokwasów. Głównym celem tej rozprawy było otrzymanie pochodnych wybranych 

substancji aktywnych, należących do grupy cieczy jonowych o zwiększonej biodostępności 

oraz przenikalności przez skórę w porównaniu do leku macierzystego. 

Część literaturowa skupia się na przedstawieniu problemów związanych  

z tradycyjnymi postaciami niesteroidowych leków przeciwzapalnych (NLPZ) oraz 

metodami ich przeciwdziałania, ze szczególnym uwzględnieniem przezskórnego  

i naskórnego podawania leku oraz przekształcania substancji leczniczej w postać cieczy 

jonowej o aktywności farmaceutycznej. 

W sekcji eksperymentalnej przedstawiono syntezę oraz charakterystykę właściwości 

fizykochemicznych i biologicznych pochodnych wybranych kwasów z grupy NLPZ. 

Identyfikację oraz określenie czystości otrzymywanych związków dokonano głównie  

w oparciu o analizę widm protonowego i węglowego magnetycznego rezonansu jądrowego, 

analizy widm FT-IR oraz analizy elementarnej. 

Określone właściwości fizykochemiczne, istotne z punktu widzenia ich 

transdermalnej i ogólnoustrojowej aplikacji, obejmowały m.in. wyznaczenie 

rozpuszczalności w wodzie, wybranych roztworach buforowych oraz rozpuszczalnikach 

organicznych, lipofilowości, stabilności termicznej, temperatur przemian fazowych, 

aktywności optycznej. Wykazano wpływ budowy aminokwasu, długości łańcucha 

alkilowego w części estrowej na właściwości otrzymanych pochodnych oraz możliwość ich 

potencjalnego projektowania w zależności od doboru wyjściowego kationu.  

Ponadto w pracy skupiono się na określeniu właściwości biologicznych,  

ze szczególnym uwzględnieniem badań przenikalności przez skórę oraz zdolności  

do akumulacji w skórze, przeprowadzonych przy współpracy z Pomorskim Uniwersytetem 

Medycznym w Szczecinie. Określono również zdolność biodegradacji otrzymanych 

pochodnych, aktywność przeciwbakteryjną wobec wybranych szczepów bakteryjnych oraz 

aktywność antyoksydacyjną. Wykazano również zależność między właściwościami 

biologicznymi a strukturą przeciwjonu dla substancji aktywnej.  

Wykazano, iż modyfikacja kwasu z grupy NLPZ poprzez połączenie z estrem 

alkilowym L-aminokwasu znacząco wpływa na zwiększenie rozpuszczalności substancji 

leczniczej w płynach ustrojowych, przepuszczalności przez błony biologiczne,  
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co w następstwie późniejszej aplikacji może przyczynić się do obniżenia dawki leku  

i zmniejszenia skutków ubocznych. Dodatkowo, na podstawie przeprowadzonych badań 

wytypowano strukturę kationu, która zapewnia najkorzystniejsze parametry przenikalności 

przez skórę substancji aktywnej. 

 

Słowa kluczowe: aminokwasowe ciecze jonowe o aktywności farmaceutycznej, 

niesteroidowe leki przeciwzapalne, transdermalne i naskórne podawanie leków  
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Introduction 

1. Background and motivation 

The group of non-steroidal anti-inflammatory drugs (NSAIDs), which have 

analgesic, anti-inflammatory, and antipyretic effects, is one of the most commonly used 

classes of drugs today. These drugs are attractive because of their broad spectrum of action 

and availability —most preparations containing active substances from this group are 

available without a prescription. Some of the most popular NSAIDs include ibuprofen, 

ketoprofen, naproxen, and salicylic acid.  

Particularly in treating pain and fever, it is desirable to achieve rapid relief, which  

is directly related to the appropriate concentration of the drug in the blood. The rate  

of absorption into the blood, in turn, depends on the rate of dissolution of the active 

ingredient. However, the active ingredients of NSAIDs, which are carboxylic acids, have 

relatively high lipophilicity and poor solubility in aqueous media, especially in the acidic 

environment of the stomach. This necessitates the use of large doses, leading to a serious 

risk of side effects, such as damage to the mucous membrane of the stomach due to the acidic 

nature of the drugs. 

Drug efficacy depends on bioavailability, influenced by solubility and permeability 

across biological membranes at the target site. The pharmaceutical market relies  

on crystalline forms of active pharmaceutical ingredients to meet the requirements  

of manufacturing methods, purity, thermal stability, and storage stability. However, in this 

form, drugs often have reduced solubility and undergo polymorphic transformations, 

resulting in compounds with different physical properties. An additional difficulty is posed 

by inactive and ballast substances present in medicines. All this can negatively affect their 

bioavailability and, consequently, the speed and effectiveness of the drug's action.  

Effective drug formulation solutions must be sought due to the low solubility, 

bioavailability, stability and polymorphic transformation of solid drugs. Therefore, there  

is a growing interest in obtaining new NSAIDs that maintain or enhance the parent anti-

inflammatory activity while avoiding the side effects associated with traditional drugs.  

The most promising trends concern the incorporation of pharmacological agents into ionic 

liquids (ILs) structures, so-called API-ILs (Active Pharmaceutical Ingredients-ILs). API-ILs 

can be used for topical and transdermal administration as an alternative to conventional 

crystalline salts. Another advantage of the salt form of NSAIDs is the avoidance of negative 
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side effects caused by the acidic nature of these drugs, mainly gastrointestinal damage. 

Overcoming some limitations in drug delivery is now an integral part of the strategy  

for advancing pharmaceutical molecules. One of the most promising solutions is the 

transdermal or topical administration of drugs. The main advantages are that they avoid the 

limitations associated with the gastrointestinal tract (effects of pH, gastrointestinal motility, 

intestinal transit time, and food intake) and first-pass metabolism. Topical administration 

also allows for the treatment of pain in patients suffering from gastrointestinal problems, 

dysphagia and vomiting. However, the low skin permeability of the active substance  

is another limitation. In this case, an important component of the pharmaceutical preparation 

to improve the therapeutic efficacy is the structural modification of the active ingredient  

or the use of appropriate percutaneous transport enhancers.  

The challenge is to select a suitable counterion for the drug to improve bioavailability 

and permeability by achieving the desired physicochemical properties of the derivative.  

In this respect, the design of API-ILs based on amino acid alkyl ester moiety can stand  

as an improvement in the administration, not only for local but also for systemic 

administration of anti-inflammatory drugs. It is supposed to provide better bioavailability  

of pharmaceutical ingredients due to the presence of low toxic amino acid moiety  

as a counterion and contribute to significantly increased solubility in body fluids and 

permeability through biological membranes. In addition, the salts obtained can also  

be a potential source of essential exogenous amino acids. 

2. Objective and scope of the thesis 

The scope of the thesis was modification of acids from the group of non-steroidal 

anti-inflammatory drugs (ketoprofen, naproxen, salicylic acid and ibuprofen) with alkyl 

esters of selected L-amino acids (L-isoleucine, L-methionine, L-threonine and L-valine),  

to improve the solubility in body fluids and permeability across biological membranes,  

and thus bioavailability compared to the parent drug (Fig.1).  

 

Fig. 1. The chemical structures of the L-amino acids selected to study in this work. 
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The selection of essential L-amino acids was based on their biological properties and 

chemical structure, which can potentially enhance the bioavailability of the compounds 

under investigation. L-valine, which has a bulky, highly hydrophobic side chain, is involved 

in various biological activities such as cell growth control and inhibition of fibroblast 

proliferation. L-isoleucine, another branched-chain aliphatic amino acid, is important  

for haemoglobin synthesis and regulation of blood sugar and energy levels. It is, therefore, 

important for maintaining physiological functions such as growth, immunity, protein 

metabolism, fatty acid metabolism and glucose transport. L-methionine, an aliphatic 

sulphur-containing amino acid, has been shown to regulate metabolic processes and the 

innate immune system and plays a crucial role in the activation of endogenous antioxidant 

enzymes. L-threonine, a polar amino acid containing a hydroxyl group in a side chain, 

making it polar, plays a role in the biosynthesis of proteins but also contributes to the 

maintenance of mucosal integrity, barrier structure and, ultimately, the control of immune 

function. The compounds obtained in the study are intended to be used as pharmacological 

agents in preparations applied to the skin with anti-inflammatory, analgesic and antipyretic 

effects while limiting the occurrence of negative side effects resulting from the acidic 

properties of NSAIDs in their traditional form. 

The conversion of the drug molecule into the form of liquid organic salts, such  

as API-ILs, was particularly desirable. This approach should make it possible to neutralise 

the free carboxyl group, which is responsible for the adverse effects associated with orally 

administered drugs belonging to this group, and to avoid the polymorphism phenomenon 

that often occurs with solid-state drugs. In addition, the transformation of the active 

substance into the form of ionic liquids, with the cation obtained from natural and non-toxic 

raw materials such as amino acids, implies the possibility of increasing the permeability  

of the active substance through the skin.  

In the present work, physicochemical properties, including solubility in water and 

some buffer solutions imitating body fluids, lipophilicity, thermal stability and phase 

transition temperatures were determined for salts of selected alkyl esters of L-amino acids 

with different alkyl chain lengths and acids from the NSAID group. Moreover, selected 

biological properties such as skin permeability and skin accumulation were determined.  

In addition, the increasing consumption of NSAIDs, inappropriate drug disposal practices 

and the lack of modern purification methods targeted at this group of pollutants influence 

the growing presence of NSAIDs in the environment. For this reason, the biodegradability 

of new NSAID derivatives was investigated in comparison with the parent acid. NSAIDs are 
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classified as non-antibiotics with broad antibacterial properties. This was also an incentive 

to investigate the effect of the applied NSAID modifications on selected strains  

of pathogenic bacteria.  

The PhD thesis uses both the derivatives synthesized in this work for the first time 

and those obtained earlier and referred to in other studies. 

The aim of the research was to look for correlations between the physicochemical 

and biological properties of the salts and the chemical structure of both the amino acid 

moiety and the length of the carbon chain in the ester group. On this basis, it was planned  

to select the optimal structures of counterion for each active substance molecule from among 

the examined alkyl esters of four amino acids, which allow the best results of drug 

bioavailability.  
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Chapter I: Theoretical framework 

1. NSAIDs – Challenges in pain management 

Non-steroidal anti-inflammatory drugs (NSAIDs) are among the most widely used 

pharmaceutical medicines because of their effectiveness in reducing pain and inflammation. 

In fact, ibuprofen is even included in the WHO's Model List of Essential Drugs [1]. These 

are a diverse group of compounds with similar biological abilities to reduce or eliminate 

erythema, swelling, fever and pain caused by various inflammatory stimuli. Currently, 

NSAIDs are among the world's most popular over-the-counter (OTC) medicines, 

representing also approximately 5-10% of all prescribed drugs [2–4]. 

NSAIDs are a large, structurally and functionally diverse drug class. Based on their 

chemical structure, they are mostly weak organic acids (consisting of an acidic moiety 

together with an aromatic functional group). They can be broadly classified into salicylates, 

aryl- and heteroaryl acetic acid derivatives, indole/indene acetic acid derivatives, 

anthranilates and oxicams (Fig. 2). In terms of functional diversity, the isoform-specific 

selectivity for the inhibition of prostaglandin endoperoxide H synthases (PGHS) was also 

used as a basis for the differentiation. Pharmacokinetic aspects of NSAID action in the 

systemic context, defined as serum half-life, were also considered for categorisation [4]. 

 
Fig. 2. Classification of NSAIDs according to chemical structure [4,5]. 

NSAIDs, like most formulated drugs, are administered orally, and by far, the most 

popular oral forms are tablets and other solid forms such as capsules. Some NSAIDs, such 
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as ketorolac, are also available parenterally. They are often stored as solids (mainly 

lyophilised products) and just before use. A range of pharmaceutical dosage forms, using 

different technologies to address a specific target profile or specific physicochemical 

properties of the active pharmaceutical ingredients (API), can be provided for each route  

of administration. The issue that needs to be addressed for any oral drug product is closely 

related to the properties of its solid state. The absorption profile of a drug from the 

gastrointestinal tract essentially depends on three factors: the dose, the solubility, and the 

permeability. The last two are the pillars of the Biopharmaceutical Classification System 

(BCS) proposed by Amidon et al. [6–10]. 

The majority of NSAIDs belong to Class II of the BCS due to their low solubility 

and high permeability profiles. With dissolution being the rate-limiting step, drugs in this 

group dissolve slowly and are absorbed rapidly. Thus, both oral and intravenous routes  

of administration are preferred. Regarding pharmacokinetics, most NSAIDs undergo  

no significant first-pass metabolism and enter the bloodstream almost exclusively via oral 

administration. However, this route of administration, while providing effective anti-

inflammatory, analgesic and antipyretic properties, also has gastrointestinal side effects 

[9,11]. 

The main therapeutic action of non-steroidal anti-inflammatory drugs (Fig. 3)  

is based on their ability to inhibit the synthesis of certain prostaglandins (PGs) by blocking 

the activity of cyclooxygenase enzymes (COX-1 and COX-2). COX-1 is involved in the 

production of prostaglandins and thromboxane A2, which are essential for the 

gastrointestinal (GI) mucosal barrier, renal homeostasis, platelet aggregation and other 

physiological functions. On the other hand, COX-2 is involved in the production of PGs 

associated with inflammation, pain and fever and is induced in inflammatory cells, unlike 

COX-1, which is expressed in normal cells. PGs are formed because of the conversion  

of polyunsaturated fatty acids, the most important of which is arachidonic acid 

(eicosatetraenoic acid). It is released from phospholipids under the influence  

of phospholipase A2. Both COX enzymes convert arachidonic acid into prostaglandins 

(PGF2α, PGD2, PGE2), thromboxanes (TXA2) and prostacyclins (PGI2). Prostaglandins are 

produced by almost all cell types, usually one or two major types, and act as autocrine and 

paracrine lipid mediators that help maintain local balance in the body. In situations  

of inflammation, there is a significant shift in both the amount and type of prostaglandins 

produced. Normally, prostaglandin levels are low in tissues without inflammation, but they 
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rise rapidly during episodes of acute inflammation, even before leukocytes arrive and 

immune cells begin to invade the affected areas [2,4,12–14]. 

 
Fig. 3. Schematic of the mechanism of action of NSAIDs [4,15]. 

The different affinities of NSAIDs for these COX enzymes impact their therapeutic 

efficacy and potential for adverse effects. In particular, due to the role of COX-1  

in maintaining the integrity of the gastroduodenal mucosa, preferential inhibition of COX-1 

is associated with an increased risk of gastrointestinal complications. On the other hand, 

selective inhibition of COX-2 can lead to adverse cardiovascular and renal effects. This has 

been attributed to the expression of COX-2 in the vascular endothelium and its involvement 

in renal function. Inhibition of COX-2 can impair glomerular filtration rate and promote 

sodium retention, oedema and potentially heart and kidney failure. In addition, emerging 

evidence suggests that NSAIDs may also exert effects independent of PG endoperoxide-H 

synthase (PGHS)/COX inhibition, such as direct effects on mitochondria leading  
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to oxidative stress and apoptosis, thus highlighting alternative pathways of NSAID-induced 

cytopathology [2,3,16]. 

The discovery of two COX isoenzymes led to the development of COX-2-selected 

NSAIDs (e.g. celecoxib) designed to minimise gastrointestinal side effects by sparing COX-

1, which maintains the integrity of the stomach lining. However, the benefits of COX-2 

selectivity have been outweighed by concerns over cardiovascular and renal side effects, 

leading to the withdrawal of several COX-2 inhibitors by regulatory agencies. This situation 

highlights the complex balance between therapeutic efficacy and the risk of adverse effects 

associated with NSAID use. Furthermore, recent research suggests that NSAIDs can cause 

cytopathic effects through mechanisms not related to COX inhibition, including direct 

effects on mitochondria leading to oxidative stress and apoptosis. These findings suggest 

alternative pathways by which NSAIDs may cause harm and add complexity to the risk-

benefit assessment of these drugs [17,18]. 

Despite advances in the understanding of NSAIDs and the development of selective 

inhibitors, optimising therapeutic outcomes while minimising adverse effects remains  

a major challenge, particularly in the management of chronic diseases such as rheumatoid 

arthritis and osteoarthritis. Given these complexities, there is an urgent need for careful 

management of NSAID use, particularly in vulnerable populations such as older people.  

This includes cautious drug selection, dosing, monitoring for adverse effects and 

consideration of drug-drug interactions. This underlines the need for continued research and 

development to improve the safety and efficacy of NSAID therapy. Continued advances  

in NSAID research are essential to develop safer therapeutic options that provide effective 

pain relief and inflammation control without compromising overall health. 

1.1.  Problems with conventional solid-state NSAIDs 

When a drug substance is formulated as a solid, the form of the drug substance in the 

medicinal product can be selected from a wide variety of forms, including polymorphic, 

solvated, hydrated, salt, co-crystalline and amorphous. Each of these forms can have 

significantly different physicochemical properties. These, in turn, can affect solubility, 

dissolution rate, bioavailability, stability, processability or manufacturability [19,20].  

The solid-state of drugs is generally considered to be safe and stable. However, there 

are a number of disadvantages associated with this form of the drug (Fig. 4). The main 

concern is poor solubility, which leads to reduced bioavailability, meaning less drug  

is absorbed into the bloodstream, reducing effectiveness. Crystalline drugs often have lower 
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solubility than their amorphous or liquid counterparts. In addition, the bioavailability and 

therapeutic efficacy of a solid drug can be affected by its dissolution rate - a slower 

dissolution rate can delay the onset of drug action, which can be a significant disadvantage 

in treatments where a rapid onset of action is desirable [21,22].  

 

Fig. 4. Main advantages and disadvantages of the solid state of APIs [23,24]. 

The process of manufacturing solid dosage forms also presents its challenges.  

The behaviour of solid dosage forms can be significantly influenced by particle size, which  

in turn affects dissolution rate, absorption and bioavailability. Controlling particle size to the 

required specifications can be difficult and costly. Solid dosage forms can also be sensitive 

to changes in temperature, which can affect their stability. For example, exposure to high 

temperatures can cause melting, degradation or a change in crystalline structure. Solid drugs 

can also undergo different types of degradation, such as oxidation, hydrolysis and 

photodegradation. In addition, solid drugs can change their crystalline form alterations, 

known as polymorphism. They can also change from an amorphous state to a more stable 

crystalline form under certain conditions, which can alter their chemical stability and 

efficacy [20,25–29].  

Furthermore, some solid drugs absorb moisture from the air, which can cause 

clumping, change the crystal structure or degrade the drug. Managing hygroscopicity 

requires careful packaging and storage, adding cost and complexity to the handling process. 

It can also be complex and costly to produce a consistent and stable solid form of a drug 

substance. Issues such as polymorphism, where the API may exist in multiple crystalline 

forms, each with different physical and chemical properties, further complicate  

the manufacturing process [30–34].  

An important step in the integrated approach to solid-state problems is to identify and 

characterise all the relevant features of the solid form, as each has important implications for 

the future efficacy of the drug. To overcome the challenge of low aqueous solubility, these 

NSAIDs have been the subject of research to develop improved release systems, such  

as solid dispersions, microparticles, microcapsules, microemulsions and nanoparticles. 
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Modification of the solid state is another promising approach to increasing aqueous 

solubility. The active ingredient can exist as either a single or multiple components in the 

crystalline form of a drug molecule. Single-component drug molecules are limited  

to polymorphs and allow only subtle changes in the physicochemical properties of the API. 

Multi-component drug molecules, on the other hand, offer a wide range of altering the 

physicochemical properties. These solid-state modifications of a drug may include other 

polymorphic forms, solvates/hydrates, cocrystals or salts [8,20,35].  

Polymorphism refers to the potential for a limited variety of solid-state 

manifestations inherent in each substance with a defined structural formula. A given 

compound can exist in multiple crystalline solid states. Polymorphs, therefore, contain 

molecules of a single chemical nature. In pharmaceutical development and manufacturing, 

the selection of a specific polymorph can be a strategy to optimise the performance of a drug. 

Most drugs exhibit polymorphism, but the most stable form is recommended to ensure 

reproducibility of the product formulation and stability throughout its lifetime. In the case  

of NSAIDs, the polymorph with the higher bioavailability is often the one with the higher 

dissolution rate, although this is not always directly proportional. Higher dissolution rates 

improve the amount of drug available for absorption in the gastrointestinal tract, potentially 

increasing bioavailability. However, these metastable forms (often with higher dissolution 

rates) also present challenges as they tend to transform into more stable forms under storage 

or physiological conditions, which can reduce their efficacy over time. The use of metastable 

polymorphs with higher bioavailability often requires careful formulation and stabilisation 

strategies to prevent them from converting to a more stable but less bioavailable form. 

Examples include form I of indomethacin and piroxicam, which are known to have a higher 

dissolution rate than the more stable form II [6,9,36–38].  

Many drugs can form solvates or hydrates, specific types of crystal structures  

in which the drug incorporates molecules of a solvent or water into their crystal lattice. This 

incorporation can affect the stability, solubility, and bioavailability of the drug — generally, 

increased degrees of hydration result in lower dissolution rates. In the case of NSAIDs, 

substances that form hydrates and solvates under certain conditions are currently under 

investigation. These forms may exhibit different physical and chemical properties compared 

to the anhydrous form, which is marketed today as a single-component drug. Research  

is ongoing regarding the hydrates of NSAID salts. For example, sodium naproxenate exhibits 

improved compressibility when converted from its anhydrous to hydrate form. Sodium 

ibuprofenate, also marketed, exists in a stable dihydrate form. Understanding the hydration 
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and dehydration behaviour of drugs is fundamental for developing stable pharmaceutical 

formulations and predicting appropriate storage conditions for drugs and solid dosage forms. 

From a technological perspective, the processing and storage conditions of medicinal 

products can lead to the formation of undesirable solvates or hydrates, complicating the 

manufacturing processes. Non-stoichiometric hydrates can cause issues, as the drug 

substance may contain varying amounts of water, meaning the API content may not be 

proportional to the mass [20,39–44].  

Cocrystals represent an innovative approach in pharmaceutical formulation, offering 

an alternative to salts when these do not possess the appropriate solid-state properties  

or cannot be formed due to the absence of ionisable sites in the API. This multi-component 

system improves previously poor physicochemical and mechanical properties through non-

covalent interactions, thereby enhancing the dissolution behaviour and bioavailability of the 

drug. For pharmaceutical compounds like NSAIDs, which often exhibit poor solubility,  

co-crystallisation has the potential to improve their properties without modifying their 

therapeutic action. However, one of the primary challenges in cocrystal formation is the 

selection of appropriate co-formers. This task is critical as the difficulty in selecting  

co-formers can lead to unexpected results such as decreased solubility and dissolution rates, 

spring and parachute effects, microenvironment pH changes, instability, and polymorphisms 

during the cocrystal development process. These co-formers, often carboxylic acids and 

amides due to their pKa similarities with NSAIDs, must be pharmaceutically acceptable and 

capable of forming a stable, crystalline complex with the NSAID that exhibits desirable 

properties without adversely affecting the drug's efficacy. To date, the clinical success of the 

celecoxib-tramadol cocrystal, which has reached Phase III for the treatment of acute pain, 

marks the only cocrystal of an anti-inflammatory drug to have reached the pharmaceutical 

market [8,45,46].  

Finding new solid dosage forms should utilise a systematic methodology that adapts 

to various product development and manufacturing stages. Each stage necessitates a distinct 

level of research into the solid state, tailored according to the development phase, the route 

of administration, and the dosage form. Ideally, the thermodynamically stable form should 

be ready for Phase I of clinical development under ambient conditions. However,  

a comprehensive understanding of the drug substance's behaviour is crucial for further 

pharmaceutical development and to ensure the successful delivery of the chosen form.  

The primary objective of solid dosage form screening and selection is to identify and select 
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the optimal forms, guided by biopharmaceutical and physicochemical considerations, 

ensuring the effective action of the drug in patients [6,20,47]. 

1.2.  Avoiding the adverse effects of NSAIDs through structural modification 

As mentioned before, the management of NSAID therapy is particularly complex  

in the elderly population, who are at high risk of polypharmacy and drug-drug interactions 

due to the multitude of medications typically required to manage their comorbidities.  

The potential for serious drug interactions and potentially fatal adverse effects  

if prescriptions are not carefully monitored is significant. NSAIDs are associated with 

numerous adverse effects that can affect several critical body systems. These include 

gastrointestinal complications such as ulcers and bleeding due to the impact on the gastric 

mucosa, renal damage caused by a decrease in prostaglandins, resulting in reduced renal 

plasma flow, increased risk of myocardial infarction, thromboembolic events and other 

cardiovascular problems due to effects on the cardiovascular system, hepatotoxicity usually 

associated with use of high doses or overdoses, and complications related to blood 

coagulation and other haematological functions due to impact on the haematological system 

[4,16–18,48–50].  

While harnessing the therapeutic benefits of NSAIDs, some known preventive 

approaches that reduce the risk of complications by co-administering gastroprotective  

or cytoprotective agents, such as the PG E1 analogues Cytotec™ (misoprostol), which 

replace endogenous PGs and can significantly reduce both acute and chronic NSAID gastric 

and duodenal ulcers. Unfortunately, their use is often limited by high rates of GI side effects, 

including dyspepsia and diarrhoea, and poor compliance with multiple daily dosing [51,52].  

However, the ultimate goal is to maintain the anti-inflammatory efficacy of NSAIDs 

with a reduction in their adverse effects. For this reason, there is an increasing focus on the 

development of therapeutic agents based on known NSAID molecules, known  

as pharmacophore modification. Pharmacophore modification is the alteration of the 

molecular structure of a drug to enhance its beneficial properties and minimise adverse 

effects. This can be achieved by changing certain chemical groups within the drug molecule. 

Alternatively, molecules can be designed to interact more selectively with biological targets. 

Prodrugs are a specific and increasingly popular approach within this strategy. A prodrug  

is a compound administered in an inactive or less active form. Once in the body, it is 

metabolised to its active form by chemical and/or enzymatic reactions. This process can help 

improve the tolerability, safety and efficacy of the drug. For NSAIDs, the use of prodrugs 
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can potentially reduce the exposure of the gastrointestinal tract to the active drug, thereby 

reducing the risk of side effects such as ulcers and bleeding [4,53,54].  

Over the years, several non-acidic prodrug NSAIDs have been developed that require 

metabolic activation to form the active moiety, such as aspirin, nabumetone, loxoprofen, 

sulindac, fenbufen, salsalate, parecoxib, droxicam. Aspirin was originally thought to be  

a prodrug of salicylic acid. It was later found that aspirin also directly acetylates and 

irreversibly inhibits COX enzymes, resulting in anti-inflammatory and antithrombotic 

effects. The ongoing development of prodrug NSAIDs reflects the continuing evolution  

of drug safety profiles and the provision of more effective NSAID therapy for pain and 

inflammation [3,55–59].  

Initially, most approaches to the synthesis of NSAID prodrugs were aimed at the 

masking of the acidic functional group or the carboxyl moiety. Of particular value is the 

development of NSAID prodrugs capable of releasing nitric oxide (NO) or hydrogen 

sulphide (H2S), two important endogenous gaseous signalling molecules involved in various 

physiological functions. Their incorporation into NSAID structures is expected to improve 

the therapeutic profile of these drugs, as NO and H2S provide additional benefits in gastric 

mucosal protection and modulation of various cardiovascular functions. By attaching their 

carboxylic acid to one or more dialkylphosphate moieties via a spacer, a novel group  

of modified NSAIDs, called phospho-NSAIDs, has been obtained. Preclinical studies have 

been conducted to evaluate the anti-inflammatory efficacy and GI safety of phospho-aspirin, 

phospho-ibuprofen and phospho-sulindac. They have been shown to be pharmacologically 

more potent and safer molecules than their parent NSAIDs. Despite these promising 

properties, these drugs have not yet been approved, as they are still in the clinical trial phase. 

A number of medicines in this class are currently in clinical trials, and a significant amount 

of clinical data will be required for their potential approval [3,55–59]. 

Over time, the concept of NSAIDs prodrugs evolved to the synthesis of derivatives 

with specific targets, including antioxidant properties, improved water solubility and 

dissolution rates, and achievement of targeted delivery to specific sites. Commonly used 

approaches for prodrug synthesis include amide, ester and mutual prodrugs (Fig. 5) 

[4,51,54,60,61]. 

Ester prodrugs are most commonly produced by combining drugs with carboxylic 

acid groups and drugs with alcoholic or phenolic groups under different esterification 

conditions. Esterification of NSAIDs masks the free carboxylic acid group, reducing 

gastrointestinal side effects until the ester linkage is cleaved enzymatically. This often occurs 
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in tissues with the appropriate enzymes or systemically in the liver. Common esterifying 

agents include alcohols such as ethanol, methanol or more complex alcohols that can impart 

additional desirable properties (e.g. increased lipophilicity). This modification can improve 

solubility, absorption and distribution, and often, the ester is hydrolysed to release the active 

NSAID once it reaches more favourable environments such as the bloodstream or specific 

target tissues [62–64]. 

 

Fig. 5. Representation of the chemical structures of some NSAID prodrugs [4]. 

A hydrophobic ester of acetylsalicylic acid (aspirin) and N-acetyl-p-aminophenol 

(paracetamol) was the first NSAID mutual prodrug, often called a benorylate. In this 

formulation, the hydroxyl group of paracetamol has been ester-linked to the carboxylic acid 

group of aspirin. Paracetamol prevents the erosive effect of aspirin through the activation  

of gastric PG synthetase. As a result, the risk of irritation of the gastric mucosa was reduced. 

On the basis of this concept, various strategies have been used to combine two therapeutic 

agents by amide linkage, in which one component alleviates the gastrointestinal side effects 

of the other. There are known derivatives of NSAIDs obtained from gastroprotective agents, 

such as antioxidants, amino acids, flavonoids, glycerides, and polymers [65,66]. 

NSAIDs are good candidates for salt formation during the drug development process 

due to the presence of an acidic functional group. Neutralisation of the carboxyl group is the 

basis for the reduction of gastric irritation. However, this approach is known to impact some 

aspects of drug performance. Conversion of NSAIDs to salt forms affects other properties 

that are critical for further drug delivery.  
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It is well known that the formation of active ingredients in salt is an integral part  

of the formulation development process. The contribution of pharmaceutical salts to first-in-

class drugs – that is, drugs with novel mechanisms of action that offer a new therapeutic 

approach to the treatment of a disease – is around 40%. Traditionally, improving solubility 

in aqueous solutions has been one of the main reasons for obtaining salts. Improved 

solubility often leads to better absorption in the gastrointestinal tract, which is particularly 

beneficial in oral formulations where rapid dissolution is required for fast absorption.  

This can further improve the bioavailability of the drug, which is the proportion of the drug 

that enters the bloodstream and can have an active effect when introduced into the body.  

As counter ions alter the pharmacokinetics and toxicokinetics, some salt forms are more 

rapidly absorbed than their parent drugs, which can be critical for therapeutic efficacy, 

particularly in the management of pain where a rapid onset of action is desired. Some salt 

forms can offer improved stability, reducing the degradation of the drug during storage and 

thereby extending the shelf life of the product. Finally, salt forms can provide versatility  

in drug formulation and extend the route of drug administration. For example, certain salts 

may be more suitable for injectable solutions, effervescent tablets or fast-acting formulations 

like aerosols, creams, ointments, and gels [53,67–69]. 

Various salts can be used to produce the ingredients of NSAIDs. For example, 

ibuprofen salts or complexes with sodium, magnesium, zinc and aluminium are known  

on the market. The choice of counterion for the active ingredient is critical to achieving the 

most effective therapeutic effect at a given drug dose. For example, the potassium salt  

of diclofenac has better solubility in water. It also dissolves and is absorbed more rapidly 

than sodium salt, resulting in more consistent absorption and a shorter onset of analgesia. 

Other counterions of choice are amino acids. These are used in several developed and 

marketed pharmaceutical salts due to their very low toxicity and ionisable properties, ease 

of implementation in the process, and low cost of production. The study showed that 

commercially available arginine and lysine-based ibuprofen salts provide a faster onset  

of action, giving patients greater pain relief than standard ibuprofen. Similarly, in addition 

to a better onset of action, the lysinium salt of ketoprofen shows better gastrointestinal and 

renal tolerability than standard ketoprofen [70–75]. 

While the conversion of NSAIDs to their salt forms offers several advantages leading 

to improved bioavailability, it also presents several disadvantages and potential challenges 

related to the formulation, stability, efficacy and regulatory aspects of drug development. 

Disadvantages include reduced drug content in the formulation, increased formation  
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of polymorphs and hydrates leading to greater variability in pharmaceutical properties, and 

additional synthesis steps leading to increased manufacturing time and cost. Therefore, the 

ongoing objective in the development of API salts is to improve therapeutic efficacy and 

patient compliance without compromising safety or significantly increasing the cost of the 

drug [76,77]. 

1.3.  Topical and transdermal administration of NSAIDs 

The increased attention on the consequences of oral NSAID use has led to increasing 

recommendations to use them via topical and transdermal routes. Topical and transdermal 

drug delivery systems represent advanced non-invasive methods for administering 

medications either locally or systemically (Fig. 6).  

 

Fig. 6. Skin structure with applied topical formulation and transdermal patch (TDDS) [80,81]. 

These systems, which have evolved from simple concoctions to highly sophisticated 

delivery mechanisms, leverage a deep understanding of drug-product-skin interactions and 

percutaneous absorption. Topical delivery systems are primarily designed for local 

application, targeting skin disorders or localised pain directly beneath the skin. These 

systems utilise vehicles such as creams, gels, foams, sprays, and patches to facilitate passive 

drug transport across the skin layers — from the stratum corneum (SC) down to deeper 

tissues like the joint capsule and muscles. Transdermal delivery systems (TDDS), on the 

other hand, aim for systemic drug delivery by absorbing active substances through the skin 

into the bloodstream. This method employs technologies such as patches, often applied  

on areas like the chest, arm, or abdomen and can also involve active delivery mechanisms 

that disrupt the stratum corneum [78,79].  
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Topical and transdermal drug delivery systems are advantageous as they bypass the 

first-pass metabolism in the liver, enhancing the bioavailability of drugs. First-pass 

metabolism involves a decrease in the concentration of the active drug after it has been 

absorbed from the gastrointestinal tract and before it reaches the general circulation.  

This means that after being absorbed in the intestine, the drug enters the bloodstream almost 

exclusively through the portal circulation system, passing through the liver in the first place. 

Topical and transdermal drug delivery avoids the first-pass effect by allowing drugs to be 

absorbed directly into the systemic circulation. This also avoids potential degradation of the 

active ingredient in the gastrointestinal tract. Topical applications, such as gels, provide 

direct action at the application site. This method avoids gastrointestinal irritation and allows 

for the precise delivery of drugs to targeted areas. Moreover, the benefits of topical drug 

delivery systems are the convenience and ease of application, avoidance of the risks and 

inconveniences associated with intravenous therapy, and adaptability to pH changes and 

various gastric conditions. They allow for easy termination of drug administration when 

necessary. They can deliver drugs more selectively to specific sites, thereby enhancing 

patient compliance and potentially reducing the overall daily dose required for efficacy. 

These systems are particularly advantageous for active substances with short biological half-

lives or a narrow therapeutic window as they maintain steady drug levels. On the other hand, 

TDDS also allows for controlled drug release (up to one week), which has become a crucial 

strategy in managing pain, hormonal therapies, and t reating cardiovascular and central 

nervous system diseases. TDDS is well-known and beneficial for providing sustained drug 

delivery, achieving lower fluctuations in plasma drug levels, and avoiding metabolic 

interactions in the intestine and liver. This method is particularly favourable for drugs that 

induce nausea, interact with food or other drugs, or are inactivated in the gastrointestinal 

tract. Moreover, patient compliance is generally high due to the non-invasive nature of the 

delivery, the absence of needle phobia, and the ease of therapy termination [65,78,82–85].  

Based on the pharmacokinetic evidence combined with the results of post-marketing 

surveillance, topical NSAIDs do not have the same risk of adverse events as oral NSAIDs. 

Transdermal drug delivery systems, particularly those involving NSAIDs, have shown great 

promise but have not yet been able to realise their potential in clinical practice fully. At the 

same time, topical formulations have been widely accepted and used, with various 

innovative strategies being employed to improve their efficacy and safety profiles. Topical 

NSAIDs have the same mechanism of action as systemic formulations and have also been 

shown to be more effective in mild to moderate acute pain conditions, with limited efficacy 



32 
 

in chronic musculoskeletal pain. Certain NSAIDs are widely used and have been tested on 

several different formulations and for many other conditions. High-quality evidence supports 

the analgesic role of several topical NSAIDs, including diclofenac (i.e. diclofenac sodium 

1.5% topical solution, diclofenac hydroxyethylpyrrolidine 1.3% patch and diclofenac 

sodium 1% gel), ketoprofen (i.e. ketoprofen 2.5% gel), ibuprofen (ibuprofen 5% gel, 

ibuprofen 5% with levomenthol 3% gel). NSAIDs are also used for non-proprietary 

compound formulas of several active ingredients that can be custom-made by prescription. 

Salicylate-based topical products are also known but are more commonly used  

as rubefacients [18,86–90]. Transdermal patches containing diclofenac and flurbiprofen are 

available on the market for the treatment of short-term pain from minor strains, sprains and 

bruises. However, the potential of transdermal delivery systems is still being explored in the 

case of NSAIDs. For example, transdermal delivery of NSAIDs via nanocarriers has been 

studied as an interesting strategy and has been shown to offer both targeted therapy and  

a drug safety profile. Innovative materials such as chitosan and polyvinyl alcohol, when 

cross-linked with agents such as sodium tripolyphosphate, have also shown potential  

in improving transdermal permeation rates of drugs such as diclofenac sodium. These 

patches, tested in models like rabbit skin, have demonstrated increased drug delivery 

efficiency, suggesting their potential for wider applications [91–93].  

Topical and transdermal delivery offers an attractive and non-invasive method  

of drug delivery. However, the human skin is remarkably efficient at preventing substance 

penetration. The skin is a complex, multi-layered structure that covers an area of 1.5 to 2 m2 

in adults. Its main function is a barrier between the body and the relatively hostile external 

environment. The stratum corneum is a highly structured, lipid-rich region that minimises 

the movement of water, oxygen and chemicals in and out of the skin. Topical products may 

act on sites in one or more of the different skin layers (i.e. epidermis, dermis and 

hypodermis), the skin appendages (i.e. hair follicles, with associated sebaceous glands, sweat 

glands and nails) and the underlying tissues. The viable epidermis is the primary target  

for most topical products. Targeted sites include nerves, keratinocytes, melanocytes, 

Langerhans cells and hair follicles. For transdermal delivery, a drug must cross the epidermis 

into the dermis (through the phospholipid membrane and the cytoplasm of the dead 

keratinocytes) to reach the cutaneous blood vessels and, subsequently, the systemic 

circulation. Therefore, having to overcome both lipophilic and hydrophilic barriers, drug 

molecules encounter resistance as they permeate [78,82,84,94].  
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Transdermal drug delivery is very simple in concept and very challenging to achieve. 

The effectiveness of topical and transdermal drug delivery systems is significantly 

influenced by the physicochemical properties of the compounds they carry, alongside several 

key factors related to the product and its interaction with the user. Many drugs, such as those 

from the NSAID class, often fail to meet the necessary criteria for effective skin penetration. 

These criteria include having a low molecular weight (typically molar mass under 500 

g/mol), moderate lipophilicity (logP between 1 and 3), and a low melting point (below 

250°C), which are essential for passive permeation through the skin in therapeutic quantities 

since it reflects the non-covalent interactions between drug molecules and relates to drug 

solubility in the SC. Furthermore, the overall success and safety of these products are 

affected by multiple factors: application conditions (these include how a product is applied, 

the area of application, and the duration of contact with the skin, all of which can alter drug 

delivery rates and effectiveness), skin physiology (individual differences in skin structure 

and function, such as skin hydration level, integrity of the stratum corneum, and the presence 

of skin disorders, can significantly influence drug absorption and action), product perception 

and consumer acceptance (the perceptions and experiences of users with a topical  

or transdermal product can affect its commercial success and therapeutic adherence) 

[78,80,84,94,95].  

In general, the effectiveness of drug delivery to and through the skin is highly 

dependent on the formulation components. In addition, dermatological drugs often deliver 

only a portion of the total dose applied, resulting in low drug bioavailability in the skin. This 

limitation, compounded by the influence of the innate physicochemical properties of the 

active ingredient, limits the efficacy of purely topical formulations for the treatment and 

prevention of disease. In order to facilitate the delivery of therapeutic doses of drugs through 

the skin, various techniques have been developed to reduce skin barrier resistance 

temporarily. These methods can be broadly categorised into physical and chemical 

approaches, including chemical enhancers, vesicles and particles (e.g. high-velocity 

particles), microneedles, stratum corneum ablation (including lasers), iontophoresis, 

ultrasound and electroporation. For high molecular weight substances, mechanisms utilising 

both intracellular and intercellular pathways are employed due to the structural complexity 

of the skin, which contains lipid regions interspersed with cells and both hydrophilic and 

hydrophobic substances. However, the use of chemical and physical enhancers carries the 

risk of irritation, which can cause damage and compromise skin barrier function [82,94–99].  
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Developing a stable, effective topical or transdermal formulation to deliver NSAIDs 

is technically challenging. The formulation must maintain the stability and activity of the 

NSAID throughout the shelf life of the product, in addition to facilitating penetration of the 

skin. Drug delivery research continues to expand the therapeutic uses of NSAIDs delivered 

through the skin barrier by developing more sophisticated systems that could potentially 

overcome these challenges. In addition to the form of the NSAID (acid, anion, ion pair), the 

design of the formulation excipients, including penetration enhancers, plays a critical role  

in determining how to optimise topical and transdermal drug delivery. 

2. Ionic liquids – Redefining drug delivery strategies 

Ionic liquids (ILs), a class of substances that emerged in the early twentieth century, 

are versatile materials composed entirely of ions and primarily defined by their melting 

points below 100°C. Those that exist as liquids at or near room temperature due to their 

chemical structure, in which ion-ion interactions and symmetry are finely balanced,  

are known as room-temperature ionic liquids (RTILs). Typically, an IL consists of an organic 

cation, which may contain one or more substituted alkyl chains and an inorganic or organic 

anion. The wide variety of possible cation-anion combinations allows the properties of ILs 

to be tuned for specific applications. Interest in ILs surged in the mid to late 1990s, driven 

largely by the idea that they could contribute to green chemistry by eliminating volatile 

organic solvents in chemical synthesis. Due to their negligible vapour pressure caused by 

strong ionic bonds and high thermal stability, ILs lack the hazardous properties of VOCs. 

They are, therefore, almost ideal solvents with a low environmental impact. Furthermore, 

unlike some low-boiling solvents such as petroleum ether, dichloromethane, acetone, and 

many others, the non-volatile nature of most ILs also contributes to their non-flammability 

in ambient conditions. In addition to their low melting points and negligible volatility, ILs 

have other remarkable properties such as thermal and chemical stability, high ionic 

conductivity, compatibility with many compounds, non-flammability, moderate viscosity 

and high polarity [100–104]. 

Like other emerging materials, ionic liquids have gradually moved from basic 

research to industrial applications, entering a phase of iterative development that bridges 

fundamental science and practical applications. Given the variety of anions and cations, 

including the potential for binary and ternary mixtures, there is a wide range of possible IL 

structures. The physical and chemical properties of ionic liquids can be tailored  

by modifying the structure of both ions, including changes to functional groups and side 
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chains. This demonstrates the remarkable tunability of ionic liquids. As a result, researchers 

have made a number of intriguing discoveries using ILs. They continually expand their 

applications in materials science, chemistry, energy and environmental protection, revealing 

their innovative and substantial application potential [101,102].  

Ionic liquids are classified into different generations based on their structural 

characteristics, applications, and environmental considerations (Fig. 7).  

 
Fig. 7. The evolution of the ILs generations [105,106]. 

Due to their high hygroscopicity, first-generation ILs require careful handling  

in an inert atmosphere, and this limitation significantly limits their application. In addition, 

the environmental and health safety of some of these substances has not been adequately 

addressed, leading to concerns about their toxicity and biodegradability. Therefore, 

researchers have shifted their focus to the development of humidity-insensitive ILs  

to overcome these disadvantages [107,108]. 

The second generation of ionic liquids emerged after a decade due to the 

environmental concerns associated with first-generation ionic liquids. These compounds 

were developed with a focus on reducing toxicity and enhancing biodegradability and often 

feature modifications such as the introduction of ether, alcohol, or ester functional groups 

into the cation structure. Common cations included ammonium, alkylpyridinium, 

dialkylimidazolium and phosphonium, while hexafluorophosphate and tetrafluoroborate 

were the most commonly used anions. Due to their stability in air and water, they have found 

a wide range of applications in physical and chemical fields, serving as lubricants, reaction 

solvents and media in biocatalysis and pharmaceutical syntheses. These ILs have properties 

such as low viscosity and high solubility. However, like first-generation ILs, they are also 
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toxic and very expensive due to the high cost of starting materials and purification of the 

final product. As a result, researchers have focused on synthesising less toxic and less 

expensive ILs [107,108]. 

The transdermal drug delivery system is widely accepted due to its numerous 

advantages as it is a non-invasive drug administration process with prolonged therapeutic 

effect, reduced side effects, improved bioavailability, better patient compliance, and easy 

termination of drug therapy. Non-steroidal anti-inflammatory drugs such as Diclofenac 

sodium, Lornoxicam, Aceclofenac, Ibuprofen, antihypertensive drugs, for example, 

Repaglinide, Atenolol, and Antiviral agents such as Stavudine, zidovudine represents  

the most commonly used medications for the treatment of pain and inflammatory reaction 

but various side effects can limit their use. Therefore, transdermal delivery of these drugs 

has advantages of avoiding hepatic first-pass effect, gastric irritation and delivering the drug 

for an extended period of time at a sustained level. The present article mainly focuses  

on the work been done on these drugs by formulated and delivered as transdermal patches 

to decrease the side effects related to the oral delivery [104,108].  

The third generation of ionic liquids represents a significant advance over their 

predecessors, focusing on addressing the environmental and health concerns associated with 

earlier generations. These newer ILs are specifically designed to be more environmentally 

friendly and less toxic. They incorporate biodegradable elements, such as cations derived 

from natural compounds such as choline, and anions less harmful to the environment, such 

as sugars, amino acids, alkyl phosphates or alkyl sulphates. One of the key features of third-

generation ILs is their improved biodegradability and reduced toxicity, making them more 

suitable for use in biological systems and processes that require non-toxic conditions, such 

as pharmaceuticals, food processing and biorefining. In addition, these ILs are designed  

to be synthesised from cheaper and more readily available materials, helping to reduce 

overall production costs and improve the sustainability of the processes in which they are 

involved. In addition, third-generation ILs often have specific functional properties tailored 

for particular applications, such as task-specific ionic liquids (TSILs), which have 

functionalities that enable them to catalyse reactions, absorb gases or separate substances 

efficiently. This customisation further extends the range of applications for ILs into areas 

such as carbon capture, enzyme immobilisation and the extraction of valuable components 

from natural sources [108,109]. 

As this generation is new to the research field, they are at the forefront of the ongoing 

ionic liquids research. They emphasise sustainability, reduced environmental impact, and 
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improved economic viability, which aligns with the broader goals of green chemistry and 

sustainability. 

2.1.  API-ILs – better drug bioavailability  

The pharmaceutical industry has recognised the utility of ionic liquids, particularly 

following studies that explored their use as solvents, reagents, and catalysts in the synthesis 

of APIs and the drug crystallisation process. These studies have shown that ILs can provide 

faster reaction rates, influence product regioselectivity, simplify pharmaceutical separations 

and offer significant synthetic advantages over traditional organic solvents used  

in pharmaceutical manufacturing. Their appropriate use can address several operational and 

functional challenges associated with conventional organic solvents, such as poor drug 

solubility, systemic toxicity and unacceptable stability. Furthermore, due to their unique 

properties, ILs have recently gained popularity in the pharmaceutical field, particularly  

for the development of efficient IL-based technologies. These include IL-in-oil 

microemulsions, IL-complexed drug nanoparticles, proteins/peptides in ILs and drugs  

in IL/IL-water binary mixtures used in synthetic and medicinal chemistry, pharmaceutical 

formulations, and drug delivery systems. Ionic liquids have been shown to enhance drug 

solubility, permeability, and stability, charge drug formulations, and facilitate site-specific 

or organ-targeted delivery. To date, ILs have been successfully developed to improve the 

dissolution of poorly soluble drugs and to cross physiological barriers such as the tight 

junction between the stratum corneum and the intestinal epithelium. In addition, the 

application of tailor-made ILs leads to the development of environmentally friendly and 

controllable drug nanocarriers. Research on ILs has advanced significantly, exploring their 

potential use as stabilisers, solubility enhancers and permeability enhancers [101,110–114].  

Challenges such as poor solubility, thermal stability and bioavailability in traditional 

pharmaceuticals have been addressed by converting drug molecules into ionic liquids – 

known as Active Pharmaceutical Ingredient-Ionic Liquids (API-ILs). API-ILs are designed 

to maintain drug profiles while providing desirable counterion and solvent class properties. 

Research on the API-IL platform as a drug delivery vehicle has progressed significantly, 

demonstrating versatility in design and development. Initially, the production of API-ILs 

was largely focused on the synthesis of these new liquid salts to incorporate known 

pharmacophores. Subsequent research shifted to the evaluation of API-IL characterisation 

and began to assess formulation physicochemical properties, in vitro antibacterial, antitumor 

efficacy and potential for sustained drug release. As a result, API-ILs represent a promising 
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opportunity for pharmaceutical companies in a competitive market environment.  

The concept of using ILs in pharmaceutical applications emerged in 2007, almost a decade 

after their first use as green solvents. Since then, ILs composed of active pharmaceutical 

ingredients have become a new class of drugs, challenging the traditional preference for solid 

forms by demonstrating significant potential in industrial pharmacology as novel therapeutic 

agents. Rogers and coworkers introduced the idea of API-ILs as a method to overcome the 

problems of polymorphism and solubility associated with solid APIs (Fig.8) [92,101]. 

 
Fig. 8. The first examples of APIs converted into API-ILs [105]. 

They hypothesised that replacing a solid form with a pure liquid form would 

eliminate polymorphism and enhance the tuning of physical and biological properties, 

thereby introducing innovative drug delivery methods. The strategic selection of the 

counterion in API-ILs has the potential to add a secondary biological property and allow 

control over physical properties such as solubility, permeability, and stability. For example, 

the hydrophilic or lipophilic nature of the IL can be matched to the API to enhance the 

solubility of the drug as required, thereby facilitating its transport across cell membranes.  

In addition, counterions with high thermal stability can be transferred to the API, making  

it more resistant to temperature-induced degradation [101,115,116].  

Despite the development of additional methods for the synthesis of ILs  

(e.g. sonication, microwave irradiation, electrochemical means), conventional approaches 



39 
 

remain the most common and widely used for API-ILs. These often involve a one-step 

synthesis process, known as direct synthesis or metathesis, where the target product is 

formed using cations, free acids or salts. For example, the acid-base neutralisation reaction 

between ibuprofen and the free base of lidocaine has been used to produce the API-IL 

lidocainium ibuprofenate. The simplicity of the preparation and the ease of purification make 

this a desirable method of obtaining API-IL, especially if the by-products of the salt/acid 

reaction can be easily removed. If the API-ILs cannot be obtained by the direct synthesis 

method, a two-step synthesis approach is required. This method is most commonly used  

to obtain API-ILs containing ions such as hexafluorophosphate and docusate. In the first 

step, alkanes and other compounds containing the desired cations are halogenated to form 

quaternised salts. This is followed by ion exchange with acids or salts containing the desired 

anions to produce the desired products. A comprehensive reaction must be carried out  

to ensure that no residual halogen anions remain in the target ILs. This is essential for their 

further use. In addition, taking into account the general methods for incorporating an API 

into an IL, they can be divided into three categories based on the mechanism of formation 

(Fig.9) [117–121].  

The most common type involves readily ionisable APIs used directly as anions  

or cations to form the ionic bond (Type I API-ILs). The second category includes ionic 

prodrugs of neutral APIs that must first form a covalent bond before being introduced  

into an API-IL (Type II API-ILs). The third category involves the combination of both ionic 

and covalent binding methods to produce dual-active molecules in a single IL (Type III API-

ILs). In this context, the API incorporated in the form of ILs can be an anionic component 

derived from weakly basic, a cationic component derived from weakly acidic, or can also be 

derived from both weakly acidic and weakly basic drugs, enabling the co-delivery of these 

two APIs on the same platform of ILs [117–121].  

Selection of the counterion is critical to the successful design of API-ILs to overcome 

challenges such as low solubility, insufficient stability, polymorphism and poor oral drug 

bioavailability. By combining a biologically active ion with a counterion characterised  

by a high degree of asymmetry, dispersed charges or large ion size, the final salt can be 

liquefied, or a low-melting or non-melting product can be obtained. This approach, known 

as anti-crystal engineering, allows controlling the solid crystalline state and significantly 

influences the polymorph of the solid drug. For example, this method has been used by Dean 

et al. to synthesise salts that melt below room temperature, obtained from propantheline 

conjugated with tosylate and acesulfamate anions [115,121,124–126]. 
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Fig. 9. Examples of a general synthesis pathway for obtaining Type I-III API-ILs [118,122,123]. 

Lowering the melting or glass transition point of solid salts can also be achieved  

by using an oligomer strategy, where the liquid range is increased by forming hydrogen 

bonds between larger oligomeric anions or cations. Crystal formation is prevented  

by delocalised proton sharing between hydrogen-bonded cations or anions and non-ionised 

drug moieties. This concept has been demonstrated by preparing tetrabutylphosphonium 

salicylates using excess salicylic acid to produce pure IL and lidocainium salicylate using 

excess salicylic acid or excess lidocaine. It was possible to add further salicylic acid while 

maintaining the liquid state until a level of saturation was reached at a given composition. 

As a result of oligomerisation, the addition of either excess acid or base to lidocainium 

salicylate resulted in an extension of the liquid range [115,121,124–126].  
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An interesting strategy for obtaining API-ILs involves the incorporation of more than 

two compounds, offering advantages such as therapeutic power, multiple biological activity 

and synergy. In addition to their effect on the crystalline form of the drug, it is necessary  

for the counterions to retain their therapeutic activity in order to achieve dual therapeutic 

performance. In general, any combination of two or more drugs is possible as long as both 

drugs form stable ions. There have been some reports of ionic liquids incorporating multiple 

APIs into their structure. For example, a salicylic acid-based dual-API IL approach has been 

used to improve the solubility of acetylsalicylate while reducing gastrointestinal irritation. 

Combinations of anionic acetylsalicylate with cationic tramadol, benzethonium, lidocainium 

and procainium have also been reported. Cations with antibacterial activity, such  

as benzalkonium and dodecyldimethylammonium, have been combined with saccharinate 

and acesulfame anions. This resulted in better antibacterial and insect-repellent efficacy than 

the drugs alone [115,118,127,128].  

Ionic Liquids based on active pharmaceutical ingredients represent a novel approach 

to improving drug bioavailability, often limited by poor solubility, stability,  

and unfavourable pharmacokinetic profiles. As research continues, API-ILs are expected  

to provide more efficient, effective, and patient-friendly pharmaceutical solutions, 

potentially overcoming some of the most pressing limitations of modern medicine. This 

ongoing innovation represents a major shift in pharmaceutical development, aiming to meet 

the complex demands of modern healthcare with more sophisticated and refined drug 

delivery systems. 

2.2. Adaptation of NSAIDs-based ionic liquids in pharmaceutical 

applications 

The synthesis of NSAID-derived ionic liquids represents an innovative approach  

in medicinal chemistry, combining the design of novel compounds with specific properties 

and novel drug delivery systems. In order to optimise therapeutic effects, improve drug 

solubility, stability and bioavailability, and minimise side effects, much research has been 

devoted to exploring different combinations of ions. However, to achieve the desired 

therapeutic effect, it is not sufficient to design the appropriate structure of the cation and 

anion and the method of obtaining a given API-IL. In many cases, it is also necessary  

to design an appropriate vehicle or carrier to deliver the drug. For this reason, novel 
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formulations or drug delivery systems based on ILs have also been investigated  

to revolutionise pain and inflammation treatment (Fig. 10). 

 

Fig. 10. Examples of drug delivery systems designed based on NSAIDs-ILs. 

For instance, liquid 1-butyl-3-methylimidazolium ibuprofenate was successfully 

spray-dried into a polymer carrier to form a solid powder suitable for oral solid dosage 

formulation. Stocker and co-workers demonstrated that aqueous solutions of this API-IL can 

provide thermodynamic stability upon release, avoiding in vivo recrystallisation problems 

that limit the bioavailability of amorphous solid dispersions and some high-energy 

crystalline forms. The same ionic liquid has been used to prepare ionogels, which have been 

shown to be efficient drug-release systems with kinetics controlled by the nature of the silica 

wall. At the same time, membranes based on the biodegradable and biocompatible polymer 

poly(L-lactic acid) (PLLA) have been prepared. These membranes allowed the effective and 

rapid release of 1-butyl-3-methylimidazolium ibuprofenate. It was shown that 50% of the 

API-IL was released within 1 minute, while the maximum release was achieved after 2 hours 

[129–131]. Dual API-IL containing ibuprofen and diphenhydramine (an antihistamine drug) 

has been described as having low dissolution rates despite its high solubility and good 

wettability. However, dissolution rates were significantly improved when loaded into  

a mesoporous carrier. Furthermore, mesoporous silica-carrier composites were found to be 
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stable, easy-to-handle solids with rapid and complete release (controlled by the geometric 

properties of the silica) from the carrier when placed in an aqueous environment [132–135].  

While searching for new drug delivery systems for NSAID-based ionic liquids is still 

ongoing, many efforts have been made in recent years to commercialise API-ILs. So far, 

most of these have involved transdermal or topical administration since this route has been 

recognised as a viable strategy to overcome a number of problems that often prevent 

compounds from ever being developed into marketed drugs. An example of a drug from the 

group of NSAIDs that has been transformed into API-ILs and has been subjected to a further 

stage of commercialisation is diclofenac (Fig. 11) [101,136]. 

 
Fig. 11. Diclofenac-based ILs translated into pharmaceutical manufacturing. 

The diclofenac moiety has been combined with lidocaine (study carried out by the 

company MEDRx, USA) and hydroxyethyl pyrrolidine, produced by IBSA (Institut 

Biochimique SA, Switzerland) under the trade names of Flector®️ (patch) and Licart®️ (topical 

system). The results obtained in clinical trials have shown excellent transdermal absorption,  

a low level of skin irritation and a high stability of the drug. The IL obtained from the drug 

etodolac in combination with lidocaine is also known, but the results obtained in the first 

phase of the clinical trials were not satisfactory enough for further phases of research to be 

continued. This demonstrates the importance of matching the appropriate chemical structure 
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of the counterion to the active ingredient in order to successfully bring the final form of the 

drug to market [101,136,137].  

The search for a universal counterion structure is still ongoing, which would increase 

the bioavailability of a greater number of NSAIDs and make it possible to obtain an APLI-

ILs form that could be applied to the skin or transdermally. API-ILs have been shown to be 

effective in controlling skin permeability, drug-polymer miscibility and release performance, 

and the pharmacokinetic behaviour of the drug. With continued advances in the field, this 

strategy holds great promise for the treatment of a variety of inflammatory and painful 

conditions by means of non-invasive and targeted drug delivery approaches. Although the 

use of ILs to enhance the transdermal delivery of drugs (dissolving active ingredients in ILs) 

to avoid the use of conventional chemical permeation enhancers in drug formulation  

is known, many studies have been carried out to obtain NSAID-derived ionic liquids which 

can be used transdermally or topically without the need to create complex drug delivery 

platforms [138,139].  

In this context, choline-based ILs were obtained from ibuprofen, ketoprofen and (S)-

naproxen and were incorporated into bacterial nanocellulose with a view to their use in 

topical drug delivery systems. A 2-fold increase in solubility in PBS aqueous solutions and 

a faster release of the obtained API-IL compared to the starting NSAIDs were demonstrated.  

In addition, the cytotoxicity and anti-inflammatory properties of the IL-incorporated 

membranes were similar to those of NSAIDs or ILs. This confirms their suitability  

as potential materials for topical drug release applications [140]. Moreover, the dual 

biofunctional ILs with analgesic and anti-inflammatory properties were prepared using 

lidocaine-derived cations and hydrophobic anions derived from NSAIDs (ibuprofen, 

diclofenac, naproxen). By converting the original drugs into dual-function API-ILs, their 

water solubility is increased up to 470-fold without significantly affecting their cytotoxic 

profile. The API-ILs were successfully incorporated into a hydrophobic polyvinylidene 

fluoride membrane with good wound-healing properties, allowing the release of API-ILs  

at higher doses than the parent drugs [141]. 

For the application of ILs in biomedicine, in addition to comprehensive research, 

including the determination of physicochemical properties, the toxicity and biocompatibility 

of the counterion should also be considered. As an environmental accumulation of drugs has 

attracted increasing attention, research should also focus on the search for natural ions  

of biological origin, taking into account biodegradation aspects. While API-IL formulations 
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may offer stability and improved drug delivery, there is a risk of environmental accumulation 

due to their persistence [142]. 

Amino acids, already known to be a natural and relatively cheap source of non-toxic 

and "green" ionic liquids, are one of the solutions in the search for substrates to obtain 

biodegradable and biocompatible counterions. Amino acids, used as cations or anions  

to provide stable chiral centres, have attracted considerable attention for the synthesis  

of amino acid ionic liquids (AAILs) with specific functions, which are designed and 

synthesised by modifying or changing the substituent groups of amino acid side chains using 

a simple method. In addition, AAILs are recognised as more environmentally friendly than 

conventional ionic liquids, being highly biodegradable and biocompatible. Furthermore, 

amino acids have been successfully used to obtain prodrugs of drugs with low solubility and 

permeability, representing a versatile strategy for optimising drug delivery and improving 

the therapeutic profile of existing pharmaceutical agents [143–145]. 

This concept was used by Furukawa et al. to prepare API-ILs containing proline ethyl 

ester as a counterion to the ibuprofen moiety, which enhanced transdermal drug penetration. 

When tested on porcine skin, the resulting salt showed a 10-fold increase in cumulative drug 

amount compared to free ibuprofen. In addition, the results of the cytotoxicity study clearly 

showed a reduced toxic effect on mouse fibroblast L929 cells [146]. This was an indication 

of the potential use of the L-amino acid ester cation for the further development  

of biocompatible API-IL formulations by Moshikur and co-workers for the pairing of alkyl 

esters of the L-amino acid series with salicylic acid. The method of obtaining API-IL  

is simple and based on an equimolar reaction without the need for harsh reaction conditions 

(Fig. 12). 

 
Fig. 12. General synthetic (path) of L-amino acid alkyl ester-based ionic liquids containing NSAID 

moieties [146,147]. 

The results showed that amino acid cations based on ethyl esters had lower toxicity 

than cations with other alkyl chain lengths. Further investigation also revealed that ILs 

derived from L-aspartic acid, L-alanine and L-proline ethyl esters were characterised  

by faster and improved skin permeation, 3–9 times higher compared to sodium salicylate.  
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As a result, this API-IL technique can effectively formulate drugs that are poorly soluble in 

water in the IL form and eliminate the use of traditional solvent vehicles for transdermal 

drug delivery [147]. Also, in this area, an interesting study was presented by Tanigawa et al. 

on the combination of acidic etodolac with L-proline ethyl ester (1:2) and tested  

for intranasal administration. The solubility of NSAIDs in the simulated nasal fluid was 

improved, and following the ionisation of the active ingredient, the retention of etodolac  

on the nasal mucosa and nose-to-brain delivery was enhanced [148].  

Pairing NSAIDs with amino acid esters represents a promising approach  

to developing API-ILs for transdermal or topical delivery. Amino acid esters can improve 

solubility, stability and bioavailability by acting as effective vehicles for acidic APIs.  

This strategy takes advantage of the unique properties of amino acids and ionic liquids to 

improve the delivery of drugs through the skin. However, further research is needed to take 

full advantage of this approach and understand the speciation of L-amino acid esters  

as counter ions to maximise their potential. It is essential to determine their speciation and 

physicochemical properties (such as water solubility, lipophilicity and thermal stability)  

to fully exploit the potential of NSAID salts derived from L-amino acid alkyl esters  

for transdermal or topical delivery, together with detailed permeation studies through the 

skin. Understanding how the amino acid ester interacts with the NSAID moiety and 

influences the final properties is critical for predicting the efficacy in transdermal or topical 

delivery systems and for the design of API-IL formulations for the effective and safe delivery 

of a wide range of therapeutic agents. 
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Chapter II: Results and discussions 

1. Synthesis and identification of NSAIDs salts with L-amino acids 

alkyl esters  

The synthesis of the compounds under investigation was based on the reaction  

of a selected pharmaceutically active acid with the corresponding alkyl ester of L-amino 

acid. The cation of the obtained salts was L-amino acid alkyl ester, while the anion was the 

selected drug. The three-step synthesis was carried out according to the reaction path shown 

in Figure 13. Derivatives of four NSAIDs: (R,S)-ibuprofen, S-(+)-naproxen, (R,S)-

ketoprofen, salicylic acid and alkyl (Me, Et, Pr, i-Pr, Bu) esters of three amino acids –  

L-isoleucine, L-methionine, and L-threonine, were synthesized as part of this thesis and are 

new, excluding (R,S)-ibuprofenates of amino acids isopropyl esters. 

In addition, S-(+)-ibuprofen derivatives with C1-C8 esters of L-valine were 

synthesized as new in this thesis in order to compare to the respective (R,S)-ibuprofen salts, 

previously referred to [149–151]. Synthesis of derivatives of S-(+)-naproxen, ketoprofen, 

salicylic acid and L-valine alkyl (C1-C4) esters were described in previous works and articles 

[149,152–154]. 
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Fig. 13.  The general synthesis pathway of NSAID salts with L-amino acid alkyl esters. 

The process for the preparation of L-amino acid ester hydrochlorides by esterification 

of an amino acid moiety with a suitable alcohol in the presence of chlorotrimethylsilane 

(TMSCl) as a catalyst and a water-binding agent, as well as the process including the use  

of the ultrasound field, were described and included in the patent applications [155,156]. 

TMSCl is advantageous over other chlorinating agents, such as gaseous hydrogen chloride, 

aqueous hydrochloric acid (36%), thionyl chloride or phosgene [157]. Despite their 

widespread application in the esterification of amino acids, they still require time-consuming 

workup steps, safety and waste management challenges, and harsh reaction conditions (such 

as the use of a significant excess of any of the substrates, the use of corrosive, strong acids,  

e.g. HCl, or H2SO4) [158,159]. In addition, as described in the patent invention [155,156], 

ultrasonication greatly simplifies the process by eliminating the need for mechanical stirring 

due to the appropriate mass and heat exchange. Moreover, the use of ultrasound allows  

for a lower reaction temperature and a shorter reaction time compared to conventional 

heating. No destruction of the components of the reaction mixtures and no changes in the 

direction of the reaction were observed. The L-amino acid alkyl ester hydrochlorides with 

an alkyl chain length below C6 were obtained in high yields (75-95%). In the case of  

L-valine alkyl ester hydrochlorides (from pentyl to octyl), the reaction yields by the non-

ultrasound method were 46-65%, while the reaction yields performed in the ultrasound field 

were increased up to 70-80%. 
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For the purposes of this PhD thesis 24 L-amino acid alkyl ester hydrochlorides were 

obtained and identified according to the method described for the first time in patent 

applications by team of supervisor of my thesis with my participation [155,156].  

The obtained L-valine alkyl ester hydrochlorides with short alkyl chain lengths (from methyl 

to pentyl), L-methionine alkyl (C1-C4) ester hydrochlorides, L-isoleucine methyl and ethyl 

ester hydrochlorides were white crystalline solids. The other L-valine alkyl (from hexyl  

to octyl) ester hydrochlorides, L-isoleucine and L-threonine isopropyl hydrochlorides 

synthesised were semi-solids. The obtained L-threonine alkyl (C1-C4) ester hydrochlorides 

and L-isoleucine propyl and butyl ester hydrochlorides were in the amorphous state.  

The next steps involved the neutralisation of the resulting L-amino acid alkyl ester 

hydrochlorides, followed by an equimolar reaction with a drug from the NSAID group.  

As a result of the last step, the amino group of the amino acid was protonated with  

an appropriate acid and the final product was formed. The detailed description of the 

synthesis of L-amino acid alkyl ester salts of NSAIDs has been presented in some granted 

patents [160–163], not related to this PhD thesis or in granted patents resulting from, among 

others, my PhD studies [164,165]. In accordance with this procedure, the L-amino acid 

derivatives with different carbon chain lengths and selected drug moieties in the anionic part 

have been successfully obtained in equimolar reaction with high yields (95-99%) without 

the formation of by-products. 

(R,S)-ibuprofenates, ketoprofenates, naproxenates, and salicylates based on alkyl 

esters (C2-C4, including C3-iso) of L-valine were previously synthesised and partly 

characterized in my master's thesis [149] and articles not related to my PhD thesis [150–

153]. Additionally, (R,S)-ibuprofenates of L-valine alkyl esters (C5-C8), L-methionine, and 

L-threonine isopropyl esters were also earlier synthesized and partly described 

[150,151,166]. These compounds and their properties are not within the scope of the 

scientific novelty of the presented PhD thesis. Their properties are mentioned here only  

for comparative purposes. The novelty in the presented work is permeability tests performed 

for some of them, antimicrobial activity tests biodegradability, antioxidant activity, stability 

under different storage conditions, lipophilicity study for L-valine alkyl esters (C1, C7, C8) 

of (R,S)-ibuprofen and L-valine alkyl esters (C1-C4) of ketoprofen, naproxen, and salicylic 

acid and solubility study in water and selected buffer solutions  

for L-valine alkyl esters (C1-C4) of ketoprofen, naproxen and salicylic acid. 

The study also included the modification of S-(+)-ibuprofen with alkyl esters (C1-C8) 

of L-valine. The modification of R,S-ibuprofen with the corresponding alkyl esters  



50 
 

of L-valine, including physicochemical properties and skin permeability, has been 

extensively described in other works [150,151]. Therefore, in this thesis, the properties  

of the S-(+)-ibuprofen modification products with L-valine alkyl esters (C1-C8) were 

evaluated solely in the context of the influence of the optical purity of the active ingredient 

on these properties, with reference to previous results on (R,S)-IBU derivatives. 

 All the obtained products and intermediates were identified by spectroscopic 

methods – NMR and IR analysis. In addition, the elemental analysis confirmed the high 

purity of the obtained compounds. Only samples of alkyl esters of L-amino acids, which are 

liquid at room temperature, were not subjected to elemental analysis. All of the individual 

results are given in the Appendix I. 

The structure of the obtained derivatives were confirmed by XRD analysis.  

The characteristic reflections were shifted with respect to the diffractogram of the 

unmodified acid (ibuprofen (PDF 96-230-0213), naproxen (PDF 00-052-1902), ketoprofen 

(PDF 00-051-1988) and salicylic acid (PDF 00-014-0882). 

The compounds were white crystalline, semi-solids or amorphous, depending on the 

starting active substance and the amino acid alkyl ester. All naproxen derivatives synthesised 

were in solid form (sharp peaks of high intensity in the XRD pattern of the sample).  

The salts of ibuprofen conjugated with L-valine (derivatives of both (R,S)- and  

S-(+)-ibuprofen), L-methionine and L-isoleucine alkyl esters were solids, whereas 

compounds based on the [ThrOR] cation were semi-solids (low intensity of XRD peaks and 

patterns suggesting the presence of systems with one phase being crystalline and the other 

amorphous). Almost all ketoprofen derivatives obtained were amorphous (no intensity  

or negligible low number of peaks, recorded XRD pattern) with no melting points 

determined (discussed in section 2.3 of this chapter). The exceptions were semi-solid salts 

based on [ValOMe], [ValOEt], [IleOMe] and [IleOBu] cations. The synthesised compounds 

were mostly in the solid state for salicylic acid salts. Semi-solid salicylates were obtained  

by conjugation with [ThrOEt], [IleOMe], [MetOMe], [MetOEt] and [ValOMe] cations. Only 

the salicylic acid derivative based on the [ThrOiPr] cation was the amorphous salt. 

The presence of a characteristic signal visible as a broad singlet on the 1H NMR 

spectra characterised the salt formation and obtaining the ionic structure. The chemical shifts 

for the proton signals of the +NH3 group in amino acid ester moiety were various for each 

group of NSAID acid derivatives. The positional variability of the mentioned shift was 

influenced by both starting L-amino acid and the parent drug forming the compound.  

In addition, in the case of corresponding hydrochlorides, the signal from the protonated 
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amino group occurred at 8.87 (for [MetOEt][HCl]) to 8.31 ppm (for [ValOOct][HCl]). These 

signals shifted upon salt formation: 6.68–4.67 ppm for ibuprofenates, 4.93–6.91 ppm  

for naproxenates, and 5.13–6.44 ppm for ketoprofenates. In general, for (R,S)-ibuprofenates, 

as well as for hydrochlorides, the characteristic signal shifts towards lower ppm shift values 

with the lengthening of the carbon chain in the ester part of the cation, and in the order  

of the L-amino acid moieties L-Met>L-Thr>L-Ile>L-Val. The signals for S(+)-ibuprofen-

based salts occur at lower δ ppm values compared to corresponding (R,S)-ibuprofen salts.  

For salicylic acid derivatives, the signals assigned to the protonated amino group were broad 

and present in the range from 7.30 ppm (for [ThrOBu][SA]) to 9.96 ppm (for [IleOMe][SA]). 

The proton chemical shifts of the NH3
+ group of alkyl ester salts of L-amino acids and their 

hydrochlorides are compared in Figure 14.  

 

  

Fig. 14.  The comparison of chemical shifts of the protons in the NH3
+ group in 1H NMR spectra  

of L-amino acids alkyl (C1-C4) ester salts of: racemic ibuprofen (grey square), S-(+)-ibuprofen (light 

grey inverted triangle), naproxen (red circle), ketoprofen (blue triangle), and of salicylic acid (green 

inverted triangle); and hydrochlorides (red open square). A: L-methionine, B: L-threonine,  

C: L-isoleucine, and D: L-valine. 

Furthermore, ionic structure formation was confirmed by the presence of carboxylate 

anion signals for L-amino acid alkyl salts. For the unmodified acid, the chemical shifts  

of the carbonyl carbon were recorded as follows: ibuprofen: 181.18 ppm, [(S+)-IBU]:  
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181.15 ppm, ketoprofen: 180.24 ppm, naproxen 181.00 ppm, and salicylic acid: 174.94 ppm. 

These signals shifted to lower values in the corresponding salts of ca. 2 ppm to about  

179 ppm for salts of ibuprofen and naproxen and about 178 ppm for salts of ketoprofen.  

The exceptions were L-threoninium alkyl ester salts and all obtained salicylates, where this 

difference was about 1 ppm. In the case of corresponding hydrochlorides, the chemical shifts 

of the carbon in the carbonyl group were present in the range 168-170 ppm. The differences 

in chemical shifts of the carbonyl carbon in unmodified NSAID and its salts with amino acids alkyl 

esters are compared in Figure 15.  

 
Fig. 15.  The comparison of the difference in chemical shifts (Δδ) of carbonyl carbon in 13C NMR 

spectra between NSAIDs and their L-amino acids alkyl (C1-C4) salts of: racemic ibuprofen (grey 

square), S-(+)-ibuprofen (light grey inverted triangle), naproxen (red circle), ketoprofen (blue 

triangle), and of salicylic acid (green inverted triangle). A: L-methionine, B: L-threonine,  

C: L-isoleucine, and D: L-valine. 

The ionic nature of the obtained salts was further supported by IR spectroscopy.  

The characteristic C=O and O-H stretching vibrations for unmodified acids with the 

carboxylic group were observed at 1709 cm-1 and  2954 cm-1 (ibuprofen), 1692 cm-1 and 

2939 cm-1 (ketoprofen), and 1726 cm-1 and 3163 cm-1 (naproxen), 1653 cm-1 and 2853 cm-1 

(salicylic acid) respectively. The sharp absorption band of the characteristic C=O stretching 

vibrations of the carboxylic acid group was observed in the range of 1733-1742 cm-1, while 
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the O-H stretching vibrations were missing after pairing with L-amino acid alkyl ester 

cations. Furthermore, the two visible characteristic absorption bands at about 1600 and  

1390 cm-1 were assigned to asymmetric ν(COO−)asym and symmetric ν(COO−)sym vibrations.  

The difference between the two frequencies is equal to that above 200 cm-1, which confirms 

the formation of the carboxylate anion [167–170]. 

The salt formation of NSAIDs, which are generally weak acids, can be problematic 

due to the possibility of disproportionation. This conversion of the salt form back to its free 

acid form shifts the ionisation state of the active ingredient and fundamentally alters  

its solubility, solid state properties, chemical stability and, consequently, the efficacy of the 

drug. To ensure effective salt formation, the pKA value is one of the key components  

to consider, as it is used to determine the degree of ionisation. The pKA rule states that the 

difference between a group's pKA and its counterion's value should be ∆pKA≥3, especially 

when the drug is a particularly weak acid or base. Furthermore, ionised acid-base complexes 

are only observed for ∆pKA≥4, as shown by the detailed data provided by Cruz-Cazeba 

[171–173]. This ensures that both species are fully ionised and have a strong binding affinity. 

Otherwise, co-crystallisation may occur, resulting in mixed crystals in which the drug is 

crystallised with one or more co-formers (∆pKA below 0). Furthermore, knowledge of the 

log(KS) parameter can also be used to predict the degree of disproportionation expected  

if the salt were dissolved in pure water. Therefore, the strength of certain types of salt can be 

assessed, and the degree of salt formation can be predicted using the calculated log(KS) 

values [171–173].  

In this context, formation constants, log(KS), were calculated based on their 

measurements for obtained NSAID derivatives based on the described acid-based complex 

dependencies [171]. The detailed log(KS) values, as well as pKB values of corresponding  

L-amino acid alkyl esters, were summarised in Appendix II in Table A2. Figure 16. presents 

the dependence of the determined formation constants of L-amino acid alkyl (C1-C4) ester 

salts. 

For the unmodified acid, the following pKA values were obtained: 4.74  

for S-(+)-ibuprofen, 4.65 for (R,S)-ibuprofen, 4.32 for naproxen, 4.11 for ketoprofen and  

3.18 for salicylic acid. Based on the calculated pKA values, the drugs tested belong to the 

group of weak acids, and L-amino acid alkyl esters belong to the group of strong bases.  

An increase in the basic character was observed as the carbon length in the ester moiety 

increased (i.e. the pKB value ranged from 4.20 for [ValOMe] to 3.34 for [ValOOct]).  

The propyl ester derivatives showed a higher pKB value than the corresponding esters 
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obtained from the branched-chain isopropyl alcohol. In general, the highest pKB values were 

determined for L-methionine alkyl esters (3.88 for [MetOMe] and 3.65 for [MetOBu]), while 

the lowest values were determined for L-threonine alkyl esters (2.99 for [ThrOMe] and 2.52 

for [ThrOBu]). The calculated ΔpKA between ions for all the salts obtained is greater than 5, 

indicating the formation of ionised acid-base complexes and a strong affinity of the two 

species to bind, maintaining the principle of the ion-pair strategy. 

  

Fig. 16.  The comparison of formation constants log(KS) of L-amino acid alkyl (C1-C4) esters salts 

of acids from NSAIDs group: salts of racemic ibuprofen (grey square), S-(+)-ibuprofen (light grey 

inverted triangle), naproxen (red circle), ketoprofen (blue square), and of salicylic acid (green 

inverted triangle). 

The synthesised salts were characterised with logKS in the range of 6.62-8.30  

for salicylic acid derivatives, 5.69-7.37 for ketoprofen derivatives, 5.48-7.16 for naproxen 

derivatives and 5.15-6.83 for ibuprofen derivatives. In comparison with the corresponding 

(R,S)-ibuprofenate salts, the L-valine alkyl ester salts of S-(+)-ibuprofen were characterised 
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by lower values of log(KS). They ranged from 5.06 for [ValOMe])[S(+)-IBU]) to 5.92 for 

[ValOOct])[S(+)-IBU]. Furthermore, the calculated log(KS) values ensure that the predicted 

degree of all salt formation obtained would be greater than 99%. Therefore, compounds 

would not disproportionately revert to the initial single species if not required. This is critical 

in the context of transdermal absorption, as the ionisation state of the compound also affects 

the rate at which it is able to diffuse across biological membranes. When exposed to extreme 

pH formulations, the skin is not only able to tolerate any pH change but also has the ability 

to bring the formulation into homeostasis with the pH of the skin (pH 5.4). Therefore,  

the amount of non-ionised drugs present in the skin pH is an important variable influencing 

absorption. At pH=4-5, substances characterised by lower pKA will be more unionised, and 

this form will be more readily absorbed via non-polar transdermal routes through the skin. 

The ionised forms of the substance are largely absorbed through the skin via polar pathways, 

while the oppositely charged active substance can form neutral ion pairs, thus improving 

their absorption through the skin [174]. 

Summary: 

• As precursors to the designed salts, 14 novel hydrochlorides of alkyl esters  

of L-amino acids were obtained with high yields (75-95%) and characterised.  

• In the present work, salts of acids belonging to the group of non-steroidal anti-

inflammatory drugs were obtained. Based on the ion-pairing strategy, the anion  

of the synthesised salts was derived from the active substance ((R,S)-ibuprofen,  

S-(+)-ibuprofen, S-(+)-naproxen, (R,S)-ketoprofen and salicylic acid), while the 

cation was derived from the alkyl ester of the L-amino acid (L-isoleucine,  

L-methionine, L-threonine, L-valine). 

• High purity and high yields (95-99%) of L-amino alkyl ester derivatives and drugs 

were obtained. 

• Identification and confirmation of high purity and ionic structure were based  

on 1H and 13C NMR, ATR-FTIR and elemental analysis. In addition, the complete 

ionisation of the formation of acid-base complexes was supported by the calculated 

values of log(KS)>5. 
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2. Physicochemical properties of salts of L-amino acids alkyl esters and 

selected NSAIDs moieties 

The characterisation of the physicochemical properties included the determination  

of solubility in organic solvents, detailed solubility tests in water and selected buffer 

solutions, and measurements of the lipophilicity of the salts obtained. Thermal stability, 

phase transition temperatures, and specific rotation studies were also part of the presented 

characterisation.  

2.1. Solubility study  

2.1.1. Determining the solubility in organic solvents 

The solubility of drugs in organic solvents is an important consideration in the 

pharmaceutical development process, contributing to the successful formulation and 

delivery of safe and effective drug products. Organic solvents are often used  

in pharmaceutical research and manufacturing for various purposes, including synthesis, 

extraction, purification, and formulation of drug compounds [175]. Therefore, the solubility 

of the final salts and intermediates (L-amino acid alkyl esters and their corresponding 

hydrochlorides) was investigated. The conventional organic solvents chosen for this study 

were ethanol, DMSO, dichloromethane, chloroform, ethyl acetate, diethyl ether, toluene and 

n-hexane. The results are presented in Tables A7–A12 in the Appendix II. The values 

obtained for salts of L-valine alkyl esters in combination with ibuprofen, salicylic acid, 

naproxen and ketoprofen are presented in the author's Master's thesis [149]. The solvents 

were ranked in order of decreasing polarity based on the value of the empirical polarity 

parameter (EΤ(30)) [176]. Depending on the amount of dissolved substance in 1 mL  

of solvent, the compounds under investigation and the parent acids were classified as soluble 

(>100 mg/mL), partially soluble (33–100 mg/mL) or insoluble (<33 mg/mL). 

In general, all of the obtained L-amino acid alkyl ester hydrochlorides were soluble 

in ethanol, DMSO, dichloromethane, chloroform and ethyl acetate. A slight decrease  

in solubility in ethanol was observed for the [ThrOEt][HCl], [ThrOiPr][HCl], and L-valine 

alkyl ester hydrochlorides with longer carbon chain C5-C8. Only the L-amino acid methyl 

ester hydrochlorides were insoluble in chloroform and ethyl acetate. The synthesised  

L-amino alkyl esters were characterised by good solubility in all the solvents studied except 

n-hexane. Partial or good solubility in n-hexane was shown by L-methionine alkyl esters,  

L-threonine methyl ester and L-valine alkyl esters from pentyl to octyl, similar to the 

corresponding hydrochlorides.  
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Comparisons of the solubility of NSAIDs derivatives in these organic solvents 

depending on the L-amino acid alkyl ester cation structure are shown in Figures 17 and 18. 

Figure 17 shows the data obtained for L-valine alkyl esters paired with S-(+)-ibuprofen.  

The results of this solubility study evaluated for the corresponding (R,S)-ibuprofen 

derivatives are presented in previous work and publications [162, 175,176].  

All active substances were soluble in ethyl and diethyl ether and insoluble  

in n-hexane. Both ibuprofen and salicylic acid were soluble in toluene, while ketoprofen and 

naproxen insoluble. All of the synthesised NSAID salts were characterised as soluble  

or partially soluble in polar solvents such as ethanol, DMSO, dichloromethane, and 

chloroform, similar to parent drugs. Moreover, the improved solubility in chloroform was 

also observed when salicylic acid and naproxen were conjugated with L-amino acid alkyl 

esters. The exception was [ThrOMe][SA] salt, which was insoluble in chloroform and 

dichloromethane. The greatest differences between the solubility of unmodified acids and 

their derivatives were found for ethyl acetate, diethyl ether, toluene and n-hexane.  

Both the starting L-amino acid and the length of the carbon chain in the ester moiety 

influenced the solubility in the organic solvents mentioned, which was most pronounced  

for ibuprofen salts paired with the L-valinium ester cation. Compounds based on [ValOR] 

with an alkyl length from methyl to propyl were insoluble, whereas [ValOBu][(S+)-IBU] 

was partially soluble and salts with a carbon chain from amyl to octyl were soluble  

in n-hexane. In addition, the derivatives with an intermediate alkyl chain length (n-propyl, 

isopropyl and butyl) of the L-valine alkyl ester showed a slightly worse solubility in ethyl 

acetate and diethyl ether. No differences were observed between the solubilities  

of L-valinium alkyl esters S-(+)-ibuprofenates and earlier described the respective (R,S)-

IBU derivatives [149–151].  

Similarly, the salts based on the L-threoninium alkyl ester cation showed a slightly 

worse solubility in ethyl acetate, diethyl ether and toluene in comparison to the parent drug. 

Only [MetOMe][IBU] was insoluble in ethyl acetate, diethyl ether and toluene, in contrast 

to the other ibuprofen salts obtained and the unmodified acid. The most pronounced 

influence of hydrophilic L-threonine on solubility derivatives was observed in the case  

of obtained salicylated. When [ThrOR] and [ValOMe] cations were conjugated with salicylic 

acid, the salts obtained were insoluble in ethyl acetate and toluene, in contrast to the free 

acid. Except for the compound based on [IleOiPr], the other L-isoleucinium alkyl ester  
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Fig. 17.  Comparison of solubility in selected organic solvents for salts of (R,S)-ibuprofen and [ValOR][S(+)-IBU] (left) and salicylic acid (right) depending 

on the L-amino acid alkyl ester cation structure (L-Met: violet, L-Thr: orange, L-Ile: blue, L-Val: green). 
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Fig. 18.  Comparison of solubility in selected organic solvents for salts of ketoprofen (left) and naproxen (right) depending on the L-amino acid alkyl ester 

cation structure (L-Met: violet, L-Thr: orange, L-Ile: blue, L-Val: green). 
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also showed a slightly worse solubility in diethyl ether. Most ketoprofenates and 

naproxenates were insoluble in ethyl acetate and diethyl ether. However, they showed good 

solubility in toluene, in contrast to the unmodified acids.  

2.1.2. Determining the solubility in water and selected buffer solutions 

The solubility of a drug significantly influences its concentration in the systemic 

circulation and thus determines its potential effect and pharmacological response in patients. 

Drugs with low aqueous solubility experience slower rates of absorption, resulting  

in inconsistent and inadequate bioavailability, which reduces their efficacy. Poor solubility 

can also lead to complications such as metabolic or permeability problems, drug-drug 

interactions or the need for prolonged drug release [177,178]. Therefore, improving the 

aqueous solubility of the active pharmaceutical ingredient is a primary goal in the 

development of API-based ionic liquids with the strategic design of counterions. These salts 

often exhibit favourable dissolution rates, largely due to the origin of the counterion  

from a strong base or acid. Upon contact with water, the counterion establishes a favourable 

pH within the aqueous interface, promoting the dissociation of the drug in water and 

facilitating its interaction with water molecules [179]. 

Besides the determination of solubility in water, it is essential to demonstrate 

solubility in aqueous solutions that closely mimic physiological conditions, as the salts 

obtained are intended for use in drug delivery systems. Therefore, the solubility of NSAIDs 

and their salts was evaluated in deionised water and two buffers with pH values of 5.4 and 

7.4, reflecting the acidity of the skin surface and its deeper layers, respectively [180].  

The saturation concentration results for the compounds under study were also expressed  

in terms of initial drug concentration and were presented in Appendix II (Tables A2–A6).  

A comparison of the saturation concentration values determined for L-amino acid alkyl  

(C1-C4) ester salts in selected media at various pH values is shown in Figure 19.  

Among all selected acidic drugs, only salicylic acid showed good solubility in water 

(3.759 g/L). The saturation concentration [g/L] for the other unmodified acids in water were 

as follows: 0.076 for (R,S)-ibuprofen, 0.090 for S-(+)-ibuprofen, 0.013 for ketoprofen, and 

0.147 for naproxen. All of the obtained salts were characterised with markedly higher 

solubility than the parent drug. 
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Fig. 19.  The saturation concentration values determined for L-amino acid alkyl ester salts of A: 

(R,S)-ibuprofen and S-(+)-ibuprofen, B: ketoprofen, C: naproxen, and D: salicylic acid in selected 

aqueous media (phosphate buffer pH=5.4, deionised water pH=6.2, and phosphate buffer pH=7.4). 
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The highest values of saturation concentration in each group of NSAIDs derivatives 

were determined for the following compounds: [ThrOEt][IBU], [ThrOiPr][KETO], 

[ThrOMe][NAP], and [ThrOiPr][SA], for which the assessed solubility was 127, 78, 55, and 

10 times higher, respectively, compared to the starting active acid. Furthermore, althoughthe 

S-(+)-ibuprofen was better soluble in water than its racemic form, the L-valinium alkyl ester 

salts of (R,S)-ibuprofen described earlier were characterised by higher solubility  

than the respective S-(+)-IBU salts. 

In general, the obtained L-amino acid alkyl ester salts demonstrated a decrease  

of solubility with the lengthening of the alkyl chain and in the order of the L-amino acid 

forming conjugates: L-Thr>L-Val>L-Ile>L-Met, which is consistent with previously 

described research [150,151,154,181,182]. In addition, in most cases, salts based on L-amino 

acid isopropyl esters were characterised by higher solubility compared to the corresponding 

salt consisting of a straight n-propyl chain.  

It has been shown that the solubility of acids from the NSAID group depends on the 

pH of the medium and greatly increases in an alkaline environment due to ionisation, as the 

pH is above the pKA [183–186]. These studies and complementary published research  

on solubility tests using selected buffer solutions representing the composition of body fluids 

demonstrated the dependence of the obtained derivatives solubility on the pH of the medium 

analysed [187]. 

 

Summary 

• Except for the L-amino acid methyl ester hydrochlorides, which were insoluble  

in chloroform and ethyl acetate, the L-amino acid alkyl ester hydrochlorides were 

mostly soluble in ethanol, DMSO, dichloromethane, chloroform and ethyl acetate.  

A longer carbon chain (C5-C8) in L-valine alkyl ester hydrochlorides slightly reduced 

solubility in ethanol and improved solubility in n-hexane. 

• Overall, the synthesised L-amino acid alkyl esters showed good solubility in most 

solvents studied. Partial or good solubility in n-hexane was observed only  

for L-methionine alkyl esters, L-threonine methyl ester and L-valine alkyl esters 

(from pentyl to octyl). 

• The obtained salts of L-amino acid alkyl ester and selected NSAIDs were mostly 

soluble in polar solvents such as ethanol, DMSO, and nonpolar solvents such  

as dichloromethane and chloroform, similar to their parent drugs. Except for the 

[ThrOMe][SA] salt, which remained insoluble in both chloroform and 
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dichloromethane, the conjugation of salicylic acid and naproxen with L-amino acid 

alkyl esters improved their solubility in chloroform. In addition, most of the salts  

of ketoprofen and naproxen were insoluble in ethyl acetate and diethyl ether but had 

good solubility in toluene, in contrast to their unmodified forms. 

• All the salts obtained showed a significantly higher solubility than the parent drug  

in deionised water and phosphate buffers with pH=5.4 and pH=7.4. Their solubility 

depends on the structure and hydrophobicity of the starting L-amino acid.  

The highest solubility in each aqueous medium studied was found for salts derived 

from polar L-threonine.  

• Compared to the starting acid, the greatest increase in solubility (through conjugation 

with the [ThrOR] molecule) in water and the tested buffer at pH 5.4, after 

modification with amino acid esters, was obtained for (R,S)-ibuprofen, while in the 

buffer solution at pH 7.4 for ketoprofen. The highest solubility values in the tested 

media were obtained for salicylic acid derivatives and L-threonine alkyl esters. 

2.2. Lipophilicity study  

The lipophilicity measure of the affinity of the molecule to the oil phases is expressed 

by the n-octanol-water partition coefficient (logP). It is a key factor that describes and links 

the absorption and transport characteristics of the active pharmaceutical ingredient in the 

human body. Therefore, the role of lipophilicity is critical in the drug discovery and 

development process as it affects several pharmacokinetic factors. In general, increased 

lipophilicity results in increased permeability through the gastrointestinal tract, easier 

passage through barriers such as the blood-brain barrier and other tissue membranes, greater 

binding to proteins, and increased affinity to metabolising enzymes and efflux pumps.  

For a drug to be absorbed effectively, it must have adequate lipid solubility to cross 

membranes; otherwise, drugs not soluble enough to be transported into the bloodstream can 

reduce systemic bioavailability, resulting in suboptimal drug efficacy [188–190]. 

Regarding transdermal or topical delivery, logP is a useful tool for describing  

the partitioning of a drug between the hydrophilic living cells of the epidermis and the 

lipophilic stratum corneum (SC). Hydrophilic compounds with a log P value < −1 would 

have difficulty leaving the vehicle and entering the SC. At the same time, highly lipophilic 

compounds may accumulate in the SC, making it difficult to achieve stable plasma 

concentrations within a reasonable time. This suggests that compounds with log P values  

in the range of 1 to 3 should be considered as possible candidates for transdermal delivery, 
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having both aqueous and lipophilic properties, capable of crossing the lipophilic SC and the 

hydrophilic layers (epidermis) of the skin [191]. 

Considering that the salts obtained in this work are intended to be used  

in preparations applied dermally or transdermally, evaluating the lipophilicity properties is 

one of the most important parameters determining the behaviour of compounds in the skin 

structures. The obtained values of n-octanol-water are summarised in Appendix II in Tables 

A2–A6. At the same time, Figure 20 presents the dependence of logP on the solubility  

in water for NSAIDs and their L-amino acid alkyl (C1-C4) ester salts. 

The solubility of a compound is strongly influenced by its lipophilicity. As shown  

in Figure 20, the poorly soluble unmodified acids were also characterised by high logP 

values: 3.208 for (R,S)-ibuprofen, 2.212 for S-(+)-IBU, 2.119 for naproxen and 1.577  

for ketoprofen. It has been suggested that the presence of an additional oxygen atom,  

an acceptor for hydrogen bonds, is responsible for the decrease in logP values of ketoprofen 

and naproxen [192]. In the case of salicylic acid, which has good solubility in water, the logP 

obtained was equal to 1.321. 

Conjugations with hydrophilic L-amino acid alkyl esters significantly reduced the 

lipophilic character of poorly soluble drugs. The exception was the salicylic acid derivatives, 

which showed a higher logP than the corresponding unmodified acid, indicating the 

formation of salts with higher lipophilicity.  

The unmodified S-(+)-ibuprofen and its L-valinium alkyl esters salts exhibited lower 

logP than the corresponding compounds based on the racemic acid. The logP for L-valinium 

alkyl ester salts of S-(+)-IBU ranged from 0.833 (for [ValOMe][S(+)-IBU]) to 1.874  

(for [ValOOct][S(+)-IBU]), while for the respective salts of (R,S)-IBU increased from 1.750 

to 2.117 [150,187].  

Furthermore, as described previously, in general, the determined values of solubility 

and logP of the L-amino acid ester isopropyl salts are in the range between those determined 

for the butyl and n-propyl derivatives since the value of the partition coefficient increases 

with the branched carbon chain in the ester moiety. Moreover, since the logP values 

determined correspond to the evaluated values of saturation concentration in deionised 

water, the increase in compound lipophilicity also follows the trend of order of L-amino acid 

modification: L-Thr<L-Ile<L-Val<L-Met [150,181,182]. 
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Fig. 20.  The effect of the cation in salts of A: (R,S)-ibuprofen and S-(+)-ibuprofen, B: ketoprofen, C: naproxen, and D: salicylic acid and L-amino acid alkyl 

ester on the dependence of solubility in water on lipophilicity (logP). According to the starting amino acid marked as: L-Met (purple); L-Thr (orange), L-Ile 

(blue), L-Val (green). According to the alkyl ester, it is marked as: methyl (circle), ethyl (triangle), isopropyl (square), propyl (diamond), and butyl (pentagon). 
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Summary 

• The combination of poorly soluble drugs with L-amino acids alkyl esters has 

achieved a reduction of lipophilicity. Solubility in aqueous media is strongly 

influenced by lipophilicity. Consequently, the logP value of the compound also 

increases with the length of the alkyl chain in the ester moiety, following the order 

of the L-amino acid: L-Thr<L-Ile<L-Val<L-Met. 

2.3. Characteristics of the thermal properties 

 The pharmaceutical industry has a keen interest in the thermodynamic behaviour  

of drug molecules. These thermodynamic properties have a significant impact on the three 

pillars of drug development - stability, bioavailability and manufacturability. A lack  

of understanding of these properties can lead to unanticipated negative consequences 

throughout the entire product development process. Examples include unexpected 

polymorphism due to storage conditions, degradation leading to loss of stability and 

manufacturing process failures due to physical state change [193,194].  

In this context, Thermal Gravimetric Analysis (TGA) was used to assess the thermal 

stability and thermal degradation of the synthesised compounds. In contrast, Differential 

Scanning Calorimetry (DSC) was used to investigate the heating/cooling behaviour and 

properties, including melting temperature, crystal identification and phase transition 

determination. In addition, the stability of selected compounds was evaluated to investigate 

the changes in properties with time under the influence of temperature. Tables A13-A17  

in Appendix II summarise the stability temperatures and values and phase transition 

temperatures determined. The TTGonset, TDTGmax values determined for salts of L-valine alkyl 

esters in combination with ibuprofen, salicylic acid, naproxen and ketoprofen are presented  

in the author's master's thesis or previous publication [149,150,152–154,195]. 

The short-term thermal stability was evaluated based on the onset temperature  

of thermal degradation as the onset value of the TG curve (TTGonset), which occurs in the first 

phase of the process. The values of the maximum mass loss ratio (TDTGmax) were calculated 

from the maximum peak of the DTG curve. The melting point and crystallisation (the 

melting points being endothermic (positive peaks in the graphs) upon heating and 

crystallisation point being exothermic (negative peaks) upon cooling) data evaluated from 

the DSC analysis are based on both the measured TDSConset and TDSCmax values and the TConset 

and TCmax values, as the registered peaks are mostly broad. 
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The TTGonset values determined for unmodified acids and their L-amino acid alkyl 

(from methyl to butyl) ester salts are presented in Figure 21, while the comparison of the TG 

and DTG curves for S-(+)-ibuprofen and their L-valinium alkyl ester salts are shown  

in Figure 22. 

 

Fig. 21. Onset temperatures of thermal degradation of the NSAIDs and their salts with L-amino acid 

alkyl (C1–C4) esters (data partly presented in: [149,150,152–154,195]). 

Introducing the L-amino acid alkyl ester cation into the active acid moiety decreases 

the final thermal stability of the obtained compound compared to the unmodified drug,  

the salicylates being the only exception. They were characterised by TTGonset values 

comparable to or slightly lower than that of the unmodified drug. At the same time, the salts 
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[MetOBu][SA], [MetOPr][SA], and [MetOiPr][SA] showed higher thermal stability.  

The exceptions observed in this effect, where the obtained L-threonine alkyl ester salts  

of salicylic acid showed a higher thermal stability in comparison to the unmodified acid, can 

be explained by the presence of the hydroxyl group in the starting amino acid moiety.  

This group can participate in additional hydrogen bonding within the molecule 

(intramolecular hydrogen bonding between the hydroxyl group and the carboxyl group of 

salicylic acid) and between molecules, which can stabilise the molecular structure and thus 

block the thermal decomposition reaction to some extent [196,197]. In the case of choline-

based amino acid ILs, it has been observed that longer alkyl chains on the cation create  

a strong hydrophobic interaction, which improves the overall thermal stability of the ILs 

[198]. For salicylates based on L-methionine cations with longer alkyl chain length in the 

ester part, similar phenomena can be observed. 

 
 

Fig. 22. Comparison of the thermal stability of the L-valinium alkyl ester salts of S-(+)-ibuprofen. 

As described previously, the thermal stability of L-amino acid alkyl ester salts 

generally increases with the lengthening of the alkyl chain in the cationic moiety and in the 

following order of starting L-amino acids: L-Met>L-Thr>L-Ile>L-Val. In addition,  

the L-amino acid propyl ester salts of ibuprofen and naproxen were more stable than 

derivatives consisting of the corresponding L-amino acid isopropyl ester cation 

[150,151,181,182]. In a comparison of the stability of salts obtained from different 

enantiomers of ibuprofen, L-valinium alkyl ester S-(+)-ibuprofenates were slightly more 

stable than the corresponding salts obtained from (R,S)-ibuprofen [149–151,195].  
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The degradation onset temperature ranged 80.2–150.8°C for [ValOR][IBU] and 87.5–

153.0°C for [ValOR][S(+)-IBU] salts. 

As [ThrOPr][IBU], [ThrOBu][IBU], [ThrOiPr][SA], [IleOEt][SA], 

[IleOEt][KETO], [ValOPr][KETO] compounds and L-threoninium alkyl ester salts  

of ketoprofen are amorphous, no melting and crystallisation peaks were evaluated during the 

measurement. In addition, the salts of ketoprofen, as well as the unmodified acid, showed no 

crystallisation upon cooling. The crystallisation peaks were also not evaluated for any of the 

derivatives of the L-threonine alkyl esters synthesised, nor for the salts [MetOMe][SA], 

[MetOEt][SA], and [ValOEt][SA]. The decrease of the melting point has been described  

in the example of derivatives obtained from pure lidocaine or pure ibuprofen in different 

ratios, up to a certain composition where the sample does not crystallise at all, showing  

a slow crystallisation kinetics [199]. 

The relationship between the melting point (evaluated based on TDSC max in the first 

heating cycle) of the L-amino acid alkyl (C1-C4) esters salts and their carbon chain length  

is presented in Figure 23. 

 

 
Fig. 23. The dependence of melting point (TDSCmax) on alkyl chain length in the ester moiety of L-

amino acid ester salts of A: (R,S)-ibuprofen and S-(+)-ibuprofen, B: ketoprofen, C: naproxen and D: 

salicylic acid (data partly presented in: [150,152–154,181,182,195]. 
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Since the melting peaks recorded were broad, the TDSCmax value determined was used  

to show the dependence on the chain length in the ester moiety as accurately as possible.  

For the unmodified acids, evaluated from the first heating cycle, the TDSCmax values were  

as follows: 78.58°C for (R,S)-ibuprofen, 50.27°C for S-(+)-ibuprofen, 97.03°C  

for ketoprofen, 155.45°C for S-naproxen, and 160.04°C for salicylic acid. The salts obtained 

from L-valine alkyl esters and S-(+)-ibuprofen showed higher melting point values than  

the parent drug and also the corresponding salts derived from (R,S)-ibuprofen. In other cases, 

with the exception of [ValOMe][IBU], [ValOEt][IBU], and [IleOEt][IBU], the obtained 

derivatives show lower melting points than the parent drug. A lower melting point is 

advantageous for the extended use of the prodrugs in transdermal and topical applications. 

Creating a higher concentration gradient between the matrix and the skin facilitates skin 

penetration [200]. Except for most of the obtained salts of naproxen, [ValOMe][SA] and 

[ThrOMe][SA] compounds, the obtained derivatives showed melting points lower than 

100°C. Together with the previously demonstrated ionic structure, these salts can be defined 

as belonging to the group of ionic liquids [201]. As shown in the graphs (Fig. 23),  

the increase in TDSCmax follows, in general, the order of starting L-amino acids: L-Met<L-

Thr<L-Ile<L-Val. 

It was also observed that the melting point value decreases with the lengthening  

of the alkyl chain, which is most pronounced in the case of the L-valinium alkyl ester salts 

of (R,S)- and S-(+)-ibuprofen. The values of onset melting was equal 80.90°C and 83.13°C  

for [ValOMe][IBU] and [ValOMe][S(+)-IBU] respectively, while 43.28°C and 48.24°C for 

[ValOOct][IBU] and [ValOOct][S(+)-IBU] compounds [149–151]. A similar phenomenon 

was observed in tetraalkylphosphonium and 1-alkyl-3-methylimidazolium-based ionic 

liquids, where the melting point initially decreases with the increase in the number of carbon 

atoms in the straight aliphatic chain of the cations, up to a critical number, after which there 

is a change in tendency and the melting point starts to increase with the number of carbon 

atoms in the alkyl chain [202,203]. The role of the counterion in regulating salt properties 

has also been investigated using a homologous series of amines, finding that increasing chain 

length results in lower melting points of salts of carboxylic acid drugs [204]. Furthermore, 

the L-valinium alkyl ester salts obtained from (R,S)-ibuprofen were characterised by higher 

TDSConset and TDSCmax values, although the melting point of the starting S-(+)-ibuprofen was 

lower than that of the racemic form. 

Surprisingly, in the case of L-valinium alkyl ester salts of naproxen, two melting 

peaks were observed in both the first and subsequent heating cycles, and only one 
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crystallisation peak (in both cooling cycles) was observed. In the first cycle, this could 

indicate the presence of more than one initial crystalline form. During the subsequent heating 

cycles, the compound could retain these different forms, resulting in the reappearance of the 

double melting peaks. A similar phenomenon was observed for [IleOMe][KETO], 

[IleOBu][KETO], [IleOiPr][KETO] and [MetOEt][SA], which, however, do not show 

crystallisation peaks in the cooling cycle. The occurrence of double melting points in drug 

derivatives can often be attributed to the phenomenon of polymorphism or the existence  

of multiple crystalline forms of a substance. However, it is unusual for polymorphism  

to manifest itself in exactly the same way in successive cycles without different 

crystallisation events [205,206].  

2.3.1. Stability testing  

With the increasing demand for efficient drugs, stability testing is recognised  

as a fundamental part of the drug development process for performance evaluation and 

quality assurance of pharmaceutical products. The study was carried out to provide evidence 

of how the amino acid ester cation affects the quality of the obtained salts over time when 

exposed to varying temperatures.  

The stability of L-amino acid isopropyl ester salts of NSAIDs was performed based  

on Stability Testing of New Drug Substances and Products [207]. These compounds, based 

on cations with an isopropyl carbon chain length in the ester part, have been selected  

for research as they show the most promising parameters in terms of skin permeability and 

biological activity [150–154,166]. The purpose of stability testing is to establish 

recommended storage conditions and to ensure the quality, safety and efficacy of the finished 

product by providing information on how the quality of a drug derivative changes over time 

under the influence of temperature.  

The thermal stability changes were investigated for long-term conditions (storage  

for 12 months in refrigeration and room temperature) and accelerated conditions (storage  

for 6 months at 40°C). Table A38 in Appendix II summarises the comparison of the 

determined TDSConset and TDSCmax values obtained from the first heating cycle and TConset and 

the value obtained from the first cooling cycle. The individual DSC curves for studied 

compounds are presented in Figures A4-A23 in Appendix II. Figure 24 compares  

the evaluated melting point values (TDSCmax) for the tested compounds in each step of the 

performed stability test. No data were obtained for [ThrOiPr][KETO] samples, 

[ThrOiPrIBU] sample stored for 12 months at 25°C, the [ThrOiPr][SA] samples in the initial 
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state and after the stress test, and the [MetOiPr][KETO] sample after the stress test, which 

were in the amorphous state. 

  

  

 

Fig. 24. Comparison of the melting point (TDSCmax) for selected acids from NSAIDs group and their  

L-amino acid isopropyl ester salts after evaluation of stability testing. 

In the case of the long-term stability test (storage for 12 months at 5 and 25°C),  

the studied conjugation of L-amino acid isopropyl esters with active ingredients has no effect 

on the deterioration of the stability of the obtained derivatives. The results obtained showed 

no differences in the measured phase transition temperature values of the stored compounds 

compared to the starting salts and unmodified acids. The irregular shapes of the overlapping 

melting peaks recorded during the first heating cycle are responsible for the changes in TDSC 

max values observed for compounds [ValOiPr][IBU] and [IleOiPr][IBU]. In other cases,  

the difference between the determined temperatures was within 1-3% error of the 

measurement. The exception was the [ThrOiPr][SA] salt, which was initially amorphous and 
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became semi-solid after 12 months of storage (TDSConset=78.36°C and TDSCmax=83.04°C for 

storage at 5°C, and TDSConset=80.86°C and TDSCmax=90.70°C for storage at 25°C, 

respectively). It was also observed that [ThrOiPr][IBU] became amorphous when stored  

at 25°C, whereas no noticeable difference in phase transition temperatures was noticed when 

stored at 5°C. 

The pharmaceutical ingredients transformed into the amorphous state are considered  

to exhibit higher bioavailability, mainly due to the higher dissolving rate compared to the 

typical crystalline phase [208]. However, as this study has shown, the amorphous state can 

be lost during storage, as was the case with the crystallisation process of the [ThrOiPr][SA] 

compound after 12 months of storage at both temperatures tested. The crystalline form was 

thermodynamically stable, as proved by an additional stress testing study for this sample. 

The effective preparation of the amorphous salt was achieved in the case  

of [ThrOiPr][KETO], which maintains its state in each step of the performed long-term 

stability test.  

Following the stress test study (stored for 6 months at 40°C), none of the starting 

active substances showed differences in phase transition temperatures. However, some  

of the L-amino acid isopropyl ester salts in the study showed noticeable changes. 

The measured melting peaks of the compounds [ThrOiPr][NAP], [IleOiPr][KETO], 

[ValOiPr][KETO] were broader compared to the initial state of the samples, which explains 

the observed differences of the registered TDSConset and TDSCmax values in the heating cycles. 

Similarly, broad crystallisation peaks were registered in both cooling cycles performed  

for the conjugation of L-methioninium isopropyl ester with the salicylic acid moiety. 

No differences were observed after the stress test for the other salicylates and 

naproxenates that were tested. In addition, the two overlapping melting peaks registered  

in the initial state in the heating cycles for [IleOiPr][NAP], [ValOiPr][NAP], and for 

[IleOiPr][IBU] were also observed after both the long-term stability tests and the stress tests 

performed. This suggests the thermodynamic stability of the observed state of these salts. 

The compounds [MetOiPr][IBU], [ThrOiPr][IBU], [MetOiPr][KETO] and 

[ThrOiPr][KETO] were also observed to change colour to brown after the stress test. 

[MetOiPr][KETO], which was originally semi-solid, also became amorphous. Furthermore, 

the melting point temperatures evaluated for [ThrOiPr][IBU] in the first heating cycle were 

comparable to the TDSConset and TDSCmax determined for unmodified ibuprofen. 

To account for the potential degradation of these compound, FTIR analysis was 

performed. For the salts [ValOiPr][KETO] and [IleOiPr][KETO], no changes were observed 
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compared to the initial state of the compound tested (data presented in Appendix II,  

Fig. A2-A3). Figures 25 and 26 show comparisons of ATR-FTIR spectra for L-methioninium 

and L-threoninium isopropyl salts of ibuprofen and ketoprofen before and after the stress 

testing step.  

The ATR-IR analysis revealed the differences between the registered spectra  

for samples of the tested compounds after performing the stress test in comparison to the 

initial state of the compound in the fingerprint range of 400–1400 cm-1 (Fig. A1 in Appendix 

II). For example, for the tested sample of ibuprofenates, it was observed the disappearance 

of absorption bands initially assigned to the isopropyl L-amino acid ester (peaks at 520 and 

1037 cm-1 and at 1056, 1100, 1220, 12840 cm-1 for [MetOiPr][IBU] and [ThrOiPr][IBU] 

respectively), while noticeable absorption bands assigned to the unmodified acid appeared 

(at 450, 635, 755, 782 cm-1 and at 521, 590, 637, 864, 932 cm-1 for [MetOiPr][IBU] and 

[ThrOiPr][IBU] respectively).  

Similarly, for both samples [MetOiPr][KETO] and [ThrOiPr][KETO] after stress 

testing, bands assigned to the unmodified ketoprofen were visible at 610, 855, 787, and  

930 cm-1. It was also observed the disappearance of absorption bands at ca. 1606 and  

1386 cm-1 for [MetOiPr][IBU] and [ThrOiPr][IBU], which were assigned to asymmetric 

ν(COO−)asym and symmetric ν(COO−)sym vibrations, initially confirming the formation of the 

carboxylate anion.  

In the case of the ketoprofenates tested, those characteristic bands first observed  

at ca. 1595 and 1385 cm-1 were also missing. Furthermore, the sharp band initially observed 

at ca. 1735 cm-1, which was attributed to C=O stretching vibrations characteristic of α-amino 

acids, was also obscured by absorption peaks at ca. 1700 cm-1 due to C=O stretching 

vibration in the dimeric carboxylic acid present in pure ketoprofen For the [ThrOiPr][IBU] 

salt after the stress test, the characteristic band initially observed at about 1740 cm-1 was not 

recorded in the spectra. In addition, the visible absorption peak at ca. 1704 cm-1 was assigned 

to C=O stretching vibrations for ibuprofen with a free carboxyl group. This indicates the loss 

of ionic structure and the degradation of the pure salt form of the tested compounds after the 

stress test [209–211]. 
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Fig. 25. Comparison of ATR-FTIR spectra for L-methioninium (left) and L-threoninium (right) isopropyl salts of ibuprofen before and after the stress testing step, 

asymmetric (νasym.) (COO−), and symmetric (νsym.) (COO−) stretching vibrations marked in brown and orange, respectively.

      

Fig. 26. Comparison of ATR-FTIR spectra for L-methioninium (left) and L-threoninium (right) isopropyl salts of ketoprofen before and after the stress testing step, 

asymmetric (νasym.) (COO−), and symmetric (νsym.) (COO−) stretching vibrations marked in brown and orange, respective.
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2.3.2. Evaluation of heat capacity 

The heat capacity of drugs themselves is usually not a primary concern  

in pharmacology or drug formulation. However, the heat capacity of a substance can 

influence its behaviour during crystallisation and melting, which are crucial in the 

manufacture of drugs. Therefore, understanding the thermal behaviour of pharmaceutical 

substances, including their heat capacities, is essential for assessing the risks associated with 

thermal runaway reactions in industrial processes. It is part of the design of storage 

environments that maintain a stable temperature for substances sensitive to temperature 

changes. This ensures that the compounds do not undergo unwanted heat-induced 

decomposition over time. Heat capacity is also a physicochemical property that differs 

between crystalline and solvated forms of the same substance. It can also be used to identify 

polymorphs [212–215].  

Moreover, the thermal properties of a substance (including its heat capacity) can 

influence the temperature of the skin surface and, therefore, the properties of the skin. 

However, the heat capacity itself may not directly affect skin permeability. For example, 

heating the skin can increase blood flow. This can temporarily increase skin permeability  

by making the skin more pliable and the pores more open. This principle is sometimes used 

in transdermal drug delivery systems, where heat is applied to the skin to increase  

the absorption of a drug through the skin [216].  

The heat capacity measurements were carried out for selected acids from the NSAIDs 

group and their L-amino acid isopropyl ester salts using the three-curve method with 

sapphire disc as reference [217]. Data were recorded for solid samples up to the onset  

of melting, except for the salts [ThrOiPr][KETO] and [ThrOiPr][SA], which were in the 

amorphous state. The detailed experimental values of the molar heat capacities are 

summarised in the Appendix II (Tables A18-A37). A comparison of the evaluated data is 

shown in Figure 27. 

The molar heat capacity value for the unmodified studied acid follows the order: 

KETO<IBU<NAP< SA. In the case of the studied L-amino isopropyl ester salts, except  

for [ValOiPr][NAP], the Cp,m values were much higher compared with crystalline phases  

of unmodified acids. The obtained data showed increased Cp and m values along with 

temperature. For amino acid-based ionic liquids, this phenomenon was correlated with the 

influence of vibrational and rotational energy on the internal energy of the molecules [218]. 

The amorphous compounds [ThrOiPr][KETO], [ThrOiPr][SA] and semi-solid 

[ThrOiPr][IBU] showed the highest values of Cp,m, which is consistent with studies 
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describing that the lack of long-range order typical of crystalline solids can store thermal 

energy and compared to the crystalline form of a drug, the amorphous form is in a state  

of higher energy [219]. Similarly, the heat capacity value was influenced by both the parent 

anion and the state of the final compound. The semi-solid salts of ketoprofen showed  

the highest Cp,m values, whereas the solid salts of salicylic acid and [ThrOiPr][NAP] had the 

lowest Cp,m values. 

 

 

  

Fig. 27. Experimental molar heat capacity of NSAIDs (A: ibuprofen, B: ketoprofen, C: naproxen, 

and D: salicylic acid) and their L-amino acid isopropyl ester salts plotted against temperature. 

Summary 

• In general, pairing the active substance with the L-amino acid alkyl ester influenced 

the decrease in the thermal stability of the obtained compound. [IleOPr][SA], 

[ThrOBu][SA], [ThrOPr][SA], [ThrOMe][SA], [ThrOEt][SA], [MetOBu][SA], 

[MetOPr][SA], and [MetOiPr][SA] showed higher thermal stability compared to the 

parent acid. 
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• Increasing the alkyl chain length in the cationic moiety influences the higher thermal 

stability and lower melting points of the salts obtained. The increase in thermal 

stability follows the order of the starting L-amino acids: L-Met>L-Thr>L-Ile>L-Val, 

while in this order, a decrease in TDSCmax values was observed.  

• All obtained L-amino alkyl ester salts of ketoprofen, most ibuprofen derivatives 

(except [ValOiPr][S(+)-IBU] compound) and salicylic acid derivatives (except 

[ValOMe][SA] and [ThrOMe][SA] compounds) belong to the group of ionic liquids, 

based on the evaluated melting points and previously established ionic structure. 

Among the obtained salts of naproxen, only the derivatives based on [ThrOR], 

[MetOPr], [MetOiPr], [MetOBu] and [IleOBu] can be classified as ionic liquids. 

• The studied L-amino acid isopropyl ester salts demonstrate high stability after long-

term storage for 12 months at 5 and 25°C. Also, except conjugates of [MetOiPr] and 

[ThrOiPr] cations with ibuprofen and ketoprofen moieties, obtained salts showed no 

deterioration of the stability after storage for 6 months at 40°C. The results obtained 

showed no differences in the measured phase transition temperature values of the 

stored compounds compared to the starting salts and unmodified acids. 

• The salts of the L-amino isopropyl ester generally showed higher heat capacity 

values than the parent drug. The parent anion and the state of the resulting compound 

influence the heat capacity. Among the compounds studied, the semi-solid salts  

of ketoprofen had the highest Cp,m values, whereas the solid salts of salicylic acid and 

[ThrOiPr][NAP] had the lowest Cp,m values. 

2.4. Specific rotation 

In recent years, a new subgroup of ionic liquids with at least a single point chiral 

centre, chiral ionic liquids, have attracted interest as solvents for use in asymmetric synthesis 

and as chiral agents with potential chiral discrimination capabilities and high specificity  

for target enantiomers. Currently, amino acids are also used as available precursors for the 

synthesis of CILs, in most cases as chiral anions. The majority of chiral CILs are based  

on chiral anions, and a limited number of CILs have both a chiral cation and a chiral anion. 

Some of the ways that amino acid-based CILs can be used are for capillary electrophoresis, 

high-performance liquid chromatography, chiral sensing, CO2 capture, metal scavenging, 

and heterogeneous catalysis [220–222].  

In the context of biological processes, the chirality of a molecule plays a crucial role 

in its properties, especially in the field of drugs or potential drug compounds. This is due  
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to the significant differences in the pharmacodynamic, pharmacokinetic and toxicological 

properties that are exhibited by the enantiomers (or diastereomers) of a molecule. Therefore, 

with particular emphasis on well-defined stereochemistry, there is a need to explore novel 

drugs that are more potent, efficient and safer [223]. The enantiomer responsible for the 

biological activity is called the eutomer, while the other, inactive or less active, is called  

the distomer. The drug industry is using chiral modification more and more to make  

the inactive enantiomer less harmful. They do this by either changing racemates that are 

already on the market or creating new drugs that only come in one enantiomeric form.  

This chiral switch approach has facilitated the introduction of a large number of drugs with 

a different stereochemical configuration to the market [223,224]. 

For example, the two enantiomers of ibuprofen and ketoprofen differ in their 

pharmacological activity. Only the S(+) enantiomer is capable of inhibiting both 

cyclooxygenases (COX-1 and COX-2) at clinically relevant concentrations. The drug moiety 

undergoes unidirectional enantiomerisation and is converted to the (S)-enantiomer in vivo 

when ibuprofen or ketoprofen is administered as a racemate. Both drugs are available on the 

market in single-enantiomer and racemic versions. Both of these drugs are available on the 

market in single-enantiomer versions. The metabolic chiral inversion of ibuprofen can  

be observed between 35% and 70%. For ketoprofen, metabolic enantiomerisation from (R) 

to (S) form in vivo was negligible in humans and limited to a maximum of about 10%.  

On the other hand, due to the well-documented hepatotoxicity and the effect of increasing 

the burden on the kidneys of (R)-naproxen, naproxen is administered exclusively as the 

stereochemically pure (S)-enantiomer [225,226].  

In addition, preventing the racemisation of drugs and the production of unwanted 

enantiomeric forms is crucial to avoid the risk of side effects (as was the case with 

thalidomide). Some methods are used to secure enantiomerically pure substances, such  

as protection by chemical modification (use of protecting groups to shield functional groups 

that are prone to racemisation, especially in steps involving harsh conditions). However, 

additional expensive synthetic steps are required during the manufacturing process. Efforts 

are, therefore, made to design stereochemically stable compounds that are less likely  

to racemise. In order to obtain enantiopure drugs, the drug is either synthesised  

in an enantiopure manner or obtained from a racemic mixture by applying a post-synthetic 

physical chiral separation process. The most common synthetic approaches are the 

asymmetric approach (where the reaction preferentially leads to one enantiomer) or the 

chiral pool approach (where enantiopure starting materials are used) [227–231]. 
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In this study, the selected L-amino acids were used as building blocks to synthesise 

the investigated salts as chiral cation sources. Among the active substances used, only  

S-(+)-ibuprofen and S-(+)-naproxen have optical activity. Ibuprofen, which was used  

to obtain most of the IBU derivatives, and ketoprofen are racemic mixtures. Salicylic acid 

has no chiral centre and is not an optically active compound. 

The values obtained for the specific rotation of the starting L-amino acid were as 

follows: +34.00 (L-methionine), −25.18 (L-threonine), +37.90 (L-isoleucine), and +24.44 

(L-valine), whereas the specific rotation values for S-(+)-ibuprofen and S-(+)-naproxen were 

+59.98 and +50.99, respectively. The evaluated specific and molar rotation values for the 

synthesised L-amino acid alkyl esters and their corresponding hydrochlorides and salts are 

compared in Figure 28. 

 

 

 
Fig. 28. The relationship between the specific rotation and molar mass of L-amino alkyl ester salts 

of A: (R,S)-ibuprofen and S-(+)-ibuprofen, B: ketoprofen, C: naproxen, and D: salicylic acid. 

The obtained compounds, derived from the L-amino acids, exhibit optical activity 

and rotate the plane of polarised light in accordance with the rotation of the starting material. 
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Therefore, only L-threonine derivatives change the plane of polarisation to the left (−).  

The only exception in rotation direction was observed for [ThrOMe][IBU] salt and when  

L-threonine alkyl esters were conjugated with the naproxen moiety. In addition, compared 

with the corresponding drugs obtained from racemic ibuprofen, the L-valinium alkyl ester 

salts obtained from S-(+)-ibuprofen showed higher values of specific rotation. This suggests 

that the value of the optical rotation of the compound is influenced by the proportion of the 

individual ions in the molecule, both ester and active substance moieties. It was observed 

that among the derivatives of the active substance that showed no optical activity,  

the ketoprofen salts were mostly characterised by the lowest specific rotation values. 

In general, the value of the specific rotation of the obtained compounds decreases 

with the lengthening of the alkyl chain in the cationic part, which results directly from the 

decreased share of the L-amino acid in the mass of the obtained derivatives and the order  

of the amino acid moieties: L-Ile>L-Val>L-Met>L-Thr [181,182]. 

Summary 

• The compounds obtained have an optical activity, the value of which is mainly due 

to the proportion of the cation. Therefore, the rotation of the polarised light plane  

by salts coincides with the rotation of the starting L-amino acid. The determined 

specific and molar rotation values decrease in the following order of the used  

L-amino acid moieties: L-Ile>L-Val>L-Met>L-Thr. 

3. Biological properties of salts of L-amino acids alkyl esters and 

selected NSAIDs moieties 

Given the intended use of the obtained salts in preparations for dermal or transdermal 

application, selected biological properties of the obtained salts were determined, which are 

important from the point of view of their further use and provide the basis for determining 

the most favourable amino acid structure, in combination with which the best parameters  

of the increased bioavailability of the substance will be achieved. For this purpose, skin 

permeability, antioxidant activity, biodegradability and antimicrobial activity were 

investigated. 

3.1. Skin permeation studies 

Skin permeation studies play a critical role in evaluating the efficacy and quality  

of topical and transdermal formulations. The analysis of ex vivo permeation during 

pharmaceutical development aids in understanding the quality and performance  
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of a transdermal delivery system. The main objective of these evaluations is to identify 

factors that could potentially affect drug bioavailability in a living system. The primary 

method used to study drug release and skin permeation in these formulations is diffusion 

cells. In particular, the Franz diffusion cell is commonly used to determine drug permeation 

through the skin. While human skin explants remain the standard for drug delivery 

evaluation, inbred porcine skin has become a common substitute due to its availability, 

ability to be freshly excised for viability and enzymatic studies, and reduced variability, 

which may complicate the interpretation of the results [232,233]. 

This part of the research aimed to determine how selected variables influence  

the permeation of the active substance: lengthening of the carbon chain in the ester part  

of the amino acid and modification of the structure of the amino acid esters in the cation part 

used for the tested compounds.  

In previous studies carried out in the Department of Chemical Organic Technology 

and Polymeric Materials of ZUT on the permeability of L-valinium alkyl esters (R,S)-

ibuprofenates, the impact of various alcoholic carriers on skin permeability was analysed 

[150,151]. Alcoholic carriers, such as methanol, ethanol, and propan-2-ol, are often used  

in skin permeability studies due to their ability to enhance skin permeability, which is crucial 

for developing effective transdermal systems. In these studies, 70% (v/v) aqueous-alcoholic 

solutions were used as solvents of the test compounds. The compound was applied to the 

skin sample in the amount of 50 mg as the solution of the 0.1 g /mL concentration in the 

respective alcohol. The studies showed that the permeability of the compounds across  

the skin increased as the alcoholic carrier changed from methanol to ethanol to propan-2-ol. 

The studies also demonstrated that penetration parameters such as steady-state flux (JSS), 

permeability coefficient (KP) and lag time (LT) were significantly higher for L-valinium alkyl 

esters (R,S)-ibuprofenates compared to the unmodified (R,S)-ibuprofen [150,151].  

In a therapeutic context, the faster permeability may lead to faster achievement of the desired 

therapeutic effect. Further research conducted in the same department highlighted  

the importance of choosing the right carrier for improving drug delivery through the skin, 

making (R,S)-ibuprofen modified with amino acid alkyl esters could be more effective than 

existing commercial products [234,235]. These previous studies carried out on the example  

of derivatives of RS-ibuprofen and L-valine alkyl esters also revealed that propyl, isopropyl 

and butyl esters of valine lead to the most favourable permeation parameters of the API. 

Therefore, in the presented studies, it was also decided to use the salts of alkyl esters of three 

other amino acids besides L-valine with the same chain length in permeability tests  
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of various active substances ((R,S)-ibuprofen, S-(+)-ibuprofen, ketoprofen, S-(+)-naproxen 

and salicylic acid).  

3.1.1. Comparison of permeation selected L-amino acid alkyl esters conjugated 

with NSAIDs  

This part of the study, which is an extension of the previous research, includes  

an expanded group of compounds tested: derivatives of L-amino acid isopropyl, propyl, and 

butyl esters (derived from L-isoleucine, L-methionine, and L-threonine, L-valine) paired 

with selected drugs from the group of NSAIDs (ibuprofen, both racemic and S-(+)-

enantiomer forms, ketoprofen, naproxen, and salicylic acid). The influence of cation 

structure on the skin permeability of the active substance has been the subject of detailed 

investigation. 

In all experiments, the donor phase was 1 mL of a solution of the test compound  

in 70% ethanol, with a concentration of 0.01 g active substance/mL. In the Franz diffusion 

cell, abdominal porcine skin was used as the membrane, and PBS solution with pH=7.4 was 

used as the acceptor phase. The results obtained have been described in a publication related 

to the presented PhD thesis [182]. 

Figure 29 compares the determined cumulated mass after 24h in terms of each studied 

active substance paired with selected L-amino acid alkyl esters, while the relationship 

between the determined CUM values for selected NSAIDs and their L-amino acid alkyl ester 

salts and the evaluated lipophilicity and solubility in water is shown in Figures 30 and 31, 

respectively. 

The cumulative mass measured after 24 h of permeation was influenced by both  

the parent drug and the structure of the conjugated cation. The determined CUM values  

of L-amino acid alkyl ester salts, as well as for the starting NSAIDs, were ranked in the 

following order: [SA], followed by [KETO], then [IBU] and finally [NAP] based derivatives. 

Among the studied cations, only [IleOBu] paired with ketoprofen and [IleOPr] and [IleOBu] 

paired with naproxen moiety showed lower permeation compared to the unmodified drug. 

In the case of other tested compounds, an increase in permeation of active substances through 

abdominal porcine skin has been observed.  

The results indicate that salts containing highly hydrophilic propyl or isopropyl esters  

of L-threonine, which have the lowest lipophilicity and highest water solubility, generally 

exhibit the greatest skin permeation. In general, the highest CUM values were found  

for [ThrOiPr]-based salts of NSAIDs. These values were at least twice as high as the 
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cumulative mass of starting SA, NAP and IBU. Among the ketoprofenates studied,  

the highest permeation after 24 h was observed for the [ThrOPr][KETO] salt, with a 1.69-

fold higher CUM value compared to the parent drug. 

      

      
Fig. 29. Permeation as cumulative mass of selected drugs from NSAIDs group and their L-amino 

alkyl ester salts. Data presented in: [182]. 

This is consistent with previous research, which also demonstrated that modifying 

the structure of naproxen and ibuprofen by incorporating a highly hydrophilic L-amino acid 

ester moiety increased the ability of the drugs to penetrate the skin [166]. The study also 

showed that converting salicylic acid into L-amino acid ester ionic liquids significantly 

improves its permeation. The process was described as being facilitated by an increase  

in lipophilicity due to the amino acid esters' long alkyl chains, which help transport SA 

within the ionic liquids [236]. 
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Fig. 30. The relationship between cumulated mass and logP values of L-amino acid alkyl (C1-C4) 

esters salts of acids from NSAIDs group (A: ibuprofen, B: ketoprofen, C: S(+)-naproxen, and D: 

salicylic acid). 

As mentioned before, the higher solubility (with the exception of the 

[IleOBu][KETO] compound) resulted in a greater cumulative mass of the derivatives 

obtained compared to the unmodified acids, which is consistent with the statement that  

if more of the substance can be dissolved in the skin layers, then more of it will be available 

for diffusion. Conversely, poor penetration or diffusion through the skin tends to favour  

a lower cumulative mass due to the higher lipophilicity of the compounds [237].  

The exception was the salicylic acid derivatives which, as described previously (in Chapter 

II 2.2.), were characterised by higher solubility despite higher lipophilicity. This may 

indicate a greater influence of water solubility than general lipophilic behaviour on the 

cumulative mass and ultimate availability to penetrate the skin. For the obtained salts  

of naproxen and ibuprofen, the relationship between lipophilicity (and water solubility) and 

cumulative skin permeation mass is linear, and for all salts obtained, the increase in CUM 

generally follows the order of L-amino acid: L-Met<L-Ile<L-Val<L-Thr.  
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Fig. 31. The relationship between cumulated mass and solubility in water of L-amino acid alkyl (C1-

C4) esters salts of acids from NSAIDs group (A: ibuprofen, B: ketoprofen, C: S(+)-naproxen, and 

D: salicylic acid). 

The comparison of the permeation profiles for L-valine alkyl ester salts of S-(+)-

ibuprofen and (R,S)-ibuprofen is shown in Figure 32. The evaluated permeation profiles  

for the other investigated L-amino acid alkyl ester derivatives, unmodified parent acids, and 

the calculated parameters characterising skin permeation through abdominal porcine skin  

for ibuprofen moieties and their L-valinium alkyl ester salts are presented in Figure A24 and 

Table A39 in Appendix II. 

Recent studies have shown that administration of the single S(+) enantiomer (also 

known as dexibuprofen) at a dose half that of the racemate can provide the clinical benefits 

of racemic ibuprofen. For example, 200 mg of S-(+)-ibuprofen was found to be superior  

or equivalent to 400 mg of the racemate in relieving dental pain. Therefore, the direct use  

of S-(+)-ibuprofen results in therapeutic effects with a lower total dose. As the adverse effects 

of NSAIDs such as ibuprofen can be dose-dependent, this may result in fewer side effects 

[225,238]. 
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Fig. 32. The permeation profiles for S-(+)-ibuprofen (left) and (R,S)-ibuprofen (right) and their  

L-valinium alkyl ester salts through pig skin to acceptor phase with pH 7.40. Data is partly presented 

in: [182].  

However, the use of racemic ibuprofen is well established, and extensive experience 

supports its efficacy and safety profile for a wide range of conditions. Furthermore, due  

to the presence of this isomer, most ibuprofen preparations available on the market are in the 

form of (R,S)-ibuprofen since the (S)-enantiomer is more difficult and expensive to produce 

and manufacture. This makes racemic ibuprofen more widely available and more accessible 

for routine use in the treatment of pain, fever and inflammation [225,238]. 

In this study, the cumulative mass determined after 24 h was 317.111 μgIBU/cm2  

for S-(+)-ibuprofen and 231.392 μgIBU/cm2 for (R,S)-ibuprofen. Although higher CUM 

results were obtained for the tested L-valinium alkyl ester salts derived from (S)-enantiomer, 

also the conversion of racemic ibuprofen to a salt form allowed at least a twofold increase 

in the permeability of the active substance. On this basis, regardless of the enantiomeric form 

of ibuprofen, conjugation with an L-amino acid ester allows a significantly increased dose 

of the active ingredient to be delivered through the skin, which may subsequently enhance 

the therapeutic effect. The highest cumulative mass values in each group of obtained 

derivatives were found for salts, based on the [ValOPr] cation (CUM=617.240 μgIBU/cm2  

for [ValOPr][(S+)IBU] and CUM=472.102 μgIBU/cm2 for [ValOiPr][IBU]). 

The calculated parameters for abdominal porcine skin permeation for all studied 

NSAIDs and their L-amino acid alkyl ester salts are presented in Appendix (Tables A39–

A42). The comparison of the determined parameters of each studied active substance paired 

with selected L-amino acid alkyl esters are presented in Figures: 33 (JSS values), 34  

(KP values), 35 (LT values), 36 (Km values), and 35 (Q24% values).  

The transdermal flux values of the starting active substances were as follows: 25.00 

and 46.407 μgIBU/(cm2h) for S-(+)-ibuprofen and (R,S)-ibuprofen, 74.611 μgKETO/(cm2h)  
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for ketoprofen, 29.813 μgNAP/(cm2h) for naproxen, and 192.57 μgSA/(cm2h) for salicylic acid, 

respectively.  

      

      

Fig. 33. The comparison of transdermal flux (JSS) values of selected drugs from NSAIDs group and 

their L-amino alkyl ester salts. Data presented in: [182]. 

For the obtained (R,S)-ibuprofenates, the calculated JSS values were higher only  

for compounds derived from [IleOPr], [ValOPr], [MetOiPr] and [MetOBu] cations.  

The other salts were described with comparable or lower flux values. In turn, the values  

of JSS for synthesised S-(+)-ibuprofenates were about 2-fold higher compared to the parent 

drug. The flux values determined for ketoprofen salts were generally lower than those 

determined for the parent ketoprofen and ranged from 36.118 μgKETO/(cm2h)  

(for [MetOiPr][KETO]) to 74.006 μgKETO/(cm2h) (for [ThrOiPr][KETO]).  
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the highest being calculated for the [ThrOPr][NAP] (45.592 μgNAP/(cm2h)) and 

[MetOPr][NAP] (48.174 μgNAP/(cm2h) salts. The derivatives of salicylic acid were 

characterised by transdermal flux values ranging from 170.530 μgSA/(cm2h)  

(for [IleOiPr][SA]) to 1122.600 μgSA/(cm2h) (for [ThrOiPr][SA]). A significant increase  

in the JSS was observed for the salicylates based on the [IleOBu] and L-threonine alkyl ester 

cations, which was 2–6 times higher in comparison to the parent drug.  

      

      
Fig. 34. The comparison of permeability coefficient (KP) values of selected drugs from NSAIDs 

group and their L-amino alkyl ester salts. Data presented in: [182]. 
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showed higher permeability coefficient values compared to the corresponding salts derived 

from (R,S)-ibuprofen. Among the ketoprofen salts studied, only KP for [ThrOiPr][KETO] 

was comparable to the value of the starting active substance (KP=7.138∙103cm/h).  

At the same time, the other compounds showed a reduced permeability coefficient.  

As with the JSS values, naproxen derivatives obtained from L-isoleucine alkyl esters also had 

a lower skin barrier penetration ability than the unmodified acid (KP=2.832∙103cm/h). 

Likewise, the highest KP values were calculated similarly to the [MetOPr][NAP], 

[ThrOPr][NAP], [MetOBu][NAP] and [ThrOiPr][NAP] salts. The derivatives obtained from 

salicylic acid (KP=18.017∙103cm/h) were characterised by the greatest increase in the 

permeability coefficient among all the compounds studied. The salts [IleOBu][SA], 

[ThrOiPr][SA] and [ThrOPr][SA], with calculated KP values of 100.716, 100.640 and 

82.740∙103cm/h, respectively, were found to have the highest ability to penetrate the human 

skin barrier. 

     

     
Fig. 35. The comparison of lag time (LT) values of selected drugs from NSAIDs group and their  

L-amino alkyl ester salts. Data presented in: [182]. 
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Fig. 36. The comparison of skin partition coefficient (Km) values of selected drugs from NSAIDs 

group and their L-amino alkyl ester salts. Data presented in: [182]. 

The calculated lag time, LT values, for ibuprofenates permeating through human skin 

were significantly reduced in comparison to both S-(+)-ibuprofen (LT=1.293 h) and (R,S)-

ibuprofen acids (LT=2.273 h). This is beneficial in achieving a rapid onset of action and  

is particularly relevant for drugs used in the treatment of acute conditions or for pain relief 

where rapid relief of symptoms is a primary goal. The LT for ibuprofen derivatives ranged 

from 0.102 h for [IleOBu][IBU] to 0.709 h for [IleOBu][IBU], which were 22- and 3-fold 

lower compared to unmodified acid, respectively. [ThrOPr][KETO] and [ThrOiPr][KETO] 

salts, which were characterised by the highest permeability coefficient, however, as the only 

ketoprofenates obtained, showed higher lag time values compared to the parent drug.  

A distinct correlation was observed in the case of naproxen conjugations, where the 

predominant feature was an extended lag time when naproxen was paired with L-amino acid 
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alkyl ester cations. The reduced LT values were calculated only for [ThrOiPr][NAP], 

[ThrOBu][NAP] and [MetOiPr][NAP].  

A different relationship occurred for the salts of salicylic acid, which, in general, were 

characterised by a faster ability to reach the steady flux, in particular, the [IleOBu][SA], 

designed with a negligible low value of lag time (LT=0.6 min). The conjugates based  

on L-methionine alkyl ester and L-threonine butyl ester showed a prolongation of the lag 

times in comparison to the unmodified acid. However, [MetOiPr][SA], [MetOPr][SA], 

[MetOBu][SA], and [ThrOiPr][SA] were also characterised by the highest values  

of cumulative mass. Therefore, these compounds can be successfully used in formulations 

where a prolonged drug release is intended to be more beneficial than a rapid onset,  

e.g. for the treatment of chronic atopic conditions [239]. 

        

        

Fig. 37. The comparison of percentage of the applied dose after 24 h (Q24%) of selected drugs 

from NSAIDs group and their L-amino alkyl ester salts. Data presented in: [182]. 
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Since the diffusion coefficient (D) is inversely related to the value of LT. As a result, 

the determined D values for the obtained ibuprofenates, most of the ketoprofenates and 

salicylates, were significantly higher compared to the parent drug. This suggests that these 

compounds are able to move through the skin layers more efficiently. 

The values of the skin partition coefficient (Km) were determined in this study  

for unmodified acids in the following order: [SA]>[KETO]>[IBU]>[(S+)-IBU]>[NAP].  

Although the Km parameter for (S+)-IBU was three times lower than for the racemic form 

(Km=1.215), the obtained L-valinium alkyl salts showed a comparable ability to transport 

from the studied vehicle to the outermost layers of the stratum corneum. The assigned Km 

values showed a significant decrease compared to the parent drugs for the L-amino acid alkyl 

ester salts of ibuprofen and ketoprofen. Naproxen showed a negligible low ability to promote 

partitioning in the skin (Km=0.041), but in the case of most of its salts, these values were 

higher. Of all the NSAIDs tested, salicylic acid had the highest tendency to partition into the 

skin (Km=3.519). However, the calculated Km values for its salts varied widely and ranged 

from 0.129 (for [ValOPr][SA]) to 23.060 (for [ThrOBu][SA]). For salts based on [ThrOiPr], 

[ThrOBu], [ValOiPr] and L-methioninium alkyl esters, higher values of this parameter were 

calculated compared to unmodified acid.  

With regard to the active substance, the percentage of the applied dose after 24 h was 

higher for all the derivatives obtained, except for [IleOBu][KETO], [IleOPr][NAP] and 

[IleOBu][NAP] salts, in comparison with the parent drug. In a comparison of salts derived 

from different enantiomeric forms of the ibuprofen moiety, the higher Q24% values were 

determined for the L-valinium alkyl ester salts based on S-(+)-ibuprofen. Within each group 

of NSAIDs salts examined, the compounds that yielded the highest values of Q24%h were 

those based on the following cations: [ThrOBu] when conjugated with ibuprofen moiety, 

[ThrOPr] when conjugated with ketoprofen, both [ThrOiPr] and [ThrOPr] when conjugated 

with naproxen, and [MetOiPr] and [ThrOiPr] when conjugated with salicylic acid moiety. 

Figure 38 compares the permeation rate profiles evaluated for L-valinium alkyl ester 

salts of S-(+)-ibuprofen and (R,S)-ibuprofen. The comparison of the permeation rate profiles 

of selected NSAIDs and their L-amino acid alkyl ester salts is shown in Figure 39. 

Both unmodified S-(+)-ibuprofen and (R,S)-ibuprofen moieties achieved the highest 

permeation rate in the 4–5 h interval, while for most ibuprofenates, the higher permeation 

rates were observed from 2 to 4 h. However, the highest flux of active substance was 

determined for [ThrOiPr][IBU] (79.452 μgIBU/(cm2h)) in the 3–4 h intervals. Throughout  

the experiment, except for a period of 4 to 5 hours when the unmodified ibuprofen had the 
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highest permeation rate, the flux values of all ibuprofen salts were consistently higher than 

the parent drug. 

 
Fig. 38. Comparison of the permeation rates S-(+)-ibuprofen and (R,S)-ibuprofen and their L-

valinium alkyl ester salts through porcine skin to acceptor phase with pH 7.40. Values are the means 

with standard deviation; n=3. Data are partly presented in: [182].  

The permeation rates for L-valine alkyl ester salts paired with S-(+)-ibuprofen were 

slightly higher in comparison to the corresponding salts obtained from (R,S)-ibuprofen.  

The highest flux values were observed at 2 to 3 h intervals, especially for [ValOBu][IBU] 

(73.486 μgIBU/(cm2h)) and [ValOPr][(S+)-IBU] 62.581 μgIBU/(cm2h)).  

The highest permeation rates were observed at 4–5 h intervals in the case  

of ketoprofen and most of its salts. After this time, however, the flux values of the unmodified 

acid rapidly decreased, while the ketoprofen derivatives salts maintained a relatively high 

and sustained permeation rate by the end of the experiment. The highest permeation rates 

were observed for [ThrOBu][KETO] (85.670 μgKETO/(cm2h)) – at intervals of 3–4 h,  

for [ThrOiPr][KETO] (86.832 μgKETO/(cm2h)) – at intervals of 4–5 h and  

for [ThrOPr][KETO] (75.078 μgKETO/(cm2h)) – at intervals of 5–6 h. 

The highest efficiency of skin permeation for most naproxen salts was observed 

between 1 and 3 h, similar to the parent drug. For example, the [ThrOiPr] cation-based 

derivative achieved the highest permeation rate already in the first hour of the study (51.400 

μgNAP/(cm2h)) and the [ThrOPr] compound in the 2–3 h period (50.552 μgNAP/(cm2h)). 

Surprisingly, of all the naproxenates studied, [MetOPr] and [MetOiPr] proved the most 

efficient at penetrating this barrier. These salts achieved the highest permeation at 1–2 h 

(52.298 μgNAP/(cm2h)) and 2–3 h intervals (52.941 μgNAP/(cm2h)), respectively. 
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Fig. 39. The permeation rate profiles for selected NSAIDs (A: ibuprofen, B: ketoprofen, C: naproxen, and D: salicylic acid) and their L-amino acid alkyl 

ester salts through porcine skin to acceptor phase with pH 7.40 from ethanolic solution (data presented in: [182]).
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The most remarkable permeation rates were observed for the first hour for salicylic 

acid and its L-amino alkyl ester salts and were in the range of 109.577 μgSA/(cm2h)  

for [ValOPr][SA] and 2061.380 μgSA/(cm2h) for [ThrOBu][SA], which was a 5-fold higher 

value of permeation compared to the unmodified drug (382.720 μgSA/(cm2h)). In addition, 

L-threoninium alkyl ester salts showed relatively high prolonged permeation of the active 

substance up to the 4–5 h interval, especially [ThrOiPr][SA] with flux equal to 559.040 

μgSA/(cm2h). Therefore, they can be used to maintain therapeutic levels of the drug in the 

bloodstream for longer periods of time, potentially reducing the need for frequent dosing. 

Summary 

• The structure of both anions and cations influenced the efficacy of skin permeation 

of the tested compounds. In terms of the average cumulative mass of active 

substance, the highest values were obtained for ibuprofen, naproxen and salicylic 

acid when paired with [ThrOiPr] cation, while for ketoprofen when paired with 

[ThrOPr]. 

• The conjugation of acids from the NSAIDs group with L-amino acid alkyl esters 

allows a higher permeation rate of the drug through the abdominal porcine skin, 

which can result in more effective treatment as the drug reaches the target site faster 

and in higher concentrations. 

• Comparing the permeability through abdominal porcine skin of S-(+)-ibuprofen and 

(R,S)-ibuprofen converted into the L-valinium alkyl ester salts form, the greater 

effectiveness of permeation was achieved for derivatives obtained from  

S-enantiomer. Therefore, when S-(+)-ibuprofen is used as the active ingredient,  

it can also be absorbed into the bloodstream in greater amounts. As a result, it may 

be possible to reduce the dose and cost of manufacturing formulations based on the 

more expensive S-(+)-enantiomer form. 

• Based on the results obtained, the best parameters in terms of drug permeation were 

shown by the synthesised salts based on L-threonine alkyl esters ([ThrOPr], 

[ThrOiPr], [ThrOBu]). Therefore, as the best substitutes for pharmaceutical NSAIDs, 

these compounds have the greatest potential to be further explored as novel 

components in topical formulations and to optimise therapeutic outcomes. 
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3.2. Skin accumulation studies 

Substances delivered transdermally and topically can penetrate through the skin and 

have the potential to accumulate in the skin. It is essential to understand and control  

the accumulation of applied substances to develop and safely use dermatological products 

with a minimised risk of adverse reactions in drug delivery systems. Depending on the 

chosen route of administration and intended purpose of the drug - treatment or control  

of skin disorders, deep penetration beyond the site of application or access to the general 

circulation - the ability to accumulate in the skin is desired to varying extents.  

Low permeation combined with high accumulation is desirable for the topical delivery 

system. The reverse relationship is preferred for the transdermal delivery system, where the 

more rapid and greater permeation and the lower accumulation in the skin are more 

favourable [79,89,240,241].  

The accumulation was determined for all tested substances after performing the skin 

permeability study after 24 h of penetration. The obtained results were described in published 

research [150,151,182,234,235]. 

The accumulation in the skin of other active substances from the NSAIDs group:  

(R,S)-ibuprofen, ketoprofen, naproxen, and salicylic acid, as well as their L-amino alkyl ester 

salts, were determined and compared in Figure 40, while detailed results are presented  

in Appendix II in Table A43. 

The determined accumulation masses of unmodified acids were as follows:  

896.652 μgIBU/g for (R,S)-ibuprofen, 1799.932 μgKETO/g for ketoprofen, 1108.243 μgNAP/g 

for naproxen, and 1145.136 μgSA/g for salicylic acid. The studied L-amino acid alkyl ester 

salts generally accumulate less than the parent drug. The exception was [IleOiPr][KETO], 

and most of the naproxenate salts were obtained. It was also observed that the highest values  

of accumulated mass in the skin were generally found for compounds with the lowest 

permeation mass. However, S-(+)-ibuprofen (with accumulated mass equal to 972.568 

μgIBU/g) and its L-valinium alkyl ester salts showed both higher accumulation and 

permeation ability than corresponding derivatives based on the racemic form of the active 

substance. 
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Fig. 40. The comparison of accumulation in the abdominal porcine skin of different NSAIDs  

(A: (R,S)-ibuprofen, B: ketoprofen, C: naproxen, and D: salicylic acid) and its derivatives during  

the 24 h penetration (data presented in: [182]). 

Summary 

• In general, the L-amino alkyl ester salts accumulated to a lesser extent than the parent 

drugs. Furthermore, those compounds which tended to accumulate more in the 

membrane tested also tended to show lower permeability. They, therefore, showed 

potential for development not only in topical but also in transdermal formulations. 

3.3. Antioxidant activity 

Antioxidants inhibit oxidation, a chemical reaction that can produce free radicals and 

lead to chain reactions that may damage an organism's cells. Regarding skin health, 

antioxidants are essential to protect the skin from the damaging effects of oxidative stress 

caused by environmental factors such as UV exposure, pollution, and other toxins. 

Transdermal and topical products deliver active ingredients through the skin to achieve 

systemic effects, but they can also provide local benefits, including antioxidant activity,  

if these substances have such properties. The antioxidant activity of substances in topically 
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applied products plays an important role in skincare and dermatology. In the transdermal 

delivery system, products can assist in the elimination of oxidative stress at a systemic level 

or the deeper layers of the skin [242–245].  

Oxidative stress occurs when there is an imbalance between the production  

of reactive oxygen species (ROS) and the body's ability to detoxify these reactive 

intermediates or repair the damage they cause. This further stimulates the production  

of ROS, which are generally oxygen radical species such as hydroxyl radicals, superoxide 

anion radicals, hydrogen peroxide, and singlet oxygen. Some experimental studies have 

shown that NSAIDs have antioxidant activity via antiradical activity mediated by free radical 

scavenging and antioxidant enzyme activation. This results in the inhibition of lipid 

peroxidation, which is a major cause of skin ageing. In addition, the antioxidant activity  

of NSAIDs may contribute to their anti-inflammatory effects and potential to protect against 

diseases associated with oxidative stress [246–251]. 

The antioxidant activity of studied active substances from the NSAIDs group and 

their L-amino alkyl ester salts (derived from propyl, isopropyl, and butyl alcohols) were 

evaluated by using the α,α-diphenyl-β-picrylhydrazyl (DPPH) free radical scavenging 

method. The test is based on determining the ability of compounds to act as donors  

of hydrogen atoms or electrons in the conversion of DPPH• to its reduced form, DPPH-H 

[252]. The results of these studies have been discussed in published research [182]. 

Figure 41 shows the antioxidant activity of the compounds tested, expressed as DPPH 

radical scavenging activity (%). The detailed results, including the values evaluated for  

S-(+)-ibuprofen and its L-valinium alkyl ester salts are given in Table A44 in Appendix II. 

All acids of NSAIDs and their L-amino alkyl ester salts tested showed the ability  

to reduce DPPH to the DPPH form. Among the non-modified acids tested, salicylic acid 

showed the highest DPPH inhibition percentage (14.22%) and (R,S)-ibuprofen the lowest 

(9.61%). S-(+)-ibuprofen was characterised by a slightly lower antioxidant activity 

compared to the racemic form of ibuprofen. However, its L-valinium alkyl ester showed 

stronger DPPH-scavenging activity than both parent drugs and corresponding derivatives 

obtained from (R,S)-ibuprofen. 

The obtained L-amino alkyl ester salts generally showed comparable %DPPH 

inhibition as the parent drugs. When ibuprofen and naproxen moieties were paired with 

[IleOiPr] and [IleOPr] cations, whereas ketoprofen was paired with [MetOiPr], [ThrOiPr] 

and [ThrOBu] cations, a significant increase in antioxidant activity was observed. Among 

all the derivatives obtained, the strongest DPPH-scavenging activity was observed  
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for [IleOiPr][IBU] and [IleOPr][IBU] compounds, for which the %inhibition DPPH was 2.0-

fold and 1.9-fold higher, respectively, compared to the unmodified acid. 

   

    

 

Fig. 41. The antioxidant activity of NSAIDs (A: ibuprofen, B: ketoprofen, C: naproxen,  

and D: salicylic acid) and their L-amino alkyl ester salts (data presented in: [182]). 

 

Summary 

• All compounds tested in this study were able to reduce the stable radical form  

of DPPH. The DPPH scavenging activity evaluated for the synthesised salts and the 

parent drugs were generally comparable. The highest antioxidant activity was shown 

by conjugated L-isoleucine alkyl esters with the ibuprofen moiety – [IleOiPr][IBU] 

and [IleOPr][IBU] salts. These findings suggest that L-amino acid alkyl ester salts  

of NSAIDs may be used to develop formulations further to protect the skin from 

oxidative stress, thereby preventing skin ageing. 

3.4. Biodegradation study  

The increasing environmental pollution caused by pharmaceuticals has received 

particular attention recently. Non-steroidal anti-inflammatory drugs (NSAIDs) are one of the 
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most frequently detected pollutants of this type. Their widespread use and inappropriate 

disposal result in significant environmental exposure, especially as many NSAIDs are not 

100% metabolised, and a high percentage are excreted in humans, resulting in their discharge 

into wastewater. Toxic effects on aquatic organisms are higher due to their greater capacity 

for bioaccumulation as a result of their high lipophilicity. In addition, topical products have 

been shown to contribute significantly to environmental contamination compared to the 

amount released using oral products [253–256]. 

Biological treatment is a well-established water treatment process currently used  

in wastewater treatment plants. It involves the use of microorganisms, such as bacteria, fungi 

or algae, that are able to degrade or transform pharmaceutical compounds into less harmful 

substances. Pharmaceuticals can be removed by autotrophic biodegradation during the 

activated sludge process. However, the effectiveness of this method in removing 

pharmaceuticals can vary considerably depending on the specific compounds and their 

concentrations. Some studies have even shown that some pharmaceuticals resist 

conventional biological treatment processes [257,258]. 

Therefore, the development of drugs that retain their therapeutic efficacy while being 

more susceptible to degradation once they enter the environment is linked to the principles 

of green chemistry and sustainable pharmacy, which aim to minimise the environmental 

footprint of pharmaceutical compounds [259]. In this context, the biodegradability of the 

obtained conjugates of selected NSAID acids with L-amino acid alkyl esters was 

investigated using activated sludge as a source of microorganisms. The influence of both 

alkyl chain length and cation structure on the biodegradation of active substances has been 

investigated and reported in published studies [182,260]. 

Figure 42 presents the comparison of biodegradation, determined for L-valinium 

alkyl ester (R,S)-ibuprofenates after 28 days of study and the calculated half-live values. 

Biodegradation profiles were evaluated for the compounds studied, and the detailed results 

of the degradation phases are presented in the Appendix II, Figure A28 and Table A45, 

respectively.  

The unmodified (R,S)-ibuprofen achieved 65.42% biodegradation after 28 days  

of study. A clear relationship between carbon alkyl chain length and biodegradation 

susceptibility was observed in the case of its L-valinium alkyl ester derivatives. In addition, 

the influence of solubility and lipophilicity on the biodegradation rate was also  

a consideration [260]. The maximum level of biodegradation was in the range of 94.67% for 

[ValOMe][IBU] to 39.17% for [ValOOct][IBU] salt, but an increase in biodegradability was 
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observed for the conjugation of ibuprofen with the propyl and isopropyl esters of L-valine. 

According to OECD standards, compounds were considered "readily biodegradable" if they 

had a biodegradability of 60% or more" [261]. Therefore, salts based on cations with 

extended alkyl carbon chains (C6-C8) were characterised as poorly biodegradable.  

       

Fig. 42. Assessment of biodegradation after 28 days (left) and the half-life time (right) for ibuprofen 

and its L-valinium alkyl ester salts (data presented in: [260]). 

In this study, the lag phase is understood to be a period of adaptation during which 

the bacteria adapt to the new conditions before the main degradation process begins, and 

10% of the tested compound is also biodegraded. The half-life was defined as 50% of the 

degradation of a given compound achieved during this period (ending with a plateau phase). 

The conjugations with L-valinium alkyl esters with carbon chain length C1-C3 showed  

a lower half-life compared to the unmodified acid. The salt based on [ValOiPr], with the 

branched alkyl chain in the ester moiety, was more resistant to the degradation in activated 

sludge than the corresponding straight-chain derivative. Furthermore, the complete 

degradation of the ibuprofen and its L-valinium alkyl ester salts was observed after 68 days 

of conducting the process [260]. 

The comparison of the biodegradation profiles evaluated for (R,S)-ibuprofen and  

S-(+)-ibuprofen conjugated with selected L-valine alkyl esters is shown in Figure 43.  

The detailed characteristic values are summarised in Appendix II, Table A45.  

Some studies have investigated the enantioselective biodegradation of ibuprofen and 

found that (S)-ibuprofen dominates incoming wastewater due to chiral inversion during 

human metabolism and is preferentially degraded during wastewater treatment.  

This indirectly indicates an easier biodegradation pathway for bacteria of this compound.  

In addition, despite better solubility in water, racemic ibuprofen salts were shown to be much 
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more resistant to bacterial degradation than S-(+)-ibuprofenates. The structure of racemic 

ibuprofenate salts was characterised as more toxic to bacteria, which means that their 

adaptation, or rather the adaptation process, requires long periods, slowing down the 

bioremediation of the contaminated ecosystem [262–265].  

 
Fig. 43. Biodegradation curves for (R,S)-ibuprofen (right) and S-(+)-ibuprofen (left) and their  

L-valinium alkyl ester salts (data partly presented in: [182]). 

These findings confirm that shorter lag phases were evaluated in the case  

of S-(+)-ibuprofenates under study. Moreover, the biodegradability after 28 days of the  

S-(+)-enantiomer was higher (75.68%) as well as for its L-valinium alkyl ester salts 

derivatives (67.43%, 80.00%, and 60.95% for [ValOiPr][(S+)-IBU], [ValOPr][(S+)-IBU],  

and [ValOBu][(S+)-IBU], respectively) compared to the corresponding conjugates  

of (R,S)-ibuprofen.  

Based on the result obtained, the propyl esters of amino acids were selected  

for further biodegradability study to determine the influence of the structure of the starting 

active substance and the amino acid on the biodegradability of the obtained salts. 

The comparison of the determined biodegradation after 28 days for selected L-amino 

acid propyl ester salts of acids from the NSAID group is presented in Figure 44, while the 

biodegradation profiles and detailed results are summarised in Appendix II (Figure A29 and 

Tables A46–A48). 

It is well known that cyclic compounds are less susceptible to biodegradation than 

aliphatic compounds, similar to the fact that monocyclic compounds are more readily 

biodegradable than polycyclic compounds, which is mainly determined by the size of the 

molecules. Small molecules have simpler carbon chains and a spatial organisation that 

facilitates enzymatic access [266]. 
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Salicylic acid is the only compound considered biodegradable among the drugs 

studied. SA contains a hydroxyl group directly attached to an aromatic ring, which can make 

it more susceptible to attack by microbes through enzymatic reactions such as hydroxylation.  

This process can make the compound more susceptible to further degradation by initiating 

the breakdown of the aromatic ring. At the same time, ibuprofen, ketoprofen and naproxen 

are more resistant to microbes due to their structural complexity, and their residues can still 

be detected in surface water because they are not completely removed by conventional 

treatment technologies [267–271]. 

 
Fig. 44. Comparison of the biodegradation after 28 days for acids from the NSAIDs group and their  

L-amino acid propyl ester salts (data presented in [182]). 

The biodegradation evaluated for other active substances of NSAIDs were as 

follows: 29.28% for ketoprofen, 12.45% for naproxen and 94.61% for salicylic acid.  

The results obtained confirm that a more complex structure, such as the methoxy-

naphthalene ring or the presence of the ketone group, influences the susceptibility  

to be degraded by the activated sludge. In the case of drugs considered poorly biodegradable, 

conjugation with the L-amino acid propyl ester moiety significantly improved  

the biodegradation of the drug. However, the increase was variable and depended on the 

structure of both paired ions. In the case of (R,S)-ibuprofen, the highest percentage  

of biodegradation was obtained when conjugated with [ThrOPr] ester (82.50%), ketoprofen 

when conjugated with [MetOPr] ester (51.56%) and naproxen when conjugated with 

[ValOPr] ester (35.29%).  

All salicylates obtained showed reduced biodegradability compared to the starting 

acid. The decrease in the efficiency of the biodegradation process may be the introduction 
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of additional functional groups that increase the complexity of the final molecular structure, 

as well as the increase in the lipophilic character of the synthesised derivatives. Nevertheless, 

the obtained L-amino acid propyl salts, with the exception of the [IleOPr][SA] compound 

(39.24%), were characterised as readily biodegradable and were in the range 61.54%,  

for [ThrOPr][SA] to 84.40% for [ValOPr][SA]. 

The relationship between the lipophilic character (and water solubility) and 

susceptibility to biodegradation was observed. The ibuprofen salts obtained showed  

an increase in biodegradability, followed by an increase in water solubility. However,  

the opposite relationship was observed for ketoprofen, naproxen and salicylic acid 

derivatives. In general, as the lipophilic character increases and the water solubility 

decreases, the level of biodegradation tends to be higher. 

Summary 

• As a result of the biodegradability study using activated sludge (under aerobic 

conditions), the following compounds were classified as readily biodegradable: 

salicylates based on [MetOPr], [ThrOPr], and [ValOPr] cations, all L-amino acid 

propyl salt of ibuprofen under study, and ibuprofen conjugates of L-valine alkyl 

esters with carbon chain length C1-C5.  

• The [MetOPr][SA] (84.40%), [ValOPr][SA] (80.55%), and [ThrOPr][IBU] (82.50%) 

salts showed the highest level of biodegradability among all the compounds studied. 

• The relationship between lipophilicity and biodegradability was observed.  

An increase in biodegradability was followed by a decrease in lipophilicity for the 

ibuprofen salts. Furthermore, compounds with a short alkyl chain in the cationic form 

showed the highest biodegradation. In the case of ketoprofen, naproxen, and salicylic 

acid salts, biodegradability was improved by compounds with a higher lipophilicity. 

3.5. Antimicrobial activity 

Ionic liquids offer an alternative with a wide range of applications for the elimination  

of antibiotic-resistant bacteria, such as disinfectant detergents, antiseptics, or additives  

to dressing materials. ILs can disrupt the bacterial membrane of both gram-negative and 

gram-positive bacteria by interacting with and forming pores in the cell membrane, altering 

the orientation of the phospholipids, the membrane potential, and ultimately, the overall 

fluidity and viscoelasticity of the membrane [272–275]. In the context of API-ILs, the design 

of such ionic liquids with antimicrobial activity represents an innovative approach to drug 
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formulation and delivery. It combines the properties of ionic liquids with a drug moiety  

to not only deliver the active substance but also to enhance the delivery of antimicrobial 

agents to specific sites in the body. In particular, the strategy of increased focus involves  

the selection of adjuvants that can improve the action of already approved drugs against 

multidrug-resistant bacteria, either reducing the impact and emergence of resistance  

or enhancing the antimicrobial activity [272,276,277]. 

Numerous studies suggest that non-steroidal anti-inflammatory drugs appear to have 

some antimicrobial and anti-biofilm activity against clinically relevant bacteria. This may 

stimulate interest in repurposing these well-tolerated drugs as adjunctive therapies for the 

treatment of biofilm-associated infections. A number of mechanisms have been proposed  

for the antibacterial and anti-biofilm effects of NSAIDs, and these differ from one species  

to another. The antibacterial mode of action of NSAIDs may be related to their ability  

to affect the integrity of the bacterial cytoplasmic membrane and to alter the physicochemical 

properties of the bacterial surface. Other aspects of their mode of action may be related  

to inhibition of DNA synthesis, prevention of DNA replication, and inhibition of bacterial 

membrane repair. However, the inhibition of microbial growth is observed at the above 

concentrations, which can be achieved in blood plasma after oral administration of NSAIDs. 

Therefore, topical or transdermal administration of active substances may overcome this 

disadvantage as a localised treatment method in the area of skin inflammation [278–281].  

L-amino acids have also been studied for their antimicrobial activity and potential 

use as antimicrobial agents. However, more research is being done on certain peptides, 

particularly the D-amino acids. These have broad-spectrum antimicrobial activity and, 

therefore, offer an advantageous alternative to traditional antimicrobial drugs as they are less 

likely to be resisted by microbes. Some amino acid-based surfactants have been reported  

to interact with the lipid bilayer of cell membranes. For example, known amino acid-based 

substances derived from arginine and lysine show good antimicrobial activity, high 

biodegradability, and a low toxicity profile [282–285]. 

The evaluation of the antibacterial activity of selected drugs from the group  

of NSAIDs and their L-amino acid isopropyl ester salts was carried out using the disc 

diffusion method. The gram-negative bacteria Escherichia coli and the gram-positive 

bacteria Staphylococcus epidermidis and Micrococcus luteus were selected for this study. 

The detailed results obtained, expressed in terms of the diameter of the inhibition zone, are 

summarised in Tables A49-A51 in Appendix II. At the same time, the comparison of the 

antimicrobial activity of the tested compounds used at the highest concentrations  
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(1000 mg/mL) is shown in Figures 45–47. The results of this study have been the subject  

of published research [181]. 

E. coli, classified as gram-negative bacteria, have been documented to be resistant  

to several drugs, including extensive and pan-drug resistance. S. epidermidis, a member  

of the skin flora and commonly found on mucous membranes in animals, has the potential 

to breach human epithelial barriers, leading to nosocomial infections and acting  

as a significant source of contamination in blood cultures. Another bacteria, M. Luteus,  

is typically found as a commensal organism on human skin and in the upper respiratory tract. 

Despite its generally benign nature, it can facilitate the colonisation of more dangerous 

microorganisms on the skin [53,286–288]. 

In general, resistance to the salts tested was lower in gram-positive bacteria, which 

have a thick outer layer of peptidoglycan and readily absorb substances from the 

environment. In contrast to gram-negative E. coli, the cells are surrounded by a complex 

outer membrane that contains lipopolysaccharides and plays several functional roles  

in detoxification and drug resistance. This may influence the observed differences  

in susceptibility of each bacterium to the L-amino acid isopropyl ester derivatives studied 

[289]. 

 
Fig. 45. Antimicrobial activity (Inhibition diameter zone) against Escherichia coli of acids from 

NSAIDs group and their L-amino acid isopropyl ester salts at a concentration of 1000 mg/mL. 

The results showed that both ions influenced the inhibition of the bacteria tested and 

were not solely the result of the concentration of the NSAID moiety or its molar fraction  

in the compound. A similar effect was observed in the study of ibuprofen lysine, which 

showed higher antimicrobial activity than pure ibuprofen [281]. This effect is most 

pronounced in the case of gram-negative bacteria. Among the parent acids, only salicylic 

acid showed an inhibitory effect. The presence of the L-amino acid isopropyl ester follows 
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the antimicrobial activity for the other conjugations of the NSAID salts tested and the 

significant growth inhibition effect against gram-negative bacteria compared with the parent 

drug for the SA-based salts. In addition, lipophilicity may affect penetration through  

the bacterial cell wall, which is composed of hydrophobic lipid layers. The salicylic acid 

derivatives were characterised by the highest values of logP (1.610–1.1784) among all the 

salts synthesised, which facilitates the uptake of these compounds.  

 
Fig. 46. Antimicrobial activity (Inhibition diameter zone) against Staphylococcus epidermidis  

of acids from NSAIDs group and their L-amino acid isopropyl ester salts at a concentration  

of 1000 mg/mL. 

The antimicrobial activity against E. coli was observed for concentrations from  

100 mg/mL (for [MetOiPr][IBU] and [ValOiPr][IBU] salts), but the increase of the inhibitory 

effect was observed for used concentrations from 400 mg/mL. The highest antimicrobial 

activity was exhibited by the [MetOiPr] based derivatives, which is most prominent for the 

studied naproxen and its salts, where the inhibitory effect was observed only for the 

[MetOiPr][NAP] compound. On the other hand, the [ThrOiPr] conjugations did not show 

any antimicrobial effect for any of the salts tested, and this evaluation for [ThrOiPr][SA]  

is most likely due to the presence of the salicylic acid moiety. Taking into account the molar 

fraction of both ions, the inhibition zone values obtained for [ThrOiPr][SA] are comparable 

to those obtained for the parent drug. Moreover, the salicylate salts are characterised by the 

highest inhibitory activity, resulting in a synergistic antibacterial activity of both ions.  

E. coli bacteria have been described to export L-threonine via efflux pumps encoded 

by the rhtC gene. Overexpression of rhtC has been shown to increase resistance to externally 

supplied L-threonine and further reduce the accumulation of threonine-derived metabolites.  

This effect results in a threefold increase in L-threonine export in the modified production 

strain [290,291]. The lack of susceptibility effect of salts derived from L-threonine against 

the bacteria studied may be explained by this mechanism.  
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Fig. 47. Antimicrobial activity (Inhibition diameter zone) against Micrococcus Luteus of acids from 

NSAIDs group and their L-amino acid isopropyl ester salts at a concentration of 1000 mg/mL.  

Among the NSAIDs studied, the inhibitory activity against S. epidermidis was 

evaluated for ibuprofen (at all concentrations tested) and salicylic acid (at concentrations 

ranging from 400 mg/mL). Similarly, no antimicrobial activity was evaluated for the 

[ThrOiPr] based derivatives, but the pairing of the ibuprofen moiety with the L-threonine 

isopropyl ester caused a slight increase in the inhibitory effect (for tested concentrations 

from 100 mg/mL). 

The Msr enzymes protect Staphylococcus bacteria against some types of oxidative 

stress induced by sulphur-containing amino acids such as cysteine or methionine,  

as described by Beavers et al. The resistance of S. epidermidis to L-methionine derivatives 

may be controlled by a specialised defence mechanism based on these enzymes [292].  

This can be an explanation for the lower antimicrobial activity of conjugations with the 

MetOiPr moiety.  

Furthermore, the inhibitory effect was observed for ibuprofen and its salts at all 

concentrations tested. For derivatives of other drugs studied, antimicrobial activity was 

observed at concentrations ranging from 200 mg/mL (for [MetOiPr][SA] compound)  

to 400 mg/mL (for [IleOiPr][KETO], [ValOiPr][KETO] and [ValOiPr][SA] compounds).  

The highest values of inhibition zones were obtained for [IleOiPr] based salts obtained from 

ketoprofen, naproxen and salicylic acid.  

In the case of another gram-positive bacteria, M. luteus, the highest susceptibility  

to both unmodified acids from the NSAID group and their L-amino acid isopropyl ester salts 

was observed in almost all concentration ranges tested. The increase in antimicrobial activity 

caused by conjugation with the L-amino acid ester moiety differed for each parent drug. 

Compared to the parent acid, at the highest concentrations tested (600–1000 mg/mL), higher 

values of inhibition zones were observed for ibuprofen salts of [ThrOiPr] and [MetOiPr],  
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for ketoprofen conjugated with [ThrOiPr] and for naproxen salts of [ThrOiPr] and [IleOiPr]. 

Most changes were observed in the study evaluated for salicylic acid and its derivatives.  

The antimicrobial effect for unmodified drugs was observed for concentrations ranging from 

400 mg/mL while for [MetOiPr][SA] from 100 mg/mL and for [ThrOiPr][SA] from  

250 mg/mL. In the case of [ValOiPr][SA] and [IleOiPr][SA], the increase in inhibitory 

activity was the highest among all the compounds studied, but the antimicrobial activity was 

only evaluated for concentrations from 600 mg/mL.  

In the context of bacterial growth, excessive supplementation of a single amino acid 

can cause a temporary auxotrophy for other amino acids, resulting in reduced growth rate 

and synthesis capacity. For example, conjugation reactions with the leucine production 

pathway are involved in the valine biosynthesis pathway of M. luteus. It has been suggested 

that by inhibiting leucine biosynthesis and simultaneously reducing transcription of the 

comEA/EC gene, which is responsible for receptor processes but also plays a fundamental 

role in intracellular transport, additional supplementation with branched-chain amino acids 

such as valine or isoleucine affects transcriptional and post-transcriptional transformability 

[293–295]. This mechanism may explain the low level of antimicrobial activity of the 

isopropyl esters of branched-chain amino acids in the present study. 

Summary  

• The antimicrobial activity of selected NSAIDs was improved by conjugation with 

the L-amino acid isopropyl ester cation. The inhibition of bacterial growth was 

influenced by both starting ions, with possible synergistic antibacterial activity. 

• The tested compounds generally showed higher antimicrobial activity against gram-

positive (Staphylococcus epidermidis and Micrococcus luteus) than gram-negative 

(Escherichia coli) bacteria. In addition, the highest susceptibility to both unmodified 

acids from the NSAID group and their L-amino acid isopropyl ester salts was 

evaluated for M. luteus bacteria. 

• The susceptibility of each bacterium to the salts of the active compounds is different. 

In most cases, the highest antimicrobial activity was shown by [MetOiPr] based 

derivatives against E. coli, [IleOiPr] based derivatives against S. epidermidis and 

[ThrOiPr] based derivatives against M. luteus.  
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Chapter III: Conclusions 

The presented concept of structural modification of non-steroidal anti-inflammatory 

drugs based on L-amino acid alkyl esters demonstrates the possibility of improving the 

bioavailability of the drug, thereby reducing the effective dose of the drug and the risk  

of adverse effects of NSAIDs. This is achieved by converting the active ingredients into salts 

and reducing their acidic character. As an interdisciplinary work with an emphasis  

on possible applications, the results of the dissertation have a number of profound 

implications for the field of chemical and pharmaceutical engineering. The main 

implications can be outlined as follows: 

1. The research involved the reaction of the organic acid with an organic base, resulting 

in the formation of a salt, to obtain new non-steroidal anti-inflammatory drug 

derivatives. Ibuprofen, ketoprofen, naproxen and salicylic acid were used as anions. 

The cation consisted of alkyl esters of L-isoleucine, L-methionine, L-threonine and 

L-valine with different alkyl chain lengths and different branching (n-propyl and iso-

propyl chains). The cation was also used to provide an additional function and 

biological activity, resulting in bifunctional compounds. In addition, based  

on melting points lower than 100°C, according to an arbitrary definition, the 

following derivatives obtained can be classified as ionic liquids: all (R,S)-

ibuprofenates and (R,S)-ketoprofenates based on L-isoleucine, L-methionine,  

L-threonine and L-valine alkyl esters cations, L-valinium alkyl ester salts of S-(+)-

ibuprofen (excluding [ValOiPr][S(+)-IBU] salt), S-(+)-naproxenates based  

on [IleOBu], [MetOPr], [MetOiPr], [MetOBu], and L-threonine alkyl esters, 

salicylates based on L-isoleucine, L-methionine, L-threonine and L-valine alkyl 

esters cations (excluding [ValOMe][SA] and [ThrOMe][SA] derivatives). 

2. The presented concept of structural modification of non-steroidal anti-inflammatory 

drugs based on L-amino acids demonstrates the possibility of improving the desired 

physicochemical properties and their design, depending on the choice of the starting 

amino acid and the length of the alkyl chain in the ester moiety: 

a. Conjugation of the drug with L-amino alkyl esters mostly reduced the 

lipophilicity of poorly soluble drugs (with the exception of salicylic acid 

derivatives). All the salts obtained showed significantly higher solubility than 

the parent drug in all the media studied (deionised water and phosphate buffers 



112 
 

at pH 5.4 and 7.4). The solubility in aqueous media decreases with the length  

of the alkyl chain in the ester moiety, according to the order of modification:  

L-Thr>L-Ile>L-Val> L-Met. 

b. The compounds obtained are optically active, and the rotation of the plane  

of polarization by the salts corresponds to the rotation of the starting L-amino 

acid. The specific and molar rotation values determined decreasing in the 

following order of the L-amino acid residues used L-Ile>L-Val>L-Met>L-Thr. 

c. Research has shown that modification of NSAIDs with L-amino acid alkyl 

esters, in general, reduces their thermal stability. However, the stability test 

showed that the L-amino acid isopropyl ester salts studied retained a high degree 

of stability after long-term storage for 12 months at 5 and 25°C. Increasing the 

length of the alkyl chain in the cationic moiety influences the higher thermal 

stability and lower melting points of the salts obtained. The increase in thermal 

stability and the decrease in melting point values follow the order of the starting 

L-amino acids: L-Met>L-Thr>L-Ile>L-Val. 

3. The main outcome of this work was to develop modifications to active ingredients  

to increase the transport of the active ingredient through the skin, with increased 

safety compared to other routes of administration, including the most commonly used 

oral route. In the studies conducted, the following were found: 

a. Derivatives with the best skin penetration parameters were found to have  

a 3-carbon substituent in the alkyl chain in the cationic moiety, while the 

derivatives based on 3- (n-propyl and iso-propyl) and 4-carbon chain length 

showed the highest tendency to accumulate. The best parameters in terms of drug 

permeation were shown by the conjugations of NSAID moieties with  

L-threonine alkyl esters ([ThrOPr], [ThrOiPr], [ThrOBu]). 

b. It has been shown that the increase in solubility resulting from changing the 

starting L-amino acid increases the value of the cumulative mass penetrating  

the skin. The increase in cumulative mass generally follows the order of the  

L-amino acid: L-Met<L-Ile<L-Val<L-Thr.  

c. The combination of the hydrophobic moiety of the NSAID with the hydrophilic 

particle of the L-amino acid ester creates a compound with favourable properties 

that could allow the derivatives obtained to penetrate the stratum corneum lipid 
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barrier and reach the epidermal layer. This makes it possible to use the resulting 

salts in topical formulations without the need to add excipients. 

4. In addition, the obtained L-amino acid alkyl ester salts of NSAIDs showed the 

greatest potential for further application as novel components in topical and 

transdermal formulations, as they showed a favourable biological activity: 

a. Since the obtained derivatives reduced the stable radical form of DPPH, they 

can be used to develop further formulations that protect the skin from 

oxidative stress and thus prevent skin ageing. 

b. The antimicrobial activity of selected NSAIDs against Escherichia coli, 

Staphylococcus epidermidis and Micrococcus luteus was improved  

by conjugation with the L-amino acid isopropyl esters due to a possible 

synergistic effect of both ions. The salts obtained could, therefore, potentially 

be used in topical or transdermal systems for the treatment of delayed healing 

wounds. 
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Chapter IV: Experimental section 

1. Synthesis of L-amino acids alkyl esters and their salts of selected 

acids from the group of non-steroidal anti-inflammatory drugs 

1.1. Synthesis of L-amino acid alkyl ester hydrochlorides 

The esterification reactions of selected L-amino acids: 2-amino-3-methylbutanoic 

acid (L-valine, Val), 2-amino-3-methylpentanoic acid (L-isoleucine, Ile), 2-amino-3-

hydroxybutanoic acid (L-threonine, Thr), and 2-amino-4-(methylthio)butanoic acid)  

(L-methionine, Met) were carried out in the presence of the chlorinating agent 

chlorotri(methyl)silane (TMSCl), which also acted as a catalyst and a water-binding agent. 

L-valine alkyl ester hydrochlorides were obtained by esterification of L-amino acid with  

C1-C8 alcohols. In the case of other L-amino acids, the process was carried out in the 

presence of C1-C4 alcohols, including isopropyl alcohol. Esterification was conducted  

at a temperature of 60-75⁰C for 12-24 h using TMSCl in a molar ratio to the amino acid  

of 2.5:1, and the alcohol was used in an amount of at least 5 moles per 1 mole of L-amino 

acid. In the case of obtaining L-valine alkyl ester hydrochlorides (C1-C8), the process was 

additionally carried out in the ultrasound field (35kHz and power 180W).  

After the esterification was completed, the volatile components, i.e. the excess of the alcohol 

used, unreacted TMSCl, unreacted TMSCl, hydroxytrimethylsilane (TMSOH), 

hexamethyldisiloxane ((TMS)2O) and alkyl trimethylsilyl ether (TMSOR) formed as by-

products, were distilled off at a temperature of 60°C to 90°C under reduced pressure.  

The resulting crude product was washed with diethyl ether to remove unreacted TMSCl and 

hydroxytrimethylsilane by-products. The obtained crude product was then dissolved  

in chloroform, and the resulting solution was filtered under reduced pressure to separate the 

undissolved residue, which was unreacted amino acid and/or non-esterified amino acid 

hydrochloride. Pure L-amino acid alkyl ester hydrochloride was thus obtained by distilling 

off the solvent from the filtrate at 60°C under reduced pressure. 

1.2. Synthesis of alkyl esters of L-amino acids 

The L-amino acid alkyl ester was obtained by neutralizing the corresponding  

L-amino acid alkyl ester hydrochloride with aqueous ammonia in a molar ratio of 3:1 to the 

hydrochloride. Extractions with diethyl ether, ethyl acetate or methylene chloride were 

performed to isolate the obtained ester from the obtained mixture. The separated organic 
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layer was dried over anhydrous sodium sulfate. Then, the organic solvent was distilled under 

reduced pressure to obtain pure L-amino acid alkyl ester as a pale yellow liquid. 

1.3. Synthesis of acid salts from the group of non-steroidal anti-

inflammatory drugs 

 Derivatives of selected acids from the group of non-steroidal anti-inflammatory 

drugs were obtained in an equimolar reaction with the appropriate L-amino acid alkyl ester. 

As active substances, (R,S)-2-(4-(2-methylpropyl)phenyl)propanoic acid, (2S)-2-(4-(2-

methylpropyl)phenyl)propanoic acid, (R,S)-2-(3-benzoylphenyl)propanoic acid, (2S)-2-(6-

methoxy-2-naphthyl)propanoic acid, and 2-hydroxybenzoic acid were chosen for the study. 

Reactions were carried out at room temperature for 5-15 minutes in a chloroform  

as a solvent. Subsequently, the solvent was distilled off under reduced pressure at 60°C.  

The obtained product was dried in an oven for 24 h under reduced pressure at 60°C. 

2. Identification and determination of the purity of the obtained 

products and intermediate products 

2.1. Spectroscopic analysis 

One-dimensional NMR spectra were recorded using a BRUKER DPX-400 

spectrometer (Billerica, MA, USA) with a spectral generation frequency of 400.13 MHz  

for proton spectra and 100.62 MHz for carbon spectra. Tetramethylsilane (TMS) was used 

as an external standard. The compounds were analysed as solutions in deuterated chloroform 

(CDCl3) and dimethyl sulfoxide (DMSO-d6). Data processing was performed using 

MestreNova Software (v, 12.0.0-2008), Mestrelab Research S.L. 

IR absorption was measured using the transmission method using a Nicolet 380 

Thermo Scientific™ spectrometer (Waltham, MA, USA) equipped with an ATR attachment 

with a diamond crystal. Spectra were recorded in the 4000–400 cm-1 range with resolution  

4 cm-1. Data acquisition and processing were performed using OMNIC 9.2.86 software  

by Thermo Fisher Scientific Inc. 

2.2. Elemental analysis 

The percentage content of carbon, nitrogen, hydrogen, sulfur and oxygen was 

determined using the Thermo Scientific™ FLASH 2000 CHNS/O Analyzer (Waltham, MA, 

USA), using the full combustion method at 900°C in an oxidation-reduction furnace 

equipped with a thermal conductivity detector (TCD). 
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3. Characteristics of the physicochemical properties of the obtained 

products  

3.1. Determination of formation constant (pKS)  

The salt formation constant was calculated according to the equation (1):  

pKS = pKA(for acid) + pKB(for base) − pKW (1) 

where: pKA – dissociation constant of the unmodified active substance; pKB – dissociation 

constant of an L-amino acid alkyl ester 

The pKA and pKB values were determined by the potentiometric method using a pH 

meter (CP-505, Elmetron, Zabrze, Poland) equipped with an EPS-1 electrode (Elmetron, 

Zabrze, Poland). In the case of measurements of the dissociation constant of unmodified 

acid, 0.1 M NaOH was used for the titration. To determine the pKA constant of the base, the 

study used a 0.60 mM aqueous solution of the appropriate L-amino acid alkyl ester 

hydrochloride (acidified to pH=3.5) and 5 mM NaOH for titration. The pKB value of the  

L-amino acid alkyl ester was calculated from the difference between the pKW product  

of water and the determined pKA value of the base. 

3.2. X-ray diffraction (XRD) 

The crystallinity of the obtained compounds was examined by XRD diffraction using 

an Aeris X-Rays ON X-ray diffractometer, Malvern Panalytical Ltd. (Malvern, UK).  

The tests were carried out in the range of diffraction angles of 7–90° 2θ, using Cu-Kα 

radiation (λ=1.54056 Å). 

3.3. Thermogravimetric analysis 

The thermal stability of the obtained compounds was tested using  

the thermogravimetric method (TG) using the Netzsch Proteus Thermal Analysis TG 209 F1 

Libra apparatus by Netzsch (Selb, Germany). The measurements were carried out in the 25–

1000°C temperature range with a heating rate of 10°C/min in an atmosphere of air  

(flow 25 mL/min) and nitrogen (flow 10 mL/min). Samples of weigh 5–7 mg were used for 

the tests. 

3.4. Differential scanning calorimetry 

Phase change temperatures were measured using a PerkinElmer DSC-7 (Rotgau, 

Germany). Samples weighing 2–3 mg were loaded on the aluminium pan with a crimped lid.  

The nitrogen atmosphere used for the measurements was 20 mL/min. Unless otherwise 
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stated, two complete heating and cooling cycles were performed at a rate of 10°C/min.  

The sample was heated from 0°C to a temperature 10°C lower than the sample 

decomposition onset temperature (determined individually for each compound, determined 

based on TG analysis). The temperatures obtained from the DSC data are shown as peaks  

of the curve. Indium and tin were used as standards for temperature calibration. Calibration 

of the enthalpy measurement was performed using indium. The experimental apparent heat 

capacity was obtained with a heating rate of 20°C /min. An indium sample was used  

to calibrate the temperature.  

The three-step method was used for the heat capacity evaluation. The first thermal 

scan was performed on an empty pan. The reference material (sapphire) was measured in the 

second thermal scan. The third run was carried out with a sample of the tested compound. 

Measurements were made between 10°C and the maximum temperature specified for each 

compound tested. For crystalline compounds, it was at least 5°C lower than the determined 

melting point (Tonset). For the amorphous compounds, the maximum temperature was 100°C. 

The research was carried out at the Berliner Hochschule für Technik in Berlin under the 

supervision of Prof. Oliver Krüger, PhD. 

3.5. Stability testing under different storage conditions 

The stability of the selected compounds under three different storage conditions: 

refrigeration (5°C±2°C for 12 months), room temperature (25°C±2°C for 12 months) and 

stress test (40°C±2°C for 6 months) was evaluated. Samples weighing 50 mg were stored  

in darkened and sealed PP vials. Differential scanning calorimetry and FT-IR analysis 

(performed on Spectrum Two FT-IR Spectrometer equipped with LiTaO3 Detector) were 

used to monitor stability and determine possible changes in thermochemical properties.  

The research was carried out at the Berliner Hochschule für Technik under the supervision 

of Prof. Oliver Krüger, PhD. 

3.6. Specific rotation 

Optical rotation was measured using an AUTOPOL IV Polarimeter from Rudolph 

Research Analytical (Hackettstown, NJ, USA) at a λ wavelength of 589 nm at 20.0±0.1°C.  

The angle of rotation of the plane of polarized light was determined with an accuracy  

of 0.001° in a measuring cell 100 mm long. Solutions with a concentration of 0.5–1% 

prepared in anhydrous ethanol were used for the study. 
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The specific and specific molar rotation values were calculated according  

to the following equations (2 and 3): 

 
[𝛼]𝜆

𝑇 =
𝛼𝜆

𝑇

𝑐 ∙ 𝑙
 (2) 

 
[𝑀]𝜆

𝑇 =
𝑀 ∙ [𝛼]𝜆

𝑇

100
 (3) 

Where: [𝛼]𝜆
𝑇 – specific rotation at temperature T (°C) and wavelength λ [˚Arc]; [𝑀]𝜆

𝑇 – 

specific molar rotation; 𝛼𝜆
𝑇 – optical rotation; c – concentration [g/mL]; l – cell length [dm]; 

M – molar mass of compound under study [g/mol].  

3.7. Solubility study 

The solubility experiments using selected organic polar and non-polar solvents were 

carried out using a modified Vogel method [296]. Samples of the tested compounds weighing 

100 mg were placed in screw cap vials equipped with a magnetic stirring bar. Then, 1 mL  

of the appropriate solvent was added and stirred for 10 minutes at 25°C. For heterogeneous 

solutions, another 1 mL of solvent was added and stirred. Based on the amount of compound 

dissolved in 1 mL of proper solvent, compounds were classified as: a) soluble (100 mg  

of the compound is dissolved in 1 mL), b) partly soluble (33-100 mg of the compound is 

dissolved in 1 mL), or c) insoluble (less than 33 mg of the compound is dissolved in 1 mL).  

Solubility in water and selected buffer solutions (phosphate buffers with pH=5.40 

and pH=7.40) was carried out for unmodified active acids and their salts of alkyl esters of 

L-amino acids. For this purpose, the excess of the test compound was mixed with 2 mL  

of the given solvent and stirred intensively at 25°C for 24 h in a screw cap vial. The resulting 

mixture was centrifuged, and the supernatant was decanted, diluted and subjected to HPLC 

analysis to determine the quantitative concentration of the analyte. 

The SHIMADZU Nexera-i LC-2040C 3D High Plus Liquid Chromatograph HPLC 

(Kyoto, Japan), outfitted with a DAD/FLD detector, was used to perform  

the chromatographic measurements. The analysis was carried out using Kinetex®️ F5 100 Å 

column from Phenomenex (Torrance, CA, USA) with a 2.6 μm particle size and dimensions 

of 150×4.6 mm, and the mobile phase constituted of water and acetonitrile (50:50, v/v) witha 

flow rate of 1 mL/min. The column temperature was set at 30°C, and the injection volume 

was 50 μL. Data acquisition and processing were performed using a LabSolutions/LC 

Solution System (software). The concentration of NSAIDs and their salts were calculated 

using peak area measurements using a calibration curve method. 
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3.8. Lipophilicity 

The lipophilicity of the obtained salts was determined by measurement of the 

partition coefficient in the n-octanol/water system. For this purpose, 10 mg of the analysed 

substance was dissolved in 5 mL of n-octanol saturated with water and 5 mL of water 

saturated with n-octanol and then stirred intensively at 25°C for 3 h. The layers were 

separated, and the aqueous layer was analysed using high-performance liquid 

chromatography (HPLC) to quantify the concentration of the salt being tested, analogous 

 to the solubility experiments. The value of the partition coefficient was calculated according 

to the following equation (4): 

log P = log (
CO

CW
) = log (

C0 − CW

CW
) (4) 

where: CO – is the concentration of the substance in the octanol layer; CW – is the 

concentration of the substance dissolved in the aqueous layer; C0 – is the total concentration 

of the substance used in the experiment [mg/mL].  

 

4. Characteristics of the biological properties of the obtained products  

4.1. Skin Permeation Studies 

In vitro, skin permeation studies were performed using a Franz diffusion chamber 

(Phoenix DB-6, ABL&E-JASCO, Vienna, Austria) containing donor and acceptor chambers 

of 2 and 8 mL volume, respectively. The diffusion surface through which the active 

ingredients permeated was 1 cm2. Phosphate-buffered saline (PBS) with pH=7.40 was used 

as the acceptor fluid. The temperature was maintained constant at 37.0±0.5°C. The research 

used pig skin as a membrane. The natural tissue samples of 0.5 mm in thickness were cut 

into appropriate pieces 2 cm×2 cm. The donor chamber was filled with 1 mL of a solution 

with a concentration of 0.01 gactive substance/mL of the test compound, dissolved in 70% 

ethanol. The experiment was carried out for 24 h, taking 0.5 mL of the solution from the 

acceptor chamber at set intervals: 0.5 h, 1 h, 2 h, 3 h, 4 h, 5 h, 8 h and 24 h from the start  

of mixing. Each time, the acceptor chamber was filled with a fresh portion of the buffer used. 

The concentration of the compound in the collected solution sample was determined  

by HPLC. 

Based on the conducted tests, the following permeation parameters of the tested 

compounds were determined in terms of the active substance (API): the determined 

concentration was used to calculate the cumulative mass (μgAPI·cm−2). The cumulative mass 
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in the acceptor fluid versus time was plotted, and the time needed to reach the steady-state 

permeation (LT) was chosen as the point of intersection of the function plot with the X-axis. 

This resulted in the steady-state period flux (in μgAPI·cm−2·h−1) through the skin into the 

acceptor phase. Based on Fick's law of diffusion and the following equation, the permeability 

coefficients (KP) were assessed: 

𝐾𝑃 =
𝐽𝑆𝑆

𝐶𝐷
 

 
(5) 

 

where: JSS is the steady-state period flux, and CD is the compound concentration in the donor 

phase.  

The skin partition coefficient (Km) and diffusion coefficient (D) were calculated 

based on the following equations: 

𝐾𝑚 = 𝐾𝑃 ×
ℎ

𝐷
 

 
(6) 

𝐷 =
ℎ2

6𝐿𝑇
 (7) 

Where: h is the skin thickness, mm.  

In this study, chromatographic measurements were performed on a Knauer (Berlin, 

Germany) HPLC system equipped with unit a model 2600 UV detector, a Smartline model  

1050 pump, and a Smartline model 3950 autosampler with ClarityChrom 2009 software.  

The Hypersil ODS (C18) column, 125×4 mm, particle size 5 μm was used for analysis.  

As the mobile phase, 0.02 M potassium dihydrogen phosphate-acetonitrile (60/40 v/v)  

(for analysis of ibuprofen, ketoprofen, and naproxen) and 1% acetic acid, acetonitrile, and 

MeOH (64/30/6 v/v/v) (for analysis of salicylic acid) were used. The flow rate was  

1 mL/min, the column temperature was 25°C, the injection volume was 20 μL, and signals 

were detected at 210 nm.  

The research was carried out at the Department of Cosmetic and Pharmaceutical 

Chemistry, Pomeranian Medical University in Szczecin, in the research group of Anna 

Nowak, BEng, PhD, DSc.  

4.2. Skin Accumulation Studies 

The accumulation studies were performed 24 hours after the skin permeability study.  

For this purpose, the donor chamber was disconnected from the Franz diffusion cell. Each 

skin sample was taken out and carefully rinsed in PBS solution (pH=7.4). Then, skin samples 

were dried at room temperature and weighed. The diffusion area was cut out, and minced 

samples were placed in 2 mL of methanol and incubated for 24 hours at 4°C. The skin 

samples were then homogenised using an IKA®️T18 computerised ULTRA TURRAX 
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homogenizer (Staufen im Breisgau, Germany) and centrifuged. The concentration  

of an active substance in the obtained supernatant was determined using the HPLC method, 

analogous to the skin permeability experiments. Accumulation of API in the skin was 

measured in the mass of studied active substance per mass of skin (μgAPI·g
−1) and was 

determined by dividing the amount of the substance still present in the skin by a mass of skin 

sample.  

The research was carried out at the Department of Cosmetic and Pharmaceutical 

Chemistry, Pomeranian Medical University in Szczecin, in the research group of Anna 

Nowak, BEng, PhD, DSc.  

4.3. The antioxidant activity  

The DPPH (2,2-diphenyl-1-picrylhydrazyl) radical scavenging inhibition technique 

was chosen for evaluating the antioxidant activity of the selected L-amino acid alkyl ester 

salts. As a radical solution, 0.3 mM DPPH produced in 96% ethanol was employed. Prior  

to the investigation, the absorbance of the DPPH solution was measured at 517 nm and 

corrected using 96% ethanol to a value equal to 1.00±0.02. For the primary test, 2.5 mL  

of the radical solution was combined with 0.1 mL of the 70% ethanol solution that had been 

tested and contained 1.0% active ingredient. The ethanolic solution was used as a negative 

control, while the solution containing the tested compound was used as a positive control.  

The mixture was incubated for 10 minutes at room temperature in the dark. Three 

independent tests were conducted, and the obtained results were given as mean values.  

The following formula (eq. 8) was used to calculate the percentage inhibition, expressing the 

scavenging of the DPPH radical: 

%𝐷𝑃𝑃𝐻𝑠𝑐𝑎𝑣𝑒𝑛𝑔𝑖𝑛𝑔 𝑒𝑓𝑓𝑒𝑐𝑡
⬚ = 1 −

𝐴𝑠

𝐴𝑐
∙ 100%  

 

(8) 

where: AS and AC are the absorbance of the tested and control samples, respectively.  

The research was carried out at the Department of Cosmetic and Pharmaceutical 

Chemistry, Pomeranian Medical University in Szczecin, in the research group of Anna 

Nowak, BEng, PhD, DSc.  

4.4. Biodegradation Studies 

The experiment's active sludge originates from the "Pomorzany" sewage treatment 

facility in Szczecin, Poland. A microbiological test (Schulke Mikrocount Duo, Norderstedt, 

Germany) was used to identify the total number of bacteria in order to determine  

the concentration of active sludge suspension. The amount of organic carbon that made up 
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the examined compound's concentration was 40 mg/L. The reference substance, sodium 

dodecyl sulphate (SDS), had a starting concentration of SDS=84.12 mg/L. The 28-day 

experiment was conducted. Total organic carbon analysis (TOC-LCSH/CSN, Shimadzu 

Corporation) was used to calculate the volume of carbon dioxide that was created. 

The research was carried out at the Department of Organic Chemical Technology  

and Polymer Materials, West Pomeranian University of Technology in Szczecin by Edyta 

Kucharska, BEng, PhD.  

4.5. Antimicrobial Activity Susceptibility Test  

Antibacterial activity was evaluated using the EUCAST diffusion disc method.  

The zone of inhibition was measured against Escherichia coli (ACCT 29425), Micrococcus 

luteus (ATCC 7468) and Staphylococcus epidermidis (ACCT 12228). Liquid nutrients and 

agar medium for bacterial growth were prepared according to the manufacturer's 

recommendations. Sterilisation was performed at 120 °C for 15 min. Enriched broth was 

used to grow E. coli, lysogenic broth was used to grow M. luteus and brain heart broth was 

used to grow S. epidermidis bacteria. The agar medium used was Nutrient LAB-AGAR™ 

for the isolation of M. luteus and Brain Heart Infusion LAB-AGAR™ for the isolation  

of S. epidermidis. The TTC lactose agar medium with Tergitol®️7 was used to determine  

the number of E. coli bacterial cells, as a selective factor in the form of Tergitol-7 medium 

inhibits the growth of gram-positive bacteria and limits the growth of Proteus spp.  

In addition, the so-called indicator system in the form of bromothymol blue and TTC allows 

easier differentiation of E. coli. 

The prepared agar medium was poured into sterile plastic Petri plates and allowed to 

be set. The agar was then allowed to solidify and transferred to an incubator set at 37°C  

for 48 hours to allow the water to evaporate from the surface of the agar. Filter paper discs 

with a diameter of 5 mm were used to test antibacterial resistance. They were saturated with 

the appropriate solution of each compound and allowed to dry for 10 minutes in a laminar 

airflow cabinet. The discs were then placed manually with sterile forceps on the indicated 

agar plates, previously inoculated evenly throughout the Petri plate with a specific bacterial 

culture (1.5∙106 CFU/mL, CFU colony forming units). Compound concentrations studied 

were 1000, 800, 600, 400, 200, 100, 50, and 25 mg/mL in absolute ethanol. The plates were 

incubated for 24 hours at a temperature of 37°C. The inhibition zone, defined as the circular 

area around the disc in which bacterial colonies do not grow, was evaluated by measuring 

the diameter of the clear zone (in mm) to an accuracy of 0.1 mm. Each prepared sample was 
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measured in triplicate. The results obtained were expressed as the mean of the inhibition 

zones with standard deviation. 

4.6. Statistical Analysis 

The Statistica 13 PL programme (StatSoft, Kraków, Poland) was used to do the 

statistical calculations. When completing a one-way analysis of variance (ANOVA),  

the standard deviation (SD) was employed to represent the final data as the mean. Tuckey's 

test (α<0.05) was used to determine the significance of differences between individual 

groups in the cases of the results from the skin permeation, accumulation, and antioxidant 

activity investigations. 
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Appendix I 

L-AMINO ACID ALKYL ESTER SALTS OF IBUPROFEN 

L-isoleucinium methyl ester (R,S)-ibuprofenate - [IleOMe][IBU]  

(2S)-1-methoxy-3-methyl-1-oxopentan-2-aminium (2R)-2-[4-(2-methylpropyl)phenyl]propanoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.21 (d, J5,6=8.4 Hz, 2H, H5), 7.09 (d, J6,5=7.9 Hz, 2H, H6), 

4.74 (s, 3H, H16), 3.71 (s, 3H, H18), 3.71–3.61 (m, 1H, H2), 3.45 (d, J15,13=4.6 Hz, 1H, H14), 2.44 

(d, J9,8=7.2 Hz, 2H, H8), 1.91–1.70 (m, 2H, H13, H9), 1.47 (d, J2,3=7.1 Hz, 3H, H3), 1.47–1.33 (m, 

1H, H12’), 1.26–1.11 (m, 1H, H12”), 0.94–0.85 (m, 12H, H10, H14, H11). 13C NMR (100 MHz, 

CDCl3) δ [ppm]: 179.25 (C1), 175.14 (C17), 140.51 (C7), 137.90 (C4), 129.31 (C6), 127.26 (C5), 

58.40 (C15), 51.91 (C2), 45.30 (C8), 45.06 (C18), 38.77, 30.21 (C9), 24.77 (C12), 22.42 (C10), 

18.37 (C3), 15.50 (C14), 11.68 (C11). FT–IR: ν (ATR): 2954.30, 2932.41, 2867.79, 2847.20, 

2726.27, 2645.81, 2180.08, 2161.80, 1738.79, 1702.41, 1677.76, 1610.24, 1509.04, 1473.29, 

1454.62, 1438.43, 1423.18, 1380.90, 1356.87, 1319.80, 1283.13, 1256.12, 1231.86, 1201.22, 

1163.72, 1105.46, 1085.85, 1061.31, 1024.10, 991.05, 965.42, 912.55, 882.82, 845.40, 817.61, 

791.52, 768.47, 754.69, 725.76, 717.48, 689.13, 676.21, 634.74, 595.92, 540.83, 513.13, 479.29, 

443.91 cm–1. [𝜶]𝑫
𝟐𝟎 = +20.234 (c=0.598% (m/v) in EtOH). UV–Vis (EtOH): λmax=229.0 nm. 

Elemental analysis: C20H33NO4 (351.480 g/mol), calculated (%): C (68.34), H (9.46), N (3.98), O 

(18.21), found: C (68.22), H (9.50), N (4.00), O (18.28).  

L-isoleucinium ethyl ester (R,S)-ibuprofenate - [IleOEt][IBU] 

(2S)-1-ethoxy-3-methyl-1-oxopentan-2-aminium (2R)-2-[4-(2-methylpropyl)phenyl]propanoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.21 (d, J5,6= 8.2 Hz, 2H, H5), 7.07 (d, J6,5= 8.3 Hz, 2H, H6), 

5.59 (s, 3H, H16), 4.25–4.08 (m, 2H, H18), 3.69–3.59 (q, 1H, H2), 3.45 (d, J15,13=4,5 Hz, 1H, H15), 

2.43 (d, J9,8=7,1 Hz, 2H, H8), 1.94–1.66 (m, 2H, H9, H13), 1.49–1.33 (m, 4H, H12’, H3), 1.30–1.11 

(m, 4H, H19, H12”), 0.93–0.84 (m, 12H, H13, H11, H10). 13C NMR (100 MHz, CDCl3) δ [ppm]: 

179.31 (C1), 174.14 (C17), 140.34 (C7), 138.21 (C4), 129.25 (C6), 127.26 (C5), 60.99 (C18), 58.17 

(C15), 45.53 (C2), 45.07 (C8), 38.59 (C13), 30.20 (C9), 24.87 (C12), 22.42 (C10), 18.46 (C3), 15.38 

(C19), 14.24 (C11), 11.70 (C14). FT–IR: ν (ATR): 2357.22, 2929.92, 2867.96, 2173.45, 1740.82, 

1673.53, 1612.58, 1512.59, 1464.90, 1358.01, 1364.90, 1356.92, 1304.14, 1283.32, 1255.10, 

1220.69, 1167.47, 1102.58, 1091.84, 1060.53, 1027.20, 997.52, 968.46, 920.39, 881.24, 853.91, 

881.24, 853.91, 800.62, 759.57, 727.00, 685.58, 635.11, 593.34, 543.05, 495.59, 459.21, 432.37 cm–
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1. [𝜶]𝑫
𝟐𝟎 = +12.971 (c=0.478% (m/v) in EtOH). UV–Vis (EtOH): λmax=229.0 nm. Elemental 

analysis: C21H35NO4 (365.507 g/mol), calculated (%): C (69.01), H (9.65), N (3.83), O (17.51), 

found: C (69.19), H (9.61), N (3.80), O (17.33).  

L-isoleucinium propyl ester (R,S)-ibuprofenate - [IleOPr][IBU] 

(2S)-3-methyl-1-oxo-1-propoxypentan-2-aminium (2R)-2-[4-(2-methylpropyl)phenyl]propanoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.22 (d, J5,6=8.3 Hz, 2H, H5), 7.08 (d, J6,5=8.3 Hz, 2H, H6), 

5.41 (s, 3H, H16), 4.15–3.99 (m, 2H, H18), 3.70–3.60 (m, 1H, H2), 3.46 (d, J15,14=4.5 Hz, 1H, H15), 

2.43 (d, J9,8=7.1 Hz, 2H, H8), 1.91–1.73 (m, 2H, H13, H9), 1.71–1.58 (m, 2H, H19), 1.50–1.33 (m, 

4H, H3, H12’), 1.25–1.15 (m, 1H, H12”), 0.97–0.85 (m, 15H, H21, H13, H11, H10). 13C NMR (100 

MHz, CDCl3) δ [ppm]: 174.43 (C17), 140.37 (C7), 138.16 (C4), 129.26 (C6), 127.26 (C5), 66.63 

(C18), 58.25 (C15), 45.48 (C2), 45.07 (C8), 38.65 (C14), 30.20 (C9), 24.84 (C12), 22.42 (C10), 

21.96 (C19), 18.44 (C3), 15.44 (C20), 11.72 (C11), 10.45 (C13). FT–IR: ν (ATR): 2959.91, 2932.05, 

2876.93, 2867.87, 2727.31, 2161.92, 1736.43, 1676.31, 1613.91, 1512.06, 1456.37, 1512.06, 

1456.37, 1391.87, 1379.67, 1364.58, 1357.66, 1309.87, 1262.12, 1212.62, 1167.15, 1104.68, 

1085.06, 1060.50, 1037.03, 1024.49, 1000.93, 960.49, 916.65, 883.60, 850.45, 813.57, 801.46, 

790.64, 739.90, 729.61, 718.18, 688.17, 656.35, 634.61, 599.44, 571.22, 527.02, 501.37, 463.50, 

432.30 cm–1. [𝜶]𝑫
𝟐𝟎 = +14.822 (c=0.506% (m/v) in EtOH). UV–Vis (EtOH): λmax=228.0 nm. 

Elemental analysis: C22H37NO4 (379,533 g/mol), calculated (%): C (69.62), H (9.83), N (3.69), O 

(16.86); found: C (69.55), H (9.80), N (3.61), O (16.79). 

L-isoleucinium butyl ester (R,S)-ibuprofenate - [IleOBu][IBU] 

(2S)-1-butoxy-3-methyl-1-oxopentan-2-aminium (2R)-2-[4-(2-methylpropyl)phenyl]propanoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.21 (d, J5,6=8.1 Hz, 2H, H5), 7.07 (d, J6,5=8.0 Hz, 2H, H6), 

5.53 (s, 3H, H16), 4.19–4.03 (m, 2H, H18), 3.69–3.60 (m, 1H, H2), 3.47 (d, J15,14=4.5 Hz, 1H, H15), 

2.43 (d, J9,8=7.1 Hz, 2H, H8), 1.91–1.73 (m, 2H, H13, H9), 1.67–1.55 (m, 2H, H19), 1.46 (d, 

J13,12=7.1 Hz, 3H, H3), 1.43–1.31 (m, 3H, H20, H12’), 1.26–1.13 (m, 1H, H12”), 0.97–0.84 (m, 15H, 

H21, H13, H11, H10). 13C NMR (100 MHz, CDCl3) δ [ppm]: 179.31 (C1), 174.22 (C17), 140.36 

(C7), 138.18 (C4), 129.26 (C6), 127.26 (C5), 64.92 (C18), 58.19 (C15), 45.50 (C2), 45.07 (C8), 

38.55 (C14), 30.60 (C9), 30.20 (C12), 24.86 (C19), 22.42 (C10), 19.14 (20), 18.45 (C3), 15.41 (C21), 

13.67 (C11), 11.71 (C13). FT–IR: ν (ATR): 2957.84, 2929.54, 2868.66, 2845.39, 2618.44, 2182.62, 

1738.84, 1672.76, 1612.14, 1543.28, 1512.57, 1454.44, 1393.21, 1366.34, 1356.92, 1318.08, 
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1288.48, 1244.32, 1207.81, 1168.24, 1115.37, 1104.70, 1087.62, 1027.33, 999.66, 950.08, 950.08, 

896.99, 880.72, 848.94, 821.13, 801.94, 792.94, 765.79, 786.52, 729.18, 988.45, 634.15, 599.45, 

575.00, 554.89, 526.89, 501.96, 462.60, 424.31 cm–1. [𝜶]𝑫
𝟐𝟎 = +13.393 (c=0.576% (m/v) in EtOH). 

UV–Vis (EtOH): λmax=229.0 nm. Elemental analysis: C23H39NO4 (393.560 g/mol), calculated (%):C 

(70.19), H (9.99), N (3.56), O (16.26); found: C (70.05), H (9.91), N (3.52), O (16.13). 

L-methioninium methyl ester (R,S)-ibuprofenate - [MetOMe][IBU] 

(2S)-1-methoxy-4-(methylsulfanyl)-1-oxobutan-2-aminium 

(2R)-2-[4-(2-methylpropyl)phenyl]propanoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.22 (d, J5,6=7.9 Hz, 2H, H5), 7.09 (d, J6,5=8.6 Hz, 2H, H6), 

5.00 (s, 3H, H15), 3.73 (s, 3H, H17), 3.71–3.62 (m, 2H, H14, H2), 2.53 (t, J12,13=8.0 Hz, 2H, H12), 

2.44 (d, J8,9=7.2 Hz, 2H, H8), 2.08 (s, 3H, H11), 2.11–1.98 (m, 1H, H13’), 1.91–1.76 (m, 2H, H13”, 

H9), 1.48 (d, J2,3=7.2 Hz, 3H, H3), 0.92–0.86 (2d, 6H, H10). 13C NMR (100 MHz, CDCl3) δ [ppm]: 

179.40 (C1), 175.45 (C16), 140.58 (C7), 137.75 (C4), 129.34 (C6), 127.26 (C5), 52.85 (C17), 52.31 

(C14), 45.24 (C2), 45.06 (C8), 33.22 (C9), 30.25 (C12), 30.20 (C13), 22.42 (C1), 18.33 (C3), 15.33 

(C11). FT–IR: ν (ATR): 3026.01, 2953.08, 2916.97, 2867.42, 2846.14, 2177.48, 2162.16, 1746.68, 

1675.89, 1614.29, 1545.20, 1510.45, 1462.89, 1450.70, 1437.93, 1389.68, 1359.53, 1310.32, 

1288.39, 1225.37, 1184.86, 1165.12, 1121.64, 1062.28, 1020.49, 1002.79, 974.94, 950.66, 880.82, 

854.41, 835.88, 817.94, 799.42, 754.44, 728.77, 692.46, 634.91, 586.30, 547.32, 509.73, 486.40, 

433.59, 409.85 cm–1. [𝜶]𝑫
𝟐𝟎 = +5.421 (c=0.535% (m/v) in EtOH). UV–Vis (EtOH): λmax=228.6 nm. 

Elemental analysis: C19H31NO4S (369.519 g/mol), calculated (%): C (61.76), H (8.46), N (3.79), O 

(17.32), S (8.68) found: C (61.70), H (8.37), N (3.61), O (17.29), S (8.55). 

L-methioninium ethyl ester (R,S)-ibuprofenate - [MetOEt][IBU] 

(2S)-1-ethoxy-4-(methylsulfanyl)-1-oxobutan-2-aminium  

(2R)-2-[4-(2-methylpropyl)phenyl]propanoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.21 (d, J5,6=8.6 Hz, 2H, H5), 7.08 (d, J6,5=7.6 Hz, 2H, H6), 

5.50 (s, 3H, H15), 4.23–4.12 (m, 2H, H17), 3.70–3.60 (m, 2H, H14, H2), 2.57 (t, J12,13=8.0 Hz, 2H), 

2.44 (d, J8,9=7.2 Hz, 2H, H8), 2.07 (s, 3H, H11), 2.05–1.99 (m, 1H, H13’), 1.92–1.76 (m, 2H, H13”, 

H9), 1.46 (d, J2,3=7.2 Hz, 3H, H3), 1.27 (t, J17,18=7.1 Hz, 3H, H18), 0.86–0.90 (2d, 6H, H10). 13C 

NMR (100 MHz, CDCl3) δ [ppm]: 179.35 (C1), 174.70 (C16), 140.47 (C7), 137.92 (C4), 129.30 

(C6), 127.26 (C5), 61.36 (C17), 52.89 (C14), 45.35 (C2), 45.06 (C8), 33.15 (C9), 30.23 (C12), 30.19 

(C13), 22.42 (C1), 18.37 (C3), 15.30 (C11), 14.20 (C18). FT–IR: ν (ATR): 2953.87, 2920.58, 
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2867.13, 2630.70, 1742.46, 1677.76, 1615.21, 1552.77, 1511.36, 1463.11, 1451.01, 1388.15, 

1357.25, 1287.85, 1263.27, 1216.61, 1164.31, 1121.66, 1094.92, 1062.19, 1031.87, 1019.71, 

1006.97, 956.63, 920.67, 881.30, 854.38, 816.87, 798.57, 754.17, 728.79, 694.29, 650.34, 635.49, 

546.99, 484.41, 442.90, 413.08 cm–1. [𝜶]𝑫
𝟐𝟎 = +4.669 (c=0.514% (m/v) in EtOH). UV–Vis (EtOH): 

λmax=228.6 nm. Elemental analysis: C20H33NO4S (383.545 g/mol), calculated (%): C (62.63), H 

(8.67), N (3.65), O (16.69), S (8.36) found: C (62.79), H (8.61), N (3.57), O (16.53), S (7.76). 

L-methioninium propyl ester (R,S)-ibuprofenate - [MetOPr][IBU] 

(2S)-4-(methylsulfanyl)-1-oxo-1-propoxybutan-2-aminium  

(2R)-2-[4-(2-methylpropyl)phenyl]propanoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.22 (d, J5,6=8.1 Hz, 2H, H5), 7.09 (d, J6,5=8.1 Hz, 2H, H6), 

5.09 (s, 3H, H15), 4.14–4.02 (m, 2H, H17), 3.71–3.61 (m, 2H, H2, H14), 2.58 (t, J12,13=7.4 Hz, 2H, 

H12), 2.44 (d, J8,9=7.1 Hz, 2H, H8), 2.07 (s, 3H, H11), 2.05–1.98 (m, 1H, H13’), 1.92–1.76 (m, 2H, 

H13”, H9), 1.73–1.59 (m, 2H, H18), 1.47 (d, J3,2=7.2 Hz, 3H, H3), 0.94 (t, J=7.4 Hz, 3H, H19), 

0.89–0.96 (2d, 6H, H10). 13C NMR (100 MHz, CDCl3) δ [ppm]: 179.40 (C1), 174.93 (C16), 140.54 

(C7), 137.80 (C4), 129.32 (C6), 127.26 (C5), 66.91(C17), 52.93 (C14), 45.27 (C2), 45.06 (C8), 33.25 

(C9), 30.25 (C12), 30.19 (C13), 22.42 (C10), 21.95 (C3), 18.34 (C18), 15.30 (C11), 10.39 (C19). 

FT–IR: ν (ATR): 3048.40, 2963.39, 2921.81, 2864.81, 1740.72, 1677.99, 1606.37, 1548.36, 

1512.08, 1459.39, 1420.61, 1390.22, 1366.12, 1354.33, 1312.62, 1284.67, 1216.77, 1196.11, 

1165.40, 1119.213, 1007.64, 993.09, 977.16, 956.76, 938.92, 919.33, 908.22, 880.86, 844.50, 

808.74, 781.38, 755.70, 728.31, 709.21, 692.60, 645.95, 636.43, 624.89, 606.04, 567.16, 548.06, 

529.80, 506.09, 477.71, 429.96 cm–1. [𝜶]𝑫
𝟐𝟎 = +3.808 (c=0.499% (m/v) in EtOH). UV–Vis (EtOH): 

λmax=228.8 nm. Elemental analysis: C21H35NO4S (397.572 g/mol), calculated (%): C (63.44), H 

(8.87), N (3.52), O (16.10), S (8.07) found: C (63.27), H (8.85), N (3.49), O (16.09), S (7.98). 

L-methioninium butyl ester (R,S)-ibuprofenate - [MetOBu][IBU] 

(2S)-1-butoxy-4-(methylsulfanyl)-1-oxobutan-2-aminium  

(2R)-2-[4-(2-methylpropyl)phenyl]propanoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.22 (d, J5,6=8.6 Hz, 2H, H5), 7.09 (d, J6,5=8.1 Hz, 2H, H6), 

4.87 (s, 3H, H15), 4.18–4.08 (m, 2H, H17), 3.72–3.61 (m, 2H, H2, H14), 2.58 (t, J12,13=8.1, 2H, H12), 

2.44 (d, J8,9=7.2 Hz, 2H, H8), 2.08 (s, 3H, H11), 2.06–1.98 (m, 1H, H13’), 1.91–1.76 (m, 2H, H13”, 

H9), 1.70–1.57 (m, 2H, H18), 1.47 (d, J2,3=7.2 Hz, 3H, H3), 1.45–1.31 (m, 2H, H19), 0.94 (t, 

J19,20=7.4 Hz, 3H, H20), 0.89 (2d, 6H, H10). 13C NMR (100 MHz, CDCl3) δ [ppm]: 179.35 (C1), 
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175.07 (C16), 140.57 (C7), 137.74 (C4), 129.33 (C6), 127.26 (C5), 65.18 (C17), 52.98 (C14), 45.23 

(C2), 45.06 (C8), 33.33 (C9), 30.60 (C18), 30.28 (C12), 30.19 (C13), 22.42 (C10), 19.12 (C3), 18.33 

(C19), 15.32 (C11), 13.70 (C20). FT–IR: ν (ATR): 2962.13, 2928.67, 2865.39, 2843.66, 1741.17, 

1677.30, 1607.88, 1548.17, 1511.63, 1460.50, 1420.04, 1365.6, 1354.24, 1310.25, 1284.12, 1265.21, 

1239.88, 1214.29, 1194.17, 1166.42, 1119.80, 1082.55, 1064.05, 1037.08, 1019.88, 1006.58, 993.08, 

961.69, 949.27, 880.12, 845.09, 813.60, 781.15, 753.84, 729.14, 629.87, 645.28, 636.51, 567.12, 

549.44, 529.74, 505.84, 483.94, 430.42 cm–1. [𝜶]𝑫
𝟐𝟎 = +3.231 (c=0.588% (m/v) in EtOH). UV–Vis 

(EtOH): λmax=228.6 nm. Elemental analysis: C21H35NO4S (411.598 g/mol), calculated (%): C 

(64.20), H (9.06), N (3.40), O (15.55), S (7.79) found: C (64.18), H (9.00), N (3.40), O (15.49), S 

(7.70).  

L-threoninium methyl ester (R,S)-ibuprofenate - [ThrOMe][IBU] 

(2S)-3-hydroxy-1-methoxy-1-oxobutan-2-aminium (2R)-2-[4-(2-methylpropyl)phenyl]propanoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.20 (d, J5,6=8.2 Hz, 2H, H5), 7.06 (d, J6,5=7.9 Hz, 2H, H6), 

5.90 (s, 3H, H15), 4.03–3.92 (m, 1H, H13), 3.70 (s, 3H, H17), 3.71–3.58 (m, 1H, H12), 3.36 (d, 

J14,12=5.0 Hz, 1H, H14), 2.43 (d, J8,9=7.2 Hz, 2H, H8), 1.90–1.76 (m, 1H, H9), 1.44 (d, J11,12=7.2 Hz, 

3H, H11), 1.19 (d, J2,3=6.4 Hz, 3H, H3), 0.95–0.81 (2d, 6H, H10). 13C NMR (100 MHz, CDCl3) δ 

[ppm]: 180.14 (C1), 172.54 (C16), 140.36 (C7), 138.33 (C4), 129.25 (C6), 127.30 (C5), 67.44 (C17), 

59.32 (C12), 52.59 (C14), 45.81 (C2), 45.05 (C8), 30.21 (C9), 22.42 (C10), 19.87 (C3), 18.49 (C11). 

FT–IR: ν (ATR): 3049.51, 3022.10, 2952.35, 2927.74, 2867.88, 2846.66, 2647.60, 2359.46, 

2054.69, 2042.40, 1747.15, 1704.49, 1666.07, 1511.82, 1460.06, 1436.40, 1422.24, 1391.60, 

1359.15, 1327.29, 1305.55, 1279.73, 1259.10, 1224.13, 1183.38, 1166.75, 1118.59, 1068.56, 

1021.75, 1006.57, 986.79, 965.42, 920.65, 883.60, 859.79, 845.79, 799.76, 792.84, 747.50, 731.76, 

679.44, 634.63, 623.58, 609.28, 564.69, 547.81, 489.70, 447.13, 430.62 cm–1. [𝜶]𝑫
𝟐𝟎 = +0.430 

(c=0.465 % (m/v) in EtOH). UV–Vis (EtOH): λmax=228.8 nm. Elemental analysis: C18H29NO5 

(339.427 g/mol), calculated (%): C (63.69), H (8.61), N (4.13), O (23.57), found: C (63.60), H (8.57), 

N (4.20), O (23.41).  

L-threoninium ethyl ester (R,S)-ibuprofenate - [ThrOEt][IBU] 

(2S)-1-ethoxy-3-hydroxy-1-oxobutan-2-aminium (2R)-2-[4-(2-methylpropyl)phenyl]propanoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.24 (d, J5,6=7.8 Hz, 2H, H5), 7.07 (d, J6,5=7.9 Hz, 2H, H6), 

5.20 (s, 3H, H15), 4.26–4.14 (m, 2H, H17), 4.01–3.91 (m, 1H, H12), 3.70–3.60 (m, 1H, H13), 3.33 
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(d, 1H, J14,12=5.2 Hz, 1H, H14), 2.43 (d, J7,8=7.2 Hz, 2H, H8), 1.89–1.76 (m, 1H, H9), 1.46 (d, 

J11,12=7.2 Hz, 3H, H11), 1.27 (t, J18,17=7.1 Hz, 3H, H18), 1.23 (d, J3,2=6.4 Hz, 3H, H3), 0.96–0.89 

(2d, 6H, H10). 13C NMR (100 MHz, CDCl3) δ [ppm]: 179.76 (C1), 172.95 (C16), 140.45 (C7), 

137.93 (C4), 129.26 (C6), 127.25 (C5), 67.84 (C17), 61.53 (C13), 59.52 (C14), 45.44 (C2), 45.03 

(C8), 30.16 (C9), 22.38 (C10), 19.85 (C3), 18.36 (C12), 14.11 (C11). FT–IR: ν (ATR): 2953.43, 

2927.49, 2867.94, 2080.10, 1743.26, 1511.58, 1460.17, 1382.89, 1364.60, 1286.60, 1218.50, 

1184.90, 1546.45, 1115.11, 1058.09, 1021.39, 911.21, 882.47, 854.60, 786.48, 754.13, 725.51, 

667.02, 634.41, 548.55, 484.36, 413.36 cm–1. [𝜶]𝑫
𝟐𝟎 = −0.795 (c=0.503% (m/v) w EtOH). UV–Vis 

(EtOH): λmax=228.8 nm. Elemental analysis: C19H31NO5 (353.453 g/mol). calculated (%): C (64.56), 

H (8.84), N (3.96), O (22.63), found: C (64.49), H (8.71), N (3.80), O (22.52).  

L-threoninium propyl ester (R,S)-ibuprofenate - [ThrOPr][IBU] 

(2S)-3-hydroxy-1-oxo-1-propoxybutan-2-aminium (2R)-2-[4-(2-methylpropyl)phenyl]propanoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.20 (d, J5,6=8.9 Hz, 2H, H5), 7.07 (d, J6,5=6.3 Hz, 2H, H6), 

5.12 (s, 3H, H15), 4.14–4.05 (m, 2H, H17), 3.99–3.91 (m, 1H, H12), 3.68–3.57 (m, 1H, H11), 3.33 

(d, J14,15=5.2 Hz, 1H, H14), 2.43 (d, J8,7=7.1 Hz, 2H, H8), 1.91–1.76 (m, 1H, H9), 1.73–1.60 (m, 2H, 

H18), 1.45 (d, J11,12=7.1 Hz, 3H, H11), 1.22 (d, J3,2=6.4 Hz, 3H, H3), 0.94 (d, J19,18=7.5 Hz, 3H, H19), 

0.91–0.84 (2d, 6H, H10). 13C NMR (100 MHz, CDCl3) δ [ppm]: 179.78 (C1), 172.98 (C16), 140.38 

(C7), 138.22 (C4), 129.26 (C6), 127.28 (C5), 67.86 (C17), 67.15 (C12), 59.58 (C14), 45.65 (C2), 

45.06 (C8), 30.19 (C9), 22.42 (C18), 21.89 (C10), 19.91 (C3), 18.47 (C11), 10.36 (C10). FT–IR: ν 

(ATR): 3013.75, 2978.83, 2954.61, 2925.50, 2868.51, 2086.04, 1743.13, 1548.20, 1511.69, 1460.11, 

1383.37, 1364.43, 1286.47, 1217.62, 1185.28, 1117.18, 1059.25, 1021.60, 1001.42, 920.64, 883.41, 

851.78, 786.33, 754.30, 727.09, 666.19, 634.03, 596.46, 547.87, 424.33 cm–1. [𝜶]𝑫
𝟐𝟎 = −1.679 

(c=0.536% (m/v) in EtOH). UV–Vis (EtOH): λmax=228.3 nm. Elemental analysis: C20H33NO5 

(367.480 g/mol), calculated (%): C (65.37), H (9.05), N (3.81), O (21.77); found: C (64.36); H (9.01); 

N (3.79); O (21.79).  

L-threoninium butyl ester (R,S)-ibuprofenate - [ThrOBu][IBU] 

(2S)-1-butoxy-3-hydroxy-1-oxobutan-2-aminium (2R)-2-[4-(2-methylpropyl)phenyl]propanoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.21 (d, J5,6=8.1 Hz, 2H, H5), 7.08 (d, J6,5=8.1 Hz, 2H, H6), 

5.24 (s, 4H, H15, H13), 4.20–4.09 (m, 2H, H17), 4.00–3.90 (m, 1H, H12), 3.70–3.60 (m, 1H, H11), 

3.33 (d, J14,15=5.2 Hz, 1H, H14), 2.43 (d, J8,7=7.2 Hz, 2H, H8), 1.89–1.76 (m, 1H, H9), 1.69–1.57 
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(m, 2H, H18), 1.46 (d, J11,12=7.1 Hz, 3H, H11), 1.44–1.31 (m, 2H, H19), 1.23 (d, J3,2=6.4 Hz, 3H, 

H3), 0.98–0.86 (m, 9H, H20, H10). 13C NMR (100 MHz, CDCl3) δ [ppm]: 179.83 (C1), 173.12 

(C16), 140.50 (C7), 137.94 (C4), 129.30 (C6), 127.28 (C5), 67.90 (C17), 65.44 (C12), 59.58 (C14), 

45.46 (C2), 45.06 (C8), 30.54 (C9), 30.19 (C18), 22.42 (C19), 19.91 (C10), 19.10 (C3), 18.39 (C11), 

13.68 (C20). FT–IR: ν (ATR): 2955.34, 2930.45, 2930.45, 2072.04, 1742.03, 1550.59, 1511.43, 

1459.70, 1383.22, 1364.73, 1285.74, 1216.36, 1117.40, 1060.97, 1021.30, 919.47, 883.51, 846.11, 

785.85, 754.67, 727.18, 665.67, 633.50, 596.62, 548.13, 465.86, 431.14, 412.85cm–1. [𝜶]𝑫
𝟐𝟎 = −1.737 

(c=0.518% (m/v) in EtOH). UV–Vis (EtOH): λmax=228.7 nm. Elemental analysis: C21H35NO5 

(381.506 g/mol). calculated (%): C (66.11), H (9.25), N (3.67), O (20.97), found: C (66.15), H (9.13), 

N (3.65), O (20.67). 

L-valinium methyl ester S-(+)-ibuprofenate - [ValOMe][S(+)-IBU] 

(2S)-1-methoxy-3-methyl-1-oxobutan-2-aminium (2S)-2-[4-(2-methylpropyl)phenyl]propanoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.21 (d, J5,6=8,1 Hz, 2H, H5), 7.06 (d, J6,5=8.1 Hz, 2H, H6), 

5.75 (s, 3H, H15), 3.69 (s, 3H, H17), 3.67–3.58 (q, 1H, H2), 3.40 (d, J14,15=4.6 Hz, 1H, H14), 2.42 

(d, J8,9=7.1 Hz, 2H, H8), 2.11–1.98 (m, 1H, H12), 1.90–1.76 (m, 1H, H9), 1.43 (d, J3,2=7.1 Hz, 3H, 

H3), 0.97–0.81 (m, 12H, H13, H11, H10). 13C NMR (100 MHz, CDCl3) δ [ppm]: 179.31 (C1), 

174.21 (C16), 140.19 (C7), 138.54 (C4), 129.19 (C5), 127.28 (C6), 59.01 (C17), 52.02 (C14), 45.76 

(C8), 45.06 (C2), 31.45 (C12), 30.20 (C9), 22.41 (C10), 18.74 (C13), 18.55 (C3), 17.37 (C11). FT–

IR: ν (ATR): 2965.41, 2954.34, 2929.03, 2867.37, 2844.34, 2726.65, 2614.94, 2187.96, 1740.44, 

1704.20, 1621.22, 1578.28, 1510.06, 1461.34, 1433.53, 1421.55, 1394.31, 1379.14, 1363.87, 

1326.02, 1284.60, 1263.55, 1227.18, 1202.92, 1171.20, 1107.39, 1080.04, 1063.01, 1050.82, 

1021.96, 992.56, 927.27, 882.38, 850.15, 812.88, 800.44, 793.20, 767.82, 754.18, 740.16, 726.94, 

679.36, 595.13, 539.62, 487.65, 469.95, 427.66 cm–1. [𝜶]𝑫
𝟐𝟎 = +43.487 (c=0.522 % (m/v) in EtOH). 

UV–Vis (EtOH): λmax=223.0 nm. Elemental analysis: C20H33NO4 (337.458 g/mol), calculated (%): 

C (67.63), H (9.26), N (4.15), O (18.96), found: C (69.28), H (9.46), N (4.18), O (18.95).  

L-valinium ethyl ester S-(+)-ibuprofenate - [ValOEt][S(+)-IBU] 

(2S)-1-ethoxy-3-methyl-1-oxobutan-2-aminium (2S)-2-[4-(2-methylpropyl)phenyl]propanoate 

16
14

O

NH3
+

15

12

13

11O

17

18 4

5

5

6

6

7

2
1

3

O

O
–

8

9

10

10

 

1H NMR (400 MHz, CDCl3) δ [ppm]: 7.20 (d, J5,6=8.1 Hz, 2H, H5), 7.05 (d, J6,5=7.7 Hz, H6), 5.73 

(s, 3H, H15), 4.25–4.08 (m, 2H, H17), 3.68–3.58 (q, 1H, H2), 3.39 (d, J14,12=4.6 Hz, 1H, H14), 2.42 

(d, J8,7=7.1 Hz, 2H, H8), 2.12–1.99 (m, 1H, H12), 1.90–1.76 (m, 1H, H9), 1.44 (d, J3,2=7.2 Hz, 3H, 
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H3), 1.25 (t, J18,19=7,1 Hz, H18), 0.92 (d, J13,12=6,9 Hz, 3H, H13); 0.92–0.85 (m, 9H, H11, H10). 13C 

NMR (100 MHz, CDCl3) δ [ppm]: 179.27 (C1), 173.82 (C16), 140.23 (C7), 138.46 (C4), 129.21 

(C5), 127.27 (C6), 61.07 (C17), 58.99 (C14), 45.70 (C8), 45.07 (C2), 31.47 (C12), 30.20 (C9), 22.42 

(C10), 18.76 (C13), 18.52 (C3), 17.30 (C11), 14.22 (C18). FT–IR: ν (ATR): 2965.60, 2952.69, 

2927.46, 2867.68, 2846.77, 2659.37, 2192.95, 1740.86, 1703.12, 1619.86, 1581.74, 1509.28, 

1460.28, 1420.84, 1381.04, 1362.56, 1328.32, 1287.83, 1254.14, 1224.98, 1205.67, 1153.85, 

1115.43, 1088.03, 1057.88, 1020.54, 1004.10, 881.81, 855.64, 814.20, 800.25, 755.52, 727.32, 

717.46, 688.27, 636.22, 595.22, 546.63, 522.03, 465.34, 429.55, 401.14 cm–1. [𝜶]𝑫
𝟐𝟎 = +38.021 

(c=0.576% (m/v) w EtOH). UV–Vis (EtOH): λmax=223.0 nm. Elemental analysis: C20H33NO4 

(351.485 g/mol). calculated (%): C (68.34), H (9.46), N (3.99), O (18.21), found: C (68.72), H (9.31), 

N (4.07), O (18.10).  

L-valinium isopropyl ester S-(+)-ibuprofenate - [ValOiPr][S(+)-IBU] 

(2S)-3-methyl-1-oxo-1-[(propan-2-yl)oxy]butan-2-aminium  

(2S)-2-[4-(2-methylpropyl)phenyl]propanoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.20 (d, J5,6=8,5 Hz, 2H, H5), 7.06 (d, J6,5=7.8 Hz, H6), 6.04 

(s, 3H, H15), 5.10–4.96 (m, 1H, H17), 3.67–3.57 (q, 1H, H2), 3.36 (d, J14,12=4,4 Hz, 1H, H14), 2.42 

(d, J8,9=7.1 Hz, 2H, H8), 2.11–1.98 (m, 1H, H12), 1.89–1.76 (m, 1H, H9), 1.43 (d, J3,2=7.3 Hz, 3H, 

H3), 1.23 (2d, dd, J19,17=6.1 Hz, J18,17=6.0 Hz, 6H, H19, H18), 0.95–0.84 (m, 12H, H13, H11, H10). 

13C NMR (100 MHz, CDCl3) δ [ppm]: 179.16 (C1), 173.16 (C16), 140.06 (C4), 138.66 (C7), 129.13 

(C5), 127.25 (C6), 68.71 (C17), 58.91 (C14), 45.79 (C8), 45.04 (C2), 31.37 (C12), 30.15 (C9), 22.38 

(C10), 21.74 (C18), 21.74 (C19), 18.65 (C13), 18.56 (C3), 17.25 (C11). FT–IR: ν (ATR): 3024.48, 

2967.27, 2952.54, 2934.35, 2901.79, 2868.71, 2839.07, 2603.72, 2195.02, 1740.10, 1619.66, 

1578.47, 1503.45, 1462.87, 1416.87, 1383.27, 1367.70, 1330.49, 1288.25, 1228.16, 1189.25, 

1178.05, 1145.17, 1104.26, 1068.30, 1051.98, 1019.06, 1008.03, 962.10, 915.96, 893.27, 877.70, 

846.31, 825.62, 806.77, 784.70, 773.62, 755.81, 699.57, 669.94, 638.98, 588.32, 522.03, 486.67, 

433.42, 417.79, 401.14 cm–1. [𝜶]𝑫
𝟐𝟎 = +35.945 (c=0.587% (m/v) in EtOH). UV–Vis (EtOH): 

λmax=225.0 nm. Elemental analysis: C21H35NO4 (365.512 g/mol), calculated (%): C (69.01), H 

(9.65), N (3.85), O (17.51), found: C (69.48), H (9.66), N (4.02), O (17.47).  

L-valinium propyl ester S-(+)-ibuprofenate - [ValOPr][S(+)-IBU] 

(2S)-3-methyl-1-oxo-1-propoxybutan-2-aminium (2S)-2-[4-(2-methylpropyl)phenyl]propanoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.20 (d, J5,6=8.0 Hz, 2H, H5), 7.06 (d, J6,5=8.0 Hz, 2H, H6), 

6.27 (s, 3H, H15), 4.14–3.98 (m, 2H, H17), 3.65–3.58 (m, 1H, H2), 3.41 (d, J14,12=4.6 Hz, 1H, H14), 

2.43 (d, J8,9=7.2 Hz, 2H, H8), 2.12–1.99 (m, 1H, H12), 1.89–1.76 (m, 1H, H9), 1.72–1.56 (m, 2H, 

H18), 1.44 (d, J3,2=7.1 Hz, 3H, H3), 1.04–0.75 (m, 15H, H13, H11, H10, H9). 13C NMR (100 MHz, 

CDCl3) δ [ppm]: 179.37 (C1), 173.62 (C16), 140.15 (C7), 138.58 (C4), 129.18 (C5), 127.28 (C6), 

66.78 (C17), 58.91 (C14), 45.79 (C8), 45.08 (C2), 31.36 (C12), 30.20 (C9), 22.42 (C10), 21.93 

(C18), 18.62 (C13), 17.36 (C11), 10.41 (C19). FT–IR: ν (ATR): 2966.30, 2930.74, 2908.92, 

2868.54, 2842.33, 2684.98, 2200.92, 1741.30, 1704.54, 1619.00, 1581.58, 1495.72, 1459.48, 

1417.83, 1386.64, 1359.76, 1328.87, 1318.16, 1289.01, 1247.72, 1227.03, 1213.11, 1150.40, 

1116.97, 1087.07, 1061.52, 1023.57, 1002.35, 969.24, 928.96, 903.78, 881.15, 848.43, 825.12, 

812.03, 786.85, 777.16, 756.01, 694.21, 635.91, 596.22, 523.26, 466.57, 417.32 cm–1. [𝜶]𝑫
𝟐𝟎 = 

+39.576 (c=0.513% (m/v) in EtOH). UV–Vis (EtOH): λmax=229.0 nm. Elemental analysis: 

C21H35NO4 (365.512 g/mol), calculated (%): C (69.01), H (9.65), N (3.85), O (17.51), found: C 

(70.24), H (9.72), N (3.68), O (17.27). 

L-valinium butyl ester S-(+)-ibuprofenate - [ValOBu][S(+)-IBU] 

(2S)-1-butoxy-3-methyl-1-oxobutan-2-aminium (R,S)-2-[4-(2-methylpropyl)phenyl]propanoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.21 (d, J5,6=8.1 Hz, 2H, H5), 7.05 (d, J6,5=8.0 Hz, 2H, H6), 

5.62 (s, 3H, H15), 4.19–4,01 (m, 2H, H17), 3.68–3.58 (q, 1H, H2), 3.39 (d, J14,12=4.6 Hz, 1H, H14), 

2.42 (d, J8,9=7.2 Hz, 2H, H8), 2.12–1.98 (m, 1H, H12), 1.91–1.76 (m, 1H, H9), 1.67–1.55 (m, 2H, 

H18), 1.44 (d, J3,2=7.1 Hz, 3H, H3), 1.43–1.30 (m, 2H, H19), 0.97–0.85 (m, 15H, H20, H13, H11, 

H10). 13C NMR (100 MHz. CDCl3) δ [ppm]: 179.25 (C1), 174.05 (C6), 140.22 (C7), 138.44 (C4), 

129.21 (C5), 127.27 (C6), 64.98 (C7), 59.02 (C14), 45.70 (C8), 45.07 (C2), 31.51 (C12), 30.60 

(C18), 30.20 (C9), 22.42 (C10), 19.12 (C19), 18.80 (C13), 18.53 (C3), 17.30 (C11), 13.67 (C20). 

FT–IR: ν (ATR): 3020.37, 2954.35, 2931.50, 2911.14, 2868.39, 2685.85, 2196.85, 1741.24, 

1703.91, 1618.50, 1581.80, 1508.55, 1464.15, 1417.04, 1386.12, 1362.21, 1317.01, 1308.69, 

1286.87, 1253.09, 1226.11, 1210.06, 1149.20, 1118.06, 1089.06, 1061.42, 1019.09, 1002.71, 961.06, 

934.23, 908.37, 879.09, 854.34, 841.37, 827.00, 812.68, 786.66, 774.05, 757.77, 734.99, 709.10, 

691.98, 636.12, 598.80, 524.28, 504.11, 468.37, 419.04, 404.37 cm–1. [𝜶]𝑫
𝟐𝟎 = +35.846 (c=0.544% 

(m/v) in EtOH). UV–Vis (EtOH): λmax=223.0 nm. Elemental analysis: C22H37NO4 (379.539 g/mol), 

calculated (%): C (69.62), H (9.83), N (3.69), O (16.86), found: C (70.14), H (9.80), N (3.80), O 

(16.80).  

L-valinium pentyl ester S-(+)-ibuprofenate - [ValOAm][S(+)-IBU] 

(2S)-3-methyl-1-oxo-1-(pentyloxy)butan-2-aminium (2S)-2-[4-(2-methylpropyl)phenyl]propanoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.21 (d, J5,6=7.9 Hz, 2H, H5), 7.07 (d, J6,5=7.8 Hz, 2H, H6), 

5.49 (s, 3H, H15), 4.19–4.02 (m, 2H, H17), 3.72–3.54 (q, 1H, H2), 3.39 (d, J14,13=4,5 Hz, 1H, H14), 

2.43 (d, J8,9=7.2 Hz, 2H, H8), 2.15–1.98 (m, 1H, H12), 1.91–1.73 (m, 1H, H9), 1.93–1.53 (m, 2H, 

H18), 1.44 (d, J3,2=7.3 Hz, 3H, H3), 1.40–1.26 (m, 4H, H20, H19), 1.06–0.76 (m, 15H, H21, H13, 

H11, H10). 13C NMR (100 MHz. CDCl3) δ [ppm]: 179.22 (C1), 174.26 (C16), 140.28 (C7), 138.32 

(C4), 129.23 (C5), 127.26 (C6), 65.22 (C17), 59.09 (C14), 45.57 (C8), 45.07 (C2), 31.58 (C12), 

30.20 (C9), 28.27 (C18), 28.03 (C19), 22.42 (C10), 22.27 (C20), 18.86 (C13), 18.50 (C3), 17.27 

(C11), 13.96 (C21). FT–IR: ν (ATR): 2955.77, 2931.51, 2870.07, 2843.45, 2648.06, 2198.10, 

1740.24, 1619.95, 1582.39, 1506.54, 1460.65, 1419.67, 1386.74, 1362.73, 1328.99, 1317.27, 

1288.41, 1208.13, 1167.09, 1150.46, 1115.98, 1056.55, 1020.01, 1004.77, 968.76, 879.31, 856.04, 

812.39, 786.90, 726.64, 691.11, 596.26, 543.31, 520.43, 467.96, 416.89 cm–1. [𝜶]𝑫
𝟐𝟎 = +33.915 

(c=0.516% (m/v) in EtOH). UV–Vis (EtOH): λmax=224.0 nm. Elemental analysis: C23H39NO4 

(393.565 g/mol), calculated (%): C (70.08), H (9.99), N (3.56), O (16.26), found: C (70.90), H 

(10.03), N (3.77), O (16.10). 

L-valinium hexyl ester S-(+)-ibuprofenate - [ValOHex][S(+)-IBU] 

(2S)-1-(hexyloxy)-3-methyl-1-oxobutan-2-aminium (2S)-2-[4-(2-methylpropyl)phenyl]propanoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.21 (d, J5,6=7.8 Hz, 2H, H5), 7.06 (d, J6,5=8.1 Hz, H6), 5.74 

(s, 3H, H15), 4.18–4.02 (m, 2H, H17), 3.68–3.58 (q, 1H, H2), 3.40 (d, J14,12=4.6 Hz, 1H, H14), 2.43 

(d, J8,9=7.2 Hz, H2, H8), 2.12–1.99 (m, 1H, H12), 1.91–1.76 (m, 1H, H9), 1.68–1.56 (m, 2H, H18), 

1.45 (d, J3,2=7,3 Hz, 3H, H3), 1.40–1.23 (m, 6H, H21, H20, H19), 0.94–0.87 (m, 15H, H22, H13, 

H11, H10). 13C NMR (100 MHz, CDCl3) δ [ppm]: 179.21 (C1), 173.94 (C16), 140.18 (C7), 138.43 

(C4), 129.17 (C5), 127.24 (C6), 65.23 (C17), 58.99 (C14), 45.65 (C8), 45.04 (C2), 31.46 (C12), 

31.34 (C18), 30.16 (C9), 28.50 (C19), 25.52 (C20), 22.49 (C21), 22.38 (C10), 18.75 (C13), 18.49 

(C3), 17.27 (C11), 13.96 (C22). FT–IR: ν (ATR): 2955.25, 2927.86, 2868.63, 2664.90, 2194.08, 

1741.30, 1704.08, 1619.98, 1582.23, 1508.70, 1461.69, 1419.80, 1387.39, 1363.19, 1328.99, 

1318.47, 1288.93, 1255.81, 1224.34, 1210.10, 1167.27, 1116.72, 1059.22, 1021.33, 1004.17, 983.77, 

918.08, 903.71, 880.70, 856.42, 813.06, 800.05, 786.91, 774.87, 756.32, 726.51, 692.97, 636.44, 

597.20, 544.64, 521.00, 470.31, 429.43, 417.31 cm–1. [𝜶]𝑫
𝟐𝟎 = +33.650 (c=0.526% (m/v) in EtOH). 

UV–Vis (EtOH): λmax=224.3 nm. Elemental analysis: C24H41NO4 (405.576 g/mol), calculated (%): 

C (70.72), H (10.14), N (3.44), O (15.70), found: C (71.18), H (10.15), N (3.57), O (15.58). 
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L-valinium heptyl ester S-(+)-ibuprofenate - [ValOHept][S(+)-IBU] 

(2S)-1-(heptyloxy)-3-methyl-1-oxobutan-2-aminium (2S)-2-[4-(2-methylpropyl)phenyl]propanoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.21 (d, J5,6=8.0 Hz, 2H, H5), 7.08 (d, J6,5=8.1 Hz, 2H, H6), 

5.46 (s, 3H, H15), 4.17–4.03 (m, 2H, H17), 3.70–3.58 (q, 1H, H2), 3.39 (d, J14,12=4,5 Hz, 1H, H14), 

2.43 (d, J8,9=7,2 Hz, 2H, H9), 2.12–2.00 (m, 1H, H12), 1.89–1.76 (m, 1H, H8, H22, H21, H20, H18), 

1.68–1.50 (m, 2H, H18), 1.46 (d, J3,2=7,1 Hz, 3H, H3), 1.37–1.22 (m, 8H), 0.72–1.02 (m, 15H). 13C 

NMR (100 MHz, CDCl3) δ [ppm]: 179.23 (C1), 173.86 (C16), 140.13 (C7), 138.60 (C4), 129.17 

(C5), 127.28 (C6), 65.28 (C17), 58.99 (C14), 45.77 (C8), 45.08 (C2), 31.70 (C12), 31.44 (C18), 

30.19 (C9), 28.87 (C19), 28.57 (C20), 25.85 (C21), 22.58 (C22), 22.41 (C10), 18.74 (C13), 18.57 

(C4), 17.33 (C11), 14.06 (C23). FT–IR: ν (ATR): 2959.24, 2923.48, 2859.48, 2686.08, 2090.11, 

1737.37, 1701.24, 1619.06, 1582.57, 1509.77, 1464.06, 1419.14, 1387.19, 1358.24, 1316.82, 

1288.78, 1254.31, 1210.38, 1165.63, 1148.23, 1116.70, 1087.08, 1059.97, 1021.84, 1003.03, 967.45, 

929.90, 882.28, 854.43, 824.86, 813.27, 785.80, 773.57, 755.90, 726.58, 694.03, 636.46, 597.22, 

525.26, 470.91, 429.31, 417.15 cm–1. [𝜶]𝑫
𝟐𝟎 = +31.250 (c=0.560% (m/v) in EtOH). UV–Vis (EtOH): 

λmax=223.9 nm. Elemental analysis: C25H43NO4 (421.619 g/mol), calculated (%): C (71.72), H 

(10.23), N (3.32), O (15.18), found: C (71.15), H (10.38), N (3.49), O (15.10).  

L-valinium octyl ester S-(+)-ibuprofenate - [ValOOct][S(+)-IBU] 

(2S)-3-methyl-1-(octyloxy)-1-oxobutan-2-aminium (2S)-2-[4-(2-methylpropyl)phenyl]propanoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.21 (d, J5,6=8.1 Hz, 2H, H5), 7.05 (d, J6,5=8.1 Hz, H2, H6), 

6.12 (s, 3H, H15), 4.17–4.01 (m, 2H, H17), 3.66–3.55 (q, 1H, H2), 3.41 (d, J3,2=4,5 Hz, 1H, H14), 

2.43 (d, J8,9=7.2 Hz, 2H, H8), 2.13–1.97 (m, 1H, H12), 1.92–1.74 (m, 1H, H9), 1.66–1.53 (m, 2H, 

H18), 1.43 (d, J3,2=7.1 Hz, 3H, H3), 1.37–1.25 (m, 10H, H23, H22, H21, H20, H19), 0.94–0.87 (m, 

15H, H24, H13, H11, H10). 13C NMR (100 MHz, CDCl3) δ [ppm]: 179.38 (C1), 173.40 (C16), 

140.11 (C7), 138.72 (C4), 129.16 (C5), 127.29 (C6), 65.36 (C17), 58.86 (C14), 45.89 (C8), 45.08 

(C2), 31.79 (C12), 31.30 (C18), 30.21 (C9), 29.17 (C20), 28.55 (C21), 25.88 (C22), 22.65 (C23), 

22.42 (C10), 18.78 (C13), 18.64 (C3), 17.38 (C11), 14.11 (C24). FT–IR: ν (ATR): 2955.66, 2921.70, 

2854.68, 2654.85, 2195.52, 1739.88, 1702.41, 1619.35, 1583.35, 1508.89, 1462.00, 1419.73, 

1388.92, 1364.18, 1317.65, 1288.12, 1253.31, 1223.92, 1209.62, 1116.57, 1086.95, 1059.48, 

1021.34, 1003.64, 965.64, 940.78, 881.63, 855.72, 813.51, 800.23, 786.14, 774.76, 755.95, 726.58, 

693.15, 636.43, 596.87, 543.06, 523.64, 470.20, 415.78 cm–1. [𝜶]𝑫
𝟐𝟎 = +30.841 (c=0.535% (m/v) in 

EtOH). UV–Vis (EtOH): λmax=223.3 nm. Elemental analysis: C26H45NO4 (435.645 g/mol), 
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calculated (%): C (71.68), H (10.41), N (3.21), O (14.69), found: C (72.24), H (10.70), N (3.10), O 

(14.69). 

L-AMINO ACID ALKYL ESTER SALTS OF KETOPROFEN 

L-isoleucinium methyl ester (R,S)-ketoprofenate - [IleOMe][KETO] 

(2S)-1-methoxy-3-methyl-1-oxopentan-2-aminium (R,S)-2-(3-benzoylphenyl)propanoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.80–7.77 (m, 3H, H16, H12, H7), 7.64 (d, J9,8=7.7 Hz, 1H, 

H9), 7.60–7.53 (m, 2H, H14, H13), 7.47 (d, J5,6=7.3 Hz, 2H, H5, H15), 7.40 (t, J6,5=7.7 Hz, 1H, H6), 

6.20 (s, 3H, H22), 3.78–3.72 (m, 1H, H2), 3.70 (s, 3H, H24), 3.51 (d, J19,21=4,5 Hz, 1H, H21), 1.89–

1.66 (m, 1H, H19), 1.49 (d, J3,2=7.1 Hz, 3H, H3), 1.43–1.32 (m, 1H, H18’), 1.25–1.13 (m, 1H, H18”), 

0.92–0.83 (m, 6H, H17, H20). 13C NMR (100 MHz, CDCl3) δ [ppm]: 196.68 (C10), 178.57 (C1), 

174.17 (C23), 141.61 (C8), 137.72 (C11), 137.53 (C4), 132.48 (C5), 131.77 (C14), 130.11 

(C12/C16), 129.32 (C9), 128.83 (C6), 128.39 (C7), 128.30 (C13/C15), 58.05 (C24), 52.06 (C21), 

45.99 (C2), 38.39 (C19), 24.86 (C18), 18.53 (C3), 15.32 (C20), 11.66 (C17). FT–IR: ν (ATR): 

3057.34, 2966.65, 2934.32, 2876.84, 2592.70, 2102.63, 1957.56, 1957.56, 1742.21, 1655.66, 

1596.42, 1577.29, 1481.78, 1447.04, 1388.37, 1358.52, 1316.96, 1279.94, 1217.10, 1178.00, 

1137.83, 1074.53, 1015.65, 998.57, 964.30, 908.69, 857.32, 818.53, 750.05, 717.96, 701.52, 665.78, 

641.47, 517.30, 408.14 cm–1. [𝜶]𝑫
𝟐𝟎 =+16.562 (c=0.634% (m/v) in EtOH). UV–Vis (EtOH): 

λmax=203.1 nm. Elemental analysis: C23H29NO5 (399.480 g/mol), calculated (%): C (69.15), H 

(7.32), N (3.51), O (20.03), found: C (68.97), H (7.25), N (3.45), O (19.87).  

L-isoleucinium ethyl ester (R,S)-ketoprofenate - [IleOEt][KETO] 

(2S)-1-ethoxy-3-methyl-1-oxopentan-2-aminium (R,S)-2-(3-benzoylphenyl)propanoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.84–7.73 (m, 3H, H16, H12, H7), 7.64 (d, J9,8=7.7 Hz, 1H, 

H9), 7.62–7.50 (m, 2H, H14, H13), 7.46 (t, J5,6=7,6 Hz, 2H, H15, H5), 7.39 (t, J6,6=7.7 Hz, 1H, H6), 

6.29 (s, 3H, H22), 4.27–4.03 (m, 2H, H24), 3.80–3.66 (m, 1H, H2), 3.50 (d, J19,21=4.4 Hz, 1H, H21), 

1.91–1.68 (m, 1H, H19), 1.49 (d, J3,2=7.2 Hz, 3H, H3), 1.47–1.33 (m, 1H, H18’), 1.25 (t, J20,19=7.2 

Hz, 3H, H20), 1.21–1.18 (m, 1H, H18”), 0.94–0.82 (m, 6H, H25, H17). 13C NMR (100 MHz, CDCl3) 

δ [ppm]: 196.66 (C10), 178.52 (C1), 173.58 (C23), 141.79 (C8), 137.69 (C11), 137.55 (C4), 132.45 

(C5), 131.77 (C14), 130.11 (C12/C16), 129.33 (C9), 128.76 (C6), 128.36 (C7), 128.28 (C7/C15), 

61.14 (C24), 57.99 (C21), 46.11 (C2), 38.36 (C19), 24.91 (C18), 18.57 (C3), 15.30 (C20), 14.22 

(C17), 11.70 (C25). FT–IR: ν (ATR): 3180.05, 3056.96, 2964.45, 2932.56, 2875.81, 1982.72, 
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1738.23, 1656.90, 1596.07, 1575.44, 1446.94, 1384.83, 1356.82, 1316.95, 1279.35, 1217.78, 

1178.32, 1138.56, 1095.82, 1074.49, 1059.50, 1024.86, 998.78, 965.22, 953.49, 908.26, 877.83, 

859.24, 833.84, 777.13, 719.49, 702.78, 641.59, 524.54, 488.12, 439.05, 429.14, 418.41, 401.96 cm–

1. [𝜶]𝑫
𝟐𝟎 = +14.108 (c=0.482% (m/v) in EtOH). UV–Vis (EtOH): λmax=202.5 nm. Elemental 

analysis: C24H31NO5 (413.507 g/mol), calculated (%): C (69.71), H (7.56), N (3.93), O (19.35), 

found: C (69.51), H (7.40), N (3.87), O (19.23). 

L-isoleucinium isopropyl ester (R,S)-ketoprofenate - [IleOiPr][KETO] 

(2S)-3-methyl-1-oxo-1-[(propan-2-yl)oxy]pentan-2-aminium (R,S)-2-(3-benzoylphenyl)propanoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.83–7.77 (m, 3H, H16, H12, H7), 7.65 (d, J9,8=7.7Hz, 1H, 

H9), 7.62–7.52 (m, 2H, H14, H13), 7.47 (t, J6,5=7.7 Hz, 2H, H15, H5), 7.41 (t, J6,5=7.7 Hz, 1H, H6), 

5.62 (s, 3H, H22), 5.09–4.99 (m, 1H, H24), 3.79–3.69 (m, 1H, H21), 3.44 (d, J19,21=4.4 Hz, 1H, H21), 

1.84–1.71 (m, 1H, H19), 1.50 (d, J3,2=7.2 Hz, 3H, H3), 1.47–1.32 (m, 1H, H18’), 1.28–1.25 (2d, 6H, 

H26, H25), 1.21–1.13 (m, 1H, H18”), 0.94–0.80 (m, 6H, H20, H17). 13C NMR (100 MHz, CDCl3) 

δ [ppm]: 196.64 (C10), 178.35 (C1), 173.48 (C23), 141.60 (C8), 137.74 (C11), 137.56 (C4), 132.45 

(C5), 131.74 (C14), 130.11 (C12/C16), 129.34 (C9), 128.82 (C6). 128.40 (C7), 128.29 (C13/C15), 

68.73 (C24), 58.16 (C21), 45.95 (C2), 38.54 (C19), 24.88 (C18), 21.81 (C25), 18.52 (C26), 15.36 

(C20), 11.74 (C17). FT–IR: ν (ATR): 2970.17, 2934.55, 2877.08, 2641.28, 2178.17, 2167.80, 

1735.50, 1653.79, 1608.38, 1577.04, 1528.28, 1464.46, 1446.23, 1424.47, 1410.58, 1382.88, 

1359.72, 1316.74, 1306.66, 1289.00, 1277.93, 1224.39, 1174.00, 1146.91, 1105.20, 1073.82, 

1061.16, 1025.74, 999.50, 970.71, 950.16, 905.41, 877.43, 842.26, 825.05, 812.94, 796.79, 784.09, 

717.51, 707.84, 690.71, 657.92, 641.23, 610.79, 591.42, 560.08, 520.08, 484.23, 429.76 cm–1. [𝜶]𝑫
𝟐𝟎 

= +9.053 (c=0.486% (m/v) in EtOH). UV–Vis (EtOH): λmax=205.0 nm. Elemental analysis: 

C25H33NO5 (427.533 g/mol), calculated (%): C (70.23), H (7.78), N (3.28), O (18.71), found: C 

(70.19), H (7.61), N (3.15), O (18.64). 

L-isoleucinium propyl ester (R,S)-ketoprofenate - [IleOPr][KETO] 

(2S)-3-methyl-1-oxo-1-propoxypentan-2-aminium (R,S)-2-(3-benzoylphenyl)propanoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.80–7.76 (m, 3H, H16, H12, H7), 7.63 (d, J9,8=7.7, 1H, H9), 

7.59–7.53 (m, 2H, H14, H13), 7.46 (t, J5,6=7.3 Hz, 2H, H5, H15), 7.38 (t, J6,5=7.7 Hz, 1H, H6), 6.38 

(s, 3H, H22), 4.11–4.00 (m, 2H, H24), 3.73–3.68 (m, 1H, H2), 3.53 (d, J19,21=4.3 Hz, 1H, H21), 1.84–

1.75 (m, 1H, H19), 1.68–1.61 (m, 2H, H25), 1.46 (d, J3,2=7.2 Hz, 3H, H3), 1.43–1.34 (m, 1H, H18’), 
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1.26–1.14 (m, 1H, H18”), 0.94–0.84 (m, 9H, H17, H20, H26). 13C NMR (100 MHz, CDCl3) δ in 

ppm: 196.68 (C10), 178.59 (C1), 173.33 (C23), 142.10 (C8), 137.64 (C11), 137.57 (C4), 132.43 

(C5), 131.80 (C14), 130.10 (C12/C16), 129.33 (C9), 128.65 (C6), 128.29 (C7), 128.27 (C13/C15), 

66.84 (C24), 57.90 (C21), 46.33 (C2), 38.22 (C19), 24.97 (C18), 21.91 (C25), 18.65 (C3), 15.22 

(C20), 11.69 (C17), 10.41 (C26). 

FT–IR: ν (ATR): 2966.98, 2925.49, 2877.40, 2366.06, 2028.40, 2004.01, 1740.25, 1651.37, 

1609.62, 1595.99, 1573.66, 1540.28, 1479.80, 1456.48, 1445.88, 1391.55, 1359.25, 1318.05, 

1280.35, 1250.36, 1217.32, 1172.88, 1157.12, 1102.59, 1059.64, 996.94, 967.10, 923.41, 879.81, 

822.08, 788.47, 779.63, 727.00, 716.50, 705.71, 643.39, 606.13, 532.34, 501.74, 458.27, 443.56, 

433.54, 418.98, 414.97, 411.37, 406.46 cm–1. [𝜶]𝑫
𝟐𝟎 = +13.360 (c=0.509% (m/v) in EtOH). UV–Vis 

(EtOH): λmax=203.8 nm. Elemental analysis: C25H33NO5 (427.533 g/mol), calculated (%): C (70.23), 

H (7.78), N (3.28), O (18.71), found: C (70.34), H (7.92), N (3.30), O (18.83). 

L-isoleucinium butyl ester (R,S)-ketoprofenate - [IleOBu][KETO] 

(2S)-1-butoxy-3-methyl-1-oxopentan-2-aminium (R,S)-2-(3-benzoylphenyl)propanoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.81–7.77 (m, 3H, H16, H12, H7), 7.63 (d, J9,8=7.7, 1H, H9), 

7.60–7.54 (m, 2H, H14, H13), 7.45 (t, J5,6=7.3 Hz, 2H, H15, H5), 7.41 (t, J6,5=7.7 Hz, 1H, H6), 5.83 

(s, 3H, H22), 4.17–4.05 (m, 2H, H24), 3.77–3.71 (m, 1H, H2), 3.49 (d, J19,21=4.4 Hz, 1H, H21), 1.83–

1.75 (m, 1H, H19), 1.65–1.57 (m, 2H, H25), 1.49 (d, J3,2=7.2 Hz, 3H, H3), 1.45–1.40 (m, 1H, H18’), 

1.38–1.32 (m, 2H, H26), 1.28–1.14 (m, 1H, H18”), 0.94–0.86 (m, 9H, H17, H20, H27). 13C NMR 

(100 MHz, CDCl3) δ in ppm: 196.63 (C10), 178.42 (C1) 174.05 (C23), 141.53 (C8), 137.75 (C11), 

137.55 (C4), 132.46 (C5), 131.74 (C14), 130.11 (C12/16), 129.34 (C9), 128.84 (C6), 128.40 (C7), 

128.29 (C13/C15), 64.98 (C24), 58.14 (C21), 45.91 (C2), 38.50 (C19), 30.59 (C26), 24.85 (C18), 

19.13 (C25), 18.50 (C3), 15.40 (C20), 13.65 (C17), 11.70 (C27). FT–IR: ν (ATR): 3051.93, 2961.58, 

2933.43, 2874.57, 2190.95, 2180.37, 1738.18, 1701.00, 1684.65, 1655.24, 1595.21, 1540.23, 

1480.20, 1457.55, 1447.60, 1391.23, 1358.13, 1317.75, 1277.85, 1242.59, 1214.13, 1185.08, 

1117.03, 1106.55, 1074.31, 1058.50, 1027.61, 999.98, 952.30, 923.06, 916.83, 898.97, 876.51, 

832.40, 820.18, 806.26, 788.34, 775.95, 754.67, 719.89, 714.93, 704.63, 666.58, 642.95, 611.11, 

549.49, 505.37, 467.92, 421.31, 417.26 cm–1. [𝜶]𝑫
𝟐𝟎 = +11.469 (c=0.497% (m/v) in EtOH). UV–Vis 

(EtOH): λmax=201.9 nm. Elemental analysis: C26H35NO5 (441.560 g/mol), calculated (%): C (70.72), 

H (7.99), N (3.17), O (18.12), found: C (70.50), H (7.87), N (3.11), O (18.09). 

L-methioninium methyl ester (R,S)-ketoprofenate - [MetOMe][KETO] 

(2S)-1-methoxy-4-(methylsulfanyl)-1-oxobutan-2-aminium (R,S)-2-(3-benzoylphenyl)propanoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.85–7.75 (m, 3H, H16, H12, H7), 7.63 (d, J9,8=7.6 Hz, 1H, 

H9), 7.60–7.54 (m, 2H, H14, H13), 7.48 (t, J6,5=7.8 Hz, 2H, H15, H5), 7.40 (t, J5,6=7.7 Hz, 1H, H6), 

5.85 (s, 3H, H21), 3.79–3.68 (m, 4H, H23, H20), 2.67–2.44 (m, 2H, H18), 2.13–1.96 (m, 4H, H17, 

H19’), 1.94–1.79 (m, 1H, H19”), 1.50 (d, J3,2=7.1 Hz, 3H, H3). 13C NMR (100 MHz, CDCl3) δ 

[ppm]: 196.72 (C10), 178.66 (C1), 174.74 (C22), 141.51 (C8), 137.75 (C11), 137.47 (C4), 132.53 

(C5), 131.79 (C14), 130.13 (C12/C16), 129.26 (C9), 128.91 (C6), 128.42 (C7), 128.31 (C13/C15), 

52.67 (C23), 52.41 (C20), 45,91 (C2), 32,72 (C19), 30.12 (C18), 18.48 (C3), 15.26 (C17). FT–IR: 

ν (ATR): 3344.7, 3152.08, 3060.02, 2973.07, 2918.04, 2136.48, 1746.83, 1696.03, 1654.63, 

1595.58, 1575.77, 1446.25, 1385.65, 1357.08, 1316.99, 1280.55, 1243.36, 1217.21, 1178.18, 

1137.80, 1074.64, 998.04, 965.68, 953.94, 907.75, 878.81, 858.56, 831.59, 751.16, 719.04, 702.36, 

665.30, 641.39, 512.77, 455.46 cm–1. [𝜶]𝑫
𝟐𝟎 =+17.514 (c=0.531% (m/v) in EtOH). UV–Vis (EtOH): 

λmax=205.1 nm. Elemental analysis: C22H27NO5S (417,518 g/mol), calculated (%): C (63.29), H 

(6.52), N (3.35), O (19.16), S (7.68), found: C (63.18), H (6.48), N (3.26), O (19.01), S (7.43).  

L-methioninium ethyl ester (R,S)-ketoprofenate - [MetOEt][KETO] 

(2S)-1-ethoxy-4-(methylsulfanyl)-1-oxobutan-2-aminium (R,S)-2-(3-benzoylphenyl)propanoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.87–7.72 (m, 3H, H16, H12, H7), 7.65 (d, J9,8=7.6 Hz, 1H, 

H9), 7.63–7.52 (m, 2H, H14, H13), 7.52–7.36 (m, 3H, H15, H6, H5), 5.71 (s, 3H, H21), 4.23–4.13 

(m, 2H, H23), 3.81–3.71 (m, 1H, H20), 3.71–3.65 (m, 1H, H 20), 2.65–2.50 (m, 2H, H18), 2.13–

1.98 (m, 4H, H17, H19’), 1.94–1.79 (m, 1H, H19”), 1.51 (d, J3,2=7.2 Hz, 3H, H3), 1.26 (t, J24,23=7.1 

Hz, 3H, H24). 13C NMR (100 MHz, CDCl3) δ [ppm]: 196.61 (C10), 178.53 (C1), 174.35 (C22), 

141.25 (C8), 137.79 (C11), 137.50 (C4), 132.50 (C5), 131.73 (C14), 130.11 (C12/C16), 129.31 (C9), 

128.95 (C6), 128.45 (C7), 128.31 (C13/C15), 61.44 (C3), 52.80 (C20), 45.74 (C2), 32.88 (C23), 

30.16 (C18), 18.42 (C3), 15.28 (C17), 14.19 (C24). FT–IR: ν (ATR): 3057.00, 2978.22, 2917.14, 

2872.46, 2368.29, 2343.17, 1740.43, 1701.02, 1684.46, 1654.17, 1617.29, 1595.58, 1576.42, 

1479.91, 1446.19, 1385.03, 1357.22, 1316.88, 1279.73, 1243.00, 1214.03, 1178.49, 1138.21, 

1074.34, 1017.45, 998.97, 965.21, 953.43, 909.11, 877.26, 858.12, 831.21, 816.19, 778.16, 754.26, 

719.53, 702.81, 641.49, 510.80, 477.74, 462.91, 448.27, 443.19, 434.82, 425.22, 418.75, 415.05, 

406.97 cm–1. [𝜶]𝑫
𝟐𝟎 = +15.242 (c=0.501% (m/v) in EtOH). UV–Vis (EtOH): λmax=205.1 nm. 

Elemental analysis: C23H29NO5S (431.545 g/mol), calculated (%): C (64.01), H (6.77), N (3.25), O 

(18.54), S (7.43), found: C (63.97), H (6.62), N (3.17), O (18.41), S (7.29). 
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L-methioninium isopropyl ester (R,S)-ketoprofenate - [MetOiPr][KETO] 

(2S)-4-(methylsulfanyl)-1-oxo-1-[(propan-2-yl)oxy]butan-2-aminium  

(R,S)-2-(3-benzoylphenyl)propanoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.81–7.76 (m, 3H, H16, H12, H7), 7.65 (d, J9,8=7.4 Hz, 1H, 

H9), 7.60–7.53 (m, 2H, H14, H13), 7.49–7.40 (m, 3H, H15, H6), 6.44 (s, 3H, H21), 5.09–4.98 (m, 

1H, H23), 3.81–3.71 (m, 1H, H20), 3.71–3.63 (m, 1H, H9), 2.62–2.49 (m, 2H, H18), 2.11–1.98 (m, 

4H, H17, H19’), 1.95–1.81 (m, 1H, H19”), 1.51 (d, J3,2=7.2 Hz, 3H, H3), 1.29–1.15 (2d, 6H, H25, 

H24). 13C NMR (100 MHz, CDCl3) δ [ppm]: 196.62 (C10), 178.73 (C1), 173.54 (C22), 141.22 (C8), 

137.78 (C11), 137.49 (C4), 132.51 (C5), 131.74 (C14), 130.12 (C12/C16), 129.32 (C9), 128.96 (C6), 

128.46 (C7), 128.31 (C13/C15), 69.21 (C23), 52.83 (C20), 45.76 (C2), 32.68 (C19), 30.08 (C18), 

21.76 (C24), 21.74 (C24), 18.43 (C3), 15.27 (C25). FT–IR: ν (ATR): 3059.35, 2980.15, 2921.29, 

2872.26, 2373.56, 1734.71, 1701.07, 1654.09, 1617.23, 1596.14, 1576.65, 1481.27, 1446.89, 

1386.33, 1375.26, 1358.77, 1317.32, 1280.83, 1216.37, 1178.86, 1145.02, 1102.92, 1074.33, 

1026.09, 998.81, 965.38, 953.64, 902.29, 881.16, 856.35, 819.01, 750.46, 718.86, 701.43, 665.67, 

641.56, 519.45, 483.01, 454.02, 439.86, 425.23, 415.09, 405.06 cm–1. [𝜶]𝑫
𝟐𝟎 = +9.182 (c=0.503% 

(m/v) in EtOH). UV–Vis (EtOH): λmax=204.9 nm. Elemental analysis: C24H31NO5S (445.572 g/mol), 

calculated (%): C (64.69), H (7.01), N (3.14), O (17.95), S (7.20), found: C (64.53), H (7.12), N 

(3.05), O (17.84), S (7.11). 

L-methioninium propyl ester (R,S)-ketoprofenate - [MetOPr][KETO]  

(2S)-4-(methylsulfanyl)-1-oxo-1-propoxybutan-2-aminium (R,S)-2-(3-benzoylphenyl)propanoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.81–7.77 (m, 3H, H16, H12, H7), 7.66 (d, J9,8 =7.2 Hz, 1H, 

H9), 7.61–7.55 (m, 2H, H14, H13), 7.50–7.40 (m, 3H, H15, H6), 5.39 (s, 3H, H21), 4.12–4.07 (m, 

2H, H23), 3.81–3.76 (m, 1H, H20), 3.69–3.67 (m, 1H, H9), 2.61–2.57 (m, 2H, H18), 2.07 (s, 3H, 

H17), 2.06–2.02 (m, 1H, H19’), 1.91–1.82 (m, 1H, H19”), 1.71–1.61 (m, 2H, H24), 1.52 (d, J3,2=7.2 

Hz, 3H, H3), 0.91 (t, J25,24=7.1 Hz, H25). 13C NMR (100 MHz, CDCl3) δ in ppm: 196.57 (C10), 

178.59 (C1), 174.86 (C22), 140.88 (C8), 137.85 (C11), 137.49 (C4), 132.52 (C5), 131.70 (C14), 

130.12 (C12/C16), 129.33 (C9), 129.08 (C6), 128.52 (C7), 128.32 (C13/C15), 66.94 (C23), 52.92 

(C20), 45.50 (C2), 33.18 (C19), 30.25 (C18), 21.95 (C24), 18.34 (C3), 15.31 (C17), 10.39 (C25). 

FT–IR: ν (ATR): 3059.65, 2967.67, 2918.79, 2877.92, 2373.91, 1740.53, 1701.01, 1654.06, 

1595.82, 1576.57, 1446.76, 1385.72, 1356.14, 1316.77, 1280.16, 1243.57, 1213.09, 1178.54, 
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1137.96, 1074.32, 1057.98, 997.75, 964.98, 953.57, 929.91, 906.68, 877.55, 831.36, 753.29, 719.59, 

703.33, 703.33, 641.46, 616.42, 511.80, 472.46, 460.79, 426.55, 418.63, 406.66 cm–1. [𝜶]𝑫
𝟐𝟎 = 

+11.332 (c=0.482% (m/v) in EtOH). UV–Vis (EtOH): λmax=204.0 nm. Elemental analysis: 

C24H31NO5S (445.572 g/mol), calculated (%): C (64.69), H (7.01), N (3.14), O (17.95), S (7.20), 

found: C (64.60), H (7.05), N (3.10), O (17.76), S (7.13). 

L-methioninium butyl ester (R,S)-ketoprofenate - [MetOBu][KETO] 

(2S)-1-butoxy-4-(methylsulfanyl)-1-oxobutan-2-aminium (R,S)-2-(3-benzoylphenyl)propanoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.81–7.78 (m, 3H, H16, H12, H7), 7.66 (d, J9,8=7.4 Hz, 1H, 

H9), 7.63–7.55 (m, 2H, H14, H13), 7.50–7.41 (m, 3H, H15, H6), 5.13 (s, 3H, H21), 4.19–4.07 (m, 

2H, H23), 3.82–3.76 (m, 1H, H20), 3.67–3.64 (m, 1H, H9), 2.66–2.53 (m, 2H, H18), 2.08 (s, 3H, 

H17), 2.05–2.02 (m, 1H, H19’), 1.90–1.81 (m, 1H, H19”), 1.66–1.59 (m, 2H, H24), 1.53 (d, J3,2=7.2 

Hz, 3H, H3), 1.43–1.32 (m, 2H, H25), 0.94 (t, J26,25=7.4 Hz, 3H, H26). 13C NMR (100 MHz, CDCl3) 

δ in ppm: 196.55 (C10), 178.51 (C1) , 175.04 (C22), 140.80 (C8), 137.87 (C11), 137.49 (C4), 132.52 

(C5), 131.69 (C14), 130.12 (C12/C16), 129.33 (C9), 129.10 (C6), 128.54 (C7), 128.32 (C13/C15), 

65.20 (C23), 52.99 (C20), 45.43 (C2), 33.30 (C19), 30.60 (C24), 30.29 (C18), 19.12 (C25), 18.33 

(C3), 15.33 (C17), 13.70 (C26). 

FT–IR: ν (ATR): 3056.02, 3024.63, 2959.82, 2929.60, 2872.11, 2362.72, 2343.23, 2056.14, 

1740.30, 1701.02, 1684.64, 1654.19, 1617.23, 1595.87, 1576.43, 1560.30, 1480.65, 1446.72, 

1386.16, 1356.34, 1316.93, 1279.50, 1241.86, 1210.65, 1178.25, 1073.81, 1061.23, 1016.72, 998.39, 

964.49, 953.18, 907.63, 877.84, 831.95, 778.04, 719.20, 702.86, 641.51, 616.91, 513.92, 498.70, 

442.66, 429.73, 425.08, 419.32, 415.83, 406.98 cm–1. [𝜶]𝑫
𝟐𝟎 = +12.364 (c=0.531% (m/v) in EtOH). 

UV–Vis (EtOH): λmax=203.9 nm. Elemental analysis: C25H33NO5S (459.598 g/mol), calculated (%): 

C (65.33), H (7.24), N (3.05), O (17.41), S (6.98), found: C (65.29), H (7.17), N (3.00), O (17.16), S 

(6.21). 

L-threoninium methyl ester (R,S)-ketoprofenate - [ThrOMe][KETO]  

(2S)-3-hydroxy-1-methoxy-1-oxobutan-2-aminium (R,S)-2-(3-benzoylphenyl)propanoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.82–7.73 (m, 3H, H16, H12, H7), 7.66–7.49 (m, 3H, H14, 

H13, H9), 7.52–7.41 (m, 2H, H15, H5), 7.37 (t, J5,6=7.7 Hz, 1H, H6), 5.95 (s, 4H, H21, H19), 4.06–

3.95 (m, 1H, H18), 3.77–3.62 (m, 1H, H2), 3.70 (s, 3H, H21), 3.43 (d, J20,21=5.1 Hz, 1H, H20), 1.47 

(d, J3,2=7.2 Hz, 3H, H3), 1.20 (d, J18,17=6.5 Hz, 3H, H18). 13C NMR (100 MHz, CDCl3) δ [ppm]: 
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196.86 (C10), 179.26 (C1), 172.31 (C22), 142.07 (C8), 137.67 (C11), 137.45 (C4), 132.55 (C5), 

131.87 (C14), 130.15 (C12/C15), 129.21 (C9), 128.75 (C9), 128.32 (C6), 67.36 (C20), 59.32 (C18), 

52.62 (C18), 46.40 (C2), 19.90 (C3), 18.64 (C17). FT–IR: ν (ATR): 3059.25, 2977.01, 2934.37, 

1746.32, 1711.21, 1654.85, 1595.60, 1576.06, 1446.56, 1389.84, 1360.80, 1316.93, 1280.27, 

1218.36, 1178.22, 1135.80, 1058.66, 998.42, 966.18, 953.81, 922.79, 885.89, 856.88, 829.36, 

752.46, 718.27, 700.72, 666.26, 641.10 cm–1. [𝜶]𝑫
𝟐𝟎 = −3.422 (c=0.526 % (m/v) in EtOH). UV–Vis 

(EtOH): λmax=204.6 nm. Elemental analysis: C21H25NO6 (387.426 g/mol), calculated (%): C (65.10), 

H (6.50), N (3.62), O (24.78), found: C (65.00), H (6.42), N (3.56), O (24.68).  

L-threoninium ethyl ester (R,S)-ketoprofenate - [ThrOEt][KETO] 

(2S)-1-ethoxy-3-hydroxy-1-oxobutan-2-aminium (R,S)-2-(3-benzoylphenyl)propanoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.80–7.75 (m, 3H, H16, H12, H7), 7.65–7.50 (m, 3H, H14, 

H13, H9), 7.45 (t, J5,6=7.6 Hz, 2H, H15, H5), 7.37 (t, J6,5=7.7 Hz, 1H, H6), 6.24 (s, 4H, H21, H19), 

4.20–4.13 (m, 2H, H23), 4.05–3.96 (m, 1H, H18), 3.73–3.67 (m, 1H, H2), 3.42 (d, J20,21=5.1 Hz, 1H, 

H20), 1.46 (d, J3,2=7.2 Hz, 3H, H3), 1.25–1.18 (2d, 6H, H24, H17). 13C NMR (100 MHz, CDCl3) δ 

[ppm]: 196.85 (C10), 179.33 (C1), 171.50 (C22), 142.13 (C8), 137.65 (C11), 137.46 (C4), 132.53 

(C5), 131.87 (C14), 130.15 (C12/C15), 129.24 (C9), 128.72 (C6), 128.31 (C7), 67.25 (C23), 61.89 

(C20), 59.31 (C18), 46.46 (C2), 19.96 (C3), 18.67 (C17), 14.06 (C24). FT–IR: ν (ATR): 3064.08, 

2977.50, 2977.50, 1740.66, 1695.72, 1653.92, 1651.23, 1595.51, 1576.26, 1555.83, 1537.41, 

1506.14, 1480.26, 1456.51, 1447.17, 1387.72, 1360.61, 1317.25, 1280.72, 1218.47, 1178.60, 

1133.28, 1116.62, 1116.62, 1023.71, 998.53, 965.87, 953.33, 908.86, 882.88, 858.79, 832.20, 

751.42, 719.62, 701.70, 665.46, 641.30 cm–1. [𝜶]𝑫
𝟐𝟎 = −5.919 (c=0.495 % (m/v) in EtOH). UV–Vis 

(EtOH): λmax=203.1 nm. Elemental analysis: C22H27NO6 (401,453 g/mol), calculated (%): C (65.82), 

H (6.78), N (3.49), O (23.91), found: C (65.74), H (6.65), N (3.42), O (23.87).  

L-threoninium isopropyl ester (R,S)-ketoprofenate - [ThrOiPr][KETO] 

(2S)-3-hydroxy-1-oxo-1-[(propan-2-yl)oxy]butan-2-aminium (R,S)-2-(3-benzoylphenyl)propanoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.86–7.70 (m, 3H, H16, H12, H7), 7.66–7.51 (m, 3H, H14, 

H13), 7.47 (t, J5,6=7.2 Hz, 2H, H15, H5), 7.38 (t, J6,5=7.7 Hz, 1H, H6), 5.72 (s, 4H, H21, H19), 5.09–

4.98 (m, 1H, H23), 4.04–3.92 (m, 1H, H20), 3.77–3.65 (m, 1H, H2), 3.36 (d, J20,18=5.3 Hz, 1H, H20), 

1.48 (d, J3,2=7.2 Hz, 3H, H3), 1.27–1.18 (3d, 9H, H25, H24, H17). 13C NMR (100 MHz, CDCl3) δ 
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[ppm]: 196.80 (C10), 179.16 (C1), 171.53 (C22), 141.85 (C8), 137.70 (C11), 137.47 (C4), 132.52 

(C5), 131.83 (C14), 130.15 (C12/C15), 129.28 (C9), 129.26 (C6), 128.78 (C7), 128.36 (C7), 128.31 

(C13), 69.63 (C23), 67.52 (C20), 59.51 (C18), 46.26 (C2), 21.70 (C24), 21.66 (C25), 19.96 (C3), 

18.61 (C17). FT–IR: ν (ATR): 3062.06, 3033.13, 2978.79, 2933.96, 2874.98, 2367.73, 1734.81, 

1698.84, 1654.38, 1651.30, 1595.60, 1576.18, 1558.61, 1504.89, 1447.21, 1435.65, 1385.84, 

1358.39, 1318.07, 1280.71, 1224.71, 1179.25, 1143.13, 1100.95, 1058.11, 998.78, 964.98, 953.60, 

913.36, 897.11, 819.02, 752.64, 719.34, 702.10, 664.32, 640.93, 547.33, 508.29, 502.10, 497.82, 

492.70, 484.11, 471.60, 466.24, 461.16, 457.65, 446.93, 443.90, 435.36, 430.16, 419.87, 407.61, 

404.26, 402.16 cm–1. [𝜶]𝑫
𝟐𝟎 = −4.242 (c=0.698 % (m/v) in EtOH). UV–Vis (EtOH): λmax=204.8 nm. 

Elemental analysis: C23H29NO6 (415.479 g/mol), calculated (%): C (66.49), H (7.04), N (3.37), O 

(23.11), found: C (66.40), H (7.00), N (3.31), O (23.09). 

L-threoninium propyl ester (R,S)-ketoprofenate - [ThrOPr][KETO] 

(2S)-3-hydroxy-1-oxo-1-propoxybutan-2-aminium (R,S)-2-(3-benzoylphenyl)propanoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.79–7.76 (m, 3H, H16, H12, H7), 7.63–7.51 (m, 3H, H9, 

H14, H13), 7.44 (t, J5,6=7.3, Hz, 2H, H5, H15), 7.38 (t, J6,5=7.7 Hz, 1H, H6), 5.71 (s, 4H, H21, H19), 

4.13–4.05 (m, 2H, H23), 4.03–3.97 (m, 1H, H18), 3.74–3.69 (m, 1H, H2), 3.41 (d, J20,21=5.2 Hz, 1H, 

H20), 1.69–1.61 (m, 2H, H24), 1.46 (d, J3,2=7.2 Hz, 3H, H3), 1.22 (d, J17,18 =6.5 Hz, 3H, H17), 0.92 

(t, J25,24 = 7.5 Hz, 3H, H25). 13C NMR (100 MHz, CDCl3) δ in ppm: 196.82 (C10), 179.20 (C1), 

172.04 (C22), 141.90 (C8), 137.69 (C11), 137.46 (C4), 132.54 (C5), 131.84 (C14), 130.15 

(C12/C15), 129.26 (C9), 129.24 (C6), 128.78 (C7), 128.35 (C13), 128.31 (C15), 67.47 (C23), 67.36 

(C20), 59.42 (C18), 46.29 (C2), 21.84 (C24), 19.97 (C3), 18.61 (C17), 10.33 (C25). FT–IR: ν 

(ATR): 3551.98, 2969.57, 2933.19, 2269.51, 2251.15, 1740.49, 1698.21, 1654.30, 1595.44, 1576.77, 

1447.21, 1388.56, 1357.40, 1317.64, 1279.81, 1217.51, 1178.39, 1117.41, 1058.31, 998.88, 953.94, 

910.61, 752.25, 719.62, 702.34, 641.37, 457.91, 429.18, 418.58, 407.16, 403.12 cm–1. [𝜶]𝑫
𝟐𝟎 = 

−4.802 (c=0.479 % (m/v) in EtOH). UV–Vis (EtOH): λmax=204.6 nm. Elemental analysis: 

C23H29NO6 (415.479 g/mol), calculated (%): C (66.49), H (7.04), N (3.37), O (23,11), found: C 

(66.33), H (7.06), N (3.35), O (23.15). 

L-threoninium butyl ester (R,S)-ketoprofenate - [ThrOBu][KETO] 

(2S)-1-butoxy-3-hydroxy-1-oxobutan-2-aminium (R,S)-2-(3-benzoylphenyl)propanoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.81–7.77 (m, 3H, H16, H12, H7), 7.65–7.51 (m, 3H, H14, 

H13, H9), 7.47 (t, J5,6=7.3 Hz, 2H, H15, H5), 7.40 (t, J5,6=7.7 Hz, 1H, H6), 5.16 (s, 4H, H21, H19), 

4.17–4.11 (m, 2H, H23), 4.01–3.95 (m, 1H, H18), 3.77–3.72 (m, 1H, H2), 3.38 (d, J20,21=5.2 Hz, 1H, 

H20), 1.65–1.57 (m, 2H, H24), 1.49 (d, J3,2=7.2 Hz, 3H, H3), 1.41–1.34 (m, 2H, H25), 1.23 (d, 

J17,18=6.4 Hz, 3H, H17), 0.92 (t, J26,25=7.4 Hz, 3H, H26). 13C NMR (100 MHz, CDCl3) δ in ppm: 

196.72 (C10), 178.97 (C1), 172.69 (C22), 141.41 (C8), 137.77 (C11), 137.46 (C4), 132.54 (C5), 

131.77 (C14), 130.14 (C12/15), 129.28 (C9), 128.93 (C6), 128.43 (C7), 128.32 (C13), 67.73 (C23), 

65.55 (C20), 59.52 (C18), 45.91 (C2), 30.51 (C25), 19.95 (C24), 19.07 (C3), 18.49 (C17), 13.68 

(C26). FT–IR: ν (ATR): 3057.86, 3045.87, 2962.31, 2933.06, 2872.71, 2362.71, 1740.14, 1698.53, 

1694.35, 1654.42, 1651.18, 1595.96, 1576.18, 1559.57, 1556.77, 1537.83, 1505.10, 1456.47, 

1447.23, 1434.37, 1389.55, 1357.77, 1318.10, 1280.61, 1241.12, 1216.44, 1177.50, 1134.64, 

1117.22, 1059.91, 1028.55, 998.80, 965.32, 953.24, 916.12, 882.29, 832.77, 752.11, 719.10, 703.46, 

665.45, 641.70, 556.37, 523.15, 516.97, 512.08, 509.15, 484.51, 473.04, 467.59, 452.10, 443.26, 

436.78, 429.47, 426.12, 415.92, 407.05, 403.17 cm–1. [𝜶]𝑫
𝟐𝟎 = −6.545 (c=0.479 % (m/v) in EtOH). 

UV–Vis (EtOH): λmax=205.8 nm. Elemental analysis: C24H31NO6 (429.506 g/mol), calculated (%): 

C (67.11), H (7.27), N (3.26), O (22.35), found: C (67.08), H (7.19), N (3.21), O (22.04). 

L-valinium methyl ester (R,S)-ketoprofenate - [ValOMe][KETO] 

(2S)-1-methoxy-3-methyl-1-oxobutan-2-aminium (R,S)-2-(3-benzoylphenyl)propanoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.83–7.74 (m, 3H, H16, H12, H7), 7.64 (d, J9,8=7.7 Hz, 1H, 

H9), 7.61–7.51 (m, 2H, H14, H13), 7.47 (t, J5,6=8.3 Hz, 2H, H5, H15), 7.40 (t, J6,5=7.7 Hz, 1H, H6), 

5.79 (s, 3H, H21), 3.78 – 3.71 (m, 1H, H2), 3.70 (s, 3H, H23), 3.46 (d, J20,18=4.6 Hz, 1H, H20), 2.14–

2.01 (m, 1H, H18), 1.49 (d, J3,2=7.2 Hz, 3H, H3), 0.93 (d, J18,19=6.9 Hz, 3H, H19), 0.89 (d, J17,18=6.9 

Hz, 3H, H17). 13C NMR (100 MHz, CDCl3) δ [ppm]: 196.66 (C10), 178.50 (C1), 174.07 (C22), 

141.57 (C8), 137.73 (C11), 137.52 (C4), 132.48 (C5), 131.77 (C14), 130.11 (C12/C16), 129.30 (C9), 

128.83 (C6), 128.39 (C7), 128.30 (C13), 59.00 (C23), 52.11 (C20), 45.96 (C2), 31.41 (C19), 18.73 

(C18), 18.51 (C17), 17.35 (C19). FT–IR: ν (ATR): 3056.22, 2979.80, 2934.05, 2883.44, 2608.28, 

2202.95, 2161.62, 1743.11, 1649.67, 1596.72, 1577.30, 1519.31, 1456.98, 1443.10, 1383.40, 

1354.31, 1317.07, 1287.86, 1226.59, 1177.65, 1108.14, 1075.51, 1051.48, 1023.83, 982.91, 934.97, 

878.25, 782.21, 720.83, 700.79, 666.33, 642.37, 591.22 cm–1. [𝜶]𝑫
𝟐𝟎 = +10.769 (c=0.650 % (m/v) in 

EtOH). UV–Vis (EtOH): λmax=203.0 nm. Elemental analysis: C22H27NO5 (385.453 g/mol), 

calculated (%): C (68.55), H (7.06), N (3.63), O (20.75), found: C (68.46), H (6.95), N (3.45), O 

(20.60). 
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L-AMINO ACID ESTER SALTS OF S-(+)-NAPROXEN  

L-isoleucinium methyl ester S-(+)-naproxenate - [IleOMe][NAP] 

(2S)-1-methoxy-3-methyl-1-oxopentan-2-aminium (2S)-2-(6-methoxynaphthalen-2-yl)propanoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.64–7.59 (s+d, 3H, H11, H8, H8), 7.40 (d, J11,10=7.6 Hz, 1H, 

H10), 7.10–7.04 (s+d, 2H, H13, H5), 6.91 (s, 3H, H20), 3.88 (s, 3H, H22), 3.79–3.72 (m, 1H, H2), 

3.61 (s, 3H, H14), 3.45 (d, J19,17=4.4 Hz, 1H, H19), 1.74–1.64 (m, 1H, H19), 1.51 (d, J3,2=7.1 Hz, 

3H, H3), 1.35–1.23 (m, 1H, H16’), 1.17–1.01 (m, 1H, H16”), 0.83–0.75 (m, 6H, H18, H15). 13C 

NMR (100 MHz, CDCl3) δ [ppm]: 179.43 (C1), 173.48 (C21), 157.43 (C9), 136.83 (C4), 133.54 

(C7), 129.29 (C11), 128.96 (C12), 126.92 (C5), 126.60 (C13), 125.93 (C6), 118.73 (C10), 105.54 

(C8), 57.78 (C22), 55.29 (C19), 52.04 (C14), 46.33 (C2), 38.07 (C17), 24.94 (C16), 18.68 (C3), 

15.08 (C18), 11.60 (C15). FT-IR ν (ATR): 2959.75, 2932.96, 2875.30, 2726.51, 2179.15, 1740.95, 

1678.40, 1604.69, 1581.34, 1522.21, 1504.47, 1486.37, 1460.14, 1439.12, 1419.20, 1379.00, 

1356.41, 1297.15, 1257.11, 1202.50, 1193.85, 1174.91, 1158.3, 1125.90, 1102.79, 1088.72, 1065.15, 

1029.49, 1002.94, 986.99, 966.15, 925.58, 897.94, 881.11, 857.47, 819.42, 787.78, 764.71, 749.53, 

710.45, 683.16, 656.40, 622.84, 522.93, 531.53, 544.93, 476.39, 447.40, 445.00 cm–1. [𝜶]𝑫
𝟐𝟎 = 

+46.393 (c=0.570 % (m/v) in EtOH). UV–Vis (EtOH): λmax=229.0 nm. Elemental analysis: 

C22H29NO5 (375.457 g/mol), calculated (%): C (67.18), H (7.79), N (3.73), O (21.31), found: C 

(67.20), H (7.62), N (3.74), O (20.84). 

L-isoleucinium ethyl ester S-(+)-naproxenate - [IleOEt][NAP] 

(2S)-1-ethoxy-3-methyl-1-oxopentan-2-aminium (2S)-2-(6-methoxynaphthalen-2-yl)propanoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.68–7.63 (s+d, 3H, H11, H8, H6), 7.41 (d, J11,10=6.8 Hz, 1H, 

H10), 7.13–7.06 (s+d, 2H, H13, H5), 5.85 (s, 3H, H20), 4.22–4.05 (m, 2H, H22), 3.90 (s, 3H, H14), 

3.84–3.74 (m, 1H, H2), 3.43 (d, J19,17=4.5 Hz, 1H, H19), 1.81–1.69 (m, 1H, H17), 1.53 (d, J3,2=7.1 

Hz, 3H, H3), 1.42–1.32 (m, 1H, H16’), 1.22 (t, J22,23=7.1 Hz, 3H, H23), 1.19–1.07 (m, 1H, H16”), 

0.93–0.78 (m, 6H, H18, H15). 13C NMR (100 MHz. CDCl3) δ [ppm] 179.19 (C1), 173.95 (C21), 

157.52 (C9), 136.26 (C4), 133.63 (C7), 129.29 (C11), 128.96 (C12), 127.02 (C5), 126.46 (C13), 

125.98 (C6), 118.82 (C0), 105.58 (C8), 61.01 (C22), 58.12 (C19), 55.30 (C14), 45.91 (C2), 38.53 

(C17), 24.87 (C16), 18.50 (C3), 15.34 (C18), 14.21 (C23), 11.67 (C15). FT-IR ν (ATR): 2961.54, 

2929.96, 2602.24, 2195.91, 1738.56, 1629.28, 1603.69, 1583.20, 1522.79, 1504.47, 1481.12, 

1463.26, 1415.41, 1386.88, 1377.36, 1363.91, 1346.21, 1308.36, 1272.15, 1266.49, 1251.77, 

1211.02, 1195.29, 1159.71, 1116.78, 1092.45, 1063.59, 1030.26, 969.36, 956.48, 924.55, 893.85, 
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881.19, 855.75, 840.35, 819.29, 808.91, 788.41, 761.40, 747.17, 696.53, 659.35, 606.57, 553.34, 

531.24, 522.42, 497.00, 473.07, 436.84 cm–1. [𝜶]𝑫
𝟐𝟎 = +40.877 (c=0.570 % (m/v) in EtOH). UV–Vis 

(EtOH): λmax=229.1 nm. Elemental analysis: C22H31NO5 (389.485 g/mol), calculated (%): C (67.84), 

H (8.02), N (3.60), O (20.54), found: C (66.98), H (8.03), N (3.60), O (20.01). 

L-isoleucinium isopropyl ester S-(+)-naproxenate - [IleOiPr][NAP] 

(2S)-3-methyl-1-oxo-1-[(propan-2-yl)oxy]pentan-2-aminium  

(2S)-2-(6-methoxynaphthalen-2-yl)propanoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.69–7.61 (s+d, 3H, H11, H8, H6), 7.41 (d, J10,11=8.5 Hz, 1H, 

H10), 7.14–7.05 (s+d, 2H, H13, H5), 5.83 (s, 3H, H20), 5.09–4.95 (m, 1H, H22), 3.89 (s, 3H, H14), 

3.83–3.73 (m, 1H, H2), 3.40 (d, J19,17=4.4 Hz, 1H, H19), 1.80–1.69 (m, 1H, H17), 1.53 (d, J3,2=7.2 

Hz, 3H, H3), 1.42–1.31 (m, 1H, H16’), 1.28–1.16 (m, 6H, H24, H23), 1.18–1.07 (m, 1H, H16”), 

0.90–0.79 (m, 6H, H18, H15). 13C NMR (100 MHz, CDCl3) δ [ppm]: 179.15 (C1), 173.42 (C21), 

157.49 (C9), 136.40 (C4), 133.61 (C7), 129.29 (C11), 128.97 (C12), 126.99 (C5), 126.50 (C13), 

125.96 (C6), 118.78 (C10), 105.57 (C8), 68.71 (C22), 58.12 (C19), 55.29 (C14). 45.99 (C2), 38.51 

(C17), 24.89 (C16), 21.79 (C23/C24), 18.55 (C3), 15.30 (C18), 11.72 (C15). FT-IR ν (ATR): 

3061.20, 2973.03, 2933.17, 2879.12, 2837.57, 2658.48, 2189.29, 1741.10, 1628.09, 1603.92, 

1505.48, 1480.84, 1468.52, 1455.31, 1417.39, 1382.83, 1355.74, 1314.18, 1271.71, 1262.78, 

1226.16, 1211.36, 1193.93, 1175.06, 1158.17, 1116.68, 1105.37, 1060.29, 1030.99, 998.39, 964.97, 

941.73, 924.63, 907.40, 896.69, 880.20, 855.03, 817.50, 808.16, 793.97, 771.20, 761.78, 749.98, 

711.32, 683.25, 652.41, 620.70, 572.02, 531.83, 522.90, 507.47, 477.14, 419.94 cm–1. [𝜶]𝑫
𝟐𝟎 = 

+34.343 (c=0.524 % (m/v) in EtOH). UV–Vis (EtOH): λmax=229.6 nm. Elemental analysis: 

C23H33NO5 (403.512 g/mol), calculated (%): C (68.46), H (8.24), N (3.47), O (19.83), found: C 

(67.94), H (8.18), N (3.51), O (19.76). 

L-isoleucinium propyl ester S-(+)-naproxenate - [IleOPr][NAP] 

(2S)-3-methyl-1-oxo-1-propoxypentan-2-aminium (2S)-2-(6-methoxynaphthalen-2-yl)propanoate 
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1H NMR (400 MHz, CDCl3) δ in ppm: 7.67–7.65 (s+d, 3H, H8, H6, H11), 7.40 (d, J10,11=7.2 Hz, 1H, 

H10), 7.12–7.08 (s+d, 2H, H13, H5), 5.74 (s, 3H, H20), 4.10–3.98 (m, 2H, H22), 3.90 (s, 3H, H14), 

3.83–3.77 (m, 1H, H2), 3.45 (d, J19,17=4.4 Hz, 1H, H19), 1.81–1.72 (m, 1H, H17), 1.67–1.60 (m, 2H, 

H23), 1.53 (d, J3,2=7.2 Hz, 3H, H3), 1.43–1.32 (m, 1H, H16’), 1.25–1.10 (m, 1H, H16”), 0.93–0.84 

(m, 9H, H24, H18, H15). 13C NMR (100 MHz, CDCl3) δ in ppm: 179.19 (C1), 174.23 (C21), 157.54 

(C9), 136.11 (C4), 133.65 (C7), 129.30 (C11), 128.95 (C12), 127.04 (C5), 126.43 (C13), 125.99 
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(C6), 118.84 (C10), 105.58 (C8), 66.66 (C22), 58.19 (C19), 55.30 (C14), 45.82 (C2), 38.58 (C17), 

24.85 (C16), 21.94 (C23), 18.47 (C3), 15.40 (C18), 11.69 (C24), 10.42 (C15). FT-IR ν (ATR): 

2958.75, 2927.66, 2874.27, 2595.81, 2184.68, 2177.10, 2167.13, 1736.71, 1629.68, 1603.68, 

1502.83, 1484.67, 1463.52, 1454.01, 1437.88, 1414.49, 1383.97, 1367.44, 1344.54, 1308.96, 

1283.62, 1262.70, 1249.28, 1210.37, 1159.26, 1116.26, 1105.82, 1060.78, 1035.28, 959.15, 944.33, 

924.98, 892.25, 877.35, 860.80, 839.48, 812.29, 792.01, 763.80, 746.25, 691.78, 658.34, 568.90, 

529.08, 522.18, 472.09, 432.85 cm–1. [𝜶]𝑫
𝟐𝟎 = +44.275 (c=0.594 % (m/v) in EtOH). UV–Vis (EtOH): 

λmax=229.0 nm. Elemental analysis: C23H33NO5 (403.512 g/mol), calculated (%): C (68.46), H 

(8.24), N (3.47), O (19.83), found: C (67.95), H (8.19), N (3.47), O (19.77). 

L-isoleucinium butyl ester S-(+)-naproxenate - [IleOBu][NAP] 

(2S)-1-butoxy-3-methyl-1-oxopentan-2-aminium (2S)-2-(6-methoxynaphthalen-2-yl)propanoate 
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1H NMR (400 MHz, CDCl3) δ in ppm: 7.68–7.65 (s+d, 3H, H11, H8, H6), 7.41 (d, J10,11 = 6.9 Hz, 

1H, H10), 7.12–7.08 (s+d, 2H, H13, H5), 5.79 (s, 3H, H20), 4.14 – 4.02 (m, 2H, H22), 3.90 (s, 3H, 

H14), 3.83 – 3.77 (m, 1H, ), 3.44 (d, J=4.4 Hz, 1H), 1.79–1.72 (m, 1H), 1.62–1.56 (m, 2H), 1.53 (d, 

J=7.1 Hz, 3H), 1.42–1.30 (m, 3H), 1.21–1.10 (m, 1H), 0.93–0.82 (m, 9H, H25, H18, H15). 13C NMR 

(100 MHz, CDCl3) δ in ppm: 179.22 (C1), 174.26 (C21), 157.55 (C9), 136.06 (C4), 133.66 (C7), 

129.30 (C11), 128.95 (C12), 127.05 (C5), 126.42 (C13), 126.00 (C6), 118.85 (C10), 105.58 (C8), 

64.91 (C22), 58.20 (C19), 55.30 (C14), 45.79 (C2), 38.57 (C17), 30.59 (C23), 24.83 (C16), 19.12 

(C24), 18.46 (C3), 15.41 (C25), 13.66 (C18), 11.69 (C15). FT-IR ν (ATR): 3056.85, 3008.75, 

2968.80, 2935.10, 2872.63, 2596.88, 2190.60, 1740.83, 1630.41, 1603.75, 1582.73, 1503.75, 

1486.00, 1462.83, 1384.38, 1365.32, 1347.54, 1308.75, 1271.52, 1252.93, 1212.53, 1159.79, 

1117.08, 1061.56, 1038.27, 1028.56, 959.33, 936.98, 924.73, 894.16, 878.75, 860.02, 840.25, 

819.72, 811.83, 793.27, 770.25, 747.38, 695.26, 658.70, 603.90, 568.92, 528.49, 522.07, 506.25, 

484.08, 472.38, 432.32, 402.20 cm–1. [𝜶]𝑫
𝟐𝟎 = +37.977 (c=0.570 % (m/v) in EtOH). UV–Vis (EtOH): 

λmax=228.9 nm. Elemental analysis: C24H35NO5 (417.538 g/mol), calculated (%): C (69.04), H 

(8.45), N (3.36), O (19.16), found: C (68.98), H (8.39), N (3.29), O (18.89). 

L-methioninium methyl ester S-(+)-naproxenate -[MetOMe][NAP] 

(2S)-1-methoxy-4-(methylsulfanyl)-1-oxobutan-2-aminium (2S)-2-(6-methoxynaphthalen-2-

yl)propanoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.71–7,64 (s+d, 3H, H16, H12, H7), 7.41 (d, J9,8=7.8 Hz, 1H, 

H10), 7.15–7.06 (s+d, 2H, H14, H13), 5.50 (s, 3H, H21), 3.90 (s, 3H, H14), 3.86–3.76 (m, 1H, H2), 

3.70 (s, 3H, H21), 3.69–3.62 (m, 1H, H18), 2.61–2.48 (m, 2H, H16), 2.09–1.96 (m, 4H, H17’, H15), 

1.90–1.76 (m, 1H), 1.55 (d, J3,2=7.2 Hz, 3H, H3). 13C NMR (100 MHz. CDCl3) δ [ppm]: 179.26 

(C1). 175.24 (C20). 157.58 (C9). 135.83 (C4), 133.69 (C7). 129.30 (C11). 128.93 (C12). 127.12 

(C5). 126.36 (C13). 126.03 (C6). 118.93 (C10). 105.56 (C8). 55.32 (C21). 52.79 (C14). 52.32 (C18). 

45.66 (C2), 33.08 (C17), 30.21 (C16), 18.38 (C3), 15.29 (C5). FT-IR ν (ATR): 3150.85, 3034.80, 

3000.26, 2962.20, 2934.66, 2838.88, 2615.89, 2215.88, 2165.91, 2165.91, 20459.87, 2023.72, 

1927.07, 1745.83, 1729.29, 1673.81, 1629.79, 1603.97, 1524.90, 1503.99, 1486.48, 1449.43, 

1418.99, 1385.14, 1356.25, 1266.44, 1228.76, 1193.39, 1175.49, 1157.86, 1123.91, 1069.03, 

1028.40, 957.90, 925.80, 855.77, 810.66, 761.52, 749.17, 713.74, 683.68, 583.79, 522.91, 531.47, 

473.63, 421.79 cm–1. [𝜶]𝑫
𝟐𝟎 = +32.815 (c=0.576% (m/v) in EtOH). UV–Vis (EtOH): 

λmax=228.9 nm. Elemental analysis: C20H27NO5S (393.498 g/mol), calculated (%): C (61.05), H 

(6.92), N (3.56), O (20.33). S (8.15), found: C (61.15), H (6.85), N (3.44), O (20.20). S (8.05). 

L-methioninium ethyl ester S-(+)-naproxenate - [MetOEt][NAP] 

(2S)-1-ethoxy-4-(methylsulfanyl)-1-oxobutan-2-aminium (2S)-2-(6-methoxynaphthalen-2-

yl)propanoate 

20
18

O

NH3
+

19

17

16
O

21

22

S
15

4

5

13

6

12

7

2
1

3

O
–

O
11

10

8

9

O

14

 

1H NMR (400 MHz, CDCl3) δ [ppm]: 7.73–7.62 (s+d, 3H, H11, H8, H6), 7.41 (d, J10,11=7.0 Hz, 1H, 

H10), 7.15–7.06 (s+d, 2H, H13, H5), 5.32 (s, 3H, H19), 4.22–4.10 (m, 2H, H21), 3.90 (s, 3H, H14), 

3.87–3.76 (m, 1H, H2), 3.67–3.59 (m, 1H, H18), 2.56 (t, J16,17=8.1 Hz, 2H, H16), 2.05 (s, 3H, H15), 

2.09–1.96 (m, 1H, H17’), 1.90–1.77 (m, 1H, H17”), 1.55 (d, J3,2=7.2 Hz, 3H, H3), 1.25 (t, J22,21=7.1 

Hz, 3H, H22). 13C NMR (100 MHz. CDCl3) δ [ppm]: 179.16 (C1), 174.71 (C20), 157.58 (C9), 

135.88 (C4), 133.69 (C7), 129.30 (C11), 128.94 (C12), 127.10 (C5), 126.37 (C13), 126.02 (C6), 

118.90 (C21), 105.58 (C14), 61.32 (C21), 55.31 (C14), 52.90 (C18), 45.67 (C2), 33.15 (C17), 30.23 

(C16), 18.39 (C22), 15.29 (C3), 14.19 (C22). FT-IR ν (ATR): 3061.45, 2968.21, 2914.40, 

2869.15, 2192.99, 1741.66, 1683.65, 1604.24, 1524.75, 1504.37, 1486.04, 1451.54, 

1419.57, 1386.74, 1353.16, 1302.09, 1265.08, 1230.15, 1194.67, 1176.73, 1158.90, 

1117.31, 1096.48, 1068.58, 1029.88, 1010.85, 989.25, 956.54, 926.70, 892.86, 854.07, 

810.49, 762.01, 715.13, 684.05, 655.26, 626.65, 573.90, 532.22, 523.26, 475.05, 441.63, 

419.65, 405.87 cm–1. [𝜶]𝑫
𝟐𝟎 = +30.847 (c=0.496% (m/v) in EtOH). UV–Vis (EtOH): 

λmax=228.9 nm. Elemental analysis: C21H29NO5S (407.524 g/mol), calculated (%): C (61.89), H 

(7.17), N (3.44), O (19.63), S (7.87), found: C (60.95), H (7.19), N (3.60), O (19.55), S (7.86). 
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L-methioninium isopropyl ester S-(+)-naproxenate - [MetOiPr][NAP] 

(2S)-4-(methylsulfanyl)-1-oxo-1-[(propan-2-yl)oxy]butan-2-aminium  

(2S)-2-(6-methoxynaphthalen-2-yl)propanoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.73–7.61 (s+d, 3H, H11, H8, H6), 7.42 (d, J10,11=6.8 Hz, 1H, 

H10), 7.15–7.06 (s+d, 2H, H13, H5), 5.55 (s, 3H, H19), 5.09–4.95 (m, 1H, H21), 3.90 (s, 3H, H14), 

3.85–3.75 (m, 1H, H2), 3.63–3.56 (m, 1H, H18), 2.53 (d, J16,17=8.0 Hz, 2H, H16), 2.03 (s, 3H, H15), 

2.06–1.94 (m, 1H, H17’), 1.89–1.76 (m, 1H, H17”), 1.54 (d, J3,2=7.2 Hz, 3H, H3), 1.29–1.17 (2d, 

6H, H23, H22). 13C NMR (100 MHz. CDCl3) δ [ppm]: 179.14 (C1), 174.06 (C20), 157.56 (C9), 

136.00 (C4), 133.67 (C7), 129.30 (C11), 128.95 (C12), 127.08 (C5), 126.40 (C13), 126.00 (C6), 

118.88 (C10), 105.58 (C8), 68.99 (C21), 55.30 (C14), 52.99 (C18), 45.75 (C2), 33.09 (C17), 30.19 

(C3), 21.77 (C23), 21.74 (C22), 18.42 (C3), 15.28 (C15). FT-IR ν (ATR): 3056.84, 3031.03, 

2981.32, 2911.67, 2865.90, 2176.98, 2021.03, 1739.84, 1681.78, 1604.32, 1548.45, 

1505.37, 1482.29, 1464.14, 1450.41, 1421.01, 1380.80, 1352.99, 1343.89, 1261.75, 

1227.69, 1194.17, 1178.86, 1160.04, 1118.23, 1100.09, 1070.10, 1028.28, 990.17, 955.39, 

926.85, 896.39, 884.68, 855.44, 823.54, 811.48, 761.27, 750.31, 718.51, 684.18, 667.45, 

654.20, 628.61, 574.42, 531.11, 522.56, 501.87, 476.80, 469.36, 442.56, 435.88, 425.77 cm–

1. [𝜶]𝑫
𝟐𝟎 = +26.693 (c=0.520% (m/v) in EtOH). UV–Vis (EtOH): λmax=229.0 nm. Elemental 

analysis: C22H31NO5S (421.550 g/mol), calculated (%): C (62.68), H (7.41), N (3.32), O (18.98). S 

(7.61), found: C (61.95), H (7.36), N (3.30), O (18.61). S (7.51). 

L-methioninium propyl ester S-(+)-naproxenate - [MetOPr][NAP] 

(2S)-4-(methylsulfanyl)-1-oxo-1-propoxybutan-2-aminium (2S)-2-(6-methoxynaphthalen-2-

yl)propanoate 

20
18

O

NH3
+

19

17

16
O

21

22

S
15

23 4

5

13

6

12

7

2
1

3

O
–

O
11

10

8

9

O

14

 

1H NMR (400 MHz, CDCl3) δ in ppm: 7.71–7.65 (s+d, 3H, H11, H8, H6), 7.41 (d, J10,11=6.8 Hz, 1H, 

H10), 7.15–7.07 (s+d, 2H, H13, H5), 5.16 (s, 3H, H19), 4.14–4.00 (m, 2H, H21), 3.90 (s, 3H, H14), 

3.87–3.77 (m, 1H, H2), 3.68–3.61 (m, 1H, H18), 2.57 (t, J16,17=8.1 Hz, 2H, H16), 2.05 (s, 3H, H15), 

2.10–1.97 (m, 1H, H17’), 1.91–1.77 (m, 1H, H17”), 1.71–1.60 (m, 2H, H22), 1.56 (d, J3,2=7.2 Hz, 

3H, H3), 0.93 (t, J=7.4 Hz, 3H, H23). 13C NMR (100 MHz, CDCl3) δ in ppm: 179.17 (C1), 174.96 

(C20), 157.60 (C9), 135.73 (C4), 133.71 (C7), 129.30 (C11), 128.94 (C12), 127.13 (C5), 126.34 

(C13), 126.04 (C6), 118.93 (C10), 105.59 (C8), 66.89 (C21), 55.31 (C14), 52.97 (C18), 45.57 (C2), 

33.29 (C17), 30.27 (C16), 21.94 (C22), 18.36 (C3), 15.29 (C15), 10.37 (C10). FT-IR ν (ATR): 
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3062.39, 3023.41, 2965.48, 2926.59, 2880.48, 2173.65, 2162.12, 1741.62, 1683.51, 1604.97, 

1549.30, 1505.04, 1486.78, 1449.87, 1419.95, 1386.46, 1353.02, 1344.22, 1311.55, 1287.98, 

1265.95, 1217.06, 1193.17, 1177.99, 1159.47, 1120.92, 1085.56, 1071.34, 1029.95, 990.40, 979.19, 

960.78, 927.30, 889.73, 854.02, 822.90, 810.56, 755.42, 718.88, 683.94, 668.45, 653.37, 629.06, 

531.49, 522.55, 474.60, 468.78, 425.48 cm–1. [𝜶]𝑫
𝟐𝟎 = +27.072 (c=0.543% (m/v) in EtOH). UV–Vis 

(EtOH): λmax=228.9 nm. Elemental analysis: C22H31NO5S (421.550 g/mol), calculated (%): C 

(62.68), H (7.41), N (3.32), O (18.98). S (7.61), found: C (61.97), H (7.39), N (3.26), O (18.90). S 

(7.58). 

L-methioninium butyl ester S-(+)-naproxenate - [MetOBu][NAP] 

(2S)-1-butoxy-4-(methylsulfanyl)-1-oxobutan-2-aminium (2S)-2-(6-methoxynaphthalen-2-

yl)propanoate 
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1H NMR (400 MHz, CDCl3) δ in ppm: 7.71–7.64 (s+d, 3H, H11, H8, H6), 7.41 (d, J10,11 = 7.0 Hz, 

1H, H10), 7.15 – 7.06 (s+d, 2H, H13, 5), 5.32 (s, 3H, H19), 4.17–4.04 (m, 2H, H21), 3.90 (s, 3H, 

H14), 3.87–3.77 (m, 1H, H2), 3.68–3.60 (m, 1H, H18), 2.56 (t, J16,17=7.4 Hz, 2H, H16), 2.05 (s, 3H, 

H15), 2.06–1.96 (m, 1H, H17’), 1.90–1.77 (m, 1H, H17”), 1.67–1.55 (m, 2H, H22), 1.55 (d, J3,2=7.1 

Hz, 3H, H3), 1.46–1.29 (m, 2H, H23), 0.92 (t, J23,24=7.4 Hz, 3H, H24). 13C NMR (100 MHz, CDCl3) 

δ in ppm: 174.76 (C1), 157.57 (C20), 135.92 (C4), 133.68 (C7), 129.30 (C11), 128.94 (C12), 127.10 

(C5), 126.38 (C13), 126.02 (C6), 118.90 (C10), 105.56 (C8), 65.23 (C21), 55.31 (C14), 52.88 (C18), 

45.72 (C2), 33.10 (C17), 30.57 (C16), 30.22 (C22), 19.10 (C23), 18.42 (C3), 15.27 (C15), 13.69 

(C24). FT-IR ν (ATR): 2960.66, 2931.60, 2870.49, 2189.26, 2184.48, 1740.79, 1684.01, 1604.90, 

1556.55, 1504.72, 1486.60, 1454.64, 1444.32, 1420.03, 1401.37, 1386.54, 1377.56, 1353.18, 

1342.06, 1315.73, 1289.49, 1265.23, 1259.30, 1236.82, 1215.22, 1193.68, 1179.38, 1159.14, 

1118.74, 1086.10, 1072.53, 1030.75, 989.27, 969.45, 961.18, 951.46, 927.79, 889.92, 854.35, 

822.86, 807.21, 759.99, 750.64, 719.78, 685.16, 654.00, 629.55, 576.57, 530.38, 522.22, 469.00, 

431.43 cm–1. [𝜶]𝑫
𝟐𝟎 = +28.733 (c=0.529% (m/v) in EtOH). UV–Vis (EtOH): λmax=229.9 nm. 

Elemental analysis: C22H31NO5S (435.587 g/mol), calculated (%): C (63.42), H (7.64), N (3.22), O 

(18.3). S (7.36), found: C (62.52), H (8.00), N (3.30), O (18.16). S (7.47). 

L-threoninium methyl ester S-(+)-naproxenate - [ThrOMe][NAP] 

(2S)-3-hydroxy-1-methoxy-1-oxobutan-2-aminium (2S)-2-(6-methoxynaphthalen-2-yl)propanoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.64–7.56 (s+d, 3H, H11, H8, H6), 7,37 (d, J11,10=7.5 Hz, 1H, 

H10), 7.12–7.02 (s+d, 2H, H13, H5), 6.76 (s, 4H, H19, H16), 3.95–3.86 (m, 1H, H17), 3.88 (s, 3H, 

H14), 3.78–3.68 (m, 1H, H2), 3.59 (s, 3H, H14), 3.26 (d, J18,17=5.0 Hz, 1H, H18), 1.48 (d, J3,2=7.1 

Hz, 3H, H3), 1.09 (d, J15,17=6,5 Hz, 3H, H15). 13C NMR (100 MHz. CDCl3) δ [ppm]: 180.18 (C1), 

171.68 (C21), 157.47 (C9), 136.77 (C4), 133.52 (C7), 129.26 (C11), 128.92 (C12), 126.95 (C5), 

126.56 (C13), 125.94 (C6), 118.82 (C10), 105.54 (C8), 67.05 (C17), 59.12 (C21), 55.30 (C18), 52.61 

(C14), 46.48 (C2), 19.84 (C15), 18.63 (C3). FT-IR ν (ATR): 3061.39, 2975.41, 2938.02, 2894.01, 

2162.52, 2124.68, 1746.01, 1726.89, 1680.75, 1630.80, 1604.28, 1530.56, 1505.28, 1486.07, 

1460.39, 1433.76, 1389.66, 1357.77, 1292.56, 1260.43, 1227.76, 1215.40, 1194.92, 1175.72, 

1158.00, 1072.86, 1091.20, 1050.35, 1040.92, 1028.47, 1005.65, 966.30, 924.89, 889.17, 856.12, 

794.35, 751.92, 742.92, 707.61, 685.82, 673.78, 642.76, 600.18, 530.70, 483.59, 471.61, 404.07 cm–

1. [𝜶]𝑫
𝟐𝟎 = +33.797 (c=0.497 % (m/v) in EtOH). UV–Vis (EtOH): λmax=230.2 nm. Elemental 

analysis: C19H25NO6 (363.405 g/mol), calculated (%): C (62.80), H (6.93), N (3.85), O (26.42), 

found: C (62.71), H (6.89), N (3.77), O (26.30). 

L-threoninium ethyl ester S-(+)-naproxenate - [ThrOEt][NAP] 

(2S)-1-ethoxy-3-hydroxy-1-oxobutan-2-aminium (2S)-2-(6-methoxynaphthalen-2-yl)propanoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.70–7.63 (s+d, 3H, H11, H8, H6), 7.40 (d, J10,11=6.9 Hz, 1H, 

H10), 7.14–7.06 (s+d, 2H, H13, H5), 4.93 (s, 4H, H19, H16), 4.23–4.12 (m, 2H, H21), 3.96–3.91 

(m, 1H, H17), 3.90 (s, 3H, H14), 3.84–3.77 (m, 1H, H2), 3.28 (d, J18,17=5.2 Hz, 1H, H18), 1.55 (d, 

J3,2=7.1 Hz, 3H, H3), 1.27–1.21 (m, 6H, H22, H15). 13C NMR (100 MHz, CDCl3) δ [ppm]: 179.52 

(C1), 173.13 (C21), 157.59 (C9), 135.85 (C4), 133.68 (C7), 129.29 (C11), 128.92 (C12), 127.11 

(C5), 126.37 (C13), 126.03 (C6), 118.93 (C10), 105.57 (C8), 67.92 (C17), 61.52 (C21), 59.57 (C18), 

55.32 (C14), 45.72 (C2), 19.88 (C15), 18.40 (C3), 14.14 (C22). FT-IR ν (ATR): 3135.68, 2979.96, 

2936.13, 2098.98, 2036.60, 1749.17, 1627.80, 1605.19, 1505.13, 1483.96, 1463.17, 1443.68, 

1421.67, 1375.73, 1357.33, 1342.72, 1285.22, 1270.35, 1256.58, 1217.58, 1194.60, 1180.34, 

1159.70, 1128.93, 1065.28, 1022.49, 999.41, 956.96, 929.53, 897.84, 864.90, 854.11, 825.04, 

811.96, 759.30, 684.14, 533.22, 523.52, 499.00, 477.02, 469.93, 402.66 cm–1. [𝜶]𝑫
𝟐𝟎 = +27.455 

(c=0.440% (m/v) in EtOH). UV–Vis (EtOH): λmax=229.8nm. Elemental analysis: 

C20H27NO6 (377.431 g/mol), calculated (%): C (63.64), H (7.21), N (3.71), O (25.43), found: 

C (63.53), H (7.20), N (3.67), O (25.43). 

L-threoninium isopropyl ester S-(+)-naproxenate - [ThrOiPr][NAP] 

(2S)-3-hydroxy-1-oxo-1-[(propan-2-yl)oxy]butan-2-aminium  

(2S)-2-(6-methoxynaphthalen-2-yl)propanoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.70–7.63 (s+d, 3H, H11, H8, H6), 7.40 (d, J11,10=6.9 Hz, 1H, 

H10), 7.14–7.06 (s+d, 2H, H13, H5), 5.06–5.01 (m, 1H, H21), 4.97 (s, 4H, H19, H16), 3.94–3.85 

(m, 4HH17, H14), 3.83–3.75 (m, 1H, H2), 3.25 (d, J18,17=5.4 Hz, 1H, H18), 1.54 (d, J3,2=7.2 Hz, 3H, 

H3), 1.26–1.20 (m, 9H, H23, H22, H14). 13C NMR (100 MHz. CDCl3) δ [ppm]: 179.58 (C1), 172.49 

(C21), 157.56 (C9), 136.03 (C4), 133.65 (C7), 129.29 (C11), 128.93 (C12), 127.08 (C5), 126.41 

(C13), 126.01 (C6), 118.90 (C10), 105.56 (C8), 69.31 (C17), 67.90 (C21), 59.66 (C18), 55.31 (C14), 

45.86 (C2), 21.73 (C23), 21.70 (C22), 19.88 (C15), 18.45 (C3). FT-IR ν (ATR): 3062.56, 2977.06, 

2936.31, 2905.00, 2080.00, 1742.10, 1652.14, 1629.99, 1605.23, 1563.90, 1541.37, 1532.62, 

1520.59, 1516.17, 1506.41, 1504.91, 1486.69, 1457.65, 1456.11, 1445.11, 1436.24, 1423.04, 

1384.83, 1356.47, 1341.84, 1290.04, 1257.60, 1228.28, 1213.00, 1197.75, 1180.67, 1160.67, 

1142.56, 1121.43, 1103.63, 1072.39, 1051.13, 1031.83, 1005.59, 985.28, 957.14, 925.84, 913.22, 

891.65, 857.74, 853.45, 818.93, 808.05, 783.87, 757.78, 712.32, 684.98, 670.97, 530.78, 522.29, 

474.25 cm–1. [𝜶]𝑫
𝟐𝟎 = +26.608 (c=0.451% (m/v) in EtOH). UV–Vis (EtOH): λmax=229.6nm. 

Elemental analysis: C21H29NO6 (391.458 g/mol), calculated (%): C (64.43), H (7.47), N (3.58), O 

(24.52), found: C (64.39), H (7.39), N (3.43), O (24.18). 

L-threoninium propyl ester S-(+)-naproxenate - [ThrOPr][NAP] 

(2S)-3-hydroxy-1-oxo-1-propoxybutan-2-aminium (2S)-2-(6-methoxynaphthalen-2-yl)propanoate 
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1H NMR (400 MHz, CDCl3) δ in ppm: 7.67–7.64 (s+d, 3H, H11, H8, H6), 7.38 (d, J10,11=6.9, Hz, 

1H, H10), 7.12–7.08 (s+d, 2H, H13, H5), 5.44 (s, 4H, H19, H16), 4.11–4.02 (m, 2H, H21), 3.96–

3.92 (m, 1H, H17), 3.90 (s, 3H, H14), 3.82–3.77 (m, 1H, H2), 3.29 (d, J18,17=5.2 Hz, 1H, H18), 1.68–

1.61 (m, 2H, H22), 1.52 (d, J3,2=7.2 Hz, 3H, H3), 1.19 (d, J15,17=6.4 Hz, 3H, H15), 0.92 (t, J23,22=7.4 

Hz, 3H, H23). 13C NMR (100 MHz, CDCl3) δ in ppm: 179.70 (C1), 172.92 (C21), 157.56 (C9), 

136.05 (C4), 133.65 (C7), 129.29 (C11), 128.92 (C12), 127.07 (C5), 126.41 (C13), 126.01 (C6), 

118.90 (C10), 105.56 (C8), 67.81 (C17), 67.15 (C21), 59.53 (C18), 55.31 (C14), 45.89 (C2), 21.87 

(C22), 19.91 (C15), 18.44 (C3), 10.34 (C23). FT-IR ν (ATR): 3056.35, 2968.95, 2935.60, 2899.28, 

2878.28, 878.78, 2839.45, 2060.63, 1739.77, 1670.26, 1631.75, 1604.55, 1552.54, 1504.58, 1483.56, 

1456.51, 1389.03, 1359.78, 1290.10, 1264.54, 1226.27, 1211.49, 1174.08, 1158.93, 1119.84, 

1059.06, 1031.13, 959.92, 925.24, 889.98, 852.34, 810.28, 747.96, 682.02, 665.48, 521.87, 554.76, 

474.35 400.24 cm–1. [𝜶]𝑫
𝟐𝟎 = +26.269 (c=0.453% (m/v) in EtOH). UV–Vis (EtOH): 
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λmax=229.9nm. Elemental analysis: C21H29NO6 (391.458 g/mol), calculated (%): C (64.43), H 

(7.47), N (3.58), O (24.52), found: C (64.33), H (7.51), N (3.61), O (23.89). 

L-threoninium butyl ester S-(+)-naproxenate - [ThrOBu][NAP] 

(2S)-1-butoxy-3-hydroxy-1-oxobutan-2-aminium (2S)-2-(6-methoxynaphthalen-2-yl)propanoate 
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1H NMR (400 MHz, CDCl3) δ in ppm: 7.66–7.62 (s+d, 3H, H11, H8, H6), 7.38 (d, J10,11=6.7 Hz, 1H, 

H10), 7.11–7.07 (s+d, 2H, H13, H5), 5.81 (s, 4H, H19, H16), 4.13–4.03 (m, 2H, H21), 3.96–3.86 

(m, 4H, H17, H14), 3.81–3.73 (m, 1H, H2), 3.28 (d, J18,19=5.1 Hz, 1H, H18), 1.62–1.53 (m, 2H, H22), 

1.51 (d, J3,2=7.1 Hz, 3H, H3), 1.40–1.27 (m, 2H, H23), 1.17 (d, J15,17=6.4 Hz, 3H, H15), 0.91 (t, 

J23,24=7.4 Hz, 3H, H24). 13C NMR (100 MHz, CDCl3) δ in ppm: 179.85 (C1), 172.39 (C21), 157.52 

(C9), 136.39 (C4), 133.59 (C7), 129.28 (C11), 128.93 (C12), 127.01 (C5), 126.48 (C13), 125.97 

(C6), 118.85 (C10), 105.55 (C8), 67.58 (C17), 65.55 (C21), 59.42 (C18), 55.30 (C14), 46.15 (C2), 

30.47 (C23), 19.91 (C22), 19.05 (C15), 18.54 (C3), 13.67 (C24). FT-IR ν (ATR): 3129.76, 2973.87, 

2954.03, 2932.75, 2872.39, 2738.79, 2082.47, 1750.49, 1732.63, 1636.77, 1627.13, 1616.03, 

1605.19, 1561.40, 1559.50, 1557.00, 1553.77, 1544.60, 1541.44, 1539.84, 1524.82, 1522.18, 

1519.66, 1516.45, 1508.02, 1506.45, 1505.04, 1495.66, 1485.07, 1472.99, 1462.36, 1456.24, 

1444.77, 1436.12, 1431.44, 1421.97, 1385.58, 1358.08, 1344.37, 1327.31, 1311.95, 1286.67, 

1270.65, 1257.65, 1214.64, 1194.84, 1180.63, 1159.90, 1136.69, 1073.23, 1023.32, 1005.25, 929.20, 

898.05, 854.46, 824.85, 811.87, 685.00, 477.60, 470.90 cm–1. [𝜶]𝑫
𝟐𝟎 = +26.154 (c=0.455% (m/v) in 

EtOH). UV–Vis (EtOH): λmax=229.4nm. Elemental analysis: C22H31NO6 (405.485 g/mol), 

calculated (%): C (65.17), H (7.71), N (3.45), O (23.67), found: C (64.98), H (7.66), N (3.44), O 

(23.01). 

L-valinium methyl ester S-(+)-naproxenate - [ValOMe][NAP] 

(2S)-1-methoxy-3-methyl-1-oxobutan-2-aminium (2S)-2-(6-methoxynaphthalen-2-yl)propanoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.70–7.61 (s+d, 3H, H11, H8, H6), 7.41 (d, J10,11=7.8 Hz, 1H, 

H10), 7.14–7.05 (s+d, 2H, H13, H5), 5.25 (s, 3H, H19), 3.90 (s, 3H, H21), 3.76–3.82 (m, 1H, H2), 

3.67 (s, 3H, H14), 3.38 (d, J18,16=4.8 Hz, 1H, H18), 2.08–1.96 (m, 1H, H16), 1.53 (d, J3,2=7.1 Hz, 

3H, H3), 0.92 (d, J16,15=6.9 Hz, 3H, H15), 0.86 (d, J16,17=7.4 Hz, 3H, H17). 13C NMR (100 MHz. 

CDCl3) δ [ppm]: 179.08 (C1), 174.63 (C20), 157.52 (C9), 136.25 (C4), 133.63 (C7), 129.29 (C11), 

128.95 (C12), 127.02 (C6), 126.45 (C13), 125.97 (C5), 118.82 (C10), 105.58 (C8), 59.15 (C21), 

55.30 (C18), 51.97 (C14), 45.88 (C2), 31.61 (C16), 29.71 (C17), 18.84 (C15), 18.49 (C3), 17.30 
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(C14). FT-IR ν (ATR): 2980.30, 2889.50, 2489.50, 2497.69, 2048.99, 1744.70, 1628.80, 1602.89, 

1504.45, 1484.02, 1462.59, 1387.95, 1361.41, 1292.96, 1253.93, 1226.85, 1208.46, 1175.61, 

1159.45, 1117.27, 1058.44, 1027.86, 958.59, 925.11, 892.20, 855.60, 812.47, 795.79, 745.03, 

704.19, 681.28, 616.33, 574.96 cm–1. [𝜶]𝑫
𝟐𝟎 = +42.805 (c=0.549% (m/v) in EtOH). UV–Vis (EtOH): 

λmax=228.1 nm. Elemental analysis: C20H27NO5 (361.432 g/mol), calculated (%): C (66.46), H 

(7.53), N (3.88), O (22.13), found: C (65.95), H (7.48), N (3.81), O (22.20). 

L-AMINO ACID ALKYL ESTER SALTS OF SALICYLIC ACID  

L-isoleucinium methyl ester salicylate - [IleOMe][SA] 

(2S)-1-methoxy-3-methyl-1-oxopentan-2-aminium 2-hydroxybenzoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.79 (d, J7,8=7.8 Hz, 1H, H7), 7.33 (t, J5,4=6.6 Hz, 1H, H5), 

6.89 (d, J4,5=7.4 Hz, 1H, H4), 6.76 (t, J6,7= 6.5 Hz, 1H, H6), 3.92 (d, J12,10=4,2 Hz, 1H, H12), 3.60 

(s, 3H, H15), 2.04–1.92 (m, 1H, H10), 1.53–1.37 (m, 1H, H9’), 1.36–1.22 (m, 1H, H9”), 0.95 (d, 

J11,10=6.9 Hz, 3H, H11), 0.82 (t, J8,9=7.4 Hz, 3H, H8). 13C NMR (100 MHz, CDCl3) δ [ppm]: 175.52 

(C1), 169.51 (C14), 161.62 (C3), 134.05 (C5), 130.63 (C7), 118.34 (C2), 116.90 (C6), 116.89 (C4). 

57.41 (C15), 52.75 (C12), 36.76 (C1), 25.65 (C9), 14.59 (C11), 11.45 (C8). FT–IR: ν (ATR): 

2972.05, 2937.76, 2861.71, 2861.71, 2547.46, 2124.85, 2015.77, 1925.92, 1733.93, 1697.73, 

1593.98, 1554.70, 1536.94, 1481.91, 1451.29, 1441.26, 1407.26, 1379.72, 1352.24, 1338.62, 

1309.50, 1279.46, 1252.64, 1226.58, 1199.59, 1169.11, 1155.56, 1144.37, 1133.87, 1099.80, 

1083.48, 1054.34, 1032.89, 996.52, 975.82, 961.38, 910.44, 872.63, 860.61, 829.98, 807.04, 786.61, 

754.94, 705.32, 664.85, 566.34, 536.11, 492.91, 454.65, 421.11 cm–1. [𝜶]𝑫
𝟐𝟎 = +19.452 (c=0.730% 

(m/v) in EtOH). UV–Vis (EtOH): λmax=229.1 nm. Elemental analysis: C14H20NO5 (282.313 g/mol), 

calculated (%): C (59.56), H (7.14), N (4.96), O (28.34), found: C (59.78), H (7.23), N (4.98), O 

(27.99). 

L-isoleucinium ethyl ester salicylate - [IleOEt][SA] 

(2S)-1-ethoxy-3-methyl-1-oxopentan-2-aminium 2-hydroxybenzoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.79 (d, J7,6=7,8 Hz, 1H, H7), 7.31 (t, J5,4=6.5 Hz, 1H, H5), 

6,88 (d, J=7,3 Hz, 1H, H4), 6.75 (t, J6,7=7.4 Hz, 1H, H6), 4.16–3.96 (m, 2H, H15), 3.85 (d, J12,10=4.1 

Hz, 1H, H12), 2.03–1.90 (m, 1H, H4), 1.53–1.39 (m, 1H, H9’), 1.37–1,22 (m, 1H, H9”), 1.15 (t, 

J16,15=7.2 Hz, 3H, H16), 0.95 (d, J11,10=7,0 Hz, 3H, H11), 0.82 (t, J9,8=7.4 Hz, 3H, H8). 13C NMR 

(100 MHz. CDCl3) δ [ppm]: 175.64 (C1), 169.40 (C14), 161.65 (C3), 133.65 (C5), 130.63 (C7), 
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118.10 (C2), 117.63 (C6), 116.78 (C4), 62.19 (C15), 57.39 (C12), 36.91 (C10), 25.70 (C9), 14.60 

(C11), 13.92 (C16), 11.50 (C8). FT–IR: ν (ATR): 2963.82, 2936.43, 2878.60, 2593.31, 2161.09, 

1730.07, 1614.53, 1594.39, 1557.04, 1505.04, 1481.66, 1452.14, 1380.86, 1351.37, 1307.80, 

1286.10, 1254.20, 1225.29, 1198.07, 1157.14, 1139.28, 1098.99, 1055.46, 1029.43, 1011.48, 993.39, 

973.49, 949.32, 930.82, 860.40, 823.30, 806.53, 786.54, 751.49, 702.57, 665.75, 568.02, 532.19, 

458.09, 420.36 cm–1. [𝜶]𝑫
𝟐𝟎 = +21.673 (c=0.521% (m/v) in EtOH). UV–Vis (EtOH): λmax=228.7 nm. 

Elemental analysis: C15H22NO5 (296.339 g/mol), calculated (%): C (60.80), H (7.48), N (7.48), O 

(27.00), found: C (60.98), H (7.51), N (4.60), O (26.90). 

L-isoleucinium isopropyl ester salicylate - [IleOiPr][SA] 

(2S)-3-methyl-1-oxo-1-[(propan-2-yl)oxy]pentan-2-aminium 2-hydroxybenzoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.80 (d, J7,6=7.8 Hz, 1H, H7), 7.30 (t, J7,6=6.6 Hz, 1H, H5), 

6.87 (d, J4,5=7.2 Hz, 1H, H4), 6.74 (t, J6,7=7.6 Hz, 1H, H6), 5.02–4.88 (m, 1H, H15), 3.86 (d, 

J12,10=3.9 Hz, 1H, H12), 2.04–1.93 (m, 1H, H10), 1.54–1.39 (m, 1H, H9’), 1.38–1.23 (m, 1H, H9”), 

1.19 (d, J11,10=6.2 Hz, 3H, H11), 1.14 (d, J17,15=6,3 Hz, 3H, H17), 0.97 (d, J16,15=6.8 Hz, 3H, H16), 

0.83 (t, J8,9=7.4 Hz, 3H, H8). 13C NMR (100 MHz, CDCl3) δ [ppm]: 175.47 (C1), 169.03 

(C14),161.66 (C3),133.68 (C5),130.69 (C7),118.14 (C2),117.43 (C6),116.76 (C4),70.52 

(C15),57.29 (C12),36.93 (C10),25.75 (C9),21.60 (C16),21.46 (C17),14.57 (C11),11.57 (C8). FT–

IR: ν (ATR): 2966.13, 2934.94, 2878.33, 2637.64, 2160.77, 2147.55, 1733.13, 1591.53, 1561.80, 

1540.80, 1480.75, 1465.50, 1449.72, 1410.96, 1378.04, 1358.38, 1308.42, 1283.76, 1251.31, 

1230.10, 1192.73, 1159.51, 1141.36, 1100.39, 1054.29, 1029.32, 998.19, 956.01, 936.73, 903.24, 

860.13, 846.60, 826.62, 806.93, 755.75, 705.08, 665.21, 614.62, 569.61, 536.00, 452.94, 452.94 cm–

1. [𝜶]𝑫
𝟐𝟎 = +18.939 (c=0.528% (m/v) in EtOH). UV–Vis (EtOH): λmax=228.5 nm. Elemental 

analysis: C16H24NO4 (310.366 g/mol), calculated (%): C (61.92), H (7.79), N (4.51), O (25.78), 

found: C (62.13), H (7.85), N (4.48), O (25.52). 

L-isoleucinium propyl ester salicylate - [IleOPr][SA] 

(2S)-3-methyl-1-oxo-1-propoxypentan-2-aminium 2-hydroxybenzoate 

14
12

O

NH3
+

13

10O

15

16

11

9

817

3

4

2

5

7

6

O
–

1

O
–

O

 

1H NMR (400 MHz, CDCl3) δ in ppm: 7.80 (d, J7,6=7.8 Hz, 1H, H7), 7.32 (t, J5,4=6.3 Hz, 1H, H5), 

6.88 (d, J4,5=7.3 Hz, 1H, H4), 6.75 (t, J6,7=7.6 Hz, 1H, H6), 4.06–3.96 (m, 1H, H12), 3.97–3.87 (m, 

2H, H15), 2.08–1.93 (m, 1H, H10), 1.60–1.49 (m, 2H, H16), 1.50–1.38 (m, 1H, H9’), 1.37–1.25 (m, 

1H, H9”), 0.97 (d, J11,10=6.9 Hz, 3H, H11), 0.90–0.77 (2t, 6H, H17, H8). 13C NMR (100 MHz, 



172 
 

CDCl3) δ in ppm: 175.44 (C1), 169.40 (C14), 161.65 (C3), 133.89 (C5), 130.68 (C7), 118.25 (C2), 

117.04 (C6), 116.83 (C4), 67.87 (C15), 57.32 (C12), 36.81 (C10), 25.71 (C9), 21.66 (C16), 14.61 

(C11), 11.52 (C17), 10.25 (C8). FT–IR: ν (ATR): 2967.58, 2933.30, 2877.54, 2724.67, 2630.32, 

2173.42, 2115.87, 1738.36, 1702.10, 1596.50, 1564.18, 1515.88, 1480.30, 1455.15, 1424.12, 

1384.14, 1351.10, 1339.29, 1320.37, 1305.72, 1291.93, 1249.56, 1219.08, 1187.85, 1155.31, 

1142.38, 1115.98, 1091.37, 1058.31, 1028.98, 1015.89, 964.84, 943.09, 923.26, 898.79, 860.80, 

845.52, 807.54, 794.61, 753.26, 704.04, 664.50, 566.23, 534.03, 520.75, 486.33, 450.57, 428.99 cm–

1. [𝜶]𝑫
𝟐𝟎 = +19.639 (c=0.479% (m/v) in EtOH). UV–Vis (EtOH): λmax=228.6 nm. Elemental 

analysis: C16H24NO4 (310.366 g/mol), calculated (%): C (61.92), H (7.79), N (4.51), O (25.78), 

found: C (61.87), H (7.84), N (4.59), O (25.69). 

L-isoleucinium butyl ester salicylate -[IleOBu][SA] 

(2S)-1-butoxy-3-methyl-1-oxopentan-2-aminium 2-hydroxybenzoate 
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1H NMR (400 MHz, CDCl3) δ in ppm: 7.79 (d, J7,6=7.8, Hz, 1H, H7), 7.32 (t, J5,4=6.4 Hz, 1H, H5), 

6.88 (d, J4,5=7.2 Hz, 1H, H4), 6.75 (t, J6,7=7.7 Hz, 1H, H6), 4.12–3.94 (m, 2H, H15), 3.88 (d, J12,14=4.0 

Hz, 1H, H12), 2.04–1.93 (m, 1H, H4), 1.56–1.42 (m, 3H, H16, H9’), 1.33–1.22 (m, 3H, H17, H9”), 

0.97 (d, J11,10=6.9 Hz, 3H, H11), 0.90–0.81 (2t, 6H, H18, H8). 13C NMR (100 MHz, CDCl3) δ in 

ppm: 175.40 (C1), 169.81 (C14), 161.67 (C3), 133.84 (C5), 130.68 (C7), 118.21 (C2), 117.11 (C6), 

116.82 (C4), 66.08 (C15), 57.38 (C12), 36.97 (C10), 30.29 (C16), 25.61 (C9), 18.99 (C17), 14.71 

(C11), 13.56 (C18), 11.53 (C8). FT–IR: ν (ATR): 2959.85, 2933.17, 2873.12, 2165.04, 2120.51, 

1731.20, 1731.20, 1593.22, 1560.28, 1480.57, 1463.17, 1450.73, 1416.76, 1381.81, 1353.13, 

1336.61, 1309.50, 1252.76, 1219.46, 1167.19, 1157.23, 1139.59, 1061.68, 1029.10, 955.23, 937.17, 

885.33, 861.33, 826.61, 806.34, 793.48, 750.90, 703.80, 664.24, 566.97, 534.67, 518.97, 508.62, 

472.09, 456.19 cm–1. [𝜶]𝑫
𝟐𝟎 = +16.667 (c=0.558% (m/v) in EtOH). UV–Vis (EtOH): λmax=229.2 nm. 

Elemental analysis: C17H26NO4 (324.393 g/mol), calculated (%): C (62.94), H (8.08), N (4.32), O 

(24.66), found: C (63.16), H (8.21), N (4.46), O (24.15).  

L-methioninium methyl ester salicylate - [MetOMe][SA] 

(2S)-1-methoxy-4-(methylsulfanyl)-1-oxobutan-2-aminium 2-hydroxybenzoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.78 (d, J7,6=7,8 Hz, 1H, H7), 7.33 (t, J5,4=6.6 Hz, 1H, H5), 

6.89 (d, J4,5=7.1 Hz, 1H, H4), 6.77 (t, J6,5=7.1 Hz, 1H, H6), 4.18–4.09 (m, 1H, H12), 3.60 (s, 3H, 

H15), 2.70–2.48 (m, 2H, H10), 2.26–2.07 (m, 2H, H9), 1.96 (s, 3H, H8). 13C NMR (100 MHz, 
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CDCl3) δ [ppm]: 175.52 (C1), 170.36 (C14), 161.54 (C3), 134.15 (C5), 130.54 (C7), 118.51 (C2), 

117.00 (C6), 116.92 (C4), 53.18 (C15), 51.93 (C12), 29.91 (C10), 29.42 (C9), 14.93 (C8). FT–IR: 

ν (ATR): 2952.79, 2918.04, 2112.46, 1740.84, 1694.88, 1591.84, 1563.75, 1481.27, 1451.68, 

1379.56, 1348.15, 1307.50, 1284.14, 1250.16, 1222.98, 1154.27, 1139.71, 1079.18, 1029.85, 961.80, 

939.32, 882.11, 859.87, 827.08, 805.56, 703.78, 664.37, 566.37, 534.21, 451.49, 408.63 cm–1. [𝜶]𝑫
𝟐𝟎 

= +15.245 (c=0.551% (m/v) in EtOH). UV–Vis (EtOH): λmax=228.9 nm. Elemental analysis: 

C13H18NO5S (300.351 g/mol), calculated (%): C (51.99), H (6.04), N (4.66), O (26.63), S (10.68), 

found: C (51.75), H (5.95), N (4.60), O (26.58), S (10.54). 

L-methioninium ethyl ester salicylate - [MetOEt][SA] 

(2S)-1-ethoxy-4-(methylsulfanyl)-1-oxobutan-2-aminium 2-hydroxybenzoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.79 (d, J7,6=7,8 Hz, 1H, H7), 7.32 (t, J5,4=6,6 Hz, 1H, H5), 

6,89 (d, J4,5=7.3 Hz, 1H, H4), 6.77 (t, J6,5=7.5 Hz, 1H, H6), 4.14–4.07 (m, 2H, H12), 4.05–3.98 (m, 

1H, H16), 2.70–2.53 (m, 2H, H10), 2.25–2.07 (m, 2H, H9), 1.97 (s, 3H, H8), 1.15 (t, J16,15=7.2 Hz, 

H16). 13C NMR (100 MHz. CDCl3) δ [ppm]: 175.54 (C1), 170.15 (C14), 161.61 (C3), 134.03 (C5), 

130.55 (C7), 118.39 (C2), 117.06 (C6), 116.97 (C4), 62.65 (C15), 52.07 (C12), 30.18 (C16), 29.49 

(C10), 14.97 (C9), 13.86 (C8). FT–IR: ν (ATR): 2980.66, 2917.54, 2112.53, 1739.86, 1622.62, 

1590.72, 1559.25, 1481.39, 1452.49, 1378.50, 1347.23, 1304.73, 1249.05, 1218.09, 1154.81, 

1140.55, 1091.98, 1078.14, 1028.56, 1014.56, 955.79, 858.57, 806.18, 753.27, 704.16, 664.76, 

566.55, 535.42, 456.54, 427.83 cm–1. [𝜶]𝑫
𝟐𝟎 = + 11.776 (c=0.518 % (m/v) in EtOH). UV–Vis (EtOH): 

λmax=229.1 nm. Elemental analysis: C14H20NO5S (314.379 g/mol), calculated (%): C (53.49), H 

(6.41), N (4.46), O (25.45), S (10.20), found: C (53.38), H (6.38), N (4.57), O (25.34), S (10.13).  

L-methioninium isopropyl ester salicylate - [MetOiPr][SA] 

(2S)-4-(methylsulfanyl)-1-oxo-1-[(propan-2-yl)oxy]butan-2-aminium 2-hydroxybenzoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.79 (d, J7,8=7.8 Hz, 1H), 7.32 (t, J5,4=6.7 Hz, 1H, H5), 6.88 

(d, J4,5=7.4 Hz, 1H, H4), 6.76 (t, J6,5=7.4 Hz, 1H, H6), 5.01–4.87 (m, 1H, H15), 4.09–4.02 (m, 1H, 

H12), 2.70–2.52 (m, 2H, H10), 2.24–2.06 (m, 2H, H9), 1.97 (s, 3H, H8), 1.17 (d, J17,15= 6.3 Hz, 3H, 

H17), 1.12 (d, J16,15=6.3 Hz, 3H, H16). 13C NMR (100 MHz, CDCl3) δ [ppm]: 175.55 (C1), 169.59 

(C14), 161.65 (C3), 133.97 (C5), 130.57 (C7), 118.34 (C2), 117.14 (C6), 116.96 (C4), 70.84 (C15), 

52.14 (C12), 30.23 (C16), 29.47 (C10), 21.51 (C17), 21.39 (C16), 14.98 (C8). FT–IR: ν (ATR): 

2981.24, 2918.03, 2834.66, 2755.53, 2630.57, 2116.31, 1732.50, 1683.52, 1625.38, 1592.59, 
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1556.98, 1480.52, 1447.94, 1383.82, 1375.92, 1348.86, 1308.73, 1285.15, 1248.46, 1232.05, 

1202.08, 1182.41, 1159.81, 1143.19, 1103.03, 1029.02, 1007.16, 965.14, 955.45, 944.17, 915.75, 

901.82, 883.92, 860.86, 821.31, 807.59, 797.46, 753.26, 703.63, 665.26, 567.44, 533.62, 495.61, 

476.16, 455.41, 431.33 cm–1. [𝜶]𝑫
𝟐𝟎 = +10.575 (c=0.539 % (m/v) in EtOH). UV–Vis (EtOH): 

λmax=229.3 nm. Elemental analysis: C15H22NO5S (328.404 g/mol), calculated (%): C (54.86), H 

(6.75), N (4.26), O (24.36), S (9.76), found: C (54.96), H (6.79), N (4.24), O (24.10), S (9.59). 

L-methioninium propyl ester salicylate - [MetOPr][SA] 

(2S)-4-(methylsulfanyl)-1-oxo-1-propoxybutan-2-aminium 2-hydroxybenzoate 
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1H NMR (400 MHz, CDCl3) δ in ppm: 7.78 (d, J7,6=7.8Hz, 1H, H7), 7.32 (t, J5,4=6.4Hz, 1H, H5), 

6.88 (d, J4,5=7.2 Hz, 1H, H4), 6.76 (d, J6,5=7.5 Hz, 1H, H6), 4.16–4.08 (m, 1H, H12), 4.04–3.87 (m, 

2H, H15), 2.70–2.53 (m, 2H, H10), 2.26–2.07 (m, 2H, H9), 1.96 (s, 3H, H8), 1.58–1.48 (m, 2H, 

H16), 0.83 (t, J17,16=7.4 Hz, 3H, H17). 13C NMR (100 MHz, CDCl3) δ in ppm: 175.59 (C1), 161.62 

(C14), 133.95 (C5), 130.55 (C7), 118.34 (C2), 117.22 (C6), 116.94 (C4), 68.10 (C15), 52.04 (C12), 

30.19 (C10), 29.48 (C9), 21.63 (C16), 14.94 (C8), 10.16 (C17). FT–IR: ν (ATR): 2963.18, 2934.86, 

2916.38, 2877.28, 2752.43, 2623.53, 2147.33, 1738.68, 1683.85, 1621.53, 1591.69, 1556.63, 

1480.33, 1444.73, 1411.74, 1380.14, 1351.70, 1308.57, 1245.54, 1224.67, 1187.68, 1157.36, 

1142.70, 1079.19, 1031.67, 996.15, 976.21, 962.10, 940.36, 923.39, 884.51, 873.29, 860.58, 823.29, 

807.21, 784.24, 754.78, 706.60, 663.83, 568.00, 537.32, 476.43, 454.88 cm–1. [𝜶]𝑫
𝟐𝟎 = +11.515 

(c=0.495% (m/v) in EtOH). UV–Vis (EtOH): λmax=229.1 nm. Elemental analysis: C15H22NO5S 

(328.404 g/mol), calculated (%): C (54.86), H (6.75), N (4.26), O (24.36), S (9.76), found: C (54.74), 

H (6.68), N (4.16), O (23.85), S (9.57).  

L-methioninium butyl ester salicylate - [MetOBu][SA] 

(2S)-1-butoxy-4-(methylsulfanyl)-1-oxobutan-2-aminium 2-hydroxybenzoate 
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1H NMR (400 MHz, CDCl3) δ in ppm: 7.78 (d, J7,6=7.8 Hz, 1H, H7), 7.32 (t, J5,4=6.4Hz, 1H, H5), 

6.88 (d, J4,5=7.3 Hz, 1H, H4), 6.77 (t, J6,5=7.5 Hz, 1H, H6), 4.14–4.07 (m, 1H, H12), 4.09–3.93 (m, 

2H, H15), 2.70–2.53 (m, 2H, H10), 2.25–2.07 (m, 2H, H9), 1.97 (s, 3H, H8), 1.57–1.42 (m, 2H, 

H16), 1.37–1.14 (m, 2H, H17), 0.85 (t, J18,17=7.4 Hz, 3H, H18). 13C NMR (100 MHz, CDCl3) δ in 

ppm: 175.55 (C1), 170.22 (C14), 161.63 (C3), 134.00 (C5), 130.56 (C7), 118.36 (C2), 117.07 (C6), 

116.96 (C4), 66.45 (C15), 52.04 (C12), 30.23 (C16), 30.18 (C10), 29.49 (C9), 18.94 (C16), 14.95 

(C8), 13.61 (C18). FT–IR: ν (ATR): 2957.97, 2929.41, 2873.16, 2845.19, 2755.41, 2630.42, 
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2118.76, 1736.31, 1703.00, 1683.67, 1669.56, 1594.44, 1556.45, 1480.97, 1450.00, 1381.55, 

1354.93, 1331.21, 1307.45, 1283.53, 1253.76, 1221.73, 1171.66, 1153.87, 1139.33, 1082.93, 

1057.85, 1031.04, 1018.32, 993.60, 964.97, 932.02, 860.50, 829.09, 805.74, 750.76, 725.97, 702.75, 

664.96, 566.59, 533.77, 506.24, 452.36, 427.92 cm–1. [𝜶]𝑫
𝟐𝟎 = +10.537 (c=0.503 % (m/v) in EtOH). 

UV–Vis (EtOH): λmax=229.5 nm. Elemental analysis: C16H24NO5S (342.431 g/mol), calculated (%): 

C (56.12), H (7.06), N (4.09), O (23.36), S (9.36), found: C (56.24), H (7.10), N (4.02), O (23.48), S 

(9.24).  

L-threoninium methyl ester salicylate - [ThrOMe][SA] 

(2S)-3-hydroxy-1-methoxy-1-oxobutan-2-aminium 2-hydroxybenzoate 
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1H NMR (400 MHz, DMSO-d6) δ [ppm]: 7.72 (d, J7,6=7.7 Hz, 1H, H7), 7.26 (t, J5,6=7.5 Hz, 1H, H5), 

6.74 (d, J4,5=7.2 Hz, 1H, H4), 6.71 (t, J6,5=7.7 Hz, 1H, H6), 4.20–4.10 (m, 1H, H9), 3.98 (d, J11,9=3.9 

Hz, 1H, H11), 3.74 (s, 3H, H14), 2.56–2.45 (m, 1H, H10), 1.22 (d, J8,9=6.6 Hz, 3H, H8). 13C NMR 

(100 MHz, DMSO-d6) δ [ppm]: 172.60 (C1), 169.36 (C13), 162.48 (C3), 133.27 (C5), 130.60 (C7), 

118.44 (C2), 117.65 (C6), 116.65 (C4), 65.55 (C9), 58.41 (C14), 53.15 (C11), 20.42 (C8). FT–IR: 

ν (ATR): 3016.23, 2988.66, 2953.96, 2953.96, 2865.69, 2733.49, 2689.98, 2551.76, 2078.74, 

1864.17, 1833.98, 1742.08, 1701.15, 1655.55, 1603.00, 1587.91, 1574.30, 1525.02, 1482.43, 

1465.82, 1444.60, 1385.75, 1363.21, 1328.66, 1297.53, 1244.77, 1211.09, 1154.54, 1144.81, 

1122.78, 1059.85, 1043.23, 1030.63, 994.94, 967.10, 921.45, 891.95, 860.76, 841.73, 804.63, 

786.02, 767.42, 737.08, 705.94, 663.26, 568.89, 533.78, 487.83, 455.56, 432.45, 422.25 cm–1. [𝜶]𝑫
𝟐𝟎 

= −3.069 (c=0.619% (m/v) in EtOH). UV–Vis (EtOH): λmax=229.1 nm. Elemental analysis: 

C12H16NO6 (270.259 g/mol), calculated (%): C (53.33), H (5.97), N (5.18), O (35.52), found: C 

(53.10), H (5.91), N (5.04), O (36.64). 

L-threoninium ethyl ester salicylate - [ThrOEt][SA] 

(2S)-1-ethoxy-3-hydroxy-1-oxobutan-2-aminium 2-hydroxybenzoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.76 (d, J7,6=7.7 Hz, 1H, H7), 7.29 (t, J5,6=7.5 Hz, 1H, H5), 

6.85 (d, J4,5=7.3 Hz, 1H, H4), 6.74 (t, J6,5=7.7 Hz, 1H, H6), 4.27–4.17 (m, 1H, H9), 4.16–3.98 (m, 

2H, H14), 3.80 (d, J11,9=5.3 Hz, 1H, H11), 1.33 (d, J8,9=6.4 Hz, 3H, H8), 1.13 (t, J15,14=7.1 Hz, 3H, 

H15). 13C NMR (100 MHz, CDCl3) δ [ppm]: 175.47 (C1), 169.15 (C13), 161.32 (C3), 134.02 (C5), 

130.57 (C7), 118.56 (C2), 116.94 (C6), 116.86 (C4), 66.31 (C9), 62.98 (C14), 59.20 (C11), 20.33 

(C8), 13.75 (C15). FT–IR: ν (ATR): 2981.33, 2938.04, 2905.68, 2724.44, 2118.63, 2104.07, 
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1735.39, 1591.97, 1560.55, 1482.09, 1454.04, 1380.20, 1351.70, 1300.67, 1250.00, 1216.82, 

1155.45, 1141.12, 1048.68, 1029.92, 934.37, 914.01, 859.05, 831.25, 805.90, 749.61, 704.36, 

664.62, 565.86, 533.67, 449.71 cm–1. [𝜶]𝑫
𝟐𝟎 = −4.068 (c=0.590 % (m/v) in EtOH). UV–Vis (EtOH): 

λmax=229.3 nm. Elemental analysis: C13H18NO6 (284.286 g/mol), calculated (%): C (54.92), H 

(6.38), N (4.93), O (33.77), found: C (54.98), H (6.42), N (4.90), O (33.68).  

L-threoninium isopropyl ester salicylate - [ThrOiPr][SA] 

(2S)-3-hydroxy-1-oxo-1-[(propan-2-yl)oxy]butan-2-aminium 2-hydroxybenzoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.76 (d, J7,6=7.8 Hz, 1H, H7), 7.27 (t, J5,6=7.3 Hz, 1H, H5), 

6.84 (d, J4,5=8.2 Hz, 1H, H4), 6.72 (t, J6,5=7.7 Hz, 1H, H6), 5.02–4.88 (m, 1H, H14), 4.26–4.15 (m, 

1H, H9), 3.79 (d, J11,9=5.3 Hz, 1H, H11), 1.34 (d, J9,8=6.5 Hz, 3H, H8), 1.18–1.08 (2t, 6H, H16, 

H15). 13C NMR (100 MHz, CDCl3) δ [ppm]: 175.54 (C1), 168.48 (C13), 161.30 (C3), 133.86 (C5), 

130.59 (C7), 118.50 (C2), 117.22 (C4), 116.81 (C6), 71.32 (C9), 66.32 (C14), 59.28 (C11), 21.41 

(C16), 21.38 (C15), 20.42 (C8). FT–IR: ν (ATR): 3048.29, 2981.18, 2935.69, 2070.02, 1735.37, 

1683.53, 1590.93, 1560.08, 1482.48, 1454.56, 1377.14, 1351.25, 1293.63, 1249.50, 1223.99, 

1182.55, 1141.42, 1097.72, 1050.19, 1029.84, 952.85, 913.19, 895.62, 859.58, 807.58, 754.74, 

703.77, 664.82, 566.35, 534.71, 493.78, 457.51, 418.13 cm–1. [𝜶]𝑫
𝟐𝟎 = −4.105 (c=0.609 % (m/v) in 

EtOH). UV–Vis (EtOH): λmax=229.2 nm. Elemental analysis: C14H20NO6 (298.312 g/mol), 

calculated (%): C (56.37), H (6.76), N (4.70), O (32.18), found: C (56.24), H (6.67), N (4.65), O 

(32.02). 

L-threoninium propyl ester salicylate - [ThrOPr][SA] 

(2S)-3-hydroxy-1-oxo-1-propoxybutan-2-aminium 2-hydroxybenzoate 
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1H NMR (400 MHz, CDCl3) δ in ppm: 7.77 (d, J7,8=7.6 Hz, 1H), 7.30 (t, J5,4=7.4 Hz, 1H, H5), 6.86 

(d, J4,5=8.3 Hz, 1H, H4), 6.74 (t, J6,5=7.5 Hz, 1H, H6), 4.27–4.17 (m, 1H, H9), 4.07–3.91 (m, 2H, 

H14), 3.80 (d, J11,12=5.3 Hz, 1H, H11), 1.59–1.49 (m, 2H, H15), 1.35 (d, J8,9=6.5 Hz, 3H, H8), 0.83 

(t, J16,15=7.4 Hz, 3H, H16). 13C NMR (100 MHz, CDCl3) δ in ppm: 175.43 (C1), 169.44 (C13), 

161.37 (C3), 134.08 (C5), 130.58 (C7), 118.56 (C2), 116.89 (C6), 116.79 (C4), 68.39 (C9), 66.44 

(C14), 59.23 (C11), 21.58 (C15), 20.36 (C8), 10.14 (C16). FT–IR: ν (ATR): 3018.35, 2974.54, 

2945.24, 2887.22, 2718.09, 2635.27, 2084.75, 1726.59, 1687.49, 1630.14, 1612.14, 1596.54, 

1566.65, 1527.34, 1481.18, 1449.59, 1437.46, 1402.34, 1385.78, 1351.74, 1324.46, 1307.36, 

1287.79, 1252.14, 1222.50, 1155.34, 1143.15, 1128.37, 1112.34, 1059.76, 1047.29, 1031.72, 943.23, 
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921.31, 899.45, 860.27, 830.08, 803.27, 754.56, 704.08, 664.78, 566.13, 542.05, 534.49, 495.70, 

450.03 cm–1. [𝜶]𝑫
𝟐𝟎 = −5.952 (c=0.605% (m/v) in EtOH). UV–Vis (EtOH): λmax=229.4 nm. 

Elemental analysis: C14H20NO6 (298.312 g/mol), calculated (%): C (56.37), H (6.76), N (4.70), O 

(32.18), found: C (56.32), H (6.71), N (4.63), O (32.10). 

L-threoninium butyl ester salicylate - [ThrOBu][SA] 

(2S)-1-butoxy-3-hydroxy-1-oxobutan-2-aminium 2-hydroxybenzoate 
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1H NMR (400 MHz, CDCl3) δ in ppm: 7.76 (d, J7,6=7.8 Hz, 1H, H7), 7.29 (t, J5,6=7.5 Hz, 1H, H5), 

6.86 (d, J4,5=7.3 Hz, 1H, H4), 6.75 (t, J6,5=7.5 Hz, 1H, H6), 4.26–4.16 (m, 1H, H9), 4.11–3.94 (m, 

2H, H14), 3.79 (d, J11,9=5.5 Hz, 1H, H11), 1.54–1.41 (m, 2H, H15), 1.34 (d, J8,9=6.4 Hz, 3H, H8), 

1.31–1.17 (m, 2H, H16), 0.83 (t, J17,16=7.3 Hz, 3H, H17). 13C NMR (100 MHz, CDCl3) δ in ppm: 

175.46 (C1), 169.39 (C13), 161.37 (C3), 134.03 (C5), 130.58 (C7), 118.54 (C2), 116.88 (C4), 66.76 

(C9), 66.41 (C14), 59.23 (C11), 30.17 (C16), 20.35 (C8), 18.90 (C15), 13.58 (C16). FT–IR: ν 

(ATR): 2963.43, 2934.54, 2875.90, 2797.88, 2741.13, 2649.14, 2598.03, 2484.59, 2316.45, 2185.48, 

2124.82, 2018.02, 2008.59, 1965.34, 1945.93, 1918.39, 1808.21, 1734.34, 1697.10, 1639.04, 

1629.30, 1618.34, 1594.48, 1555.39, 1532.80, 1482.62, 1451.67, 1388.92, 1359.24, 1349.53, 

1324.75, 1311.11, 1292.61, 1251.93, 1222.10, 1156.30, 1145.63, 1102.64, 1056.28, 1044.14, 

1029.90, 959.81, 942.65, 927.46, 911.63, 862.18, 829.93, 820.90, 796.05, 769.26, 750.10, 704.84, 

664.50, 566.35, 549.00, 532.35, 511.37, 476.32, 450.66, 402.38 cm–1. [𝜶]𝑫
𝟐𝟎 = −5.442 (c=0.588 % 

(m/v) in EtOH). UV–Vis (EtOH): λmax=229.1 nm. Elemental analysis: C15H22NO6 (312.339 g/mol), 

calculated (%): C (57.68), H (7.10), N (4.48), O (30.74), found: C (57.51), H (7.13), N (4.37), O 

(30.65).  

L-valinium methyl ester salicylate - [ValOMe][SA] 

(2S)-1-methoxy-3-methyl-1-oxobutan-2-aminium 2-hydroxybenzoate 
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1H NMR (400 MHz, CDCl3) δ [ppm]: 7.78 (d, J7,6=7.6 Hz, 1H, H7), 7.32 (t, J5,4=6.3 Hz, 1H, H5), 

6.89 (d, J4,3=7.2 Hz, 1H, H4), 6.76 (t, J6,5=8.2 Hz, 1H, H6), 3.79 (d, J11,9=4.8 Hz, 1H, H11), 3.59 (s, 

3H, H14), 2.33–2.17 (m, 1H, H9), 1.04–0.97 (2t, 6H, H10, H8). 13C NMR (100 MHz, CDCl3) δ 

[ppm]: 175.60 (C1), 169.87 (C13), 161.60 (C3), 133.86 (C5), 130.60 (C7), 118.25 (C2), 117.29 (C6), 

116.85 (C4), 58.65 (C14), 52.76 (C11), 30.17 (C9), 18.21 (C10), 18.06 (C8). FT–IR: ν (ATR): 

2986.80, 2936.24, 2726.31, 2581.01, 2145.81, 1735.97, 1605.29, 1555.14, 1482.53, 1451.32, 

1410.35, 1375.75, 1344.03, 1308.84, 1255.25, 1225.82, 1200.70, 1175.34, 1141.82, 1107.69, 
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1072.90, 1051.03, 1030.76, 981.06, 934.19, 871.35, 859.93, 845.53, 805.32, 769.37, 755.17, 705.17, 

664.68, 537.61, 453.82, 416.25 cm–1. [𝜶]𝑫
𝟐𝟎 = +14.679 (c=0.545% (m/v) in EtOH). UV–Vis (EtOH): 

λmax=230.1 nm. Elemental analysis: C13H19NO5 (269.297 g/mol), calculated (%): C (57.98), H 

(7.11), N (5.20), O (29.71), found: C (57.98), H (7.12), N (5.12), O (29.76).  
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Appendix II 

REAGENTS AND MATERIALS  

Table A1. List of materials and reagents. 
Name Supplier Purity Numer CAS 

Active substances from the group of non-steroidal anti-inflammatory drugs 

S-(+)-ibuprofen 
Ark Pharm, Inc. (Arlington Hts, 

Illinois, USA) 
≥98% 51146-56-6 

(R,S)-ibuprofen 
AmBeed 

(Arlington Hts, USA). 
≥98% 15687-27-1 

(R,S)-ketoprofen 
Biosynth Carbosynth 

(Staad, Switzerland) 
≥98% 22071-15-4 

salicylic acid 
Sigma-Aldrich (Steinheim am 

Albuch, Germany) 
≥99% 69-72-7 

S-(+)-naproxen 
AmBeed 

(Arlington Hts, USA) 
≥98% 22204-53-1 

L-amino acids 

L-isoleucine FluoroChem (Derbyshire, UK) ≥98% 73-32-5 

L-methionine FluoroChem (Derbyshire, UK) ≥98% 63-68-3 

L-valine FluoroChem (Derbyshire, UK) ≥98% 72-18-4 

L-threonine FluoroChem (Derbyshire, UK) ≥98% 72-19-5 

Organic solvents for HPLC analysis 

acetonitrile (HPLC GR) 
POCH 

(Gliwice, Poland) 
≥99.9% 75-05-8 

methanol (HPLC GR) 
Sigma-Aldrich 

(Steinheim am Albuch, Germany) 
≥99.9% 67-56-1 

2-propanol (HPLC GR) 
Chempur 

(Piekary Śląskie, Poland) 
≥99.9% 67-63-0 

Alcohols and organic solvents 

methanol Chempur (Piekary Śląskie, Poland) p.a. 67-56-1 

ethanol anhydrous POCH (Gliwice, Poland) p.a. 64-17-5 

propanol POCH (Gliwice, Poland) p.a. 71-23-8 

2-propanol Chempur (Piekary Śląskie, Poland) p.a. 71-23-8 

n-butanol 
Eurochem BGD. 

(Tarnów, Poland) 
p.a. 71-36-3 

n-pentanol |Acros Organic 99% 71-41-0 

n-hexanol Alfa Aesar (Kandel, Germany) 99% 111-27-3 

n-heptanol Alfa Aesar (Kandel, Germany) 99%  

n-octanol Alfa Aesar (Kandel, Germany) 99% 111-87-5 

acetone PH Karpinex (Warszwa, Poland) p.a. 67-64-1 

dimethyl sulfoxide Chempur (Piekary Śląskie, Poland) p.a. 67-68-5 

methylene chloride Chempur (Piekary Śląskie, Poland) p.a. 75-09-2 

chloroform P.P.H. StanLab (Lublin, Poland) p.a. 67-66-3 

n-hexan Chempur (Piekary Śląskie, Poland) p.a. 110-777-6 

ethyl acetate POCH (Gliwice, Poland) 99.8% 141-78-6 

toluene P.P.H. StanLab (Lublin, Poland) p.a. 108-88-3 

diethyl ether POCH (Gliwice, Poland) p.a. 60-29-7 

chloroform-d (+0.03% 

TMSCl) 

Deutero GmbH (Kastellaun, 

Germany) 
99.8% 865-49-6 

(methyl sulfoxide)-d6 

(+0.03% TMSCl) 

Deutero GmbH (Kastellaun, 

Germany) 
99.8% 2206-27-1 

Other analytical reagents 
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Name Supplier Purity Numer CAS 

Phosphate Buffered 

Saline (PBS), tablets for 

solution preparation 

EMD Millipore Corp.; Merck. 

(Darmstadt, Germany) 
p.a. - 

sodium chloride 
Eurochem BGD. 

(Tarnów, Poland) 
p.a. 7647-14-5 

potassium chloride 
Eurochem BGD. 

(Tarnów, Poland) 
p.a. 7447-40-7 

chlorotrimethylsilane 
Sigma-Aldrich (Steinheim am 

Albuch, Germany) 
≥98% 75-77-4 

sodium sulfate 

anhydrous 

Chempur 

(Piekary Śląskie, Poland) 
p.a. 7757-82-8 

magnesium sulfate 
Eurochem BGD. 

(Tarnów, Poland) 
p.a.. 10034-99-8 

ammonia solution 25% P.P.H. StanLab (Lublin, Poland) p.a. 1336-21-6 

potassium dihydrogen 

phosphate 

Fisher Scientific, (Loughborough, 

UK) 
≥99.5% 7778-77-0 

dipotassium hydrogen 

phosphate anhydrous 

Fisher Scientific, (Loughborough, 

UK) 
≥99% 7758-11-4 

disodium hydrogen 

phosphate 

Eurochem BGD. 

(Tarnów, Poland) 
p.a. 10039-32-4 

Celugel 

(hydroxyethylcellulosi 

mucilago) 

Actifarm, Caesar&Loretz Gmbh 

(Hilden, Germany) 
p.a. - 

 

FORMATION CONSTANT, SOLUBILITY AND LIPOPHILICITY RESULTS  

Table A2. The formation constants log(KS) of L-amino acid alkyl esters salts. 

Compound pKB of base 

 Log(KS) 

[(S+)-

IBU] 
[IBU] [NAP] [KETO] [SA] 

[MetOMe] 3.98±0.01 − 5.37±0.10 5.70±0.04 5.91±0.05 6.84±0.05 

[MetOEt] 3.87±0.02 − 5.46±0.02 5.79±0.06 6.00±0.11 6.93±0.04 

[MetOiPr] 3.82±0.02 − 5.53±0.09[181] 5.86±0.04[181] 6.07±0.07[181] 7.00±0.08[181] 

[MetOPr] 3.88±0.01 − 5.47±0.05[182] 5.80±0.06[182] 6.01±0.06[182] 6.94±0.07[182] 

[MetOBu] 3.65±0.02 − 5.70±0.06[182] 6.03±0.06[182] 6.24±0.06[182] 7.17±0.07[182] 

[ThrOMe] 2.99±0.05 − 6.36±0.04 6.69±0.22 6.90±0.04 7.83±0.04 

[ThrOEt] 2.98±0.03 − 6.37±0.05 6.70±0.06 6.91±0.21 7.84±0.11 

[ThrOiPr] 2.88±0.02 − 6.47±0.08[181] 6.80±0.09[181] 7.01±0.05[181] 7.94±0.21[181] 

[ThrOPr] 2.72±0.01 − 6.63±0.07[182] 6.96±0.07[182] 7.17±0.07[182] 8.10±0.08[182] 

[ThrOBu] 2.52±0.01 − 6.83±0.07[182] 7.16±0.06[182] 7.37±0.07[182] 8.30±0.08[182] 

[IleOMe] 3.84±0.02 − 5.51±0.06 5.84±0.24 5.84±0.09 6.98±0.06 

[IleOEt] 3.64±0.01 − 5.71±0.21 6.04±0.13 6.04±0.10 7.18±0.08 

[IleOiPr] 3.57±0.03 − 5.78±0.11[181] 6.11±0.08[181] 6.11±0.04[181] 7.25±0.06[181] 

[IleOPr] 3.52±0.02 − 5.83±0.06[182] 6.16±0.06[182] 6.37±0.06[182] 7.30±0.07[182] 

[IleOBu] 3.23±0.02 − 6.12±0.06[182] 6.45±0.06[182] 6.66±0.06[182] 7.59±0.07[182] 

[ValOMe] 4.20±0.01 5.06±0.07 5.15±0.07 5.48±0.04 5.69±0.03 6.62±0.05 

[ValOEt] 4.12±0.05 5.14±0.05 5.23±0.05 5.56±0.09 5.77±0.09 6.70±0.11 

[ValOiPr] 3.79±0.03 5.47±0.01 5.56±0.04[181] 5.89±0.07[181] 6.10±0.07[181] 7.03±0.13[181] 

[ValOPr] 3.77±0.01 5.49±0.04 5.58±0.06[182] 5.91±0.06[182] 6.12±0.06[182] 7.05±0.07[182] 

[ValOBu] 3.52±0.02 5.74±0.03 5.83±0.06[182] 6.16±0.06[182] 6.37±0.06[182] 7.30±0.07[182] 
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Compound pKB of base 

 Log(KS) 

[(S+)-

IBU] 
[IBU] [NAP] [KETO] [SA] 

[ValOAm] 3.47±0.04 5.79±0.02 5.88±0.08 − − − 

[ValOHex] 3.44±0.03 5.82±0.02 5.91±0.07 − − − 

[ValOHept] 3.39±0.05 5.87±0.10 5.96±0.07 − − − 

[ValOOct] 3.34±0.03 5.92±0.04 6.01±0.08 − − − 

− not synthetised 

Table A3. The summary of values of the partition coefficient (logP) and solubility in water and 

phosphate buffer with pH=5.40 and pH=7.40 [g/L] for ibuprofen and its alkyl esters of L-amino acids 

at 25°C. 

Compound logP 

Solubility 

water 
phosphate buffer 

pH= 5.40 pH= 7.40 

g/L gIBU/L g/L gIBU/L g/L gIBU/L 

(R,S)-IBU 
3.208 

±0.002 

0.076 

±0.001 

0.076 

±0.001 

0.082 

±0.001 

0.082 

±0.001 

0.432 

±0.001 

0.432 

±0.001 

[MetOMe][IBU] 
1.243 

±0.004 

5.624 

±0.023 

3.140 

±0.023 

2.169 

±0.081 

1.211 

±0.081 

4.370 

±0.017 

2.440 

±0.017 

[MetOEt][IBU] 
1.692 

±0.001 

1.590 

±0.015 

0.855 

±0.015 

1.367 

±0.005 

0.735 

±0.005 

2.829 

±0.033 

1.521 

±0.033 

[MetOiPr][IBU] 
1.509 

±0.001[166] 

1.191 

±0.056[166] 

0.618 

±0.029[166] 

0.932 

±0.011[181] 

0.483 

±0.011[181] 

3.376 

±0.001[181] 

1.752 

±0.001[181] 

[MetOPr][IBU] 
1.397 

±0.006 

1.294 

±0.005 

0.671 

±0.005 

1.161 

±0.017 

0.603 

±0.017 

2.829 

±0.076 

1.468 

±0.076 

[MetOBu][IBU] 
2.219 

±0.013 

0.894 

±0.019 

0.448 

±0.019 

0.716 

±0.023 

0.359 

±0.023 

2.558 

±0.051 

1.282 

±0.051 

[ThrOMe][IBU] 
0.985 

±0.027 

6.883 

±0.021 

4.208 

±0.021 

6.127 

±0.041 

3.745 

±0.041 

7.107 

±0.102 

4.345 

±0.102 

[ThrOEt][IBU] 
0.909 

±0.018 

9.663 

±0.017 

5.640 

±0.017 

9.023 

±0.025 

5.266 

±0.025 

9.821 

±0.037 

5.732 

±0.037 

[ThrOiPr][IBU] 
0.998 

±0.001[166] 

5.005 

±0.007[166] 

2.809 

±0.004[166] 

4.931 

±0.013[181] 

2.768 

±0.013[181] 

8.839 

±0.005[181] 

4.962 

±0.005[181] 

[ThrOPr][IBU] 
0.909 

±0.015 

5.614 

±0.012 

3.151 

±0.012 

5.221 

±0.065 

2.931 

±0.065 

6.513 

±0.141 

3.656 

±0.141 

[ThrOBu][IBU] 
1.214 

±0.003 

4.039 

±0.035 

2.184 

±0.035 

3.774 

±0.014 

2.041 

±0.014 

5.457 

±0.098 

2.951 

±0.098 

[IleOMe][IBU] 
1.113 

±0.015 

5.722 

±0.001 

3.358 

±0.001 

5.218 

±0.022 

3.063 

±0.022 

6.147 

±0.113 

3.608 

±0.113 

[IleOEt][IBU] 
1.517 

±0.011 

3.374 

±0.005 

1.904 

±0.005 

3.096 

±0.018 

1.747 

±0.018 

3.748 

±0.015 

2.115 

±0.015 

[IleOiPr][IBU] 
1.652 

±0.008[166] 

2.729 

±0.180[166] 

1.483 

±0.098[166] 

1.161 

±0.002[181] 

0.631 

±0.002[181] 

4.038 

±0.021[181] 

2.195 

±0.021[181] 

[IleOPr][IBU] 
1.730 

±0.007 

1.695 

±0.021 

0.921 

±0.007 

1.557 

±0.118 

0.846 

±0.118 

2.447 

±0.025 

1.330 

±0.025 

[IleOBu][IBU] 
1.778 

±0.011 

0.950 

±0.015 

0.498 

±0.015 

0.865 

±0.251 

0.453 

±0.251 

1.874 

±0.066 

0.982 

±0.066 

S(+)-IBU 
2.212 

±0.001[187] 

0.090 

±0.001 

0.090 

±0.001 

0.137 

±0.001 

0.137 

±0.001 

0.514 

±0.021 

0.514 

±0.021 

[ValOMe][S(+)-

IBU] 

0.833 

±0.002[187] 

6.053 

±0.008 

3.700 

±0.008 

2.176 

±0.033 

3.876 

±0.033 

4.581 

±0.003 

2.801 

±0.003 
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Compound logP 

Solubility 

water 
phosphate buffer 

pH= 5.40 pH= 7.40 

g/L gIBU/L g/L gIBU/L g/L gIBU/L 

[ValOEt][S(+)-

IBU] 

0.961 

±0.013[187] 

4.454 

±0.004 

2.614 

±0.004 

2.380 

±0.007 

3.380 

±0.007 

5.027 

±0.004 

2.950 

±0.004 

[ValOiPr][S(+)-

IBU] 

1.149 

±0.001[187] 

2.955 

±0.013 

1.668 

±0.013 

1.332 

±0.005 

2.232 

±0.005 

4.326 

±0.012 

2.441 

±0.012 

[ValOPr][S(+)-

IBU] 

1.211 

±0.001[187] 

3.728 

±0.012 

2.104 

±0.012 

1.885 

±0.009 

2.885 

±0.009 

5.165 

±0.010 

2.915 

±0.010 

[ValOBu][S(+)-

IBU] 

1.357 

±0.001[187] 

1.942 

±0.002 

1.055 

±0.002 

1.249 

±0.006 

2.049 

±0.006 

2.683 

±0.007 

1.458 

±0.007 

[ValOAm][S(+)-

IBU] 

1.606 

±0.001[187] 

1.247 

±0.020 

0.653 

±0.020 

0.583 

±0.008 

1.183 

±0.008 

1.472 

±0.034 

0.772 

±0.034 

[ValOHex][S(+)-

IBU] 

1.739 

±0.001[187] 

0.814 

±0.001 

0.414 

±0.001 

0.366 

±0.004 

0.683 

±0.004 

1.068 

±0.017 

0.543 

±0.017 

[ValOHept][S(+)-

IBU] 

1.796 

±0.001[187] 

0.376 

±0.001 

0.184 

±0.001 

0.251 

±0.001 

0.351 

±0.001 

0.811 

±0.021 

0.397 

±0.021 

[ValOOct][S(+)-

IBU] 

1.874 

±0.001[187] 

0.234 

±0.002 

0.111 

±0.002 

0.154 

±0.001 

0.254 

±0.001 

0.432 

±0.014 

0.205 

±0.014 

 

Table A4. The summary of values of the partition coefficient (logP) and solubility in water and 

phosphate buffer with pH=5.40 and pH=7.40 [g/L] for ketoprofen and its alkyl esters of L-amino 

acids at 25°C. 

Compound logP 

Solubility 

water 
phosphate buffer 

pH=5.40 pH= 7.40 

g/L gKETO/L g/L gKETO/L g/L gKETO/L 

KETO  
1.577 

±0.010[181] 
0.013 

±0.001[181] 

0.013 

±0.001[181] 

0.024 

±0.001[181] 

0.024 

±0.001[181] 
0.079 

±0.003[181] 

0.079 

±0.003[181] 

[MetOMe][KETO] 
0.791 

±0.008 

0.94 

±0.007 

0.617 

±0.007 

0.876 

±0.045 

0.575 

±0.045 

1.143 

±0.030 

0.750 

±0.030 

[MetOEt][KETO] 
1.106 

±0.007 

0.451 

±0.015 

0.266 

±0.015 

0.398 

±0.028 

0.235 

±0.028 

0.516 

±0.021 

0.304 

±0.021 

[MetOiPr][KETO] 
1.227 

±0.015[181] 

0.289 

±0.004[181] 

0.165 

±0.004[181] 

0.171 

±0.058[181] 

0.098 

±0.058[181] 
1.086 

±0.007[181] 

0.622 

±0.007[181] 

[MetOPr][KETO] 
1.239 

±0.015[182] 

0.307 

±0.012[182] 

0.175 

±0.012[182] 

0.233 

±0.074 

0.133 

±0.074 

0.425 

±0.50 

0.243 

±0.050 

[MetOBu][KETO] 
1.548 

±0.015[182] 

0.265 

±0.041[182] 

0.147 

±0.041[182] 

0.201 

±0.028 

0.111 

±0.028 

0.307 

±0.044 

0.170 

±0.044 

[ThrOMe][KETO] 
0.241 

±0.031 

0.943 

±0.105 

0.619 

±0.105 

0.815 

±0.100 

0.535 

±0.100 

2.120 

±0.112 

1.391 

±0.112 

[ThrOEt][KETO] 
0.322 

±0.015 

0.869 

±0.023 

0.550 

±0.023 

0.751 

±0.014 

0.476 

±0.014 

1.846 

±0.072 

1.169 

±0.072 

[ThrOiPr][KETO] 
0.516 

±0.001[181] 

1.012 

±0.001[181] 

0.619 

±0.001[181] 

0.823 

±0.027[181] 

0.504 

±0.027[181] 

2.566 

±0.036[181] 

1.570 

±0.036[181] 

[ThrOPr][KETO] 
0.654 

±0.032[182] 

0.727 

±0.011[182] 

0.449 

±0.011[182] 

0.804 

±0.094 

0.492 

±0.094 

1.078 

±0.102 

0.660 

±0.102 

[ThrOBu][KETO] 
0.883 

±0.021[182] 

0.689 

±0.009[182] 

0.408 

±0.009[182] 

0.566 

±0.007 

0.335 

±0.007 

0.784 

±0.014 

0.464 

±0.014 
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Compound logP 

Solubility 

water 
phosphate buffer 

pH=5.40 pH= 7.40 

g/L gKETO/L g/L gKETO/L g/L gKETO/L 

[IleOMe][KETO] 
0.714 

±0.001 

0.966 

±0.058 

0.615 

±0.058 

0.869 

±0.019 

0.553 

±0.019 

1.570 

±0.041 

0.999 

±0.041 

[IleOEt][KETO] 
0.781 

±0.005 

0.797 

±0.018 

0.490 

±0.018 

0.664 

±0.004 

0.408 

±0.004 

1.054 

±0.084 

0.648 

±0.084 

[IleOiPr][KETO] 
0.897 

±0.004[181] 

0.577 

±0.006[181] 

0.343 

±0.006[181] 

0.344 

±0.032[181] 

0.205 

±0.032[181] 

1.173 

±0.024[181] 

0.698 

±0.024[181] 

[IleOPr][KETO] 
0.946 

±0.011[182] 

0.682 

±0.004[182] 

0.406 

±0.004[182] 

0.545 

±0.087[182] 

0.324 

±0.087 

0.864 

±0.052 

0.514 

±0.052 

[IleOBu][KETO] 
1.179 

±0.006[182] 

0.543 

±0.002[182] 

0.313 

±0.002[182] 

0.443 

±0.005[182] 

0.255 

±0.005 

0.613 

±0.078 

0.353 

±0.078 

[ValOMe][KETO] 
0.726 

±0.005 

0.459 

±0.050 

0.303 

±0.050 

0.401 

±0.027 

0.265 

±0.027 

1.206 

±0.019 

0.796 

±0.019 

[ValOEt][KETO] 
0.667 

±0.001 

0.526 

±0.033 

0.335 

±0.033 

0.499 

±0.025 

0.318 

±0.025 

0.620 

±0.110 

0.395 

±0.110 

[ValOiPr][KETO] 
0.570 

±0.006[181] 

0.445 

±0.014[181] 

0.274 

±0.014[181] 

0.162 

±0.054[181] 

0.100 

±0.054[181] 

1.447 

±0.011[181] 

0.890 

±0.011[181] 

[ValOPr][KETO] 
0.553 

±0.016[182] 

0.336 

±0.011[182] 

0.207 

±0.011[182] 

0.300 

±0.010 

0.184 

±0.010 

0.578 

±0.021 

0.355 

±0.021 

[ValOBu][KETO] 
1.000 

±0.025[182] 

0.298 

±0.002[182] 

0.177 

±0.002[182] 

0.256 

±0.008 

0.152 

±0.008 

0.315 

±0.025 

0.187 

±0.025 

Table A5. The summary of values of the partition coefficient (logP) and solubility in water and 

phosphate buffer with pH=5.40 and pH=7.40 [g/L] for naproxen and its alkyl esters of L-amino acids 

at 25°C. 

Compound logP 

Solubility 

water 
phosphate buffer 

pH= 5.40 pH= 7.40 

g/L gNAP/L g/L gNAP/L g/L gNAP/L 

NAP  
2.119 

±0.021[181] 

0.147 

±0.001[181] 

0.147 

±0.001[181] 

0.221 

±0.015[181] 

0.221 

±0.015[181] 

1.379 

±0.021[181] 

1.379 

±0.021[181] 

[MetOMe][NAP] 
1.138 

±0.013 

4.427 

±0.010 

2.805 

±0.010 

2.607 

±0.045 

1.652 

±0.045 

5.820 

±0.018 

3.688 

±0.018 

[MetOEt][NAP] 
1.205 

±0.048 

4.770 

±0.025 

2.695 

±0.025 

2.451 

±0.069 

1.385 

±0.069 

5.319 

±0.024 

3.005 

±0.024 

[MetOiPr][NAP] 
1.372 

±0.005[181] 

3.011 

±0.038[181] 

1.645 

±0.038[181] 

1.509 

±0.015[181] 

0.824 

±0.015[181] 

4.404 

±0.033[181] 

2.405 

±0.033[181] 

[MetOPr][NAP] 
1.329 

±0.006[182] 

3.100 

±0.015[182] 

1.693 

±0.015[182] 

1.645 

±0.043 

0.899 

±0.043 

4.455 

±0.26 

2.433 

±0.026 

[MetOBu][NAP] 
1.621 

±0.009[182] 

2.478 

±0.011[182] 

1.310 

±0.011[182] 

1.236 

±0.016 

0.653 

±0.016 

4.024 

±0.031 

2.127 

±0.031 

[ThrOMe][NAP] 
0.476 

±0.072 

8.064 

±0.064 

5.110 

±0.064 

6.517 

±0.025 

4.129 

±0.025 

8.547 

±0.117 

5.416 

±0.117 

[ThrOEt][NAP] 
0.856 

±0.021 

7.913 

±0.044 

4.828 

±0.044 

5.862 

±0.019 

3.576 

±0.019 

8.051 

±0.109 

4.912 

±0.109 

[ThrOiPr][NAP] 
0.089 

±0.005[181] 

6.457 

±0.019[181] 

3.798 

±0.019[181] 

4.381 

±0.008[181] 

2.585 

±0.008[181] 

8.711 

±0.029[181] 

5.137 

±0.029[181] 

[ThrOPr][NAP] 
0.844 

±0.004[182] 

6.603 

±0.015[182] 

3.884 

±0.015[182] 

3.124 

±0.019 

1.838 

±0.019 

8.939 

±0.036 

5.258 

±0.036 
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Compound logP 

Solubility 

water 
phosphate buffer 

pH= 5.40 pH= 7.40 

g/L gNAP/L g/L gNAP/L g/L gNAP/L 

[ThrOBu][NAP] 
0.951 

±0.003[182] 

5.332 

±0.027[182] 

3.028 

±0.027[182] 

2.663 

±0.450 

1.512 

±0.450 

8.669 

±0.087 

4.923 

±0.087 

[IleOMe][NAP] 
0.517 

±0.001 

5.803 

±0.024 

3.559 

±0.024 

3.113 

±0.103 

1.909 

±0.103 

7.690 

±0.122 

4.716 

±0.122 

[IleOEt][NAP] 
1.027 

±0.020 

5.620 

±0.090 

3.323 

±0.090 

3.480 

±0.300 

2.057 

±0.300 

7.140 

±0.018 

4.221 

±0.018 

[IleOiPr][NAP] 
1.188 

±0.033[181] 

5.048 

±0.027[181] 

2.881 

±0.027[181] 

3.206 

±0.017[181] 

1.829 

±0.017[181] 

7.736 

±0.030[181] 

4.415 

±0.030[181] 

[IleOPr][NAP] 
1.170 

±0.010[182] 

4.436 

±0.010[182] 

2.531 

±0.010[182] 

3.398 

±0.022 

1.939 

±0.022 

7.038 

±0.064 

4.016 

±0.064 

[IleOBu][NAP] 
1.355 

±0.017[182] 

3.547 

±0.009[182] 

1.956 

±0.009[182] 

1.527 

±0.104 

0.842 

±0.104 

7.020 

±0.090 

3.871 

±0.090 

[ValOMe][NAP] 
0.617 

±0.035 

5.456 

±0.091 

3.476 

±0.091 

2.841 

±0.079 

1.810 

±0.079 

5.615 

±0.035 

3.577 

±0.035 

[ValOEt][NAP] 
1.195 

±0.017 

5.113 

±0.172 

3.136 

±0.172 

2.502 

±0.118 

1.534 

±0.118 

5.611 

±0.141 

3.441 

±0.141 

[ValOiPr][NAP] 
1.254 

±0.016[181] 

3.988 

±0.020[181] 

2.358 

±0.020[181] 

2.323 

±0.033[181] 

1.320 

±0.033[181] 

5.484 

±0.012[181] 

3.241 

±0.012[181] 

[ValOPr][NAP] 
1.239 

±0.018[182] 

4.350 

±0.013[182] 

2.572 

±0.013[182] 

2.486 

±0.068 

1.470 

±0.068 

5.860 

±0.055 

3.464 

±0.055 

[ValOBu][NAP] 
1.468 

±0.021[182] 

3.247 

±0.005[182] 

1.853 

±0.005[182] 

1.211 

±0.014 

0.691 

±0.014 

5.036 

±0.104 

2.874 

±0.104 
 

Table A6. The summary of values of the partition coefficient (logP) and solubility in water and 

phosphate buffer with pH=5.40 and pH=7.40 [g/L] for salicylic acid and its alkyl esters of L-amino 

acids at 25°C. 

Compound logP 

Solubility 

water 
phosphate buffer 

pH= 5.40 pH= 7.40 

g/L gSA/L g/L gSA/L g/L gSA/L 

SA 
1.321 

±0.018[181] 

3.795 

±0.004[181] 

3.795 

±0.004[181] 

3.862 

±0.005[181] 

3.862 

±0.005[181] 

5.757 

±0.024[181] 

5.757 

±0.024[181] 

[MetOMe][SA] 
1.680 

±0.023 

18.253 

±0.017 

8.394 

±0.017 

15.868 

±0.317 

7.297 

±0.317 

17.868 

±0.913 

8.217 

±0.913 

[MetOEt][SA] 
1.894 

±0.058 

19.407 

±0.044 

8.526 

±0.044 

17.714 

±0.712 

7.783 

±0.712 

19.693 

±0.307 

8.652 

±0.307 

[MetOiPr][SA] 
1.784 

±0.035[181] 

16.046 

±0.053[181] 

6.749 

±0.053[181] 

10.550 

±0.007[181] 

4.437 

±0.007[181] 

18.036 

±0.046[181] 

7.586 

±0.046[181] 

[MetOPr][SA] 
1.832 

±0.018[182] 

15.985 

±0.015[182] 

6.712 

±0.015[182] 

11.163 

±0.457 

4.695 

±0.457 

19.795 

±0.082 

8.325 

±0.082 

[MetOBu][SA] 
2.026 

±0.020[182] 

11.445 

±0.014[182] 

4.616 

±0.014[182] 

5.676 

±0.447 

2.289 

±0.447 

12.769 

±0.322 

5.150 

±0.322 

[ThrOMe][SA] 
1.557 

±0.083 

35.241 

±0.022 

18.011 

±0.022 

32.880 

±0.159 

16.804 

±0.159 

43.361 

±0.593 

22.160 

±0.593 

[ThrOEt][SA] 
1.629 

±0.039 

34.333 

±0.089 

16.681 

±0.089 

31.571 

±1.108 

15.339 

±1.108 

42.333 

±0.188 

20.568 

±0.188 

[ThrOiPr][SA] 

1.555 

± 

0.021[181] 

38.714 

±0.241[181] 

17.925 

±0.241[181] 

30.189 

±0.018[181] 

13.978 

±0.018[181] 

40.757 

±0.125[181] 

18.777 

±0.125[181] 

[ThrOPr][SA] 
1.503 

±0.042[182] 

36.691 

±0.012[182] 

16.988 

±0.012[182] 

30.143 

±0.055 

13.956 

±0.055 

44.584 

±0.773 

20.643 

±0.773 
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Compound logP 

Solubility 

water 
phosphate buffer 

pH= 5.40 pH= 7.40 

g/L gSA/L g/L gSA/L g/L gSA/L 

[ThrOBu][SA] 
1.746 

±0.030[182] 

34.636 

±0.018[182] 

15.317 

±0.018[182] 

29.485 

±0.116 

13.039 

±0.116 

33.151 

±0.339 

14.660 

±0.339 

[IleOMe][SA] 
1.632 

±0.036 

29.55 

±0.019 

14.457 

±0.019 

21.571 

±1.121 

10.554 

±1.121 

31.979 

±0.317 

15.646 

±0.317 

[IleOEt][SA] 
1.605 

±0.033 

27.249 

±0.047 

12.701 

±0.047 

20.872 

±1.177 

9.728 

±1.177 

31.377 

±1.114 

14.625 

±1.114 

[IleOiPr][SA] 
1.601 

±0.034[181] 

26.500 

±0.422[181] 

11.793 

±0.422[181] 

19.281 

±0.015[181] 

8.581 

±0.015[181] 

29.548 

±0.041[181] 

13.149 

±0.041[181] 

[IleOPr][SA] 
1.606 

±0.014[182] 

28.445 

±0.021[182] 

12.659 

±0.021[182] 

20.445 

±0.977 

9.099 

±0.977 

31.800 

±1.226 

14.152 

±1.226 

[IleOBu][SA] 
1.835 

±0.016[182] 

25.588 

±0.022[182] 

10.895 

±0.022[182] 

15.533 

±0.522 

6.614 

±0.522 

23.055 

±1.701 

9.816 

±1.701 

[ValOMe][SA] 
1.666 

±0.014 

34.834 

±0.178 

17.933 

±0.178 

16.287 

±1.030 

8.385 

±1.030 

22.547 

±0.901 

11.608 

±0.901 

[ValOEt][SA] 
1.648 

±0.078 

29.998 

±1.010 

14.676 

±1.010 

22.813 

±1.701 

11.161 

±1.701 

21.185 

±0.614 

10.365 

±0.614 

[ValOiPr][SA] 
1.610 

±0.057[181] 

16.708 

±2.044[181] 

7.761 

±2.044[181] 

11.322 

±0.014[181] 

5.259 

±0.014[181] 

18.733 

±0.027[181] 

8.702 

±0.027[181] 

[ValOPr][SA] 
1.513 

±0.032[182] 

26.383 

±0.031[182] 

12.255 

±0.031[182] 

14.738 

±0.670 

6.869 

±0.670 

26.645 

±0.901 

12.419 

±0.901 

[ValOBu][SA] 
1.853 

±0.020[182] 

14.987 

±0.019[182] 

6.670 

±0.019[182] 

11.574 

±0.712 

5.151 

±0.712 

14.987 

±1.055 

6.670 

±1.055 
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Table A7. Solubility of L-amino acid alkyl ester hydrochlorides in selected organic solvents at 25°C. 

Compound Ethanol DMSO Dichloromethane Chloroform Ethyl acetate Diethyl ether Toluene n-Hexane 

[MetOMe][HCl]         

[MetOEt][HCl]         

[MetOiPr][HCl]         

[MetOPr][HCl]         

[MetOBu][HCl]         

[ThrOMe][HCl]         

[ThrOEt][HCl]         

[ThrOiPr][HCl]         

[ThrOPr][HCl]         

[ThrOBu][HCl]         

[IleOMe][HCl]         

[IleOEt][HCl]         

[IleOiPr][HCl]         

[IleOPr][HCl]         

[IleOBu][HCl]         

[ValOMe][HCl]         

[ValOEt][HCl][149]         

[ValOiPr][HCl] [149]         

[ValOPr][HCl] [149]         

[ValOBu][HCl] [149]         

[ValOAm][HCl]         

[ValOHex][HCl]         

[ValOHept][HCl]         

[ValOOct][HCl]         
Categories: “”: soluble >100 mg/mL; “”: partially soluble 33–100 mg/mL; “”: insoluble <33 mg/mL 

Table A8. Solubility of L-amino acid alkyl esters in selected organic solvents at 25°C. 

Compound Ethanol DMSO Dichloromethane Chloroform Ethyl acetate Diethyl ether Toluene n-Hexane 

[MetOMe]         

[MetOEt]         

[MetOiPr]         

[MetOPr]         

[MetOBu]         

[ThrOMe]         



187 
 

Compound Ethanol DMSO Dichloromethane Chloroform Ethyl acetate Diethyl ether Toluene n-Hexane 

[ThrOEt]         

[ThrOiPr]         

[ThrOPr]         

[ThrOBu]         

[IleOMe]         

[IleOEt]         

[IleOiPr]         

[IleOPr]         

[IleOBu]         

[ValOMe]         

[ValOEt] [149]         

[ValOiPr] [149]         

[ValOPr][149]         

[ValOBu] [149]         

[ValOAm]         

[ValOHex]         

[ValOHept]         

[ValOOct]         

Categories: “”: soluble >100 mg/mL; “”: partially soluble 33–100 mg/mL; “”: insoluble <33 mg/mL 

Table A9. Solubility of (R,S)- and S-(+)-ibuprofen and their L-amino acid alkyl ester salts in selected organic solvents at 25°C. 

Compound Ethanol DMSO Dichloromethane Chloroform 
Ethyl 

acetate 

Diethyl 

ether 
Toluene n-Hexane 

(R,S)-IBU[149]         

S-(+)-IBU         

[MetOMe][IBU]         

[MetOEt][IBU]         

[MetOiPr][IBU][166]          

[MetOPr][IBU][182]         

[MetOBu][IBU][182]         

[ThrOMe][IBU]         

[ThrOEt][IBU]         

[ThrOiPr][IBU][166]         

[ThrOPr][IBU][182]         

[ThrOBu][IBU][182]         

[IleOMe][IBU]         
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Compound Ethanol DMSO Dichloromethane Chloroform 
Ethyl 

acetate 

Diethyl 

ether 
Toluene n-Hexane 

[IleOEt][IBU]         

[IleOiPr][IBU][166]         

[IleOPr][IBU][182]         

[IleOBu][IBU][182]         

[ValOMe][S(+)-IBU]         

[ValOEt][S(+)-IBU]         

[ValOiPr][S(+)-IBU]         

[ValOPr][S(+)-IBU]         

[ValOBu][S(+)-IBU]         

[ValOAm][S(+)-IBU]         

[ValOHex][S(+)-IBU]         

[ValOHept][S(+)-IBU]         

[ValOOct][S(+)-IBU]         

Categories: “”: soluble >100 mg/mL; “”: partially soluble 33–100 mg/mL; “”: insoluble <33 mg/mL 

Table A10. Solubility of (R,S)-ketoprofen and its L-amino acid alkyl ester salts in selected organic solvents at 25°C. 

Compound Ethanol DMSO Dichloromethane Chloroform Ethyl acetate Diethyl ether Toluene n-Hexane 

KETO[149]         

[MetOMe][KETO]         

[MetOEt][KETO]         

[MetOiPr][KETO][181]         

[MetOPr][KETO][182]         

[MetOBu][KETO][182]         

[ThrOMe][KETO]         

[ThrOEt][KETO]         

[ThrOiPr][KETO][181]         

[ThrOPr][KETO][182]         

[ThrOBu][KETO][182]         

[IleOMe][KETO]         

[IleOEt][KETO]         

[IleOiPr][KETO][181]         

[IleOPr][KETO][182]         

[IleOBu][KETO][182]         
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Compound Ethanol DMSO Dichloromethane Chloroform Ethyl acetate Diethyl ether Toluene n-Hexane 

[ValOMe][KETO]         

[ValOEt][KETO] [149]         

[ValOiPr][KETO] [149]         

[ValOPr][KETO] [149]         

[ValOBu][KETO] [149]         

Categories: “”: soluble >100 mg/mL; “”: partially soluble 33–100 mg/mL; “”: insoluble <33 mg/mL 

Table A11. Solubility of naproxen and its L-amino acid alkyl ester salts in selected organic solvents at 25°C. 

Compound Ethanol DMSO Dichloromethane Chloroform Ethyl acetate Diethyl ether Toluene n-Hexane 

NAP[149]         

[MetOMe][NAP]         

[MetOEt][NAP]         

[MetOiPr][NAP][181]         

[MetOPr][NAP][182]         

[MetOBu][NAP][182]         

[ThrOMe][NAP]         

[ThrOEt][NAP]         

[ThrOiPr][NAP][181]         

[ThrOPr][NAP][182]         

[ThrOBu][NAP][182]         

[IleOMe][NAP]         

[IleOEt][NAP]         

[IleOiPr][NAP][181]         

[IleOPr][NAP][182]         

[IleOBu][NAP][182]         

[ValOMe][NAP]         

[ValOEt][NAP] [149]         

[ValOiPr][NAP] [149]         

[ValOPr][NAP] [149]         

[ValOBu][NAP] [149]         

Categories: “”: soluble >100 mg/mL; “”: partially soluble 33–100 mg/mL; “”: insoluble <33 mg/mL 
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Table A12. Solubility of salicylic acid and it L-amino acid alkyl ester salts in selected organic solvents at 25°C. 

Compound Ethanol DMSO Dichloromethane Chloroform Ethyl acetate Diethyl ether Toluene n-Hexane 

SA[149]         

[MetOMe][SA]         

[MetOEt][SA]         

[MetOiPr][SA][181]         

[MetOPr][SA][182]         

[MetOBu][SA][182]         

[ThrOMe][SA]         

[ThrOEt][SA]         

[ThrOiPr][SA][181]         

[ThrOPr][SA][182]         

[ThrOBu][SA][182]         

[IleOMe][SA]         

[IleOEt][SA]         

[IleOiPr][SA][181]         

[IleOPr][SA][182]         

[IleOBu][SA][182]         

[ValOMe][SA]         

[ValOEt][SA] [149]         

[ValOiPr][SA] [149]          

[ValOPr][SA] [149]         

[ValOBu][SA] [149]         

Categories: “”: soluble >100 mg/mL; “”: partially soluble 33–100 mg/mL; “”: insoluble <33 mg/m
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THERMAL PROPERTIES RESULTS  

 

Table A13. Phase transition temperatures and thermal stabilities of L-amino acid alkyl ester 
hydrochlorides.  

Compound 
TTGonset 

(°C) 

TDTGmax 

(°C) 

TDSConset 

(°C) 

TDSCmax 

(°C) 

TConset 

(°C) 

TCmax 

(°C) 

[MetOMe][HCl] 164.7 193.8 119.11 129.08 −  

[MetOEt][HCl] 183.6 218.3 84.72 87.00 − − 

[MetOiPr][HCl] 188.1 227.8 113.19 117.53 54.888 52.70 

[MetOPr][HCl] 192.0 224.2 73.42 76.89 − − 

[MetOBu][HCl] 198.5 227.7 79.66 84.51 55.52 48.26 

[ThrOMe][HCl] 75.2 198.7 − − − − 

[ThrOEt][HCl] 177.5 214.0 − − − − 

[ThrOiPr][HCl] 189.1 221.9 − − − − 

[ThrOPr][HCl] 182.1 218.0 − − − − 

[ThrOBu][HCl] 195.0 220.8 − − − − 

[IleOMe][HCl] 132.2 237.9 74.38 63.96 − − 

[IleOEt][HCl] 184.6 257.9 85.88 88.16 − − 

[IleOiPr][HCl] 176.4 216.9 − − − − 

[IleOPr][HCl] 185.3 223.5 − − − − 

[IleOBu][HCl] 196.6 222.6 − − − − 

[ValOMe][HCl] 161.7 249.6 158.54 163.38 − − 

[ValOEt][HCl] 171.6[149] 211.5[149] 81.54 89.00 − − 

[ValOiPr][HCl] 174.6[149] 224.0[149] 113.13 116.71 58.50 52.22 

[ValOPr][HCl] 183.1[149] 214.7[149] 56.40 64.88 − − 

[ValOBu][HCl] 181.2[149] 215.8[149] 69.10 73.69 − − 

[ValOAm][HCl] 177.1 220.4 39.65 55.46 − − 

[ValOHex][HCl] 185.1 229.9 19.89 38.53 − − 

[ValOHept][HCl] 179.1 222.7 12.84 29.94 − − 

[ValOOct][HCl] 187.9 225.9 − − − − 
TTGonset: the onset of the thermal degradation, TDTGmax: maximum decomposition temperature, TDSConset: the peak onset 

temperature in DSC, TDSCmax: the peak maximum temperature in DSC, TConset: the peak onset crystallisation temperature, 

TCmax: crystallisation maximum peak temperature 

 

Table A14. Phase transition temperatures and thermal stability of (R,S)- and S-(+)-ibuprofen and 
their L-amino acid alkyl ester salts.  

Compound 
TTGonset 

(°C) 

TDTGmax 

(°C) 

TDSConset 

(°C) 

TDSCmax 

(°C) 

TConset 

(°C) 

TCmax 

(°C) 

(R,S)-IBU 168.2[149] 218.8[149] 76.23 78.58 − − 

S-(+)-IBU 177.9 232.9 48.73 50.27 − − 

[MetOMe][IBU] 121.1 223.8 70.76 73.33 49.26 47.47 

[MetOEt][IBU] 129.1 222.8 54.84 59.09 45.61 43.84 

[MetOiPr][IBU] 132.2[166] 211.5[166] 63.80 65.72 52.16 49.80 

[MetOPr][IBU] 134.7 222.9 50.78 53.62 40.77 38.13 

[MetOBu][IBU] 138.5 302.8 40.63 46.50 18.89 15.81 

[ThrOMe][IBU] 115.8 241.2 72.59 76.53 − − 

[ThrOEt][IBU] 127.0 211.4 24.60 32.60 − − 

[ThrOiPr][IBU] 122.8[166] 209.6[166] 40.70 48.52 − − 

[ThrOPr][IBU] 120.9 206.4 − − − − 

[ThrOBu][IBU] 131.3 211.3 − − − − 

[IleOMe][IBU] 81.4 218.6 77.25/83.03 81.37/83.37 66.34 64.81 

[IleOEt][IBU] 104.0 228.2 56.17 59.74 45.25 42.54 

[IleOiPr][IBU] 97.4[166] 222.6[166] 72.74/78.74 76.07/80.07 52.10 50.31 

[IleOPr][IBU] 99.8 219.8 56.46 58.90 35.23 32.62 

[IleOBu][IBU] 120.1 227.2 58.03 60.90 31.07 27.44 

[ValOMe][S(+)-IBU] 87.5 215.0 83.02/88.83 87.50/90.99 80.44 79.75 

[ValOEt][S(+)-IBU] 90.4 215.7 72.57 75.36 53.42 51.59 

[ValOiPr][S(+)-IBU] 103.3 219.0 108.06 110.68 80.44 79.82 

[ValOPr][S(+)-IBU] 101.1 215.5 91.58 93.50 70.47/71.41 70.16/70.63 

[ValOBu][S(+)-IBU] 111.6 213.7 89.70 91.82 66.83 66.05 
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Compound 
TTGonset 

(°C) 

TDTGmax 

(°C) 

TDSConset 

(°C) 

TDSCmax 

(°C) 

TConset 

(°C) 

TCmax 

(°C) 

[ValOAm][S(+)-IBU] 122.3 219.5 83.08 84.66 61.17/62.86 60.84/62.00 

[ValOHex][S(+)-IBU] 131.0 210.8 70.90 73.38 58.74 57.22 

[ValOHept][S(+)-IBU] 146.9 197.5 67.56 72.69 62.01 60.31 

[ValOOct][S(+)-IBU] 153.0 210.7 43.58 51.65 36.59 34.02 

TTGonset: the onset of the thermal degradation, TDTGmax: maximum decomposition temperature, TDSConset: the peak onset 

temperature in DSC, TDSCmax: the peak maximum temperature in DSC, TConset: the peak onset crystallisation temperature, 

TCmax: crystallisation maximum peak temperature 
 

Table A15. Phase transition temperatures and thermal stability of ketoprofen and its L-amino acid 
alkyl ester salts.  

Compound 
TTGonset 

(°C) 

TDTGmax 

(°C) 

TDSConset 

(°C) 

TDSCmax 

(°C) 

TConset 

(°C) 

TCmax 

(°C) 

KETO 241.4[149] 304.9[149] 95.14 97.03 − − 

[MetOMe][KETO] 76.3 308.9 69.84 77.52 − − 

[MetOEt][KETO] 98.9 300.5 33.77 49.11 − − 

[MetOiPr][KETO] 82.6 308.5 50.02 59.60 − − 

[MetOPr][KETO] 101.1 304.3 20.03 31.05 − − 

[MetOBu][KETO] 113.1 303.4 29.10 45.12 − − 

[ThrOMe][KETO] 58.9 299.5 − − − − 

[ThrOEt][KETO] 67.3 286.1 − − − − 

[ThrOiPr][KETO] 82.4 295.1 − − − − 

[ThrOPr][KETO] 84.1 296.9 − − − − 

[ThrOBu][KETO] 86.8 301.5 − − − − 

[IleOMe][KETO] 63.8 232.7 53.46/75.09 63.05/77.84 − − 

[IleOEt][KETO] 108.5 314.3 − − − − 

[IleOiPr][KETO] 116.6 319.8 62.27/71.74 67.58/78.22 − − 

[IleOPr][KETO] 96.8 290.8 23.26 33.21 − − 

[IleOBu][KETO] 113.5 302.3 20.01/30.57 26.81/37.54 − − 

[ValOMe][KETO] 77.9 307.2 62.98 69.55 − − 

[ValOEt][KETO] 89.9[149] 311.2[149] 33.21 45.32 − − 

[ValOiPr][KETO] 67.6[149] 309.6[149] 44.88/68.65 52.31/74.90 − − 

[ValOPr][KETO] 43.4[149] 298.5[149] − − − − 

[ValOBu][KETO] 105.2[149] 311.6[149] 45.87 52.44 − − 
TTGonset: the onset of the thermal degradation, TDTGmax: maximum decomposition temperature, TDSConset: the peak onset 

temperature in DSC, TDSCmax: the peak maximum temperature in DSC, TConset: the peak onset crystallisation temperature, 

TCmax: crystallisation maximum peak temperature 

 

Table A16. Phase transition temperatures and thermal stability of naproxen and its L-amino acid 
alkyl ester salts.  

Compound 
TTGonset 

(°C) 

TDTGmax 

(°C) 

TDSConset 

(°C) 

TDSCmax 

(°C) 

TConset 

(°C) 

TCmax 

(°C) 

NAP 224.5[149] 284.0[149] 153.76 155.45 80.12 78.88 

[MetOMe][NAP] 124.0 306.9 121.62 123.17 71.95 69.87 

[MetOEt][NAP] 131.0 285.3 107.88 109.31 72.24 70.05 

[MetOiPr][NAP] 146.6 293.2 94.51 95.97 71.44 69.67 

[MetOPr][NAP] 140.9 283.3 68.65 70.69 38.85 33.79 

[MetOBu][NAP] 142.3 299.2 90.93 92.47 52.44 48.91 

[ThrOMe][NAP] 119.1 283.4 96.23 98.64 − − 

[ThrOEt][NAP] 124.9 276.8 81.07 83.97 − − 

[ThrOiPr][NAP] 145.0 295.3 86.06 89.86 − − 

[ThrOPr][NAP] 133.1 272.2 90.81 93.49 − − 

[ThrOBu][NAP] 144.0 276.6 85.36 87.97 − − 

[IleOMe][NAP] 102.3 278.0 112.14 113.77 80.77 79.68 

[IleOEt][NAP] 99.4 277.4 105.22 107.49 61.28 57.70 

[IleOiPr][NAP] 122.8 287.4 89.82/103.19 93.53/107.38 64.84 63.54 

[IleOPr][NAP] 114.9 297.9 107.66 109.16 66.61 65.11 

[IleOBu][NAP] 121.3 280.3 95.54 97.93 65.35 63.91 

[ValOMe][NAP] 99.5 273.5 112.50/126.17 116.99/131.20 90.26 88.78 
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Compound 
TTGonset 

(°C) 

TDTGmax 

(°C) 

TDSConset 

(°C) 

TDSCmax 

(°C) 

TConset 

(°C) 

TCmax 

(°C) 

[ValOEt][NAP] 126.2[149] 282.1[149] 90.23/124.56 99.14/129.05 82.52 81.33 

[ValOiPr][NAP] 111.3[149] 275.8[149] 124.04/130.48 127.13/132.66 86.69 85.01 

[ValOPr][NAP] 82.7[149] 267.6[149] 92.57/109.97 97.86/115.88 61.41 57.47 

[ValOBu][NAP] 103.7[149] 270.9[149] 91.21/98.07 93.60/101.28 65.85 64.07 
TTGonset: the onset of the thermal degradation, TDTGmax: maximum decomposition temperature, TDSConset: the peak onset 

temperature in DSC, TDSCmax: the peak maximum temperature in DSC, TConset: the peak onset crystallisation temperature, 

TCmax: crystallisation maximum peak temperature 

 

Table A17. Phase transition temperatures and thermal stabilities of salicylic acid and its L-amino 
acid alkyl ester salts.  

Compound 
TTGonset 

(°C) 

TDTGmax 

(°C) 

TDSConset 

(°C) 

TDSCmax 

(°C) 

TConset 

(°C) 

TCmax 

(°C) 

SA 146.2[149] 198.8[149] 158.05 160.04 107.64 107.83 

[MetOMe][SA] 135.6 201.2 47.06/58.64 51.26/61.38 − − 

[MetOEt][SA] 143.1 211.5 27.68 42.83 − − 

[MetOiPr][SA] 157.3 205.0 85.17 88.36 65.47 63.19 

[MetOPr][SA] 169.2 211.2 67.07 71.05 34.50 26.39 

[MetOBu][SA] 168.2 206.5 80.16 82.15 50.14/55.33 45.73/52.45 

[ThrOMe][SA] 149.7 190.4 113.51 116.02 − − 

[ThrOEt][SA] 155.7 190.6 48.39 58.28 − − 

[ThrOiPr][SA] 132.8 191.4 − − − − 

[ThrOPr][SA] 151.5 188.4 60.15 64.36 − − 

[ThrOBu][SA] 162.3 194.5 25.31 41.34 − − 

[IleOMe][SA] 134.6 195.0 94.02 96.16 54.11 48.01 

[IleOEt][SA] 118.4 198.1 − − − − 

[IleOiPr][SA] 144.2 202.4 84.18 86.53 67.25 64.66 

[IleOPr][SA] 157.0 208.0 74.86 77.88 51.82 49.98 

[IleOBu][SA] 137.0 201.8 64.64 67.40 42.68 36.98 

[ValOMe][SA] 113.8 192.5 107.34 111.51 65.06 61.98 

[ValOEt][SA] 120.2[149] 185.6[149] 52.31 56.43 − − 

[ValOiPr][SA] 124.6[149] 197.5[149] 96.90 98.85 84.46 81.73 

[ValOPr][SA] 125.6[149] 193.6[149] 71.97 74.20 52.39 47.75 

[ValOBu][SA] 135.6[149] 206.4[149] 60.46 65.89 46.84 42.85 

TTGonset: the onset of the thermal degradation, TDTGmax: maximum decomposition temperature, TDSConset: the 

peak onset temperature in DSC, TDSCmax: the peak maximum temperature in DSC, TConset: the peak onset crystallisation 

temperature, TCmax: crystallisation maximum peak temperature 

Heat capacitivity experimental data  

Table A18. The experimental values of the heat capacity of the solid phase of (R,S)-ibuprofen averaged over 3 

runs. 

T, K 
Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 

294.24 

295.21 

296.18 

297.16 

298.14 

299.12 

300.10 

301.09 

302.07 

303.06 

304.06 

305.05 

306.04 

307.03 

302.92 

303.41 

303.99 

304.48 

305.10 

305.89 

306.59 

307.45 

308.36 

309.27 

310.22 

311.21 

312.16 

313.23 

308.03 

309.02 

310.02 

311.01 

312.01 

313.01 

314.00 

315.00 

316.00 

317.00 

318.33 

319.33 

320.33 

322.32 

314.47 

315.33 

316.37 

317.36 

318.68 

319.75 

320.82 

322.06 

323.01 

324.08 

325.73 

327.01 

328.33 

331.01 

323.32 

324.32 

325.00 

326.00 

327.00 

328.00 

329.00 

330.00 

331.00 

332.00 

333.00 

334.00 

335.00 

336.00 

332.37 

333.78 

334.6 

335.92 

337.37 

338.85 

340.25 

341.57 

343.06 

344.50 

346.11 

347.47 

349.21 

351.35 
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Table A19. The experimental values of the heat capacity of the solid phase of [MetOiPr][IBU] averaged over 

3 runs. 

T, K 
Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 

294.13 

295.10 

296.07 

297.05 

298.02 

299.01 

300.32 

301.31 

302.29 

302.95 

303.28 

303.61 

303.95 

304.27 

304.60 

477.02 

477.36 

478.04 

478.72 

479.40 

480.08 

481.44 

483.14 

484.49 

485.85 

486.19 

486.87 

487.55 

488.23 

488.57 

305.27 

306.26 

307.25 

308.24 

309.24 

310.24 

311.23 

312.23 

313.22 

314.22 

314.55 

314.88 

315.22 

316.21 

317.21 

489.93 

491.96 

494.00 

496.38 

498.75 

501.47 

503.85 

506.90 

509.62 

513.01 

514.37 

515.39 

516.41 

520.48 

524.90 

318.21 

319.21 

320.21 

321.21 

322.21 

323.21 

324.20 

324.88 

325.21 

325.55 

325.88 

326.22 

326.55 

529.65 

535.42 

542.21 

549.34 

557.83 

567.34 

579.90 

588.05 

590.76 

594.16 

598.23 

603.33 

608.76 

Table A20. The experimental values of the heat capacity of the solid phase of [ThrOiPr][IBU] averaged over 

3 runs. 

T, K 
Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 

294.03 

295.00 

296.30 

297.28 

298.26 

299.24 

665.51 

672.49 

682.66 

691.84 

702.74 

715.36 

300.22 

301.21 

302.20 

303.19 

304.18 

305.17 

729.69 

746.47 

765.46 

786.77 

810.29 

837.24 

306.16 

307.15 

308.15 

309.14 

310.13 

311.13 

868.60 

904.61 

946.14 

993.91 

1049.30 

1113.00 

Table A21. The experimental values of the heat capacity of the solid phase of [IleOiPr][IBU] averaged over 3 

runs. 

T, K 
Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 

294.13 

295.11 

296.08 

297.05 

298.03 

299.02 

300.00 

301.31 

302.30 

303.29 

304.28 

305.28 

306.27 

307.26 

308.25 

619.27 

620.54 

622.18 

624.08 

625.60 

627.37 

629.14 

631.54 

633.31 

635.21 

636.98 

639.13 

641.03 

643.06 

645.21 

309.25 

310.25 

311.24 

312.24 

313.23 

314.23 

315.23 

316.22 

317.22 

318.22 

319.22 

320.22 

321.22 

322.22 

323.21 

646.85 

649.00 

651.28 

653.68 

656.09 

658.36 

661.02 

664.06 

666.97 

670.38 

673.67 

677.34 

680.88 

684.68 

690.12 

324.21 

325.56 

326.56 

327.56 

328.23 

328.56 

329.22 

330.22 

331.23 

332.23 

333.23 

334.23 

335.23 

336.23 

695.18 

700.74 

706.31 

712.89 

717.70 

720.48 

725.54 

733.26 

741.48 

751.85 

764.25 

781.46 

801.45 

830.54 

 

Table A22. The experimental values of the heat capacity of the solid phase of [ValOiPr][IBU] averaged over 3 

runs. 

T, K 
Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 

294.00 

295.30 

296.27 

297.25 

298.22 

542.86 

543.52 

544.61 

545.49 

546.66 

307.12 

308.12 

309.11 

310.11 

311.10 

560.48 

562.30 

564.57 

566.25 

567.49 

320.08 

321.08 

322.08 

323.08 

324.07 

590.81 

594.03 

597.76 

602.36 

607.41 
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T, K 
Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 

299.21 

300.19 

301.18 

302.17 

303.16 

304.15 

305.14 

306.13 

547.76 

549.00 

550.46 

551.85 

553.24 

554.77 

556.53 

558.43 

312.10 

313.09 

314.09 

315.09 

316.08 

317.08 

318.08 

319.08 

569.83 

572.03 

574.15 

576.78 

579.26 

582.11 

585.04 

587.82 

325.08 

326.08 

327.08 

328.09 

329.08 

330.08 

331.08 

 

613.33 

620.57 

628.10 

637.16 

646.15 

656.68 

667.64 

 

Table A23. The experimental values of the heat capacity of the solid phase of (R,S)-ketoprofen averaged over 

3 runs. 

T, K 
Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 

294.11 

295.08 

296.05 

297.03 

298.01 

299.32 

300.30 

301.29 

302.28 

303.27 

304.26 

305.25 

306.25 

307.24 

308.23 

309.23 

310.22 

311.22 

312.22 

313.21 

314.21 

315.21 

316.20 

312.57 

312.96 

313.34 

313.91 

314.29 

315.24 

315.75 

316.45 

316.90 

317.66 

318.17 

318.87 

319.63 

320.27 

320.96 

321.66 

322.49 

323.51 

324.40 

325.35 

326.24 

327.13 

328.21 

317.20 

318.20 

319.20 

320.20 

321.20 

322.19 

323.19 

324.19 

325.20 

326.20 

327.21 

328.21 

329.21 

329.54 

329.87 

330.20 

330.54 

330.87 

331.20 

331.54 

331.87 

332.20 

333.20 

328.97 

329.67 

330.69 

331.64 

332.41 

333.30 

334.06 

334.95 

335.84 

336.60 

337.81 

338.70 

339.53 

339.85 

340.10 

340.48 

340.67 

340.99 

341.31 

341.69 

342.07 

342.71 

343.28 

334.21 

335.87 

336.21 

337.21 

338.21 

339.21 

340.21 

341.22 

342.22 

343.22 

344.22 

345.23 

346.22 

347.23 

348.23 

349.23 

350.23 

351.24 

352.24 

353.24 

354.24 

355.25 

343.98 

344.68 

346.52 

346.90 

347.98 

348.94 

349.95 

351.03 

352.30 

353.00 

353.70 

354.59 

355.61 

356.50 

357.33 

358.85 

360.89 

361.08 

361.90 

363.56 

365.65 

368.32 

Table A24. The experimental values of the heat capacity of the solid phase of [MetOiPr][KETO] averaged over 

3 runs. 

T, K 
Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 

294.03 

295.00 

296.29 

297.27 

298.25 

299.24 

642.66 

645.19 

648.90 

652.47 

656.33 

660.78 

300.22 

301.21 

302.19 

303.18 

304.17 

305.17 

665.54 

670.44 

675.49 

680.83 

686.33 

691.38 

306.16 

307.15 

308.15 

309.14 

310.13 

311.13 

697.02 

702.96 

709.20 

715.74 

723.01 

730.74 

Table A25. The experimental values of the heat capacity of the solid phase of [ThrOiPr][KETO] averaged over 

3 runs. 

T, K 
Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 

294.02 

295.32 

296.29 

297.27 

298.25 

299.23 

816.55 

818.77 

820.71 

822.93 

825.14 

827.77 

307.15 

308.14 

309.14 

310.13 

311.13 

312.13 

848.69 

851.45 

854.22 

856.58 

859.07 

861.56 

320.11 

321.01 

322.21 

323.17 

324.20 

325.11 

879.43 

881.78 

884.69 

886.77 

888.85 

890.65 
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T, K 
Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 

300.21 

301.20 

302.19 

303.18 

304.17 

305.16 

306.16 

830.68 

833.45 

835.94 

838.16 

840.79 

843.42 

846.05 

313.12 

314.12 

315.11 

316.21 

317.11 

318.11 

319.11 

864.47 

867.24 

869.87 

871.95 

873.20 

875.00 

877.08 

326.15 

327.11 

328.11 

329.11 

330.11 

331.11 

 

892.59 

894.25 

895.91 

897.30 

898.68 

900.48 

 

Table A26. The experimental values of the heat capacity of the solid phase of [IleOiPr][KETO] averaged over 

3 runs. 

T, K 
Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 

294.13 

295.10 

296.08 

297.06 

298.03 

299.02 

300.00 

301.32 

302.30 

303.30 

304.28 

632.89 

635.74 

638.59 

641.87 

645.15 

648.43 

652.13 

657.26 

660.97 

664.10 

666.10 

305.28 

306.27 

307.26 

308.25 

309.25 

310.25 

311.24 

312.24 

313.23 

314.23 

315.23 

671.94 

677.21 

681.77 

686.48 

690.89 

695.31 

699.87 

704.00 

708.28 

712.98 

717.54 

316.22 

317.22 

318.22 

319.22 

320.22 

321.22 

322.22 

323.22 

324.21 

325.23 

326.23 

721.82 

726.81 

732.22 

738.06 

744.62 

751.18 

758.59 

766.57 

775.69 

785.66 

797.35 

Table A27. The experimental values of the heat capacity of the solid phase of [ValOiPr][KETO] averaged over 

3 runs. 

T, K 
Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 

294.06 

295.03 

296.00 

297.30 

298.28 

299.26 

654.79 

657.69 

661.20 

666.47 

671.64 

677.33 

300.25 

301.23 

302.22 

303.21 

304.20 

305.19 

683.64 

690.15 

696.87 

703.59 

710.20 

717.65 

306.18 

307.18 

308.17 

309.16 

310.16 

311.16 

725.92 

734.08 

743.08 

752.79 

763.55 

775.12 

 

Table A28. The experimental values of the heat capacity of the solid phase of S-(+)-naproxen averaged over 3 

runs. 

T, K 
Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 

294.02 

296.04 

298.15 

300.01 

302.23 

304.16 

306.11 

308.07 

310.04 

312.02 

312.35 

312.68 

314.00 

316.32 

318.31 

320.30 

322.30 

324.30 

326.30 

286.40 

288.30 

290.29 

292.04 

293.24 

293.87 

294.96 

296.29 

297.84 

299.40 

299.63 

299.97 

301.01 

303.02 

304.69 

306.88 

309.12 

310.85 

312.64 

330.30 

332.30 

334.30 

336.30 

338.30 

340.31 

342.31 

344.31 

346.32 

348.32 

350.33 

352.00 

354.00 

356.00 

358.01 

360.01 

362.02 

364.36 

366.03 

316.32 

318.10 

319.89 

321.9 

323.75 

325.82 

327.66 

329.67 

331.40 

333.01 

334.57 

336.70 

337.68 

339.86 

341.59 

343.14 

346.25 

347.87 

349.59 

370.05 

372.40 

374.07 

376.08 

378.09 

380.1 

382.12 

384.13 

386.14 

388.16 

390.18 

392.19 

394.21 

396.22 

398.24 

400.25 

402.27 

404.28 

406.30 

353.85 

355.06 

357.54 

359.38 

359.95 

362.31 

363.81 

367.09 

368.59 

370.72 

371.12 

373.77 

376.99 

379.58 

380.56 

384.07 

385.11 

386.72 

391.56 
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T, K 
Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 

328.30 314.48 368.04 350.92   

 

 

Table A29. The experimental values of the heat capacity of the solid phase of [MetOiPr][NAP] averaged over 

3 runs. 

T, K 
Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 

294.14 

296.09 

298.04 

300.01 

302.31 

304.29 

306.27 

308.26 

310.25 

312.24 

314.24 

581.04 

583.99 

587.78 

591.72 

596.91 

600.71 

605.06 

609.42 

614.06 

618.69 

623.61 

316.23 

318.23 

320.23 

322.22 

324.22 

326.23 

328.23 

330.23 

332.23 

334.23 

336.23 

628.8 

632.51 

636.91 

641.83 

644.11 

646.27 

648.00 

651.02 

654.35 

656.43 

660.62 

338.24 

340.24 

340.57 

342.25 

344.25 

346.25 

348.26 

350.26 

352.27 

354.27 

356.27 

663.89 

667.80 

668.32 

670.3 

675.54 

681.23 

687.20 

691.48 

696.96 

706.94 

723.94 

 

Table A30. The experimental values of the heat capacity of the solid phase of [ThrOiPr][NAP] averaged over 

3 runs. 

T, K 
Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 

294.27 

296.26 

298.24 

298.58 

300.23 

302.23 

304.22 

306.21 

308.21 

513.59 

517.12 

519.86 

520.64 

523.38 

526.12 

529.25 

532.77 

536.30 

310.2 

312.2 

316.19 

318.19 

320.19 

322.19 

324.19 

326.20 

328.20 

539.82 

543.74 

553.91 

559.78 

566.83 

573.49 

579.36 

585.23 

591.10 

330.20 

332.20 

334.20 

336.20 

338.20 

340.21 

342.21 

344.21 

345.22 

597.36 

604.02 

611.07 

619.68 

629.46 

642.77 

660.78 

685.05 

698.75 

 

Table A31. The experimental values of the heat capacity of the solid phase of [IleOiPr][NAP] averaged over 3 

runs. 

T, K 
Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 

294.06 

296.00 

298.28 

300.24 

302.22 

304.20 

308.17 

310.16 

312.15 

314.15 

316.14 

563.71 

564.61 

566.33 

568.45 

570.36 

572.58 

577.63 

579.85 

581.97 

584.18 

586.71 

318.14 

320.13 

322.13 

324.13 

326.14 

328.14 

330.14 

332.14 

332.48 

334.15 

336.15 

589.23 

591.45 

593.77 

596.39 

599.42 

602.34 

606.08 

609.2 

609.71 

612.53 

616.16 

338.15 

340.15 

342.15 

344.16 

346.16 

346.50 

346.83 

348.16 

350.17 

 

620.30 

625.14 

630.79 

636.64 

643.80 

645.01 

646.43 

653.08 

665.29 

 

 

Table A32. The experimental values of the heat capacity of the solid phase of [ValOiPr][NAP] averaged over 

3 runs. 

T, K 
Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 

294.04 

296.30 

298.26 

300.23 

519.00 

518.22 

518.02 

518.22 

326.13 

328.46 

330.13 

332.12 

525.42 

525.42 

525.42 

525.42 

360.18 

362.18 

364.19 

366.20 

546.07 

548.40 

550.94 

555.22 
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T, K 
Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 

302.2 

304.18 

306.17 

308.15 

308.48 

310.15 

312.14 

314.13 

316.12 

318.12 

320.12 

322.12 

324.11 

517.83 

518.22 

518.8 

519.19 

519.39 

520.17 

520.94 

521.53 

522.5 

523.48 

524.25 

524.84 

525.23 

334.13 

336.13 

338.13 

340.13 

342.14 

344.14 

346.14 

348.15 

350.15 

352.16 

354.16 

356.16 

358.17 

525.81 

525.81 

526.40 

527.57 

529.12 

530.88 

532.24 

533.80 

535.36 

536.72 

538.67 

540.61 

543.15 

368.21 

370.21 

372.22 

374.23 

376.25 

378.26 

380.27 

382.28 

384.29 

386.30 

388.32 

390.01 

390.34 

560.09 

566.51 

573.53 

581.7 

591.44 

602.35 

615.59 

631.17 

649.28 

671.29 

697.77 

731.66 

768.66 

 

Table A33. The experimental values of the heat capacity of the solid phase of salicylic acid averaged over 3 

runs. 

T, K 
Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 

294.31 

296.25 

298.21 

300.17 

302.15 

304.13 

306.11 

308.10 

310.09 

312.08 

314.08 

316.07 

318.06 

320.06 

320.73 

161.46 

162.29 

163.12 

163.81 

164.64 

165.40 

166.09 

166.99 

167.75 

168.58 

169.34 

170.16 

170.85 

171.75 

172.17 

322.06 

324.05 

326.07 

328.07 

330.07 

332.06 

334.07 

336.07 

338.07 

340.07 

342.07 

344.08 

346.08 

348.08 

350.09 

172.51 

173.34 

174.03 

174.86 

175.48 

176.10 

176.79 

177.48 

178.24 

179.07 

179.63 

180.52 

181.21 

182.25 

183.63 

352.10 

354.10 

356.10 

358.11 

360.11 

362.12 

364.13 

366.13 

368.14 

370.15 

372.16 

374.17 

376.18 

378.19 

380.21 

184.60 

185.01 

185.84 

186.74 

187.71 

188.53 

189.36 

190.19 

191.71 

193.37 

194.33 

193.92 

195.99 

196.89 

199.10 

 

Table A34. The experimental values of the heat capacity of the solid phase of [MetOiPr][SA] averaged over 3 

runs. 

T, K 
Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 

294.63 

295.28 

296.25 

297.23 

298.21 

299.19 

300.17 

301.16 

302.15 

303.14 

304.13 

305.12 

306.11 

307.10 

308.10 

309.09 

310.09 

311.08 

312.08 

313.08 

458.86 

459.19 

459.77 

460.26 

460.92 

461.82 

462.47 

462.97 

463.54 

465.51 

465.51 

465.51 

467.65 

467.81 

468.55 

469.37 

470.19 

470.52 

471.59 

472.66 

314.07 

315.07 

316.07 

317.06 

318.06 

319.06 

320.06 

321.06 

322.06 

323.06 

324.06 

325.07 

326.07 

327.07 

328.07 

329.07 

330.07 

331.07 

332.07 

333.07 

473.31 

474.38 

475.69 

477.25 

478.24 

479.55 

480.62 

482.18 

483.00 

484.97 

486.04 

487.84 

489.4 

491.05 

492.77 

494.82 

497.37 

498.76 

500.41 

501.80 

334.07 

335.07 

336.07 

337.07 

338.07 

339.07 

340.07 

341.07 

342.08 

343.08 

344.08 

345.08 

346.08 

347.09 

348.09 

349.09 

350.09 

351.10 

504.59 

507.06 

509.60 

513.13 

516.74 

520.36 

524.13 

529.31 

532.59 

535.46 

541.78 

548.19 

555.33 

563.46 

573.06 

584.31 

597.61 

613.46 
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Table A35. The experimental values of the heat capacity of the solid phase of [ThrOiPr][SA] averaged over 3 

runs. 

T, K 
Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 

294.04 

295.00 

296.30 

297.28 

298.26 

299.24 

300.23 

301.21 

302.20 

303.19 

304.18 

305.17 

306.17 

307.16 

308.15 

309.15 

310.14 

311.14 

312.14 

313.13 

314.13 

315.13 

316.12 

541.73 

543.82 

546.81 

548.89 

551.28 

553.37 

555.46 

557.25 

558.74 

560.83 

562.62 

564.41 

565.9 

567.69 

569.48 

571.27 

573.06 

574.85 

576.34 

578.13 

579.62 

581.71 

583.50 

317.12 

318.12 

319.12 

320.12 

321.12 

322.12 

323.11 

324.11 

325.12 

326.13 

327.13 

328.12 

329.12 

330.12 

331.12 

332.12 

333.12 

334.12 

335.12 

336.13 

337.13 

338.13 

339.80 

585.29 

587.38 

589.46 

591.25 

593.34 

595.13 

597.22 

598.41 

600.50 

601.70 

603.78 

605.87 

607.66 

609.75 

611.54 

613.63 

615.42 

617.21 

619.30 

621.38 

623.47 

625.26 

630.63 

340.80 

341.80 

342.80 

343.80 

344.80 

345.80 

346.80 

347.81 

349.14 

350.15 

351.15 

352.15 

353.16 

354.16 

355.16 

356.16 

357.16 

357.83 

358.16 

358.83 

359.16 

360.17 

632.72 

634.81 

637.79 

640.48 

643.16 

646.14 

647.93 

650.32 

653.90 

655.99 

657.48 

658.08 

659.27 

661.36 

662.55 

664.04 

665.83 

666.13 

666.43 

667.03 

667.32 

668.82 

 

 

Table A36. The experimental values of the heat capacity of the solid phase of [IleOiPr][SA] averaged over 3 

runs. 

T, K 
Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 

294.25 

295.22 

296.19 

297.17 

298.15 

299.13 

300.11 

301.10 

302.09 

303.08 

304.07 

305.06 

306.05 

307.04 

308.04 

469.48 

471.14 

472.48 

474.03 

475.48 

477.24 

478.79 

480.45 

482.10 

483.86 

485.41 

487.07 

488.62 

490.38 

492.03 

309.03 

310.03 

311.02 

312.02 

313.02 

314.01 

315.01 

316.01 

317.00 

318.00 

319.33 

320.00 

321.00 

322.00 

323.00 

493.79 

495.34 

497.10 

498.76 

500.31 

502.07 

503.72 

505.28 

506.83 

508.48 

511.07 

512.52 

514.69 

516.86 

519.04 

324.33 

325.01 

326.01 

327.01 

328.01 

329.01 

330.01 

331.01 

332.00 

333.00 

334.01 

335.01 

336.01 

 

522.14 

523.90 

526.48 

529.28 

532.28 

535.59 

539.11 

542.83 

546.66 

551.11 

555.66 

560.73 

566.00 

 

Table A37. The experimental values of the heat capacity of the solid phase of [ValOiPr][SA] averaged over 3 

runs. 

T, K 
Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 

294.06 

295.03 

296.00 

297.3 

298.28 

299.26 

300.25 

453.40 

454.74 

455.00 

457.09 

458.79 

459.81 

460.30 

318.14 

319.14 

320.13 

321.13 

322.13 

323.13 

324.13 

479.34 

480.37 

481.29 

482.73 

483.84 

484.17 

485.46 

342.15 

343.16 

344.16 

345.16 

346.16 

347.16 

348.16 

526.01 

529.69 

532.33 

536.64 

541.25 

545.93 

551.06 
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T, K 
Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 
T, K 

Cp,m, 

J∙K-1∙mol-1 

301.23 

302.22 

303.21 

304.20 

305.19 

306.18 

307.18 

308.17 

309.17 

310.16 

311.16 

312.15 

313.15 

314.14 

315.14 

316.14 

317.14 

461.19 

462.27 

463.24 

464.74 

465.97 

466.92 

467.95 

468.44 

469.48 

470.75 

471.63 

472.91 

473.54 

474.39 

475.34 

476.97 

478.66 

325.14 

326.14 

327.14 

328.14 

329.14 

330.14 

331.14 

332.14 

333.14 

334.14 

335.15 

336.15 

337.15 

338.15 

339.15 

340.15 

341.15 

486.54 

487.06 

487.8 

488.84 

490.26 

491.52 

493.45 

496.91 

499.03 

502.26 

505.44 

508.06 

511.9 

514.77 

517.52 

520.89 

523.64 

349.17 

350.17 

351.17 

351.51 

351.84 

352.18 

353.18 

354.18 

355.18 

356.18 

357.18 

358.19 

359.19 

360.19 

361.19 

557.01 

563.48 

570.54 

573.07 

575.67 

578.49 

587.27 

597.08 

608.38 

621.68 

637.15 

655.43 

676.92 

703.01 

735.27 

Stability test results  

 

Fig A1. Comparison of ATR-FTIR spectra (finger-print region) for L-methioninium (left) and  

L-threoninium (right) isopropyl salts of ketoprofen and ibuprofen before and after the stress testing 

step. 
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Fig A2. Comparison of ATR-FTIR spectra for L-isoleucinium (left) and L-valinium (right) isopropyl 

salts of ketoprofen before and after the stress testing step. 

 

 
Fig A3. Comparison of ATR-FTIR spectra for [ThrOiPr][IBU] (left) and [ThrOiPr][SA] (right) before 

and after the storage for 12 months. 
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[ThrOiPr][IBU]storage 25C
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Table A38. Thermal stability specification evaluated by DSC analysis for NSAIDs and their L-amino acid isopropyl salts. 

Compound 

Initial state Storage at 5°C±2°C Storage at 25°C±2°C Stress testinga 

TDSConset 

(°C) 

TDSCmax 

(°C) 

TConset 

(°C) 

TDSConset 

(°C) 

TDSCmax 

(°C) 

TConset 

(°C) 

TDSConset 

(°C) 

TDSCmax 

(°C) 

TConset 

(°C) 

TDSConset 

(°C) 

TDSCmax 

(°C) 

TConset 

(°C) 

IBU 76.23 78.58 − 72.57 75.01 − 72.36 75.06 − 71.87 74.51 − 

[MetOiPr][IBU] 63.79 65.72 52.16 64.13 66.22 51.24 61.65 64.76 48.32 65.21 74.25 − 

[ThrOiPr][IBU] 40.70 48.52 − 41.16 50.15 − − − − 59.87 70.74 − 

[IleOiPr][IBU] 72.70/78.90 76.07/80.07 52.10 70.93/78.41 74.75/79.58 50.70 66.85/75.91 72.92/78.58 48.19 61.84/73.36 65.25/76.05 50.59 

[ValOiPr][IBU]b 68.18/78.06 72.91/89.87 63.93 67.73/77.97 73.10/89.06 63.90 75.11/82.74 79.24/86.39 52.48 69.55/75.88 73.39/78.54 59.36 

KETO 95.14 97.03 − 91.57 93.67 − 91.70 94.66 − 90.38 92.85 − 

[MetOiPr][KETO] 50.06 59.60 − 55.98 61.43 − 43.46 57.29 − − − − 

[ThrOiPr][KETO] − − − − − − − − − − − − 

[IleOiPr][KETO] 62.25/72.57 67.58/78.22 − 65.28/75.07 70.75/80.39 − 63.68/74.55 70.40/79.87 − 55.76/72.10 68.78/77.09 − 

[ValOiPr][KETO] 45.53/ 63.32 56.28/ 75.70 − 51.33/64.18 58.78/ 76.56 − 57.32/67.42 64.10/76.56 − 48.04/67.61 67.44/74.92 − 

NAP 155.98 158.41 80.12 153.61 155.69 82.81 153.91 155.84 85.96 152.95 154.87 86.03 

[MetOiPr][NAP] 94.51 95.97 71.44 94.73 96.54 70.44 94.15 96.03 70.43 94.50 96.81 71.00 

[ThrOiPr][NAP] 86.0 89.86 − 84.90 89.20 − 87.37 90.70 − 79.44/90.18 88.35/91.51 − 

[IleOiPr][NAP] 
89.82 

/103.19 

93.53 

/107.38 
64.84 

89.30 

/102.97 

93.38 

/108.22 
65.14 

87.18 

/101.68 

91.20 

/107.88 
64.13 87.00/104.32 91.01/108.85 63.11 

[ValOiPr][NAP] 
124.04 

/130.15 

127.13 

/132.66 
86.69 

124.02 

/130.32 

127.13 

/132.49 
81.86 

124.79 

/130.59 

127.91 

/132.94 
82.42 123.15/129.99 125.70/133.73 84.45 
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Compound 

Initial state Storage at 5°C±2°C Storage at 25°C±2°C Stress testinga 

TDSConset 

(°C) 

TDSCmax 

(°C) 

TConset 

(°C) 

TDSConset 

(°C) 

TDSCmax 

(°C) 

TConset 

(°C) 

TDSConset 

(°C) 

TDSCmax 

(°C) 

TConset 

(°C) 

TDSConset 

(°C) 

TDSCmax 

(°C) 

TConset 

(°C) 

SA 158.05 160.04 107.61 156.73 159.13 100.98 156.05 158.37 106.18 156.28 158.65 105.25 

[MetOiPr][SA] 87.47 88.83 65.03 85.16 88.36 65.47 87.21 88.69 65.30 87.26 88.83 62.81 

[ThrOiPr][SA] − − − 78.36 83.04 − 80.86 84.20 − − − − 

[IleOiPr][SA] 84.19 87.53 67.25 84.03 86.38 66.50 85.56 87.53 66.02 85.26 87.33 65.06 

[ValOiPr][SA] 96.89 98.85 84.46 93.33 97.19 80.67 93.30 97.02 81.58 97.54 99.32 84.32 

TDSConset: the peak onset temperature in DSC, TDSCmax: the peak maximum temperature in DSC, TC: crystallization maximum peak temperature 
astorage at 40°C±2°C for 6 months 
bcooling rate at 30°C/min
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DSC curves for the stability study evaluation for NSAIDs and their L-amino acid isopropyl 

ester salts 

 

 

 

Fig A4.  The thermal stability specification evaluated for ibuprofen stored at A: 5°C (for 12 months), B: 25°C 

(for 12 months), and C: 40°C (for 6 months). 
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Fig A5. The thermal stability specification evaluated for [IleOiPr][IBU] stored at A: 5°C (for 12 months),  

B: 25°C (for 12 months), and C: 40°C (for 6 months). 
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Fig A6. The thermal stability specification evaluated for [MetOiPr][IBU] stored at A: 5°C (for 12 months), 

B: 25°C (for 12 months), and C: 40°C (for 6 months). 
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Fig A7. The thermal stability specification evaluated for [ThrOiPr][IBU] stored at A: 5°C (for 12 months),  

B: 25°C (for 12 months), and C: 40°C (for 6 months). 
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Fig A8. The thermal stability specification evaluated for [ValOiPr][IBU] stored at A: 5°C (for 12 months),  

B: 25°C (for 12 months), and C: 40°C (for 6 months). 
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Fig A9. The thermal stability specification evaluated for KETO stored at A: 5°C (for 12 months),  

B: 25°C (for 12 months), and C: 40°C (for 6 months). 
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Fig A10. The thermal stability specification evaluated for [IleOiPr][KETO] stored at A: 5°C (for 12 months), 

B: 25°C (for 12 months), and C: 40°C (for 6 months). 
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Fig A11. The thermal stability specification evaluated for [ThrOiPr][KETO] stored at A: 5°C  

(for 12 months), B: 25°C (for 12 months), and C: 40°C (for 6 months). 
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Fig A12. The thermal stability specification evaluated for [MetOiPr][KETO] stored at A: 5°C (for 12 

months), B: 25°C (for 12 months), and C: 40°C (for 6 months). 
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Fig A13. The thermal stability specification evaluated for [ValOiPr][KETO] stored at A: 5°C (for 12 months), 

B: 25°C (for 12 months), and C: 40°C (for 6 months). 
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Fig A14.  The thermal stability specification evaluated for naproxen stored at A: 5°C (for 12 months),  

B: 25°C (for 12 months), and C: 40°C (for 6 months). 
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Fig A15. The thermal stability specification evaluated for [IleOiPr][NAP] stored at A: 5°C (for 12 months), 

B: 25°C (for 12 months), and C: 40°C (for 6 months). 
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Fig A16. The thermal stability specification evaluated for [MetOiPr][NAP] stored at A: 5°C (for 12 months), 

B: 25°C (for 12 months), and C: 40°C (for 6 months). 
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Fig A17. The thermal stability specification evaluated for [ThrOiPr][NAP] stored at A: 5°C (for 12 months), 

B: 25°C (for 12 months), and C: 40°C (for 6 months). 
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Fig A18. The thermal stability specification evaluated for [ValOiPr][NAP] stored at A: 5°C (for 12 months), 

B: 25°C (for 12 months), and C: 40°C (for 6 months). 
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Fig A19. The thermal stability specification evaluated for salicylic acid stored at A: 5°C (for 12 months),  

B: 25°C (for 12 months), and C: 40°C (for 6 months). 
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Fig A20. The thermal stability specification evaluated for [IleOiPr][SA] stored at A: 5°C (for 12 months),  

B: 25°C (for 12 months), and C: 40°C (for 6 months). 
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Fig A21. The thermal stability specification evaluated for [MetOiPr][SA] stored at A: 5°C (for 12 months), 

B: 25°C (for 12 months), and C: 40°C (for 6 months). 
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Fig A22. The thermal stability specification evaluated for [ThrOiPr][SA] stored at A: 5°C  

(for 12 months), B: 25°C (for 12 months), and C: 40°C (for 6 months). 
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Fig A23. The thermal stability specification evaluated for [ValOiPr][SA] stored at A: 5°C (for 12 months),  

B: 25°C (for 12 months), and C: 40°C (for 6 months). 
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SKIN PERMEATION RESULTS  

Skin permeation profiles  

 

 

 
Fig A24. Permeation profiles for (R,S)-ibuprofen and its L-amino alkyl ester salts through human skin from 

ethanolic solution to acceptor phase with pH 7.40. Values are the means with standard deviation; n=3 (data 

presented in: [182]). 
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Fig A25. Permeation profiles for ketoprofen and its L-amino alkyl ester salts through human skin from 

ethanolic solution to acceptor phase with pH 7.40. Values are the means with standard deviation; n=3 (data 

presented in: [182]). 
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Fig A26. Permeation profiles for naproxen and its L-amino alkyl ester salts through human skin from ethanolic 

solution to acceptor phase with pH 7.40. Values are the means with standard deviation; n=3 (data presented in: 

[182]). 
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Fig A27. Permeation profiles for salicylic acid and its L-amino alkyl ester salts through human skin from 

ethanolic solution to acceptor phase with pH 7.40. Values are the means with standard deviation; n=3 (data 

presented in: [182]). 
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SKIN PERMEATION PARAMETERS 

Table A39. Skin permeation parameters for ibuprofen and its L-amino acid alkyl ester salts across abdominal porcine skin in vitro (data partly presented in: 
[182]). 

Compound 
Cumulated mass,  

μg IBU/cm2 

JSS, 

μg IBU/(cm2h) 

KP∙103,  

cm/h 
LT, h 

D∙104,  

cm2/h 
Km Q%24h 

IBU 231.392±11.924 46.407±1.665 4.453±0.159 2.273±0.037 1.834±0.030 1.215±0.063 2.221±0.103 

(S+)-IBU 317.111±30.659 25.000±0.016 2.394±0.153 1.293±0.270 3.223±1.016 0.372±0.078 3.038±0.299 

[MetOiPr][IBU] 378.991±99.899* 62.009±4.010 5.707±0.369 0.563±0.124 7.389±1.907 0.386±0.104 3.488±0.919 

[MetOPr][IBU] 355.828±40.085 39.934±2.104 3.670±0.193 0.238±0.154 17.518±4.545 0.105±0.075 3.270±0.261 

[MetOBu][IBU] 375.327±40.497* 44.692±2.567 4.345±0.250 0.287±0.130 14.494±8.984 0.150±0.063 3.649±0.308 

[ThrOiPr][IBU] 529.048±5.168 62.193±2.069 5.959±0.189 0.709±0.069 5.902±0.581 0.485±0.063 4.842±0.644 

[ThrOPr][IBU] 480.287±109.089* 46.839±9.328 4.333±0.863 0.252±0.098 16.562±6.331 0.131±0.079 4.443±0.741 

[ThrOBu][IBU] 379.663±86.710 42.124±7.960 3.338±0.631 0.225±0.048 14.239±6.329 0.146±0.072 5.008±1.112 

[IleOiPr][IBU] 416.684±65.633* 39.897±4.883 3.667±0.654 0.337±0.050 12.509±1.857 0.134±0.019 3.830±0.603 

[IleOPr][IBU] 398.537±36.453* 40.117±3.907 3.467±0.338 0.204±0.098 20.345±14.279 0.085±0.122 3.445±0.315 

[IleOBu][IBU] 406.191±11.924* 45.254±0.944 4.159±0.089 0.102±0.012 40.997±4.968 0.050±0.022 3.733±0.636 

[ValOiPr][IBU] 455.665±27.885* 40.300±3.342 3.722±0.308 0.300±0.139 13.866±8.393 0.134±0.073 4.208±0.258 

[ValOPr][IBU] 472.102±50.035* 54.379±5.104 5.381±0.505 0.173±0.198 24.053±9.858 0.112±0.075 4.672±0.495 

[ValOBu][IBU] 444.884±72.864* 56.960±2.790 5.630±0.276 0.507±0.076 8.212±1.144 0.343±0.051 4.397±0.720 

[ValOiPr][(S+)IBU] 561.830±25.716 44.881±3.102 4.090±0.283 0.286±0.078 14.582±1.128 0.140±0.045 5.120±0.430 

[ValOPr][(S+)IBU] 617.240±47.149 66.747±2.859 6.621±0.284 0.315±0.125 13.221±2.0429 0.250±0.019 6.123±0.255 

[ValOBu][(S+)IBU] 557.550±39.358 50.330±3.949 5.067±0.398 0.346±0.043 12.034±1.304 0.211±0.042 5.614±0.308 

*- significant differences of the derivatives compared to the control (unmodified acid) p<0.001, α=0.05, mean ±SD, n=3; the statistically significant difference was estimated by ANOVA 

using the Tuckey’s test; JSS: steady-state flux; KP: permeability coefficient; LT: lag time; D: diffusion coefficient; Km: skin partition coefficient; Q: the percentage of the applied dose 

Table A40. Skin permeation parameters for ketoprofen and its L-amino acid alkyl ester salts across abdominal porcine skin in vitro (data presented in: [182]). 

Compound 
Cumulated mass,  

μg KETO/cm2 

JSS, 

μg KETO/(cm2h) 

KP∙103,  

cm/h 
LT, h 

D∙104,  

cm2/h 
Km Q%24h 

KETO 705.858±6.370 74.611±8.188 7.138±0.784 2.204±0.190 1.891±0.167 1.888±0.291 6.750±0.291 

[MetOiPr][KETO] 837.557±7.662* 36.118±6.931 3.355±0.815 0.934±0.498 4.461±0.908 0.376±0.241 7.780±0.411 

[MetOPr][KETO] 758.329±45.558* 42.340±3.445 4.359±0.747 2.087±0.719 1.996±0.645 1.092±0.515 7.808±0.398 

[MetOBu][KETO] 820.463±61.393 37.942±4.191 3.891±0.429 1.351±0.336 3.083±1.334 0.631±0.199 8.413±0.484 

[ThrOiPr][KETO] 815.963±217.725 74.006±6.838 7.365±0.681 2.500±0.144 1.669±0.100 2.206±0.291 8.121±1.841 

[ThrOPr][KETO] 1194.219±56.275* 67.922±9.394 6.916±0.957 2.398±0.270 1.737±0.194 1.990±0.504 12.160±0.573 
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Compound 
Cumulated mass,  

μg KETO/cm2 

JSS, 

μg KETO/(cm2h) 

KP∙103,  

cm/h 
LT, h 

D∙104,  

cm2/h 
Km Q%24h 

[ThrOBu][KETO] 958.306±54.243* 69.458±0.380 6.424±1.230 1.902±0.168 2.190±0.177 1.467±0.435 8.863±1.839 

[IleOiPr][KETO] 742.448±6.023 46.829±3.776 4.693±0.378 1.306±0.267 3.190±1.009 0.735±0.188 7.441±0.060 

[IleOPr][KETO] 823.165±58.130* 62.548±0.639 5.625±0.575 1.704±0.314 2.445±0.832 1.150±0.165 7.403±0.668 

[IleOBu][KETO] 541.753±38.895 62.964±0.100 5.914±0.937 0.978±0.091 4.258±0.568 0.694±0.053 5.090±0.032 

[ValOiPr][KETO] 821.448±49.123* 36.721±2.138 3.845±0.224 0.684±0.107 6.090±0.298 0.316±0.088 8.600±0.327 

[ValOPr][KETO] 944.496±116.759* 48.113±6.792 4.685±0.661 1.295±0.268 3.226±0.762 0.726±0.244 9.198±1.137 

[ValOBu][KETO] 806.129±28.380* 60.287±3.941 5.782±0.378 0.866±0.241 4.810±0.227 0.601±0.185 7.731±0.185 

*- significant differences of the derivatives compared to the control (unmodified acid) p<0.001, α=0.05, mean ±SD, n=3; the statistically significant difference was estimated by ANOVA 

using the Tuckey’s test; JSS: steady-state flux; KP: permeability coefficient; LT: lag time; D: diffusion coefficient; Km: skin partition coefficient; Q: the percentage of the applied dose 

Table A41. Skin permeation parameters for naproxen and its L-amino acid alkyl ester salts across abdominal porcine skin in vitro (data presented in: [182]). 

Compound 
Cumulated mass,  

μg NAP/cm2 

JSS, 

μg NAP/(cm2h) 

KP∙103,  

cm/h 
LT, h 

D∙104,  

cm2/h 
Km Q%24h 

NAP 182.268±6.158 29.813±4.914 2.832±0.467 0.119±0.111 34.893±13.674 0.041±0.005 1.731±0.053 

[MetOiPr][NAP] 211.465±3.742* 31.560±2.667 3.186±0.269 0.034±0.063 121.288±21.073 0.013±0.024 2.135±0.037 

[MetOPr][NAP] 223.604±6.420* 48.174±7.020 4.503±0.656 0.166±0.189 25.162±12.835 0.089±0.012 2.091±0.073 

[MetOBu][NAP] 214.681±2.153* 44.310±2.791 4.155±0.262 0.171±0.061 24.300±7.993 0.085±0.037 2.013±0.020 

[ThrOiPr][NAP] 381.113±6.070 43.290±3.729 3.644±0.314 0.056±0.016 73.806±11.321 0.025±0.009 3.208±0.072 

[ThrOPr][NAP] 352.171±6.073* 45.592±5.457 4.146±0.496 0.129±0.254 32.314±2.483 0.064±0.016 3.203±0.055 

[ThrOBu][NAP] 313.677±15.154* 38.080±6.441 3.482±0.589 0.107±0.062 38.882±6.491 0.045±0.041 2.868±0.631 

[IleOiPr][NAP] 185.623±6.388* 28.984±1.115 2.735±0.105 0.559±0.168 7.458±4.729 0.183±0.053 1.752±0.060 

[IleOPr][NAP] 174.000±10.341 22.874±7.131 1.906±0.594 1.786±0.380 2.333±0.619 0.408±0.177 1.450±0.086 

[IleOBu][NAP] 180.282±10.805 26.132±3.102 2.335±0.277 1.118±0.364 3.276±0.314 0.313±0.087 1.611±0.012 

[ValOiPr][NAP] 306.438±7.373* 35.960±4.656 3.618±0.468 0.402±0.168 10.358±7.302 0.174±0.041 3.083±0.074 

[ValOPr][NAP] 308.096±10.047* 34.644±4.393 3.047±0.386 0.424±0.089 9.834±2.515 0.155±0.048 2.710±0.088 

[ValOBu][NAP] 315.214±11.446* 36.525±1.369 3.389±0.127 0.169±0.084 24.569±1.444 0.068±0.036 2.949±0.106 

*- significant differences of the derivatives compared to the control (unmodified acid) p<0.001, α = 0.05, mean ± SD, n=3; the statistically significant difference was estimated by ANOVA 

using the Tuckey’s test; JSS: steady-state flux; KP: permeability coefficient; LT: lag time; D: diffusion coefficient; Km: skin partition coefficient; Q: the percentage of the applied dose 
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Table A42. Skin permeation parameters for salicylic acid and its L-amino acid alkyl ester salts across abdominal porcine skin in vitro (data presented in: 
[182]). 

Compound 
Cumulated mass,  

μg SA/cm2 

JSS, 

μg SA/(cm2h) 

KP∙103,  

cm/h 
LT, h 

D∙104,  

cm2/h 
Km Q%24h 

SA 2447.850±21.729 192.570±30.440 18.017±2.848 1.627±0.688 2.560±1.047 3.519±0.825 22.902±0.543 

[MetOiPr][SA] 5811.842±166.614* 231.560±46.320 22.769±4.555 8.363±1.721 0.498±0.025 19.633±3.155 57.147±3.054 

[MetOPr][SA] 5208.204±303.942* 176.110±1.308 16.173±0.663 5.520±0.512 0.755±0.066 10.714±0.749 31.887±1.454 

[MetOBu][SA] 5512.883±292.161* 301.174±31.198 27.723±3.120 2.992±0.696 1.393±0.246 9.952±0.245 50.746±1.915 

[ThrOiPr][SA] 5924.986±247.467* 1122.600±119.560 100.640±10.718 0.697±0.106 5.979±0.967 8.416±0.544 53.117±1.665 

[ThrOPr][SA] 4818.309±547.936* 863.710±8.197 82.740±0.785 0.193±0.062 21.502±8.606 1.924±0.631 46.157±5.249 

[ThrOBu][SA] 5295.787±288.079* 480.250±13.329 47.107±0.934 4.079±0.161 1.021±0.041 23.060±0.875 51.946±2.826 

[IleOiPr][SA] 2959.264±399.319* 170.530±25.078 16.459±2.420 0.775±0.471 5.380±2.906 1.530±0.642 28.562±3.854 

[IleOPr][SA] 3207.085±224.157* 313.710±16.844 30.101±1.616 0.284±0.141 14.685±1.149 1.025±0.463 30.772±2.150 

[IleOBu][SA] 4257.321±159.240* 1006.200±120.698 100.716±12.081 0.010±0.007 428.296±14.415 0.118±0.090 42.614±1.594 

[ValOiPr][SA] 4961.426±285.725* 396.540±59.363 35.749±5.352 1.470±0.098 2.834±1.278 6.307±1.164 44.729±2.575 

[ValOPr][SA] 2894.337±177.308* 200.870±34.691 16.897±2.918 0.064±0.029 65.270±8.038 0.129±0.035 24.347±1.492 

[ValOBu][SA] 3445.336±444.431* 238.710±5.522 21.760±0.503 0.800±0.105 5.237±0.676 2.078±0.227 31.406±4.051 

*- significant differences of the derivatives compared to the control (unmodified acid) p<0.001, α=0.05, mean ±SD, n=3; the statistically significant difference was estimated by ANOVA 

using the Tuckey’s test; JSS: steady-state flux; KP: permeability coefficient; LT: lag time; D: diffusion coefficient; Km: skin partition coefficient; Q: the percentage of the applied dose 

Skin accumulation results 

Table A43. Skin accumulation of acids from NSAIDs group and its L-amino acid alkyl ester salts, after 24 h abdominal porcine skin permeation into acceptor 

phase PBS (data partly presented in: [182]). 

 
Skin accumulation, μg API/g 

[(S+)-IBU] [IBU] [KETO] [NAP] [SA] 

Unmodified acid  972.568±103.990 896.652±126.579 1799.932±100.629 1108.243±101.031 1145.136±35.179 

[MetOiPr] − 620.588±40.312* 1563.653±154.519 614.665±150.796* 668.548±20.146 

[MetOPr] − 732.565±52.574 1554.474±166.957 634.922±141.974* 733.990±109.997 

[MetOBu] − 524.231±33.680* 1048.082±12.335* 872.359±103.045* 716.335±169.135* 

[ThrOiPr] − 508.048±57.282* 1076.330±201.563* 1360.970±215.527 470.668±63.074 

[ThrOPr] − 645.021±115.665 1291.916±205.055* 1134.149±141.093 609.593±88.895* 

[ThrOBu] − 592.0325±75.584* 1207.247±54.059* 936.253±230.808* 611.209±126.257* 

[IleOiPr] − 820.727±14.801 1735.675±353.141 1466.536±393.383 829.560±149.219* 

[IleOPr] − 717.356±68.292 1922.724±68.837 1744.563±275.166 938.187±80.993* 

[Cation] 
[Anion] 



231 
 

 
Skin accumulation, μg API/g 

[(S+)-IBU] [IBU] [KETO] [NAP] [SA] 

[IleOBu] − 848.935±73.864 1689.502±160.838 1771.402±334.348 660.959±36.071* 

[ValOiPr] 727.045±27.375 725.788±76.063 1107.356±120.024* 841.733±84.734* 723.586±73.542* 

[ValOPr] 823.521±52.372 622.152±73.835* 1317.001±163.791* 1297.198±204.582 1028.609±38.506 

[ValOBu] 569.106±75.474 621.944±99.838* 1012.513±415.770* 1604.658±314.882 844.405±105.749 

*- significant differences of the derivatives compared to the control (unmodified acid) p<0.001, α=0.05, mean ±SD, n=3(the statistically significant difference was estimated by ANOVA using 

the Tuckey’s test) 

 

ANTIOXIDANT STUDY RESULTS  

Table A44. The antioxidant activity of acids from NSAIDs group and its L-amino acid alkyl ester salts expressed as DPPH radical scavenging activity (%) 

(data partly presented in: [182]). 

 
DPPH radical scavenging activity, % 

[(S+)-IBU] [IBU] [KETO] [NAP] [SA] 

Unmodified acid  9.339±0.305 9.607±0.554 13.772±0.691 13.522±1.334 14.215±0.867 

[MetOiPr] − 9.185±0.737 15.624±0.607 9.214±0.507 13.859±0.057 

[MetOPr] − 11.263±1.032 14.995±0.716 8.687±1.121 11.298±1.171 

[MetOBu] − 10.451±0.731 11.299±1.259 10.224±0.097 11.790±1.436 

[ThrOiPr] − 11.847±1.656 15.359±0.152 9.510±0.057 13.043±1.885 

[ThrOPr] − 12.723±0.691 11.619±0.860 9.049±0.399 12.516±1.681 

[ThrOBu] − 10.646±0.828 15.624±0.448 9.872±0.616 10.408±0.507 

[IleOiPr] − 19.182±0.446 13.240±0.959 16.129±0.339 11.989±0.579 

[IleOPr] − 17.916±0.639 12.043±1.515 16.846±0.694 13.453±0.349 

[IleOBu] − 15.644±1.799 12.744±1.019 7.601±0.171 11.298±1.440 

[ValOiPr] 10.302±0.251 9.899±1.297 13.506±1.447 14.370±0.339 14.480±0.940 

[ValOPr] 9.804±0.549 9.380±1.013 12.109±1.698 15.314±0.903 13.751±0.402 

[ValOBu] 10.435±0.208 9.770±0.851 12.409±1.604 14.239±0.651 14.148±0.547 

[Anion] 
[Cation] 
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BIODEGRADATION STUDY RESULTS  

 
Fig A28. Biodegradation profiles for ibuprofen and its L-valinium alkyl ester salts (data presented in: [260]). 

 

 

 
Fig A29. Biodegradation profiles for acids from NSAIDs group (A: ibuprofen B: ketoprofen C: naproxen, and 

D: salicylic acid) and their L-amino acid propyl ester salts (data presented in: [182]). 
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Table A45. Assessment of biodegradability of ibuprofen and its L-amino acid alkyl ester salts by bacterial 

cultures (data partly presented in: [182] and [260]). 

Compound 

Biodegradation 

(after 28 days), 

% 

Half-life, h 

(days) 

Phase of Degradation, 

%/h 

Lag Phase 
Degradation 

Phase 
Plateau Phase 

IBU 65.42±3.12 491.6 (20.5) 0-7/0-33 7-59/33-556 59-65/556-672 

(S+)-IBU 75.68±3.47 373.1 (15.5) 0-8/0-13 8-68/13-527 68-76/527-672 

[MetOPr][IBU] 60.10±2.24 457.4 (19.1) 0-6/0-14 6-54/14-513 54-60/513-672 

[ThrOPr][IBU] 82.50±2.50 403.1 (16.8) 0-8/0-34 8-73/34-584 73-83/584-672 

[IleOPr][IBU] 71.67±0.92 406.5 (16.9) 0-7/0-30 7-64/30-526 64-71/526-672 

[ValOMe][IBU] 94.67±2.31 305.8 (12.7) 0-9/0-17 9-85/17-536 85-95/536-672 

[ValOEt][IBU] 64.78±0.58 463.2 (19.3) 0-7/0-118 7-59/118-556 59-65/566-672 

[ValOiPr][IBU] 69.50±5.61 347.0 (14.5) 0-8/0-34 8-69/34-517 63-77/517-672 

[ValOPr][IBU] 72.28±0.58 308.9 (12.9) 0-7/0-15 7-63/15-539 63-70/539-672 

[ValOBu][IBU] 59.89±9.76 568.4 (24.4) 0-6/0-20 6-54/20-603 54-60/603-672 

[ValOAm][IBU] 59.66±10.61 740.2 (30.8) 0-6/0-48 6-54/48-603 54-60/603-672 

[ValOHex][IBU] 57.00±3.39 507.7 (21.2) 0-6/0-46 6-51/46-555 51-57/555-672 

[ValOHept][IBU] 54.32±1.49 623.1 (26.0) 0-5/0-65 5-49/65-596 49-54/596-672 

[ValOOct][IBU] 39.17±5.43 861.5 (35.9) 0-4/0-37 4-35/37-524 35-39/524-672 

[ValOiPr][(S+)-IBU] 67.43±3.26 425.9 (17.7) 0-7/0-12 7-61/12-517 6-67/517-672 

[ValOPr][(S+)-IBU] 80.00±1.31 380.4 (15.8) 0-8/0-13 8-72/13-557 72-80/557-672 

[ValOBu][(S+)-IBU] 60.95±5.18 461.3 (19.2) 0-6/0-11 6-55/11-524 55-61/524-672 

Table A46. Assessment of biodegradability of ketoprofen and its L-amino acid propyl ester salts by bacterial 

cultures (data presented in: [182]).  

Compound 

Biodegradation 

(after 28 days), 

% 

Half-life, h 

(days) 

Phase of Degradation, 

%/h 

Lag Phase 
Degradation 

Phase 
Plateau Phase 

KETO 29.28±6.19 1205.5 (50.2) 0-3/0-15 3-26/15-494 26-29/494-672 

[MetOPr][KETO] 51.56±2.15 565.2 (23.6) 0-5/0-11 5-46/11-510 46-51/510-672 

[ThrOPr][KETO] 12.90±1.78 2512.7 (104.7) 0-1/0-24 1-12/24-613 12-13/613-672 

[IleOPr][KETO] 17.95±1.67 1678.2 (69.9) 0-2/0-18 2-16/18-524 16-18/524-672 

[ValOPr][KETO] 33.36±4.33 1061.3 (44.2) 0-3/0-17 3-30/17-493 30-33/493-672 

Table A47. Assessment of biodegradability of naproxen and its L-amino acid propyl ester salts by bacterial 

cultures (data presented in: [182]).  

Compound 

Biodegradation 

(after 28 days), 

% 

Half-life, h 

(days) 

Phase of Degradation, 

%/h 

Lag Phase 
Degradation 

Phase 
Plateau Phase 

NAP 12.45±2.48 2680.5 (111.7) 0-1/0-27 1-11/27-587 11-12/587-672 

[MetOPr][NAP] 16.79±0.42 1855.3 (77.3) 0-2/0-17 2-15/17-496 15-17/496-672 

[ThrOPr][NAP] 31.40±3.32 1035.9 (43.2) 0-3/0-14 3-28/14-608 28-31/608-672 

[IleOPr][NAP] 13.37±1.93 2318.8 (96.6) 0-1/0-11 1-12/11-520 12-13/520-672 

[ValOPr][NAP] 35.29±3.80 762.5 (31.8) 0-4/0-14 4-32/14-491 32-35/491-672 
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Table A48. Assessment of biodegradability of salicylic acid and its L-amino acid propyl ester salts by bacterial 

cultures (data presented in: [182]).  

Compound 

Biodegradation 

(after 28 days), 

% 

The half-life, 

h (days) 

Phase of Degradation, 

%/h 

Lag Phase 
Degradation 

Phase 
Plateau Phase 

SA 94.61±6.36 357.9 (14.9) 0-9/0-16 9-86/16-510 86-95/510-672 

[MetOPr][SA] 84.40±0.66 426.7 (17.8) 0-8/0-12 8-76/12-564 76-84/564-672 

[ThrOPr][SA] 61.54±0.94 628.9 (26.2) 0-6/0-11 6-55/11-620 55-62/620-672 

[IleOPr][SA] 39.24±3.67 892.0 (37.2) 0-4/0-8 4-35/8-526 35-39/526-672 

[ValOPr][SA] 80.55±3.02 386.9 (16.1) 0-8/0-10 8-72/10-564 72-81/562-672 

ANTIMICROBIAL ACTIVITY RESULTS  

Table A49. Antimicrobial activity against Escherichia coli of acids from NSAIDs group and their L-amino 

acid isopropyl ester salts – Inhibition diameter (mm). Data presented in: [181]. 

Compound 
 Concentration of Solution Transferred to Disc, mg/mL 

25 50 100 200 400 600 800 1000 

IBU − − − − − − − − 

[MetOiPr][IBU] − − 6.1±0.1 6.2±0.1 6.5±0.2 7.1±0.3 7.6±0.2 8.1±0.1 

[ThrOiPr][IBU] − − − − − − − − 

[IleOiPr][IBU] − − − − 6.3±0.1 6.4±0.3 7.1±0.2 7.8±0.3 

[ValOiPr][IBU] − − − − 6.2±0.1 6.3±0.2 6.8±0.5 7.1±0.3 

KETO − − − − − − − − 

[MetOiPr][KETO] − − − 7.3±0.5 8.0±0.6 8.9±0.5 10.6±0.7 12.9±0.4 

[ThrOiPr][KETO] − − − − − − − − 

[IleOiPr][KETO] − − − − − − − − 

[ValOiPr][KETO] − − − − 6.7±0.3 7.0±0.2 7.6±0.3 8.3±0.4 

NAP − − − − − − − − 

[MetOiPr][NAP] − − − − 6.4±0.3 7.1±0.1 7.3±0.2 7.7±0.2 

[ThrOiPr][NAP] − − − − − − − − 

[IleOiPr][NAP] − − − − − − − − 

[ValOiPr][NAP] − − − − − − − − 

SA − − − − 6.1±0.1 6.4±0.1 11.0±0.8 13.1±1.2 

[MetOiPr][SA] − − − 7.8±0.2 14.4±0.8 16.4±0.3 18.8±0.4 21.8±0.7 

[ThrOiPr][SA] − − − − − 7.3±0.2 9.3±0.4 13.2±0.8 

[IleOiPr][SA] − − − − 6.2±0.1 7.3±0.3 13.7±0.7 14.8±0.7 

[ValOiPr][SA] − − 6.2±0.1 6.3±0.2 7.5±0.1 8.9±0.4 12.6±0.3 16.5±1.0 

(−): no zone of inhibition  

Table A50. Antimicrobial activity against Staphylococcus epidermidis of acids from NSAIDs group and their 

L-amino acid isopropyl ester salts – Inhibition diameter (mm). Data presented in: [181]. 

Compound 
 Concentration of Solution Transferred to Disc, mg/mL 

25 50 100 200 400 600 800 1000 

IBU 10.8±0.3 11.5±0.3 14.9±0.3 15.3±0.3 16.4±0.2 17.6±0.2 18.6±0.2 20.6±0.2 

[MetOiPr][IBU] − − 8.3±0.1 13.6±0.2 14.7±0.2 15.4±0.2 17.0±0.2 17.7±0.3 

[ThrOiPr][IBU] 7.5±0.2 10.5±0.2 15.4±0.1 16.9±0.2 17.5±0.2 18.3±0.2 19.8±1.4 23.2±0.1 

[IleOiPr][IBU] 7.5±0.2 9.5±0.4 14.4±0.2 15.4±0.4 17.0±0.2 17.5±0.1 18.0±0.1 19.3±0.1 

[ValOiPr][IBU] 10.8±0.3 11.5±0.3 14.9±0.3 15.3±0.3 16.4±0.2 17.6±0.2 18.6±0.2 20.6±0.2 

KETO − − − − − − − − 

[MetOiPr][KETO] − − − − − − − 7.4±0.2 

[ThrOiPr][KETO] − − − − − − − − 

[IleOiPr][KETO] − − − − 6.2±0.1 7.3±0.2 8.3±0.1 10.4±0.2 

[ValOiPr][KETO] − − − − 6.2±0.1 6.3±0.1 6.3±0.2 6.9±0.2 

NAP − − − − − − − − 

[MetOiPr][NAP] − − − − − − − 7.5±0.3 

[ThrOiPr][NAP] − − − − − − − − 

[IleOiPr][NAP] − − − − − 12.0±0.3 12.4±0.2 13.5±0.3 

[ValOiPr][NAP] − − − − − − 6.6±0.3 7.4±0.1 
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Compound 
 Concentration of Solution Transferred to Disc, mg/mL 

25 50 100 200 400 600 800 1000 

SA − − − − 6.2±0.1 7.0±0.2 8.6±0.3 12.6±0.7 

[MetOiPr][SA] − − − 6.6±0.2 7.1±0.1 7.5±0.2 9.2±0.5 10.7±0.6 

[ThrOiPr][SA] − − − − − − − − 

[IleOiPr][SA] − − − − − 7.3±0.4 10.5±0.3 16.6±0.5 

[ValOiPr][SA] − − − − 6.6±0.2 7.1±0.1 9.2±0.5 10.7±0.6 

(−): no zone of inhibition 

Table A51. Antimicrobial activity against Micrococcus Luteus of acids from NSAIDs group and their L-amino 

acid isopropyl ester salts – Inhibition diameter (mm). Data presented in: [181]. 

Compound 
 Concentration of Solution Transferred to Disc, mg/mL 

25 50 100 200 400 600 800 1000 

IBU 8.6±0.3 9.4±0.2 9.7±0.2 10.2±0.1 10.6±0.1 11.5±0.2 12.7±0.2 13.4±0.1 

[MetOiPr][IBU] − 7.3±0.2 8.5±0.2 10.4±0.1 12.6±0.1 14.1±0.1 14.3±0.1 14.6±0.3 

[ThrOiPr][IBU] 7.3±0.2 10.4±0.2 15.5±0.2 16.3±0.1 17.0±0.2 17.5±0.1 18.2±0.2 19.3±0.2 

[IleOiPr][IBU] 7.2±0.2 7.6±0.1 8.6±0.1 9.4±0.2 10.7±0.1 11.2±0.1 11.6±0.1 12.3±0.2 

[ValOiPr][IBU] 8.4±0.3 9.4±0.2 9.6±0.1 10.5±0.2 11.2±0.2 11.7±0.2 12.6±0.3 13.2±0.2 

KETO 8.3±0.3 9.6±0.2 10.2±0.2 11.1±0.4 12.5±0.2 13.3±0.2 14.2±0.2 17.3±0.2 

[MetOiPr][KETO] − 7.2±0.3 8.2±0.2 8.5±0.3 9.2±0.1 9.6±0.2 12.4±0.2 14.3±0.2 

[ThrOiPr][KETO] − − − 7.4±0.3 9.6±0.1 14.3±0.2 15.4±0.2 17.4±0.1 

[IleOiPr][KETO] − 6.3±0.2 6.6±0.3 7.1±0.2 7.3±0.1 8.3±0.2 8.4±0.3 9.4±0.2 

[ValOiPr][KETO] 6.3±0.2 7.4±0.1 8.5±0.3 9.1±0.3 10.3±0.2 11.7±0.1 14.5±0.2 15.1±0.2 

NAP 6.2±0.1 6.4±0.1 6.7±0.1 6.8±0.1 7.3±0.2 7.6±0.2 8.5±0.2 8.7±0.1 

[MetOiPr][NAP] − − − − 6.4±0.1 7.1±0.2 7.5±0.1 7.8±0.2 

[ThrOiPr][NAP] 6.2±0.1 6.6±0.1 6.9±0.1 7.6±0.1 8.5±0.1 8.8±0.2 9.6±0.1 10.8±0.5 

[IleOiPr][NAP] 6.4±0.1 6.7±0.1 7.0±0.1 7.3±0.1 7.5±0.2 8.1±0.6 8.7±0.1 9.5±0.1 

[ValOiPr][NAP] 6.2±0.1 6.3±0.1 6.4±0.1 7.2±0.1 7.3±0.1 7.2±0.2 8.2±0.2 8.6±0.2 

SA − − − − 7.4±0.4 8.7±0.8 9.4±0.8 13.1±1.9 

[MetOiPr][SA] − − 6.1±0.1 6.3±0.1 7.3±0.4 8.1±0.9 10.5±1.0 11.1±0.9 

[ThrOiPr][SA] 6.3±0.1 6.6±0.2 7.0±0.1 7.6±0.2 8.1±0.1 8.7±0.5 10.2±0.7 12.7±1.0 

[IleOiPr][SA] − − − − − 10.8±0.5 12.4±0.4 23.5±2.2 

[ValOiPr][SA] − − − − − 8.6±0.3 15.9±1.2 17.4±1.4 

(−): no zone of inhibition 
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Bulgarian National Science Fund (BSFN), Project No. BG-175467353-2022-04-

0019 (15.12.2022-15.12.2025).  
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OBTAINED GRANTS 

Project: Targeted delivery of non-steroidal anti-inflammatory drugs in the form of 

amino acid ionic liquids. The research Grant of the Rector of the West Pomeranian 

University of Technology in Szczecin for PhD students of the Doctoral School, grant 

number: ZUT/7/2022 (13.06.2022–15.12.2022). 

INTERNSHIPS 

1. Internship within the Erasmus+ Programme at the Berlin University of Technology 

(BHT) (Berlin, Germany), Faculty of Physical Chemistry of Drugs (FB II 

Mathematics - Physics - Chemistry) 1.06.2022 – 31.08.2022 and 1.10.2023 – 

30.05.2024. Academic supervisor: Prof. Oliver Krüger, PhD. 

2. Internship within the Erasmus+ Programme at the Bulgarian Academy of Sciences, 

Institute of Organic Chemistry (Sofia, Bulgaria) 1.06.2023–30.06.2023. Academic 

supervisor: Maya Guncheva, PhD, Assoc. Prof. 

 


