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A B S T R A C T

Antimicrobial resistance is a current critical challenge, requiring the urgent development of new, effective broad- 
spectrum antimicrobials. To tackle this challenge, in this work, naturally occurring B vitamins, viz. nicotinamide, 
nicotinic acid and p-aminobenzoic acid, were used as precursors of both the cation and anion to design novel 
ionic liquids (ILs) in the form of quaternary ammonium salts (QASs). These combinations allowed for the 
development of multifunctional (anti-inflammatory and antimicrobial) agents targeting oral administration. The 
QASs were synthesized, characterized, and evaluated for the therapeutic potential as well as mechanism of the 
antimicrobial activity. Mixtures and cocrystals of the starting materials were also investigated for comparison 
purposes. Salts with the p-aminobenzoate anion showed excellent anti-inflammatory activity, inhibiting albumin 
denaturation by up to 54%, remarkably outperforming diclofenac sodium at its peak plasma concentration. Both 
albumin-based and in silico COX-2 studies further indicated that increasing the alkyl chain length significantly 
enhances the compounds’ efficacy. Antimicrobial tests showed that QASs were up to 250 times more effective 
than their non-ionic analogues. Moreover, the salts with the highest bactericidal activity completely inhibited 
biofilm growth against S. aureus and P. aeruginosa. Solubility studies under simulated gastrointestinal pH showed 
higher solubility of QASs, up to 100-fold, compared to the non-ionic forms. Cytotoxicity assay using human 
normal small intestinal cells (HIEC-6) revealed that even the most potent vitamin B analogues, were approxi
mately ten times less toxic than the widely applied pharmaceutical agent, benzalkonium chloride. Ecotoxicity 
studies using A. franciscana also confirmed their low environmental impact.

1. Introduction

In an era of increasing bacterial resistance to antibiotics the need for 
novel compounds with diverse spectrum of antimicrobial activity is 
currently considered one of the key challenges of next-generation drug 
development[1]. Novel strategies in infection treatment should lead not 
only to combating microorganisms, but also alleviate side effects of their 
action such as inflammation, which often delays the healing process. 
Therefore, particular attention should be paid to substances with 
multifunctional biological activity, which not only eliminate pathogens, 
but also show effects that support recovery processes and reduce 
inflammation. Various studies unambiguously indicate that compounds 
with simultaneous antimicrobial and anti-inflammatory activity can 

help to shorten recovery time and reduce the risk of complications, 
allowing for a more comprehensive fight against infection[2]. On the 
other hand, more hydrophobic and neutral drugs tend to display low 
water solubility, and consequently low bioavailability. This drawback 
can be overcome by converting these drugs into the form of salts, 
increasing thus their water solubility. In this context, properly designed 
quaternary ammonium salts (QASs) that contain Active Pharmaceutical 
Ingredients (APIs) may provide modern therapeutic systems with 
improved efficacy, dual function, and better stability than conventional 
drugs[3–5]. It is also worth noting that numerous QASs, such as cetyl
pyridinium chloride (CPC) and benzalkonium chloride (BAC), have long 
been used in pharmaceuticals and consumer products. These compounds 
are commonly used in lozenges for sore throats, disinfectants, eye drops 
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and many other applications (Table S1 in Supporting Information). It 
should be emphasized that BAC, despite its well-documented hemolytic 
and cytotoxic effects, also reported in numerous studies on surfactant 
activity, is still widely used in medical formulations. This fact un
derscores the relevance of ongoing efforts to identify QASs with 
improved safety profiles and comparable efficacy.

Transformation of APIs into salts is the preferred method for 
increasing their solubility and bioavailability, which may also improve 
other physicochemical and biopharmaceutical properties of the respec
tive drugs. The limited solubility of therapeutic substances, especially in 
the case of oral drugs - one of the most common routes of administration 
- hinders their absorption and reduces their effectiveness. Since the 
bioavailability of a drug depends, among others, on its solubility in body 
fluids, this is a key factor affecting the effectiveness of a therapy. This is 
the main reason why nearly half of the drugs currently in use are in the 
form of salts[6,7]. One approach to converting drugs into a salt is their 
transformation into an ionic liquid (IL) or organic salts with low melting 
temperature to surpass the melting enthalpy barrier. While the transport 
of anions and cations is well understood, challenges remain, prompting 
researchers to search for new combinations of ions and investigate their 
potential behavior in the body. For instance, gliclazide tetrabutylphos
phonium IL demonstrated improved solubility of gliclazide after IL 
formation, with a 50-fold increase in water solubility. However, this 
modification resulted in reduced permeability, as evidenced by in vitro 
studies performed with gastrointestinal artificial membrane perme
ability tests[8]. Additionally, in silico studies on the IL constituted by 
ions derived from caprolactam and salicylic acid revealed favorable 
properties (pharmacokinetic and toxicity profile) in comparison to 
common orally administered drugs[9]. Remarkably, oral administration 
of the drug in its IL form (proline ethyl ester methotrexate) resulted in 
almost 5-fold higher bioavailability compared to its sodium salt, high
lighting its potential in the improvement of drug delivery[10].

Vitamin B10, p-aminobenzoic acid (PABA), exhibits significant 
structural versatility, particularly due to its ability to undergo sub
stitutions at both the amino and carboxyl groups, enabling the design of 
tailored bioactive derivatives[11,12]. This unique feature makes PABA a 
valuable building block in pharmaceutical formulations. In a database of 
12,111 commercial drugs, PABA is incorporated as a structural 
component in 1.5% of them[13]. Notably, these pharmaceuticals exhibit 
a wide range of therapeutic applications, including antimicrobial, anti
cancer, and anti-inflammatory effects, depending on the derivatization 
strategy[13,14]. Another B vitamin, vitamin B3, exists in two forms: 
nicotinamide (NA) and nicotinic acid (NIC), both of which play a critical 
role in enzymatic reactions, supporting regenerative and immune pro
cesses. Beyond its fundamental biological roles, it also exhibits anti
bacterial activity, making it a promising candidate for anti-infective 
therapies[15]. The anti-inflammatory properties of vitamin B3 are 
well-documented, making it a particularly valuable component in pro
moting optimal health and maintaining homeostasis[16,17]. Further
more, NA, PABA and NIC are widely used in dietary supplements and 
dermatological preparations, where they support skin regeneration, 
metabolism, and reduce inflammation. In addition to their use in drug 
formulations, these properties make them an attractive basis for their 
use as pharmaceuticals per se. Based on this possibility, structural 
modifications of NA, NIC and PABA into ionic derivatives have gained 
particular interest. These QASs have been explored, among others, for 
applications in targeted cancer therapy, dermatology, and in the treat
ment of type A influenza[18–21] Nevertheless, a direct combination of 
NA, PABA, and NIC in the form of ionic pairs has yet to be investigated.

In this work, we focused on exploring the potential of different forms 
of vitamin B as naturally derived, multifunctional APIs. Our aim was to 
elucidate their individual contributions to antimicrobial and 
inflammation-related activities, and to preliminarily assess their po
tential depending on the form used (organic salt, mixture, or cocrystal). 
A systematic structure–activity relationship (SAR) analysis was per
formed to evaluate the influence of alkyl chain length and counterion 

type on the physicochemical and biological properties. This approach 
not only opens the door to innovative new drugs with improved efficacy 
and targeting several treatments but also enables the use of widely 
available substances with low toxicity. We focused also on determining 
the threshold at which increasing antimicrobial activity, typical for 
amphiphilic QASs, begins to compromise cellular tolerance due to 
enhanced interactions with biological membranes, potentially limiting 
oral drug applicability. This approach strengthens mechanistic under
standing and supports rational selection of promising candidates, 
highlighting multifunctionality as a simple yet effective strategy for 
developing safer alternatives to conventional QAS-based agents.

2. Materials and methods

2.1. Materials

1-Bromohexane, (99%), 1-bromooctane (99%), 1-bromodecane 
(98%), 1-bromododecane (97%), octan-1-ol (99%), nicotinamide 
(98%), nicotinic acid (98%) and p-aminobenzoic acid (99%) were pur
chased from Sigma-Aldrich (Saint Louis, MO, USA). All solvents 
(methanol (99.8%), ethanol (96%), acetonitrile (99%), acetone (99%)), 
n-propanol (99.5%), potassium hydroxide (99%), diclofenac sodium 
(DCF-Na) and egg albumin powder were obtained from Avantor (Gli
wice, Poland) and used without further purification. Phosphate-buffered 
saline (PBS) solution was prepared by dissolving 8.0 g of NaCl, 0.2 g of 
KCl, 1.42 g of Na2HPO4, and 0.24 g of KH2PO4 in 1 L of deionized water. 
Its pH was adjusted to 7.4 using HCl solution. Simulated gastric fluid 
(SGF) without pepsin consists of 0.2% (w/v) sodium chloride and 0.7% 
(v/v) concentrated HCl. Artificial sea water was prepared by dissolving 
26.4 g NaCl, 0.84 g KCl, 1.67 g CaCl2⋅2H2O, 4.60 g MgCl2⋅6H2O, 5.58 g 
MgSO4⋅7H2O, 0.17 g NaHCO3, 0.03 g H3BO3 in 1 L of deionized water. 
Deionized water with a conductivity of <0.1 μS cm− 1, from Hydrolab 
HLP Smart 1000 demineralizer (Straszyn, Poland) was used. The 
microbiological broth media included Nutrient Broth, Mueller-Hinton 
Broth, TSB and BHI Broth for bacteria and PDB Broth for yeast pur
chased in BioMaxima (Poland) were used.

2.2. General

1H NMR spectra were recorded on a Varian VNMR-S 400 MHz 
spectrometer (Palo Alto, USA) with TMS as the internal standard. 13C 
NMR spectra were obtained with the same instrument at 100 MHz. The 
FTIR spectra were collected by using a EasyMax 102 semi-automated 
system (Mettler Toledo, Switzerland) connected to a ReactIR iC15 
(Mettler Toledo, Switzerland) probe equipped with an MCT detector and 
a 9.5 mm AgX probe with a diamond tip. The data were sampled from 
3000 to 650 cm− 1 with 8 cm− 1 resolution and processed by iCIR 4.3 
software. The water content in all obtained products was measured with 
a TitroLine 7500 KF trace apparatus (SI Analytics, Germany) using the 
Karl Fischer titration method. The water content in the compounds was 
determined by analyzing their solutions in dehydrated methanol with a 
known water content. The melting points of the compounds obtained 
were analyzed via an MP90 Melting Point System (Mettler Toledo, 
Switzerland). The precision of the measurements was ensured by cali
bration of the apparatus using certified reference substances.

2.3. Synthesis

Initially, nicotinic acid (NIC) and p-aminobenzoic acid (PABA) were 
neutralized with stoichiometric amounts of potassium hydroxide in 
dehydrated methanol in a EasyMax 102 semi-automated system (Mettler 
Toledo, Switzerland) equipped with a pH-meter with calibrated glass 
electrode. Then, the solvent was evaporated using a rotary vacuum 
evaporator. The obtained potassium nicotinate ([K][NIC]) and potas
sium p-aminobenzoate ([K][PABA]) were dried in a vacuum oven at 
25 ◦C for 24 h. Appropriate N-alkylnicotinamide bromides were 
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obtained via quaternization of nicotinamide (NA) with the correspond
ing alkyl bromide in prOH, according to the methodology described 
previously by Stachowiak et al.[22].

2.3.1. Preparation of N-alkylnicotinamide nicotinates (1–4)
0.01 mol of an appropriate N-alkylnicotinamide bromide (P1–P4) 

was dissolved in 10 mL of dehydrated methanol in round-bottomed flask 
equipped with a mechanical stirrer. Next, [K][NIC] dissolved in 10 mL of 
dehydrated methanol, was added with a 2% of molar excess 
(0.0102 mol) to perform the ion exchange reaction (Fig. 1A). The re
action mixture was stirred at 40 ◦C for 15 min and then cooled to 0 ◦C. As 
a result of anion exchange, a sediment of potassium bromide precipi
tated from the post-reaction mixture. Subsequently, the inorganic salt 
was filtered off and the solvent was evaporated from the filtrate. The 
obtained products were additionally purified by the addition of a small 
portion (10–15 mL) of acetone, which enabled to isolate the residues of 
inorganic impurities and excess reactant through vacuum filtration. 
After evaporation of acetone, the obtained products were dried in a 
vacuum oven under reduced pressure (1–2 mbar) at 25 ◦C for 24 h. The 
reaction yields were calculated based on the mass of the isolated prod
ucts after drying, taking into account both synthetic steps (quaterniza
tion and ion-exchange). Details regarding the syntheses and the 
obtained compounds are listed in Table S2 (in Supporting Information).

2.3.2. Preparation of N-alkylnicotinamide p-aminobenzoates (5–8)
0.01 mol of an appropriate N-alkylnicotinamide bromide was dis

solved in 10 mL of dehydrated methanol in round-bottomed flask 

equipped with a mechanical stirrer. Next, [K][PABA] dissolved in 10 mL 
of methanol, was added with a 2% of molar excess (0.0102 mol) to 
perform the ion exchange reaction (Fig. 1A). The reaction mixture was 
stirred at 40 ◦C for 15 min and then cooled to 0 ◦C. As a result of anion 
exchange, a sediment of potassium bromide precipitated from the post- 
reaction mixture. Subsequently, the inorganic salt was filtered off and 
the solvent was evaporated from the filtrate. The obtained products were 
additionally purified by the addition of mixture of hot acetone and 
methanol (20-25 mL) in proportion 20:1 followed by vacuum filtration. 
This action allowed to isolate the desired product, which precipitated 
from cooling filtrate and was separated by vacuum filtration. Finally, the 
obtained compounds were dried in a vacuum oven under reduced 
pressure (1–2 mbar) at 25 ◦C for 24 h. The reaction yields were calcu
lated based on the mass of the isolated products after drying, taking into 
account both synthetic steps (quaternization and ion-exchange). Details 
regarding the syntheses and the obtained compounds are listed in 
Table S2 (in Supporting Information).

2.3.3. Preparation of [NA][NIC] mixture and [NA][PABA] cocrystal
The preparation of nicotinamide (NA) and nicotinic acid (NIC) 

mixture was accomplished by mixing the appropriate amount of nico
tinamide (0.01 mol) with the equimolar amount of nicotinic acid in 
25 mL of methanol, and stirred for 2 h at room temperature. The 
remaining solvent was then removed using a rotary evaporator. The 
same methodology was applied for synthesis of nicotinamide (NA) and 
p-aminobenzoic acid (PABA) cocrystal (Fig. 1B). Finally, [NA][NIC] 
and [NA][PABA] were dried in a vacuum oven under reduced pressure 

Fig. 1. Synthesis of N-alkylnicotinamide nicotinates (1-4) and N-alkylnicotinamide p-aminobenzoates (5–8) (A); preparation of nicotinamide and nicotinic acid 
mixture ([NA][NIC]) and nicotinamide and p-aminobenzoic acid ([NA][PABA]) cocrystal (B).
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(1–2 mbar) at 25 ◦C for 24 h. The yields [NA][NIC] and [NA][PABA] 
were calculated based on the mass of the solids obtained after drying 
(Details are listed in Table S2 in Supporting Information).

2.4. Determination of purity

2.4.1. Two phase titration technique
The content of cationic active substances (products 1–8) was deter

mined by direct two-phase titration according to EN ISO 2871-1:2010. 
The method is based on titration of the respective quaternary ammo
nium salts in a water–chloroform biphasic system using a standard so
dium dodecyl sulfate(VI) solution and a mixed indicator. Dimidium 
bromide (CAS No. 518-67-2) was used for the determination of cationic 
active substances, while sulfan blue (CAS No. 129-17-9) was employed 
for anionic species. The results are expressed as the mean values from 
three independent determinations.

2.4.2. LC/MS/TOF analysis
The purity of products 1–8 was analyzed in 3 replicates using liquid 

chromatography/time-of-flight/mass spectrometry (LC/MS/TOF). The 
analysis was performed using a 1290 Infinity UHPLC system coupled 
with a 6546 Quadrupole Time-of-Flight Mass Spectrometer with a Dual 
AJS ESI source (Agilent Technologies, Santa Clara). Chromatographic 
separation was performed using a ZORBAX RRHD Eclipse Plus C18 
column 2.1 × 50 mm, 1.8 μm (Agilent Technologies, Santa Clara), which 
was maintained at a temperature of 35 ◦C. The mobile phase consisted of 
solvent A (water with 0.1% formic acid) and solvent B (acetonitrile). The 
injection volume was 3 μL. Compound detection was carried out in 
positive electrospray ionization mode using the Dual Agilent Jet Stream 
source. Parameters were set as follows: drying gas temperature, 320 ◦C; 
drying gas flow, 10 L/min; nebulizer pressure: 45 psi, sheath gas temp: 
350 ◦C, sheath gas flow: 12 L/min, capillary entrance voltage 4000 V, 
nozzle voltage 0 V. Stock solutions of each compound were prepared by 
accurately weighing an appropriate amount of substance and dissolving 
it in water, followed by dilution to obtain the desired mass spectrometric 
response.

2.4.3. Elemental analysis
The elemental analyses (CHN) were performed by using Elementar 

Analyser Vario EL III at the Adam Mickiewicz University, Poznan 
(Poland).

2.5. Octanol-water partition coefficient

The octanol-water partition coefficients (KOW) of the synthesized 
products were estimated by the slow-stirring method according to the 
OECD Test No. 123 guidelines[23]. Measurements were performed 
using mutually saturated distilled water and 1-octanol in a glass vial 
containing a magnetic stir bar. First, the synthesized products were 
dissolved in 1-octanol at chosen concentration (0.01 mol per 1 L of 
octanol), and then proper amounts of water were added. Subsequently, 
two duplicate runs were carried out with different solvent ratios: 4 mL of 
1-octanol and 2 mL of water (2:1), 4 mL of 1-octanol and 4 mL of water 
(1:1) and 4 mL of 1-octanol and 8 mL of water (2:1). All were carefully 
stirred at 150 rpm at constant temperature of 25 ◦C. After 72 h, all 
samples were centrifuged and the aqueous and octanolic phases were 
collected with a syringe. The concentrations of compounds in water 
were determined using a VWR UV-6300PC spectrophotometer based on 
calibration curves made previously (at λmax = 262–264 nm in the case of 
nicotinate anion, at λmax = 267–269 in the case of p-aminobenzoate 
anion, at λmax = 262–263 nm in the case of [NA][NIC] and at 
λmax = 263–289 nm in the case of [NA][PABA]) vs concentration for 
each substance. Two repetitions of each measurement were performed 
in a specific solvent ratio (1:1, 1:2 and 2:1). Finally, the log KOW was 
calculated as the average of six results collected for each compound.

2.6. Anti-inflammatory potential

2.6.1. Egg albumin denaturation assay
The egg albumin denaturation assay, was performed according to 

Chaiya et al.[24], with slight modifications that were introduced to 
simplify the process and improve result reproducibility. The assay was 
carried out by combining 2 mL of 1% egg albumin solution (from 
commercially available egg albumin powder), 1 mL of sample solution 
(1-8, [NA][NIC] or [NA][PABA]) or standard (diclofenac sodium) at 
varying concentrations (1000, 100, 10, 1, 0.1, 0.01, 0.001 and 
0.0001 μg/mL) to form a mixture of a total volume of 3 mL. A total 
volume of 3 mL of the control was obtained by combining 1 mL of 
phosphate-buffered saline (PBS) and 2 mL of 1% egg albumin solution in 
20 mL vials. Then, mixtures were incubated at 90 ◦C ± 2 ◦C for 25 min in 
a MEMMERT UF55 oven, allowing the solutions in the vials to reach a 
temperature of 37 ◦C (The temperature increase in the test vials was 
monitored using a thermocouple). Then, the vials content was allowed 
to cool down at room temperature. Absorbance of mixture after incu
bation was measured for each concentration at 660 nm using a VWR 
UV-6300PC spectrophotometer. Each test was repeated thrice and the 
mean absorbance was calculated. Percentage of inhibition (INH) of 
protein was determined (eq. (1)) as a percentage of decrease in absor
bance (Abs) compared to control: 

INH =

(
Abscontrol − Abssample

Abscontrol

)

⋅100% (1) 

2.6.2. Structure-based molecular docking with cyclooxygenase-2 (COX-2) 
enzyme

Molecular docking studies were carried out using the CB-Dock2 on
line server (https://cadd.labshare.cn/cb-dock2/), which integrates 
AutoDock Vina as the docking engine and automatically identifies po
tential binding cavities on the protein surface. The approach applies a 
structure-based blind docking protocol, allowing unbiased exploration 
of possible ligand binding sites. The crystal structure of cyclooxygenase- 
2 (COX-2) was obtained from the Protein Data Bank (PDB ID: 1CVU). 
The protein structure was preprocessed by removing water molecules, 
heteroatoms, and non-essential ligands. Polar hydrogen atoms and 
Gasteiger charges were added automatically during CB-Dock2 pre
processing. For the tested quaternary ammonium salts (QASs 1–8), in
dividual ions were analyzed separately to evaluate their potential 
molecular interactions with COX-2. The cationic moieties, as well as the 
anionic counterparts: nicotinate and p-aminobenzoate (PABA), were 
docked independently. This approach reflects the fact that, in aqueous 
solution, ions remain freely dissociated and the effective concentrations 
are well below the critical micelle concentration (CMC), thus mini
mizing aggregation effects. Additionally, mixture of [NA][NIC] and 
[NA][PABA] cocrystal were also evaluated separately. Both nicotin
amide and the corresponding carboxylic acids were docked as individual 
ligands to assess their distinct binding profiles and potential interaction 
sites within the COX-2 active channel. The ligand structures were drawn 
in ChemBioDraw Ultra, converted to three-dimensional conformations, 
and energy-minimized prior to docking. All structures were uploaded in 
PDB format, with protonation states adjusted for physiological pH (7.4). 
Docking simulations were performed using the default AutoDock Vina 
parameters within CB-Dock2. For each protein–ligand pair, five poten
tial binding cavities were automatically detected. The output included 
the predicted binding affinity (Vina score, kcal⋅mol− 1), cavity volume 
(Å3), and the grid box center and size (Å). The lowest-energy binding 
mode was selected for detailed structural interpretation. Special atten
tion was given to key catalytic residues of COX-2: R120 (arginine), 
T385 (tyrosine), and S530 (serine); and to additional residues 
contributing to ligand stabilization and selectivity S353 (serine), L352 
(leucine), V523 (valine). Protein–ligand interactions were visualized 
and analyzed using PyMOL (Schrödinger, LLC). Hydrogen bonding, 
ionic, π–π stacking, and hydrophobic interactions were examined, with 
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particular focus on salt-bridge formation between carboxylate groups 
and positively charged residues (Arg, Lys).

2.7. Antimicrobial and antibiofilm properties

2.7.1. MIC and MBC/MFC determination
The antimicrobial activity of the tested compounds was determined 

in relation to Gram-positive bacteria: Staphylococcus aureus ATCC 
33862, Enterococcus faecalis ATCC 19433, Listeria monocytogenes ATCC 
19111, Micrococcus luteus ATCC 4698, Gram-negative bacteria: Escher
ichia coli ATCC 25922, Pseudomonas aeruginosa ATCC 9027, Serratia 
marcescens ATCC 8100, Moraxella catarrhalis ATCC 25238, yeasts 
Candida albicans ATCC 10231, Rhodotorula mucilaginosa DKK 1001 
(PUEB collection). Minimal inhibitory concentration (MIC) and minimal 
bactericidal/fungicidal concentration (MBC/MFC) of the tested com
pounds was determined using the microdilution method based on 
methodology described by Kaczmarek et al.[25] with some modifica
tions. First, a series of two-fold dilutions of the tested substances in the 
concentration range of 0.49 - 1000 μg/mL were prepared in 96-well 
microplates in MH broth (for S. aureus, P. aeruginosa and E. coli), MH 
with 10% TSB (for S. marcescens, M. catarrhalis and M. luteus), MH with 
10% BHI (for L. monocytogenes and E. faecalis), PDB (for C. albicans, 
C. neoformans and R. mucilaginosa). From 24-h cultures of indicator 
microorganisms inocula with optical density adjusted to 0.5 McFarland 
standard suspensions were prepared in broth media. Next, 100 μL of the 
prepared solutions were added to each well to achieve a final concen
tration of 105 CFU/ml and the plates were incubated for 24 h at 30 or 
37 ◦C, depending on the indicator microorganism. After incubation the 
optical density of bacterial and yeast growth was determined at 600 nm 
using BioTek Epoch 2 microplate reader. The results are expressed as the 
average of three replicates. The MIC value was defined as the concen
tration of tested substances, inhibiting the growth of the microorganism 
by at least 90% whereas 100% of inhibition was defined as minimum 
bactericidal/fungicidal concentration (MBC/MFC).

2.7.2. Determination of antimicrobial activity by well-diffusion assay
The antimicrobial activity of the tested compounds was evaluated 

using a well-diffusion assay. Suspensions of selected microorganisms 
adjusted to 0.5 McFarland standard were spread onto agar media. After 
solidification of the medium, wells (10 mm in diameter) were prepared 
using a sterile cork borer, and 100 μL of each compound solution 
(2.0 mg/mL) was introduced into the wells. The plates were incubated at 
37 ◦C for 24 h. Following incubation, inhibition zone diameters were 
measured in millimeters. All experiments were performed in triplicate, 
and the mean values are presented.

2.7.3. Antibiofilm properties
The antibiofilm properties of two selected compounds (4 and 8) were 

tested on biofilm formation by P. aeruginosa ATCC 9027 and S. aureus 
ATCC 33862 according to the method described by Gwiazdowska et al. 
[26] Biofilm formation was carried out according to the modified 
Somrani method[27] using sterile 48-well flat-bottomed microtiter 
plates. Standardized bacterial cultures in nutrient broth at a concen
tration of 106 CFU/ml were introduced into each well in an amount of 
150 μl, and then 150 μl of the tested compounds were added to achieve 
final concentrations of 0.5 MIC and 1 MIC. The prepared plates were 
incubated for 24 h at 37 ◦C. Subsequently, the suspension was removed 
from the wells and rinsed three times with sterile water to remove the 
residual medium and non-adherent cells. Then, the microtiter plates 
were air-dried for 2 h, and the biofilm biomass was quantified using the 
modified crystal violet method developed by O'Toole. 300 μl of 0.1% 
crystal violet solution was added to the dried biofilm, incubated for 
15 min, then the plates were washed with water and dried overnight. 
Then, 300 μl of 30% acetic acid was added to the wells and left for 
10-15 min at room temperature (25 ◦C ± 1 ◦C). The solution from each 
well was transferred to a new microtiter plate, and the optical density 

was measured at a 550 nm wavelength using a BioTek Epoch 2 micro
plate reader. As a blank, 30% acetic acid in water was used. All exper
iments were conducted in triplicate parallel repetitions and the results 
were expressed as a percentage of inhibition of biofilm formation. The 
results are presented as the arithmetic mean (±standard deviation) from 
six parallel replicates. Additionally, one-way analysis of variance 
(ANOVA) was estimated using Tukey's test with a significance level of 
p < 0.05. For all statistical analyses, the Microsoft Excel® and IBM SPSS 
Statistics 29 (PS IMAGO PRO 10.0) programs were used.

2.7.4. Biofilm visualization with fluorescence microscopy
To visualize the effect of selected compounds on the bacterial biofilm 

formation, the biofilm was prepared with the same method as described 
earlier (2.6.1.) but in Petri plates (55 mm). The fluorescent probes, 
fluorescein diacetate (FDA), and propidium iodide (PI) (Sigma Aldrich, 
Steinheim, Germany), were applied to assess the viability of cells in the 
biofilm. Before the staining, a stock solution of FDA (1 mg/mL) in 
acetone and a stock solution of PI (1 mg/mL) in distilled water were 
prepared and stored in the refrigerator. After the biofilm was dried PBS 
buffer (1000 μL) containing 25 μL of FDA and 5 μL of PI were added to 
the samples. The plates were incubated with fluorescent dyes for 30 min 
at 30 ◦C in the dark. Next, the staining solution was removed, the biofilm 
was dried at the room temperature and examined under the fluorescence 
microscope Olympus BX53 (Olympus Corporation, Tokyo, Japan) 
equipped with specific wavelength filters set (FDA excitation/emission: 
485/530; PI excitation/emission: 538/617). Biofilm of tested bacteria 
treated with sterile water were used as control samples.

2.7.5. The mechanism of antimicrobial activity of QASs
The release of cell constituents was evaluated based on the modified 

method described by Paul et al.[28] and Zhang et al.[29] The cells of 
selected microorganisms (S. aureus, P. aeruginosa and C. albicans) from a 
fresh culture were centrifuged (at 8000 rpm, 5 min), suspended in 1 mL 
of sterile PBS with the addition of two compounds (4 and 8) in different 
concentrations (1000 μg/mL and 1*MIC) and incubated at 37 ◦C for 3 h. 
After incubation, the samples were centrifuged (at 8000 rpm, 5 min) and 
the supernatant was diluted in sterile water in the ratio 100 μL:900 μL. 
The efflux of cellular constituents was measured spectrophotometrically 
at a wavelength of 260 nm.

The fluorescent probe propidium iodide (PI) (Sigma Aldrich, Stein
heim, Germany) was applied to assess the viability of selected micro
organisms (S. aureus and P. aeruginosa). The stock solution of PI (1 mg/ 
mL) was prepared in distilled water and stored in at 4 ◦C. Centrifuged 
cultures of bacteria treated with two selected compounds for 2 h were 
suspended in 5 mL of 50 mM phosphate buffer with the addition of 5 μL 
of PI at 30 ◦C for 15 min. Next, the staining solution was removed by 
centrifugation (8000 rpm, 1 min). The pellet was examined under the 
fluorescence microscope Olympus BX53 equipped with specific wave
length filter sets (CFDA excitation/emission: 485/530; PI excitation/ 
emission: 538/617).

The cultures of C. albicans treated with two selected compounds for 
2 h were centrifuged and transferred onto glass slides with and without 
methylene blue and photographed with a light microscope (Olympus 
BX53, Olympus Corporation, Tokyo, Japan) at 400× magnification. The 
cells treated with sterile water were used as control samples.

Changes in the morphology of selected bacteria: S. aureus and 
P. aeruginosa exposed to 0.5 and 1*MIC of compounds 4 and 8 for 24 h 
were assessed using a Zeiss EVO 10 scanning electron microscope with a 
STEM detector.

2.8. Solubility of the studied salts (1–8) and reference systems ([NA] 
[NIC] and [NA][PABA]) in aqueous solutions of different pH

The solubilities of 1-8, [NA][NIC] and [NA][PABA] were deter
mined in SGF (pH = 1.2), distilled water (pH = 6.0) and PBS (pH = 7.4) 
by placing 1 g (±0.0001 g) of a tested compound in the round-bottom 

A. Olejniczak et al.                                                                                                                                                                                                                             Journal of Drug Delivery Science and Technology 127 (2027) 108853 

5 



flask and adding specific parts of aqueous solutions in portions until full 
dissolution. The samples were vigorously stirred for at least 5 min before 
the addition of the next portion of aqueous solutions, and the systems 
were thermostated at 36.6 ◦C (±0.1 ◦C). Finally, the analyzed com
pounds were divided into different solubility classes[30,31]. Three 
repetitions of the measurement were performed for each compound.

2.9. Stability of the studied salts (4 and 8) and reference systems ([NA] 
[NIC] and [NA][PABA]) in aqueous solutions of different pH

Stability of selected compounds: 4, 8, [NA][NIC], [NA][PABA], in 
different pH ((SGF (pH = 1.2), distilled water (pH = 6.0) and PBS 
(pH = 7.4)) were estimated for 50 μmol L− 1 aqueous solutions. Mea
surements were conducted in sealed glass vials containing a magnetic 
stir bar. All the vials had been shaken in a Heidolph MR Hei-End stirrer 
equipped with a Heat-On anodized block at a constant temperature of 
36.6 ◦C (±0.1 ◦C) in the dark. After a period of time, a sample was 
collected from each vial and the absorbance of the solutions obtained 
was measured at λmax = 261-263 nm for the nicotinate anion, at 
λmax = 265-266 nm for the p-aminobenzoate anion, at λmax = 250- 
262 nm for [NA][NIC] and at λmax = 251-268 nm for [NA][PABA] 
using a VWR UV-6300PC spectrophotometer. The results are presented 
as the mean of three separate measurements.

2.10. Cytotoxicity to human intestinal cells

The cytotoxicity of the tested compounds (1-8, [NA][NIC] or [NA] 
[PABA]) and the reference pharmaceutical agent (benzalkonium chlo
ride) was evaluated using the human normal small intestinal epithelial 
cell line, HIEC-6 (ATCC, CRL-3266), which was obtained from the 
American Type Culture Collection (ATCC, Manassas, VA, USA) and 
cultured according to the conditions recommended by ATCC. In the 
cytotoxicity experiments, the cells were grown in 96-well plates at an 
initial density of 2.5 × 104 cells/cm2. After 24 h, the cells were treated 
with the analyzed compounds at concentrations of 1, 5, 10, 50 and 
100 μg/mL for an additional 24 h under standard culture conditions. 
Before treatment, the compounds were dissolved in cell culture medium 
and sterilized by filtration through 0.22 μm pore membranes. The 
impact of the analyzed compounds on the human intestinal cells was 
assessed using an assay that measures the cleavage of the yellow dye 
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; 
Sigma–Aldrich). This cleavage produces purple formazan crystals, 
which are formed by mitochondrial dehydrogenase enzymes active only 
in living cells. After treatment, MTT solution was added to each well at a 
final concentration of 0.5 mg/mL, and the cell cultures were incubated 
at 37 ◦C for 3 h. Following incubation, the formazan crystals were 
extracted with acidic isopropanol for 20 min at room temperature. The 
absorbance was then measured at 570 and 690 nm using a Tecan M200 
Infinite microplate reader (Tecan Group Ltd., Männedorf, Switzerland). 
Based on the results from the MTT assay, dose-response curves were 
plotted, and the cytotoxic doses (IC10, IC50, IC90) of the tested com
pounds were determined.

2.11. Ecotoxicity towards aquatic life

To determine the EC50 parameter for compounds, tests were carried 
out on marine crustaceans – Artemia franciscana. The methodology 
proposed in the Artoxkit M test (MicroBioTests Inc., Gent, Belgium), was 
developed according to the ASTM E1440-91 standard (American Society 
for Testing and Materials).

The hatching process was started first. For this purpose, 50 mg of 
cysts were transferred to the Petri dishes attached to the Artoxkit M set, 
which were then immersed in 10 mL of artificial sea water with salinity 
of 35‰ (a medium for the development of the tested organisms, as well 
as a solvent for preparing solutions of the tested compounds) and placed 
at a temperature of 25 ◦C, with access to light (6000–10,000 lux) for 

30 h. Then, 2 h before placing them on the Artoxkit M plates, a 20 mg of 
spirulina was added to cultured artemia. In addition, 1 h before the 
analysis, the used sea water was oxygenated by passing a stream of air 
through the solution. To each of the 4 cells in a given row of a plate from 
the Artoxkit M kit, 1 mL of the solution at the specified concentrations 
(or the appropriate medium in the case of a control) were introduced. In 
the first column of cells (control sample and 5 selected concentrations) 
no less than 30 artemia specimens were placed from previously prepared 
Petri dishes. Then, from the first cell in the first column, artemia were 
collected at the selected concentration and added to the next three cells 
in the selected row, 10 organisms per cell. After introducing the or
ganisms into the appropriate cells, the plates were covered with parafilm 
and then closed with a plastic cap. The prepared kit was incubated at 
25 ◦C and protected from light. Number of motionless organisms were 
counted after 24 h and 48 h. Immobilization (Imm) was then calculated 
(eq. (2)) in relation to the number of organisms at the start of the test: 

Imm=100⋅
(

1 −
No of mobile organisms

No of mobile organisms at start

)

(2) 

Next, the relationship between the effect and the concentration of the 
tested compounds was plotted, and based on this, the EC50 was 
determined.

2.12. In silico bioavaliability predictions

The SMILES (Simplified Molecular Input Line Entry System) repre
sentations of ionic salts (1–8) and their non-ionic counterparts ([NA] 
[NIC] and [NA][PABA]) were used for in silico bioavailability pre
dictions, using the online SwissADME server.

2.13. Statistical analysis

To properly assess significant differences in the determined phyto
toxic effects, a statistical analysis was performed using STATISTICA 
software. First, the one-way analysis of variance (ANOVA) test was 
performed to reveal if there were statistically significant differences 
between the tested groups (p value < 0.05). Tukey's posthoc test was 
used to calculate HSD (honestly significant difference) at the 5% level of 
significance. Different lowercase letters indicate significant differences 
between treatments.

3. Results and discussion

3.1. Synthesis and characterization of products

New active pharmaceutical ingredients (APIs) are essential for the 
development of innovative drug formulations with enhanced efficacy, 
stability, and bioavailability. APIs modifications in the form of salts, 
cocrystals or eutectics have garnered significant attention in pharma
ceutical research, offering a powerful approach to improving the phys
icochemical properties, such as solubility, dissolution rate, and stability 
[5,32,33]. A promising strategy involves transforming APIs into ionic 
pairs, mostly known as quaternary ammonium salts (QASs), which, due 
to the presence of a long alkyl chain, contain a large, most often 
asymmetric organic cation. This type of structure not only influences 
compounds’ lipophilicity but can also enhance membrane permeability, 
thereby improving biological activity[34–36]

In this work, two homologous series of QASs were synthesized using 
selected essential nutrients, i.e. various forms of vitamin B as starting 
materials. Initially, vitamin B3 in the form of nicotinamide (NA) was 
subjected to quaternization, leading to the formation of N-alkylnicoti
namide bromides with long alkyl chains ranging from hexyl to dodecyl. 
Next, through an ion exchange reaction, N-alkylnicotinamide ions were 
paired with another form of vitamin B3, namely the anion of nicotinic 
acid (1–4) or with vitamin B10, namely the anion of p-aminobenzoic acid 
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(5–8). As shown in Fig. 2, to investigate the potential benefits from the 
utilized API-QASs strategy, the ionic derivatives of vitamin B (1–8) were 
compared with reference substances deprived of ionic bonds and alkyl 
chains: a mixture of nicotinamide with nicotinic acid ([NA][NIC]) and 
nicotinamide with p-aminobenzoic acid ([NA][PABA]) as a cocrystal.

The synthesis of QASs 1–8, based on the quaternization of NA and 
subsequent ion exchange of the bromide anion by nicotinate (1–4) or p- 
aminobenzoate (5–8), required different methods of purification of final 
products. It was noted that in contrast to nicotinates (1–4), p-amino
benzoates rapidly precipitated from cooled acetonic solution as yellow 
crystalline solids. In consequence, salts 1–4 were isolated via evapora
tion of acetone from filtrate after filtration, whereas the 5–8 precipitates 
were thoroughly separated and washed. As summarized in Table S2 (in 
Supporting Information), the yields of both steps were found to be high 
and exceed 80%; however, due to mentioned-above discrepancies in 
synthesis methodology, yields of p-aminobenzoates (5-8) were slightly 
lower. Obviously, the preparation of [NA][NIC] and [NA][PABA] did 
not require any purification step and these products were obtained with 
the highest yields (almost 100%). Structures of the synthesized salts 1–8 
were confirmed by UV, FTIR, and 1H and 13C NMR spectroscopies. Their 
thorough analysis is provided in the Supporting Information 
(Figs. S1–S44).

The collected UV spectra indicated that reference co-crystal [NA] 
[NIC] exhibited two well-defined absorption maxima at 216 nm and 
262 nm, with the former being approximately three times more intense, 
reflecting π–π* transitions localized mainly within the nicotinamide 
aromatic system. For its quaternized analogues (1–4) the overall spectral 
pattern remained similar; however, both bands underwent a noticeable 
hypsochromic shift, with the first maximum shifted to 200–205 nm and 
the second to 263 nm. This blue shift can be attributed to the electron 
withdrawal from the aromatic ring caused by the positively charged 
nitrogen atom in the quaternized system. For [NA][PABA], three 
distinct absorption maxima were observed at 204, 214, and 290 nm, all 
of comparable intensity (the molar absorption coefficients differing by 
less than 10%). In contrast, for PABA-based QASs (5–8) the two lower- 
wavelength bands merged into a single at 206–208 nm, which was 
accompanied by a second maximum at 273 nm. The latter represents a 
characteristic π–π* transition within the p-aminobenzoate aromatic 
system, which, compared to the non-ionic reference, was also shifted 
toward shorter wavelengths by approx. 17 nm. This bathochromic shift 
pattern suggests that PABA in [NA][PABA] is present predominantly in 
its neutral (acidic) form, whereas in salts 5–8 it exists as the deproto
nated anion.

FTIR analysis of spectra provided in the Supporting Information 
revealed that the C=O stretching vibration of the amide/COO group 
appeared at 1683 cm− 1 in the [NA][NIC] and shifted slightly to 
approx. 1696 cm− 1 in the corresponding QASs (1–4), reflecting subtle 
electronic changes upon quaternization. Introduction of the alkyl chains 
led to a pronounced increase in the intensity of the aliphatic C–H 
stretching bands at 2850–3000 cm− 1, which was expected due to alkyl 
chain elongation. Additionally, the conversion from the acidic form 

(nicotinic acid) to the anionic form (nicotinate) resulted in an increase in 
intensity of the bands at 1550–1600 cm− 1, corresponding to COO 
asymmetric stretching vibrations, and a shift of the COO symmetric 
stretching vibrations from 1290 to 1430 cm− 1 in the [NA][NIC] to 
1370–1450 cm− 1 in salts 1–4. A gradual increase in the intensity of 
aliphatic C–H stretching bands at 2800–3000 cm− 1 in the PABA-based 
QASs (5–8) is consistent with alkyl chain elongation. Moreover, the 
appearance of two distinct and intense bands at approximately 
1530 cm− 1 and 1370 cm− 1, corresponding to the asymmetric and 
symmetric COO− stretching vibrations, respectively, confirms the pres
ence of the PABA anion in these salts rather than its neutral acidic form, 
as also observed for [NA][PABA].

To highlight the electronic effects of quaternization, the 1H NMR 
spectrum of [NA][PABA] was compared with that of the ionic com
pound 8 (Fig. S45). This comparison clearly illustrates the impact of 
alkyl chain introduction and the formation of the positively charged 
nitrogen on the chemical shifts in the aromatic region. Notably, the 
signals corresponding to the aromatic protons of nicotinamide in [NA] 
[PABA] (approx. 7.5–9.1 ppm) shifted toward higher values 
(deshielding) by up to 0.6 ppm in compound 8 (approx. 8.1–9.5 ppm), 
reflecting the substantial alteration of electron density caused by qua
ternization. The further comparison of the 1H NMR spectra revealed that 
among compounds 1–4 the signals from aromatic protons of nicotinate 
anion appeared at lower chemical shift values (7.5–9.1 ppm) compared 
to alkylated NA cations (approx. 8.3–9.6 ppm). Moreover, in all spectra 
signal from protons in amide (CONH2) group is not visible, which is due 
to rapid proton–deuteron exchange with the deuterated solvent 
(CD3OD). Generally, spectra of compounds 1–4 and 5–8 differed mainly 
in the relative intensities of the signals from the CH2 groups of the alkyl 
chains (approx. 1.2–1.3 ppm). From the same alkyls, two triplets were 
observed at approximately 0.9 ppm (-CH2-CH3) and 4.5 ppm (N-CH2-), 
as well as a multiplet signal around 2.0 ppm from the adjacent methy
lene group (N-CH2-CH2-). Analogous analysis of the 13C NMR spectra 
revealed that the signals corresponding to aromatic carbons appeared in 
the range of 125–172 ppm for products 1–4 and 115–176 ppm for 
products 5–8, while the alkyl carbon signals were observed between 14 
and 64 ppm in both series. The analysis of the chemical shift patterns, 
provided in the Supporting Information, is fully consistent with the 
expected structural features and confirms the successful formation of the 
desired QASs.

The molecular structures of compounds 1–8 were also confirmed by 
high-resolution LC/MS/TOF analysis (details regarding collected 
spectra are provided in the Supporting Information in Table S3). The 
observed m/z values for the quaternized nicotinamide cations were in 
excellent agreement with the calculated values: 207.1493 (calcd 
207.1492) for 1/5, 235.1805 (calcd 235.1805) for 2/6, 263.2119 (calcd 
263.2118) for 3/7, and 291.2431 (calcd 291.2431) for 4/8. The corre
sponding anions were also detected, with m/z values of 123.0555 for 
nicotinate (calcd 123.0320) and 138.0552 for PABA (calcd 138.0550). 
The consistency between the experimental and calculated values pro
vides additional confirmation of the expected ionic structures.

Fig. 2. Tested forms of APIs originated from nicotinamide and nicotinic or p-aminobenzoic acid.
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Intriguingly, for all APIs in the form of QASs, it was not possible to 
determine a melting point (Table S2 in Supporting Information). It was 
noticed that 1–8 exhibited initial decomposition before melting, which 
was manifested by color shift from white or yellow to brown during 
heating. This may be due to the fact that in some ionic salts, particularly 
those with strong electrostatic interactions and high lattice structure, 
the energy required to overcome these forces is too high for classical 
melting to occur. Instead, upon reaching a temperature of melting, the 
phenomenon of decomposition of certain functional groups occurs 
faster. As a result, there is no distinct melting point, similar to most ionic 
liquids, because the process involves chemical decomposition rather 
than a phase transition [34,37]. Theoretically, 1–8 should exhibit 
thermal stability at least similar to their analogues, and notable degra
dation was expected to appear above 150 

◦

C [22]. To examine this 
phenomenon in greater detail, we measured the melting points of the 
potassium salts of NIC and PABA, the precursor components for the 
synthesis of compounds 1–8. The melting point of [K][PABA] was found 
to be 206–208 ◦C, whereas for [K][NIC], no melting was observed even 
at 300 ◦C, indicating its high thermal stability. Therefore, the lower 
stability of the synthesized ion pairs may be due to the specific 
cation-anion interactions in the combination of alkylated NA with NIC 
or PABA, leading to alterations in electron density in the aromatic ring of 
the cation, which is relatively the most susceptible to decomposition.

Interestingly, [NA][NIC] and [NA][PABA] behaved differently in 
comparison to the obtained QASs. As a result of mixing nicotinic acid 
and nicotinamide, instead of a sharp melting point, the formed mixture 
exhibited a broader melting range; however, the melting starts at a 
lower temperature than that of the starting components (121–188 ◦C). 
This suggests occurrence of a physical mixture with limited ability to 
form an eutectic, in which carboxylic acid and amide form strong dimers 
through hydrogen bonding [38]. Assuming that these dimers are more 
stable than potential new intermolecular interactions, one can conclude 
that the mixture does not form a homogeneous eutectic phase but rather 
a system in which separate dimers of both compounds coexist. In this 
case, only partial interactions between the components that may occur, 
are not strong enough to generate homogeneous phase [39]. Conse
quently, the mixture does not exhibit a sharp melting point but instead 
undergoes gradual melting due to the coexistence of two crystalline 
phases. A similar phenomenon was observed with a mixture of iso
nicotinamide and benzoic acid, where a double melting point with a 
wide temperature range (depending on the amide content) was noted 
[40]. Interestingly, in the case of a mixture of NA with PABA, a clearly 
defined melting point (109–111 ◦C) was determined. Based on the 
similar results obtained for the cocrystal of nicotinamide and salicylic 
acid [21,41], the formation of a cocrystal can also be inferred, indicating 
a stable arrangement between the two components - NA and PABA.

The analysis of water content showed that in both homologous se
ries, regardless of the anion, the percentage decreased as the alkyl chain 
length increased. This demonstrates the clear influence of the chain 
length on the parameter while attributing hydrophobic properties to the 
compounds. For 1–4, the water content values ranged from 1.30% to 
1.88%, while for 5–8 the collected results varied from 0.94% to 2.16%. 
The lowest water contents were reported for [NA][NIC] and [NA] 
[PABA], 0.63 and 0.56% accordingly, which may suggest that the 
absence of an alkyl chain or specific ionic interactions within their 
structures influence the affinity to water molecules. In addition, com
pounds analyzed in this study were assessed as non-hygroscopic in long- 
term contact with air (60% humidity) at room temperature, which may 
be seen as an additional advantage for drug preservation. The non-ionic 
compositions [NA][NIC] and [NA][PABA] were exceptions, as after 5 
days of exposure to air their water content increased by 3-fold and 2- 
fold, respectively (values are provided in the Supporting Information, 
Table S2). This set of results underscores the beneficial impact of the 
API's form, which not only affects the formulation efficacy but also plays 
a crucial role in proper storage conditions.

The purity of the dried products (1–8) was evaluated using three 

independent analytical methods: two-phase titration in accordance with 
EN ISO 2871-1:2010, LC/MS/TOF analysis, and elemental analysis 
(CHN). The results listed in Table S3 (Supporting Information) showed 
very good consistency between the methods, confirming the high purity 
of the synthesized compounds. For most products the values exceeded 
98.5%. Minor deviations (±0.4%) between the theoretical and experi
mental CHN values can be attributed to the presence of water 
(approximately 0.5–2%), which slightly increased the hydrogen content 
in the elemental composition. Both the two-phase titration and LC/MS/ 
TOF analyses confirmed the high purity of the products, with clear and 
reproducible phase color changes observed for compounds containing 
alkyl chains of at least C8H17 (2–4 and 6–8). For 1 and 5, which possess 
shorter alkyl chain (C6H13), reliable titration results could not be ob
tained; however, their purity was verified by LC/MS/TOF (99.2% and 
98.5%, respectively).

3.2. Octanol–water partition coefficient

The octanol-water partition coefficient (log KOW) is a key parameter 
in drug design, particularly for orally administered drugs. Excessively 
high log KOW (higher than 5) indicates excessive lipophilicity, reducing 
water solubility and limiting bioavailability. Conversely, a very low log 
KOW (below 0) reflects to high hydrophilicity, hindering membrane 
permeation. Hence, an optimal log KOW, in a region between 0 and 3, 
ensures a good balance between water solubility, facilitating absorption 
in the gastrointestinal tract, enabling effective membrane permeability 
[42].

As shown in Fig. 3A, the log KOW values measured for the tested 
compounds occurred in a range from approx. − 1.73 to 0.35 (exact 
values are provided in Table S4, Supporting Information). The gathered 
data clearly indicate that APIs derived from nicotinate (1–4) exhibit 
higher lipophilicity compared to salts with PABA (5–8). In effect values 
noted for 3 and 4 are close to the optimal log KOW range. In the case of 
APIs containing a component derived from PABA, only 8 exhibits 
optimal properties for use as an oral drug. Interestingly, the non- 
alkylated compounds, [NA][NIC] and [NA][PABA] turned out to 
be less hydrophilic than their ionic analogues containing shorter alkyl 
substituent: hexyl (1 and 5) or octyl (2 and 6), accordingly. This 
observation suggests that not only the length of alkyl chain, but also the 
structural elements originating from the specific components, like 
occurrence of ionic interactions, can significantly influence compounds’ 
lipophilic character.

Comparison of the synthesized 1–8 with their parent N-alkylnicoti
namide bromides (P1–P4), as shown in Table S4 (in Supporting Infor
mation), revealed that anion exchange generally resulted in lower log 
KOW values (Δlog KOW = − 1.28 to − 0.18), indicating an increase in 
hydrophilic character after ion exchange. This outcome was somewhat 
unexpected, as in many QAS systems anion replacement (e.g., chloride to 
organic anion) often increases lipophilicity. Nevertheless, the resulting 
log KOW values for compounds 3, 4, and 8 are close to or within the 
optimal range (0–3) for oral drug candidates, suggesting that the 
modified salts maintain a favorable balance between membrane 
permeability and aqueous solubility (increased hydrophilicity after 
anion exchange reduces the risk of API precipitation in aqueous sys
tems). Importantly, the ion-exchange process also provides additional 
formulation benefits: the bromide salts tended to form viscous or gel-like 
systems even at low concentrations, which may significantly hinder 
reproducible dosing and oral delivery. Moreover, replacing the inert 
bromide anion with biologically active counterions, such as nicotinate 
or p-aminobenzoate introduces pharmacologically beneficial moieties, 
potentially enhancing overall biocompatibility and therapeutic value.

Overall, the lipophilicity of the studied compounds is primarily 
governed by the alkyl chain length, with longer chains increasing log 
KOW values, while the nature of the counterion further modulates this 
parameter. In particular, nicotinate-based salts (1–4) exhibit higher 
lipophilicity than their p-aminobenzoate analogues (5–8), highlighting 
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the combined influence of both structural elements.
Notably, many pharmaceuticals administered via oral route exhibit 

good hydrophilic properties, which is manifested by their low log KOW 
values. In contrast, some anti-inflammatory drugs, even in their ionic 
form with sodium as the counterion, exhibit a relatively high log KOW, 
indicating their higher lipophilic character. Noteworthy examples from 
these two groups include metformin, thiamine, ciprofloxacin, ibuprofen 
sodium and diclofenac sodium with their log KOW values as follows: 
− 1.43, − 2.04, − 1.09, 0.92 and 0.69 respectively [43–47]. Undeniably, 
log KOW is a valuable parameter that facilitates to evaluate permeability 
and bioavailability of various biologically active substances. However, it 
may not fully capture the complexity of pharmacokinetics of specific 
group of compounds, especially when considering drug permeability in 
a complex environment such as the human body. Therefore, a compre
hensive assessment integrating additional parameters, such as solubility, 
protein binding, or active transport mechanisms, is essential for a more 
accurate evaluation of novel APIs’ pharmacokinetic properties and 
therapeutic potential.

3.3. Anti-inflammatory potential: egg albumin denaturation assay and 
molecular docking studies

During infections, inflammatory responses are often triggered as a 
natural defense mechanism to combat pathogens. Anti-inflammatory 
and antiseptic agents, when used simultaneously, may exhibit 

complementary effects by reducing inflammation. This synergistic 
interaction can enhance therapeutic outcomes and promote more effi
cient recovery from infections [48,49]. As reported in the literature, NA 
exhibits anti-inflammatory properties, although it is not classified as a 
conventional anti-inflammatory drug. Its effects are primarily attributed 
to its influence on cellular metabolic pathways, as well as the regulation 
of oxidative stress and immune responses [50]. Studying the potential 
anti-inflammatory activity of ionic derivatives of NA, such as salts 1–8, 
can provide valuable outcomes, as these combinations may lead to 
synergistic effects and result in a new approach to treating inflammatory 
conditions. Hypothetically, long alkyl chain improves membrane pene
tration, while the anions can additionally modify interactions with re
ceptors and inflammatory pathways. In this context, an appropriate 
analysis using the egg albumin assay was performed for both ionic (1–8) 
and non-ionic products ([NA][NIC] and [NA][PABA]). The results of 
egg albumin denaturation assay are shown in Fig. 3B (values can be 
found in Table S5, Supporting Information).

The collected results revealed that the highest activity in the egg 
albumin denaturation were observed for compounds comprising octyl 
(6) or decyl (7) chains in the NA cation and PABA anion, with values 
equal to 53.7% and 52.6%, respectively. Moreover, the vast majority of 
the analyzed compounds exhibited greater activity than the commonly 
used drug - diclofenac sodium salt (DFC-Na) at its maximum plasma 
concentration in the human body (1.4–3.0 μg/mL) [51], marked with 
red color in Fig. 3B. In this specific region, all nicotinates (1–4) were 

Fig. 3. Octanol–water partition coefficient values for N-alkylnicotinamide nicotinates (1-4), N-alkylnicotinamide p-aminobenzoates (5-8), [NA][NIC] and [NA] 
[PABA] (A); egg albumin denaturation inhibition for N-alkylnicotinamide nicotinates (1-4), N-alkylnicotinamide p-aminobenzoates (5-8), [NA][NIC], [NA] 
[PABA] and diclofenac sodium (DFC-Na) (B).
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found to be more effective at inhibiting albumin denaturation in com
parison to DFC-Na, whereas among QASs with PABA anion the 
enhancement was noted only for salt 7. In comparison, the reference 
compound (DFC-Na) achieved a similar level of activity (49.5%) only at 
concentration of 1000 μg/mL. Compounds deprived of alkyl chain in 
their structure, [NA][NIC] and [NA][PABA], were also effective in 
inhibiting protein denaturation in a broad range of concentrations. 
Remarkably, the QAS strategy allowed for a significant reduction of the 
therapeutic dose by even several orders of magnitude. The nicotinate 
comprising the longest chain (4) exhibited a remarkable activity of 
49.6% at a concentration as low as 0.001 μg/mL. Furthermore, the 
ability to prevent egg albumin denaturation of 1–8 increases with the 
alkyl chain elongation; it reaches increasingly higher values at lower 
concentrations, while at higher concentrations all compounds appear to 
promote denaturation. This observation clearly indicates that only a 
specific chain length can cause a significant shift in the zone in which the 
substance exerts a beneficial effect on the prevention of egg albumin 
denaturation. In consequence, among tested salts 1–8, only in the case of 
those containing the longest dodecyl substituent (4 and 8) exhibited a 
pronounced shift of beneficial egg albumin denaturation inhibition to
wards significantly lower API concentrations. These results indicate also 
that the alkyl chain length is the predominant structural determinant of 
the anti-inflammatory response within the investigated series. 
Increasing the hydrophobic chain from hexyl to decyl/dodecyl shifted 
the effective concentration range towards markedly lower concentra
tions, whereas the effect of the anion was comparatively smaller. 
Nevertheless, the counterion was not biologically irrelevant: nicotinate- 
and PABA-containing analogues with the same cationic chain length 
often differed in their degree of albumin protection, indicating that the 
aromatic head group and its functional groups can additionally modu
late the activity. Thus, the observed anti-inflammatory effect appears to 
result from a balance between hydrophobic interactions provided by the 
alkyl chain and specific interactions associated with the ionic head 
groups. Nonetheless, it should be emphasized that all studied com
pounds exhibit greater potential anti-inflammatory activity than 
DFC-Na at certain concentrations, which supports further research to 
evaluate their potential as an attractive alternative for combating 
inflammation.

NA has been studied for its anti-inflammatory effects in the treatment 
of acne vulgaris when administered orally. The results of this research 
show significant improvement with combination therapies containing 
nicotinamide, azelaic acid, zinc, pyridoxine, copper, and folic acid [52]. 
Notably, the anti-inflammatory properties of alkylated nicotinamide 
forms have already been demonstrated and analyzed in our previous 
work. Molecular docking studies confirmed these properties, with the 
compound containing a long alkyl chain (dodecyl) exhibiting the highest 
anti-inflammatory activity, consistent with in vitro results on egg albu
min [21]. Nicotinic acid has been found to significantly reduce inflam
mation in vascular lesions in mice, leading to a 30% decrease in total 
lesion area compared to the control group, highlighting its potential as a 
therapeutic agent for vascular diseases [53]. Furthermore, studies have 
confirmed the anti-inflammatory effects of nicotinic acid in human 
monocytes, showing a reduction in the secretion of proinflammatory 
mediators by up to 60% [54]. Additionally, PABA enclosed in a cocrystal 
with ketoprofen demonstrated superior anti-inflammatory efficacy 
compared to ketoprofen alone. In vitro studies using the egg albumin 
method showed a response nearly twice as strong as that of the pure 
drug [55]. The different methods of obtaining the mentioned results 
make it impossible to draw firm conclusions. However, the findings for 
the PABA cocrystal suggest that even a simple structural modification of 
one form of vitamin B can significantly enhance its efficacy and unlock 
its therapeutic potential in terms of anti-inflammatory properties.

Molecular docking simulations were employed to evaluate the po
tential interactions between the studied compounds and the 
cyclooxygenase-2 (COX-2) enzyme. This approach provides an effective 
in silico tool for predicting ligand–protein complementarity and binding 

strength, correlating well with experimental inhibition data in nonste
roidal anti-inflammatory drugs (NSAIDs) [56]. All ligands were found to 
be docked within the same primary binding cavity (Pocket C1) encom
passing the key catalytic residues: R120, Y385, and S530; and the sta
bilizing residues: L352, S353, and V523, which collectively define the 
COX-2 active channel. The resulting Vina scores ranged from − 8.0 to 
− 5.3 kcal mol− 1, confirming a consistent binding mode across the tested 
series (all data are listed in Table S6 in Supporting information). As 
expected, DFC-Na exhibited strong affinity (− 7.0 kcal mol− 1) through 
interactions with Y385 and S530, both directly involved in arachidonic 
acid oxidation. Remarkably, the QASs cations demonstrated a clear 
chain-length-dependent enhancement in binding affinity. Starting from 
− 7.0 kcal mol− 1 for the shortest alkyls (1 and 4) the affinity was 
improving progressively to − 7.5 kcal mol− 1 for the longest chain de
rivative among nicotinate series (4), and even further to − 8.0 kcal mol− 1 

for 8 in the PABA series. The strongest binders comprising C10 and C12 
alkyls formed simultaneous interactions with all six key residues: R120, 
Y385, S530, L352, S353, and V523, indicating a near-complete 
engagement of the COX-2 binding pocket. The extended alkyl chains 
likely enhance hydrophobic complementarity within the lipophilic 
channel, strengthening van der Waals and π–alkyl interactions with 
V523 and L352, while the positively charged ammonium head enables 
electrostatic stabilization near R120. In contrast, the anionic counter
parts (nicotinate and PABA) exhibited weaker binding (− 5.3 to 
− 5.9 kcal mol− 1), involving only the stabilizing residues and lacking 
direct interactions with the catalytic triad. This supports their auxiliary 
role in molecular recognition, contributing to solubility and ionic pair
ing rather than enzymatic inhibition. Similarly, the nonionic systems 
comprising nicotinamide, nicotinic acid, and PABA acid, displayed 
modest affinities (− 5.3 to − 6.0 kcal mol− 1) caused by the absence of a 
positively charged center and reduced hydrophobicity. These findings 
reveal a distinct structure–activity relationship (SAR): increasing the 
alkyl chain length in QASs directly enhances COX-2 binding affinity, 
surpassing that of diclofenac. The data suggest that long chain QASs, 
comprising C10–C12 alkyls in cations, may act as novel 
anti-inflammatory compounds, capable of mimicking or exceeding the 
binding efficiency of conventional NSAIDs.

Taken together, the docking results provide a molecular rationale for 
the experimentally observed chain-length dependence of the anti- 
inflammatory activity. The alkyl chain appears to be the major struc
tural element controlling access to and hydrophobic complementarity 
within the COX-2 channel, whereas the nicotinate or PABA anion con
tributes mainly through ionic pairing and modulation of molecular 
recognition. This distinction is consistent with the experimental data, in 
which changes in alkyl chain length produced a substantially stronger 
effect on activity than exchange of the counterion. The positively 
charged quaternary nitrogen therefore appears to provide an important 
anchoring element, while the hydrophobic chain determines the extent 
of interaction with the lipophilic region of the binding site.

3.4. Antimicrobial activity

3.4.1. MIC and MBC/MFC determination
In an era of increasing resistance of microorganisms to antibiotics, 

the search for new, effective bactericides is becoming an integral part of 
modern pharmacy. In this context, the salts obtained in the present work 
were examined towards broad spectrum of microorganisms including 
Gram-positive and Gram-negative bacteria, yeasts and filamentous 
fungi. As the results in Table 1 show, the antibacterial and antifungal 
properties of tested compounds varied depending on the compound and 
microorganism.

The antimicrobial activity of the tested salts 1–8 increases with the 
alkyl chain elongation. Salts 4 and 8 containing the longest dodecyl 
substituent demonstrated the highest antimicrobial activity with MIC 
values ranging from 7.81 to 125 μg/mL against Gram-negative bacteria, 
3.9 to 31.25 μg/mL against Gram-positive bacteria and 3.9 (8) or 7.81 
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(4) to 62.5 μg/mL against fungi. Salts 3 and 7 showed much lower 
effectiveness in the microbial growth inhibition with MIC values from 
125 to 1000 μg/mL against Gam-negative bacteria, 62 to 250 μg/mL 
against Gram-positive bacteria, while antifungal properties ranged from 
31.25 to 500 μg/mL in case of salt 3 and 62.5 to 1000 μg/mL for salt 7. 
Salts 2 and 4 exhibited activity only towards selected microorganisms in 
the concentration 250 – 1000 μg/mL, while compounds 1 and 5 with the 
shortest substituent did not show antimicrobial activity in the concen
tration range studied. The tested compounds showed a stronger effect on 
Gram-positive bacteria compared to Gram-negative bacteria and fungi, 
which is often observed in the case of QASs. This is due to the different 
structure of the cell wall, which in Gram-positive bacteria is composed of 
many layers of peptidoglycan, while Gram-negative strains have a 
thinner peptidoglycan layer and an outer membrane composed of pro
teins and lipopolysaccharides (LPS), which makes it difficult for anti
bacterial agents to penetrate [57]. It should be acknowledged that 
N-alkylnicotinamide derivatives with salicylate anion showed generally 
lower bactericidal efficacy against S. aureus, C. albicans and P. aeruginosa 
compared to salts with nicotinate and p-aminobenzoate anion, with even 
2-fold differences in MIC values. This clearly demonstrates that not only 
the length of the alkyl chain, but also the individual components of the 
compound as well as the specific interactions between them, affect their 
biological activity [21].

To highlight the electronic effects of quaternization the effect of alkyl 
chain length and anion type on biological activity, the sum of MIC or 
MBC/MFC values, and concentrations corresponding to maximum in
hibition of albumin denaturation were compared in Figs. S46 and S47
(in Supporting Information). The Structure–Activity Relationship (SAR) 
analysis revealed that the alkyl chain length has a crucial impact on both 
antimicrobial and protein-stabilizing properties. Consequently, QASs 
with a C6 chain (1 and 5) exhibited the lowest activity in both assays, 
whereas extending the chain to C8 (2 and 6) resulted in a pronounced 
improvement in antimicrobial efficacy. Interestingly, the nonionic ref
erences ([NA][NIC] and [NA][PABA]), despite their negligible anti
microbial activity, showed relatively strong protein-stabilizing effects. 
This suggests that nonionic interactions between API molecules can 
promote protein structure stabilization, while the presence of a long 
alkyl chain, in agreement with literature reports, enhances affinity for 
microbial membranes and thereby improves antimicrobial potency [58,
59]. Further chain elongation to C10 (3 and 7) and C12 (4 and 8) led to a 
synergistic enhancement of both biological functions. The longer alkyl 
substituents not only strengthened antimicrobial activity but also 
reduced the concentration required for maximum inhibition of protein 
denaturation, indicating higher efficiency at lower doses (an important 
aspect from a pharmacological safety perspective). Interestingly, the 
nicotinate salt (4) exhibited superior overall biological performance 

Table 1 
Antimicrobial activity of N-alkylnicotinamide nicotinates (1-4), N-alkylnicotinamide p-aminobenzoates (5-8), [NA][NIC], [NA][PABA], calculated as MIC and 
MBC/MFC.

Microorganism MIC/MBC/MFC [μg/ 
mL]

Tested compounds

1 2 3 4 5 6 7 8 [NA] 
[NIC]

[NA] 
[PABA]

Gram-negative bacteria

P. aeruginosa ATCC 9027 MIC >1000 >1000 500 125 >1000 1000 500 125 >1000 >1000
MBC >1000 >1000 500 125 >1000 >1000 500 125 >1000 >1000

E. coli ATCC 25922 MIC >1000 1000 250 31.5 >1000 1000 250 62.5 >1000 >1000
MBC >1000 1000 250 31.5 >1000 1000 500 62.5 >1000 >1000

M. catarrhalis ATCC 25238 MIC >1000 1000 125 7.81 >1000 1000 250 7.81 >1000 >1000
MBC >1000 1000 125 15.63 >1000 1000 500 15.63 >1000 >1000

S. marcescens ATCC 8100 MIC >1000 1000 250 15.63 >1000 >1000 250 15.63 >1000 1000
MBC >1000 >1000 250 31.25 >1000 >1000 250 15.63 >1000 >1000

C. jejuni ATCC 33291 MIC >1000 >1000 250 15.63 >1000 >1000 250 15.63 >1000 >1000
MBC >1000 >1000 250 31.25 >1000 >1000 500 15.63 >1000 >1000

S. Enteritidis ATCC 13076 MIC >1000 >1000 250 15.63 >1000 >1000 250 15.63 500 >1000
MBC >1000 >1000 250 31.25 >1000 >1000 500 31.25 1000 >1000

P. vulgaris ATCC 49132 MIC >1000 >1000 1000 125 >1000 >1000 1000 125 >1000 >1000
MBC >1000 >1000 1000 125 >1000 >1000 1000 125 >1000 >1000

Gram-positive bacteria

L.monocytogenes ATCC 
19111

MIC >1000 1000 250 31.25 >1000 >1000 250 31.25 >1000 >1000
MBC >1000 >1000 >1000 31.25 >1000 >1000 >1000 31.25 >1000 >1000

M. luteus ATCC 4698 MIC >1000 >1000 250 31.25 >1000 >1000 250 15.63 >1000 1000
MBC >1000 >1000 1000 62.5 >1000 >1000 500 31.25 >1000 1000

E. faecalis ATCC 19433 MIC >1000 >1000 250 15.63 >1000 1000 250 15.63 >1000 >1000
MBC >1000 >1000 250 62.5 >1000 >1000 500 31.25 >1000 >1000

S. aureus ATCC 33862 MIC >1000 500 62.5 3.9 >1000 500 62.5 3.9 1000 1000
MBC >1000 500 62.5 7.81 >1000 500 62.5 3.9 >1000 >1000

B. subtilis DSM 4451 MIC >1000 >1000 250 3.9 >1000 >1000 125 15.63 >1000 1000
MBC >1000 >1000 1000 7.81 >1000 >1000 125 15.63 >1000 1000

Fungi

C. albicans ATCC 10231 MIC >1000 >1000 500 62.5 >1000 >1000 1000 62.5 >1000 >1000
MFC >1000 >1000 500 62.5 >1000 >1000 1000 125 >1000 >1000

R. mucilaginosa PUEB MIC >1000 >1000 250 62.5 >1000 1000 500 62.5 >1000 >1000
MFC >1000 >1000 250 62.5 >1000 1000 500 62.5 >1000 >1000

C. neoformans ATCC 14116 MIC >1000 250 31.25 7.81 1000 250 62.5 3.9 >1000 1000
MFC >1000 500 62.5 7.81 1000 500 62.5 3.9 >1000 1000
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compared to its p-aminobenzoate analogue (8), suggesting that the 
presence of the pyridine ring may facilitate additional electrostatic or 
π–π interactions with biomolecules, contributing to enhanced bioac
tivity. In summary, extension of the alkyl chain promotes a synergistic 
improvement in both antimicrobial and protein stabilization properties, 
while the nature of the counterion fine-tunes the molecular interactions 
and overall bioefficacy.

The results of antimicrobial activity by well-diffusion assay, pre
sented in Table S7 and Fig. S48 in Supporting Information, demonstrate 

that the efficacy of the tested compounds depended on both the chem
ical structure of the compound and the indicator microorganism. Among 
the investigated derivatives, compounds 4 and 8 exhibited the highest 
antimicrobial activity, producing the largest growth inhibition zones. 
Interestingly, no inhibition zones were observed for several com
pound–microorganism combinations despite previously determined 
MIC and MBC values of 500 μg/mL. This phenomenon may be related to 
the different principles underlying the two methods. In the agar diffu
sion assay, antimicrobial activity depends not only on the intrinsic 

Fig. 4. Inhibition of biofilm formation by S. aureus and P. aeruginosa: for compound 4 – 1*MIC = 3.9 μg/ml, 0.5*MIC = 1.95 μg/ml; for compound 8 - 1*MIC = 125.0 
μg/ml, 0.5*MIC = 62.5 μg/ml. Averages with different letters (a–e) are significantly different at the p < 0.05 (upper graph); effects of 4 and 8 on S. aureus and 
P. aeruginosa biofilm formation at a concentration 1*MIC: (A) Untreated biofilm formed by S. aureus – control; (B) Biofilm formed by S. aureus treated with 4; (C) 
Biofilm formed by S. aureus treated with 8; (D) Untreated biofilm formed by P. aeruginosa – control; (E) Biofilm formed by P. aeruginosa treated with 4; (F) Biofilm 
formed by P. aeruginosa treated with 8.
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activity of the compound but also on its ability to diffuse through the 
solid medium. In contrast, the microdilution assay measures the direct 
interaction of the compound with microbial cells in a liquid environ
ment. Therefore, compounds exhibiting limited diffusion in agar may 
produce weak or undetectable inhibition zones despite measurable 
antimicrobial activity determined by MIC and MBC assays.

3.4.2. Antibiofilm properties
It is estimated that up to 80% of microbial infections are associated 

with the presence of a biofilm. Its formation therefore plays a key role in 
the course of many infections, including in the oral cavity, gastrointes
tinal or urinary tract and wounds [60]. Biofilm is a complex bacterial 
community that, due to its multidimensional structure, provides pro
tection against antimicrobial agents, promotes the development of drug 
resistance, and may even protect the microorganisms from the host's 
immune system [61]. Conventional approaches to treating biofilm in
fections are often insufficient and often require an increase in the dose 
and duration of antibiotic use, which in turn may lead to the develop
ment of drug resistance [62]. Therefore, the antibiofilm properties of the 
prepared compounds were determined.

Salts with the highest antimicrobial activity (4 and 8) were chosen 
and their effect on the biofilm formation by S. aureus and P. aeruginosa at 
a concentration corresponding to 0.5 and 1*MIC were investigated 
(Fig. 4). At lower concentration, the analyzed compounds did not show 
full efficacy against biofilm. Inhibition values for its formation ranged 
from approx. 40 to 70%. Fascinatingly, the results show that both of 
them at a concentration of 1*MIC fully inhibited biofilm formation by 
S. aureus, while in the case of P. aeruginosa the effectiveness is dependent 
on the compound. While 8 completely inhibited biofilm formation, 4 
exhibited a slightly reduced effectiveness of 95%.

Fluorescence microscopy was used to visualize the effect of selected 
salts on the degree of biofilm formation by S. aureus and P. aeruginosa 
bacteria at a concentration of 1*MIC (Fig. 4). Intense staining in the 
control samples indicates almost complete coverage of the tested surface 
with biofilm, with a dominant share of live cells (green fluorescence), 
whereas in the samples treated with selected salts, only small clusters of 
cells with a dominant share of dead cells (red fluorescence) appear on 
the surface. Studies on the effectiveness of biofilm growth inhibition 
confirm the high antimicrobial activity of the analyzed compounds not 
only limited to direct action against specific bacterial strains, but also 
contributes to hindering of their potential defense mechanisms [63].

3.4.3. The mechanism of antimicrobial activity of QASs
To elucidate the effects of 4 and 8 on microbial cells, S. aureus, P. 

aeruginosa, and C. albicans were selected as representative organisms. 
The cells were treated with the test compounds at concentrations cor
responding to the MIC and 1000 mM, and the release of cellular com
ponents was evaluated after 2 h of incubation via spectrophotometric 
analysis (Table 2). In all cases, treatment with 4 and 8 led to an increase 
in OD260 nm values, indicating the leakage of intracellular material. Such 
release of cytoplasmic components is indicative of severe and irrevers
ible damage to the cytoplasmic and plasma membranes [64].

Fluorescence microscopy data, presented in Fig. 5, further confirmed 
bacterial cell envelope damage. The bacterial cell membrane integrity 

was assessed by staining with propidium iodide (PI), a DNA-binding dye 
that emits fluorescence only after entering cells with membrane damage. 
Generally, viable cells with intact membranes remain nonfluorescent, 
whereas nonviable cells with membrane damage exhibit a red fluores
cence signal. As shown in Fig. 5, control cells showed only minimal red 
fluorescence, indicating preserved membrane integrity. In contrast, cells 
treated with 4 and 8 showed a marked, concentration-dependent in
crease in red fluorescence, consistent with significant membrane dam
age. Propidium iodide is widely used as an indicator of membrane 
permeability and constitutes one of the key probes employed in live/ 
dead viability assays. Therefore, the observed increase in PI-positive 
cells directly reflects loss of membrane integrity and reduced cell 
viability following treatment with compounds 4 and 8.

In preparations examined using an electron microscope, the 
destructive effects of the tested compounds on selected microorganisms 
were clearly evident (see Fig. 6).

In control samples, rod-shaped cells (P. aeruginosa) and cocci 
(S. aureus) appeared uniformly stained, with well-defined morphology. 
In contrast, samples treated with the test compounds exhibited irregular 
staining, distortion of cell shape, and leakage of intracellular contents. 
Furthermore, the extent of cellular damage increased proportionally 
with the concentration of the compounds. These ultrastructural obser
vations are fully consistent with the fluorescence microscopy results and 
support a membrane-targeted mode of action. The combination of 
membrane permeability assessment (PI staining) and direct visualiza
tion of cell morphology (SEM) provides complementary evidence of cell 
envelope disruption.

In the case of C. albicans, optical microscopy was performed using 
methylene blue dye, which is reduced in living cells. Images shown in 
Fig. 7 confirm the presence of single stained cells in the control sample, 
whereas for 4 and 8, the number of stained (dead) cells exceeded that of 
unstained (viable) cells. Furthermore, higher concentrations of the 
compounds caused noticeable cell damage, indicated by cell deforma
tion and dye leakage, and also prevented pseudomycelium formation, as 
seen in dye-free images.

Collectively, these complementary assays consistently demonstrate 
that the antimicrobial activity of QASs 4 and 8 is primarily associated 
with disruption of microbial membrane integrity, leading to leakage of 
intracellular components, loss of cellular morphology, and ultimately 
cell death. The convergence of intracellular leakage measurements, 
propidium iodide fluorescence microscopy, and SEM observations pro
vides evidence at functional, cellular, and ultrastructural levels. 
Importantly, PI staining is based on the same principle of membrane 
permeability assessment that is commonly employed in live/dead 
viability assays and flow cytometric analyses. Therefore, the results 
obtained using these complementary approaches consistently support a 
membrane-targeted mode of action characteristic of amphiphilic 
cationic antimicrobial agents.

The antimicrobial data further support a predominantly chain- 
length-driven structure–activity relationship. Extension of the cationic 
alkyl substituent from hexyl to decyl and dodecyl resulted in a pro
nounced increase in antimicrobial potency, in some cases by several 
orders of magnitude, whereas exchanging the nicotinate anion for PABA 
generally produced a smaller, although still measurable, change in MIC 

Table 2 
Effect of selected compounds on the cellular constituents’ efflux of indicator microorganisms.

Microorganism Optical Density (A = 260)

Control 4 8

1000 μg/mL 1*MICa 1000 μg/mL 1*MICa

S. aureus 0.004 ± 0.001 0.949 ± 0.001 0.079 ± 0.001 >1000 0.098 ± 0.001
P. aeruginosa 0.104 ± 0.003 0.844 ± 0.001 0.274 ± 0.001 >1000 0.454 ± 0.001
C. albicans 0.303 ± 0.001 >1000 0.507 ± 0.002 >1000 0.425 ± 0.001

a For S. aureus MIC = 3.9 μg/mL, for P. aeruginosa MIC = 125 μg/mL; for C. albicans MIC = 62.5 μg/mL.
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and MBC values. This behavior is consistent with the amphiphilic 
character of QASs: the permanently charged ammonium group provides 
electrostatic attraction to the negatively charged microbial surface, 
while the hydrophobic alkyl chain promotes insertion into and disrup
tion of the lipid membrane. Consequently, increasing chain length en
hances membrane interactions and antimicrobial activity, but excessive 
hydrophobicity may simultaneously increase interactions with 
mammalian membranes, as observed for compounds 4 and 8 in the 
cytotoxicity assay.

3.5. Solubility of the studied salts (1–8) and reference systems ([NA] 
[NIC] and [NA][PABA]) in aqueous solutions of different pH

Solubility is a key factor in achieving the desired drug concentration 
in systemic circulation for an optimal pharmacological activity. Water is 
a versatile solvent and allows the initial classification of substances as 
well, poorly or very poorly soluble, which is important for formulation 
development. Poor water solubility is a major challenge in developing 
formulations for new chemical formulations. Overcoming this issue is 
crucial, as a drug must be in solution at the absorption site to be effec
tively absorbed. For orally administered drugs, the gastrointestinal tract 
represents a critical environment, where the drug initially encounters 

the acidic conditions of the stomach. The simulated gastric fluid (SGF), 
with a pH of 1.2, mimics the acidic environment of gastric juice [65]. 
The physiological pH of blood and most body fluids, including plasma, is 
equal to approx. 7.4, which is represented by the phosphate-buffered 
saline (PBS). The compounds analyzed in the course of this work were 
classified by individual solubility classes according to the standards of 
the United States Pharmacopoeia (USP) and the British Pharmacopoeia 
(BP) [31]. The results of solubility measurements in pure distilled water, 
considered a fundamental physicochemical property of drug candidates, 
are summarized in Fig. 8 and Table S8 in the Supporting Information. 
Additional solubility data in SGF and PBS media are presented in 
Tables S8-S9 in the Supporting Information.

All ionic compounds (1–8), regardless of the anion, exhibited the 
highest solubility in water and the lowest in SGF. Notably, the alkyl 
chain had low impact on solubility, with a clear effect observed only for 
the dodecyl chain, where the compound typically dropped one solubility 
category. In general, ionic salts with the p-aminobenzoate anion (5–8) 
showed better solubility across the tested media, even reaching the 'Very 
Soluble' category-the highest solubility class. Fascinatingly, compared to 
the parent acids (NIC and PABA), the solubility of the synthesized QAS 
increased about 10-fold for 1-3 and as much as 1000-fold for 5-7, 
showing significant improvement. However, such a more pronounced 

Fig. 5. Effects of 4 and 8 on the viability of S. aureus and P. aeruginosa.
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Fig. 6. Morphology and viability of S. aureus and P. aeruginosa treated with compounds 4 and 8. The red arrows indicate cells: intact cells with morphology typical of 
the microorganism in the control sample, and damaged cells in samples exposed to the tested compounds. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.)
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improvement was not seen for [NA][NIC] and [NA][PABA], which 
improved their class by only one category[66,67] Although non-ionic 
compounds lacked an alkyl chain, typically linked with increased 

hydrophobicity, they did not follow the expected solubility trends. 
Therefore, it is clear advantage of QASs that they allow to improve water 
solubility and bioavailability. Regardless of the solvent, [NA][NIC] 

Fig. 7. Morphology and viability of C. albicans treated with compounds 4 and 8 (upper row - photos with a dye, bottom row - photos without a dye). The red arrows 
indicate pseudomycelium in the control and deformed cells in the samples exposed to the tested compounds. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.)

Fig. 8. Solubility of N-alkylnicotinamide nicotinates (1-4), N-alkylnicotinamide p-aminobenzoates (5-8), [NA][NIC] and [NA][PABA] in distilled water.
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remained 'Soluble', while [NA][PABA] was consistently the least sol
uble, classified as 'Sparingly Soluble'. The results show that solubility 
cannot be predicted solely by ionic character or alkyl chain length. They 
underscore the need for a deeper understanding of the influencing fac
tors that affect it beyond pure hydrophobicity. These findings also so
lidify the concept of converting inert drug molecules into salts, which 
manifests in enhancement of APIs overall performance.

These observations indicate that solubility is influenced by a com
plex interplay of structural factors, where the ionic nature of the com
pounds plays a dominant role, while alkyl chain length has only a 
secondary effect, becoming significant mainly for the longest sub
stituents. Moreover, the type of anion further modulates solubility, 
particularly favoring p-aminobenzoate-based systems.

3.6. Stability of the studied salts (4 and 8) and reference systems ([NA] 
[NIC] and [NA][PABA]) in aqueous solutions of different pH

Many regulatory authorities, such as the FDA (ang. Food and Drug 
Administration) or the ICH (ang. International Council for Harmonisation), 
require stability testing of active substances before the release of a new 
drug on the market [68]. Once absorbed into the bloodstream, the drug 
must maintain its structural integrity and pharmacological activity to 
exert its therapeutic effect effectively. Unfortunately, some medicinal 
substances may undergo hydrolysis, oxidation or other chemical trans
formations under various conditions [69]. Their degradation products 
may be toxic, lead to side effects or reduce the effectiveness of the 
therapy. Through stability studies, potential risks can be identified and 
the drug formulation adjusted accordingly. In this context, the stability 
of APIs in aqueous solutions under different pH conditions is considered 
one of the key factors in the drug design and development process, as it 
affects both the efficacy and safety of the drug [70,71]. Subsequently, to 
assess the stabilities of the synthesized QASs, the behavior of and the 
most promising representatives containing dodecyl group in the cation 
(4 and 8), in different pH environments were evaluated and compared 
with non-ionic compositions, [NA][NIC] and [NA][PABA]. The re
sults are presented in Fig. 9.

Generally, the tested compounds were established to be most stable 
in SGF (pH = 1.2). The changes in their spectra were the slightest and at 
λmax = 261-266 nm the absorbance was altered by only approx. 5% after 
7 days. Interestingly, salts 4 and 8 were more stable compared to 
analogous non-ionic systems. This demonstrates that the proposed API- 
QAS strategy brings additional benefits from the point of view of the 
stability of a new drug, which should be adequately absorbed in the 
body to exhibit therapeutic activity.

A study conducted in water provided interesting results, suggesting a 
trend analogous to that observed in SGF. However, due to the similarity 
in pH values, only minor differences between tests in water and PBS 
were expected. Nonetheless, in water, the changes in collected UV 
spectra were more pronounced in comparison to SGF. In this solvent, 
salts 4 and 8 were less stable than mixtures, which manifested in notable 
increase in absorbance at λmax and in its vicinity. Notably different effect 
was observed for tests in PBS (pH = 7.4). It turned out that salts 4 and 8 
were multiple times less susceptible to decomposition in comparison to 
[NA][NIC] and [NA][PABA], exhibited in substantial changes in UV 
spectra. In contrast to QASs, their initial peaks were decreasing or 
increasing by even 75% compared to initial absorbance at λmax. These 
significant changes in characteristics of UV spectra suggests that plau
sibly majority of them was degraded after a week of storage. On the 
contrary, spectra of salts 4 and 8, changed only slightly after a week, 
allowing to conclude that this form is more stable in the utilized pH 
value. Generally, at pH values mimicking body fluids, the changes in 
absorbance at λmax for QASs remained within 40%, while for [NA] 
[NIC] and [NA][PABA], the differences reached 75% and 52%, 
respectively. This unambiguously indicates that organic salts are a more 
promising drug form compared to their non-ionic counterparts. It should 
be emphasized that the enhanced stability of QASs compared to non- 

ionic systems suggests that ionic interactions play a key role in stabi
lizing the molecular structure, while the presence of long alkyl chains 
may additionally influence resistance to degradation depending on the 
pH environment.

Literature data on the stability of DFC-Na at pH 5, 6, 7, and 8 at 45 ◦C 
demonstrates that this drug exhibits high stability in applied test con
ditions. The calculated half-times of decomposition ranged from 107 to 
178 days, whereas most stable solution was achieved for pH 5 [72]. 
Studies focused on the analysis of the hydrolysis rate of NA in the pH 
range of 0.4–11.3, revealing that its degradation rate depends linearly 
on its concentration. Notably, NA exhibits the greatest stability and the 
slowest decomposition in the pH range of 4.5–6. Within this range, its 
half-life at 89.4 ◦C was approximated to 1000 days [73]. Interestingly, 
other report has shown that N-hexyl and N-octyl alkyl esters of nicotinic 
acid remain stable in a pH 7.4 buffer at 37 ◦C, showing no signs of hy
drolysis even after five weeks [74]. However, perfluorinated hexyl 
nicotinic ester and perfluorinated octyl nicotinic ester rapidly degrade at 
60 ◦C, disintegrating within just 45 min [75]. Obviously, the QASs 
analyzed in the course of this study were less stable than pure NA or 
some of its analogues. However, considering the proposed oral route of 
administration, they should exhibit sufficient stability. Combined with 
their high therapeutic and multifunctional activity, which allows for the 
use of very low doses, these compounds emerge as highly promising new 
APIs.

3.7. Cytotoxicity to human intestinal cells

Cytotoxicity assessment is a crucial early step in the preclinical 
development of compounds intended for oral administration, as the 
intestinal epithelium represents an important biological barrier 
encountered after ingestion [76]. Local toxicity at the level of the small 
intestine can disrupt epithelial integrity, impair drug absorption, and 
limit its therapeutic use, regardless of systemic safety. This issue is 
particularly relevant for amphiphilic and cationic compounds, such as 
QASs, which are known to interact with biological membranes in a 
structure-dependent manner [77]. Cytotoxicity was primarily evaluated 
based on the viability of intestinal epithelial cells exposed to the 
analyzed compounds at concentrations ranging from 1 to 100 μg/mL, 
which are generally considered physiologically relevant and achievable 
in vivo. In this context, most of the compounds tested were well tolerated 
by human intestinal epithelial cells.

As was shown in Fig. 10, both non-alkylated salts, [NA][NIC] and 
[NA][PABA], as well as QAS derivatives with short alkyl chains (1, 2, 
5, and 6), did not cause a decrease in intestinal cell viability. The relative 
cell viability reminded above 93% across the entire tested concentration 
range, up to 100 μg/mL, indicating a lack of cytotoxic potential under 
conditions relevant to intestinal exposure. A slight reduction in cell 
viability was noted in cultures treated with compounds 3 and 7, with 
calculated IC10 values of 45.9 and 65.7 μg/mL, respectively. The IC50 
values for these compounds exceeded the investigated concentration 
window (see Table S10 in Supporting Information). In contrast, de
rivatives bearing the longest alkyl chains (4 and 8) within the physio
logically relevant range induced pronounced cytotoxic effects with IC50 
values of 20.1 and 15.0 μg/mL, respectively. These compounds elicited 
lethal effects (IC90) at concentrations below 35 μg/mL, suggesting strong 
interactions with the cell membrane. Overall, a clear structure–activity 
relationship was observed: increasing alkyl chain length led to pro
gressively enhanced cytotoxicity. This trend mirrors the antimicrobial 
activity profile and supports a membrane-mediated mechanism of ac
tion. Importantly, the nature of the counterion exerted only a minor 
influence on cytotoxicity; for corresponding homologues, PABA salts 
displayed slightly lower IC50 values than their nicotinate analogues, 
although this effect was marginal compared to that of alkyl chain 
elongation.

Noteworthy, the reference QAS, benzalkonium chloride (BAC), 
widely used in pharmaceutical formulations (listed in Table S1 in 
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Fig. 9. Stability in aqueous solutions of different pH for N-dodecylnicotinamide nicotinate (4), N-dodecylnicotinamide p-aminobenzoate (8), [NA][NIC] and 
[NA][PABA].
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Supporting Information), exhibited pronounced cytotoxicity toward 
HIEC-6 cells, with an IC50 value of 1.97 μg/mL. Comparable values have 
been reported for cetylpyridinium chloride (CPC), with IC50 ranging 
from 0.66 to 1.04 μg/mL in hepatocellular carcinoma cells and 
2.55–3.16 μg/mL in normal cells [78]. Importantly, even the most 
cytotoxic nicotinamide-based derivatives (4 and 8) were approximately 
one order of magnitude less toxic than BAC, whereas the short- and 
medium-chain analogues exhibited IC50 values several orders of 
magnitude higher, indicating substantially lower cytotoxicity. This 
comparison clearly demonstrates the markedly improved safety profile 
of the investigated salts relative to classical quaternary ammonium 
surfactants. While the increased cytotoxicity observed for compounds 4 
and 8 suggests that systemic (oral) administration may be limited for 
derivatives bearing a dodecyl alkyl chain, these compounds may still be 
considered promising candidates for topical antimicrobial applications, 
analogous to current BAC- or CPC-containing products.

Overall, cytotoxicity was found to be predominantly determined by 
alkyl chain length, with longer chains leading to increased membrane 
interaction and reduced cell viability, whereas the effect of the coun
terion remains relatively minor. This confirms that hydrophobicity- 
driven membrane disruption is the main factor governing cytotoxic ef
fects. Interestingly, although both antimicrobial activity and cytotox
icity increased with alkyl-chain length, the vitamin-derived ionic 
framework maintained a substantially lower cytotoxicity than the con
ventional QAS reference BAC, indicating that structural modification of 

the cationic head group can improve the activity–toxicity balance even 
when amphiphilic character is retained.

To further assess the relationship between cytotoxicity and antimi
crobial activity, the therapeutic index (TI) was calculated as the ratio of 
the cytotoxic IC50 value to the corresponding MIC value. The calculated 
TI values for compounds 1–8 and the reference compounds are pre
sented in Table S11 (Supporting Information). For the shortest-chain 
derivatives 1 and 5, bearing a hexyl chain, the TI values could not be 
precisely determined for most microorganisms because their antimi
crobial activity was observed above the highest concentration tested, 
resulting only in upper-limit TI values (e.g., <5.18 and < 6.42 for 
compounds 1 and 5, respectively). For the octyl derivatives 2 and 6, 
antimicrobial activity was observed within the tested concentration 
range, and the calculated TI values were generally in the range of 
approximately 0.7–3, depending on the microorganism. For example, 
compound 2 showed TI values of 1.48 against S. aureus and 2.97 against 
C. neoformans, whereas compound 6 reached values of 1.56 and 3.12 
against these microorganisms, respectively. A more pronounced 
microorganism-dependent variation was observed for salts comprising 
decyl group (3 and 7). In general, Gram-positive bacteria exhibited more 
favorable TI values than Gram-negative bacteria. Moreover, the nic
otinate derivative 3 generally showed higher TI values than its PABA 
analogue 7; for example, against S. aureus, the TI values were 2.47 and 
1.62 for 3 and 7, respectively. A similar trend was observed for 4 and 8, 
whereas nicotinate (4) generally exhibited more favorable TI values 

Fig. 10. Effect of N-alkylnicotinamide nicotinates (1-4) and p-aminobenzoates (5-8), [NA][NIC], [NA][PABA] on the viability of human normal small intestinal 
cells (HIEC-6) in comparison to commercial pharmaceutical (BAC).
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than the corresponding PABA salt (8). The derivatives with the longest 
(dodecyl) chain showed the largest number of TI values above 1, with 
values reaching 5.16 for compound 4 against S. aureus and B. subtilis, 
while compound 8 reached a TI of 3.84 against S. aureus and 
C. neoformans. Importantly, the TI analysis provides additional quanti
tative support for the proposed structure–activity relationship, as the 
longer-chain derivatives generally combined stronger antimicrobial 
activity with an increased cytotoxic burden, while the nature of the 
counterion produced a more moderate effect. Thus, the biological profile 
of these QASs is determined by a balance between alkyl-chain- 
dependent membrane activity and counterion-dependent modulation 
of molecular and physicochemical properties.

3.8. Ecotoxicity towards aquatic life

Designing drugs that are safe for both the treated organism and the 
environment is essential, as it supports sustainable development and 
ensures that medical progress does not harm ecological health. Species 
of Artemia franciscana, known as indicator of aquatic toxicity, can be 
used to assess the environmental impact of compounds, offering valu
able insights into potential risks to aquatic ecosystems. This approach 
not only enhances our understanding of biological activity but also en
sures that new drugs are environmentally safe [21]. Ecotoxicity data 
toward A. franciscana for the prepared compounds are listed in Fig. 11.

The determined EC50 values clearly express the benign nature of 
almost all analyzed salts. Among tested group, QAS 1 has the shortest 
(hexyl) chain within cation, and as such it is the less toxic and classified 
as ‘Relatively Harmless’. On the contrary, the greatest toxicity was noted 
for salt 4, comprising the longest dodecyl chain, being categorized as 
‘Slightly Toxic.’ This observation suggests that within the group with the 
nicotinate anion (1–4) there is an explicit relationship between the alkyl 
chain length and the increase of the toxic effect toward A. franciscana. 
However, all other compounds, were classified as ‘Practically Nontoxic’; 
hence, for homologous series containing PABA anion (5–8), an analo
gous tendency does not occur. Noteworthy, the collected results 
revealed the crucial benefit originating from the QASs concept in com
parison to non-ionic composition, wherein the incorporation of rela
tively long alkyl into nicotinamide leads to enhancement of potential 
therapeutic effects with simultaneous low influence on toxicity toward 
model aquatic crustacean. Toxicity studies on analogous ionic salts 

composed of N-alkylnicotinamide cations and salicylate anions revealed 
a similar trend: the salt with a long alkyl chain (dodecyl) was classified 
as ‘Slightly Toxic’. Interestingly, the salt with a shorter alkyl chain 
(hexyl) is within a lower toxicity category, being labeled as ‘Practically 
Nontoxic’, emphasizing the significant influence of the anion on the 
biological activity of the tested salts. Furthermore, the cocrystal of 
nicotinamide and salicylic acid, similarly to [NA][NIC] and [NA] 
[PABA], was also classified as ‘Practically Nontoxic’[21].

Intriguingly, ecotoxicity was influenced primarily by alkyl chain 
length in nicotinate-based salts, while this trend is less pronounced for p- 
aminobenzoate analogues, highlighting the role of the counterion in 
modulating environmental impact. Importantly, the incorporation of 
alkyl chains enhances biological activity without a proportional increase 
in ecotoxicity.

3.9. Bioavailability and toxicity of ionic therapeutic substances - 
opportunities and limitations

In addition to a drug's therapeutic efficacy, its ability to reach its 
target sites of action is crucial. To better predict the fate of drugs in the 
body and assess their actual absorption, in silico studies were conducted 
on the substances analyzed. The bioavailability score was 0.55 and 0.56 
for salts 1–8 and non-ionic substances ([NA][NIC] and [NA][PABA]), 
respectively. These values are considered optimal and indicate very 
good absorption, comparable to that of diclofenac sodium or the widely 
used sodium salt of ibuprofen [79]. The permeation of ionic drugs in the 
body after oral administration is a subject of broad consideration. It 
should be emphasized that the absorption of ionic substances in the 
intestine is primarily mediated by transport proteins, which enable their 
movement both along and against the concentration gradient. Although 
the process is not yet fully understood, it is known that anion transport is 
facilitated by OATP (Organic Anion Transporting Polypeptide) proteins, 
while cation transport is mediated by OCT (Organic Cation Transporter) 
proteins. Anions and zwitterions have dedicated transporters that 
facilitate their passage into the bloodstream, whereas cations may face 
difficulties due to the lack of an efficient transporter, limiting their 
bioavailability [80]. Although the mechanisms are becoming better 
understood, the transport of ionic compounds, especially cationic ones, 
still requires further research to fully understand their role and impact 
on drug bioavailability. In addition to oral administration itself, API-ILs 
have also been used to enhance the uptake of poorly water-soluble 
drugs. These ILs provided up to a 20-fold increase in drug absorption 
compared to analogous suspension formulations administered to rats, 
while remaining non-toxic and non-irritating [81].

The medical applicability of QASs represents a complex, multifac
torial challenge, driven by their broad-spectrum activity. Although they 
exhibit pronounced biological effect, particularly antibacterial, their 
efficacy is often accompanied by cytotoxicity and safety concerns, which 
may limit the application potential of the obtained experimental results. 
In particular, long-chain QASs derivatives are often characterized by 
significant cytotoxicity, which practically eliminates them from the 
group of potential drug candidates. It is therefore crucial to seek an 
optimal balance between antimicrobial efficacy and safety. Specifically, 
the described products with shorter alkyl chains exhibit excellent anti- 
inflammatory activity and reduced cytotoxicity risk, albeit at the 
expense of diminished antimicrobial effects. Intriguingly, elongation of 
the alkyl chain reduces the effective concentration of the anti- 
inflammatory effect and introduces additional antimicrobial activity. 
This tunable multifunctionality allows for the design of derivatives with 
the most desirable properties regarding, both biological activity and 
safety. The optimization of not only chemical structure but also key 
parameters such as compound concentration, exposure duration, and 
route of administration represents a promising strategy for the suc
cessful application of QASs that exhibit sufficient therapeutic efficacy 
while minimizing adverse effects. For this reason, the concept of API- 
QASs still continues to be a focus of intensive research in pharmacology.

Fig. 11. Ecotoxicity toward A. franciscana for N-alkylnicotinamide nicotinates 
(1-4), N-alkylnicotinamide p-aminobenzoates (5-8), [NA][NIC] and [NA] 
[PABA]. Class according to acute toxicity rating scale by Fish and Wild
life Service.
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New vitamin B derivatives have a high potential for diverse appli
cations. Their strong anti-inflammatory and bactericidal properties 
make them suitable not only for oral drug formulations but also for 
topical therapeutic preparations. Notable mention refers to benzalko
nium chloride (BAC), an ingredient found in many commercial anti
bacterial preparations used for treating ear, eye, or upper respiratory 
tract infections. Their typical concentrations used in pharmaceutical 
formulations range from 0.01% to 0.13%, therefore considering that the 
MIC values observed in our study were as low as 3.9 mg/L (0.00039%), 
the required effective concentration of analyzed compounds would fall 
well below the upper thresholds typically applied in drug products. This 
therefore proves that by controlling the concentration appropriately, we 
can obtain effective active substances that merge high activity with an 
acceptable safety profile. It further supports translational relevance of 
QASs, indicating that antimicrobial efficacy can be achieved at con
centrations far lower than those commonly employed in existing medi
cal formulations. Altogether, approach presented in this work 
emphasizes not only efficacy but also biocompatibility and formulation 
feasibility, supporting the potential of vitamin B derivatives for further 
development in medical applications. Additionally, their cytotoxic 
properties, including QASs with dodecyl substituent (4 and 8), are 
multiple times weaker compared to that of BAC. In effect, they plausibly 
will be much safer after administration, which makes them excellent 
replacement not only to BAC, but also many other surface active QASs.

Importantly, even in cases where the compounds comprising shorter 
alkyl chains (1, 2, 5 and 6) did not demonstrate pronounced antibac
terial activity, they exhibited another therapeutically valuable feature, 
which is anti-inflammatory activity. This property, often overlooked, is 
highly desirable in the treatment of infections. A key advantage of our 
compounds lies in the fact that their relatively lower antibacterial ac
tivity, initially perceived as a potential drawback, is in fact compensated 
by their significant anti-inflammatory potential. We have demonstrated 
that the obtained compounds have high anti-inflammatory activity 
comparable or even superior to the commonly used anti-inflammatory 
drug - diclofenac. Additionally, a dual-functionality, exhibited particu
larly by QASs with longer alkyls (3, 4, 7 and 8), broadens their appli
cability and positions them as promising candidates not only for 
antimicrobial therapies but also for applications in inflammatory or 
wound-healing contexts, where modulation of the immune response is 
equally critical.

Among the various factors used to assess the toxicity and therapeutic 
limitations of ionic compounds, hemolytic activity is of particular 
importance, especially for cationic amphiphilic agents such as QASs, due 
to their potential ability to disrupt erythrocyte membranes. This effect is 
strongly structure-dependent and generally correlates with increasing 
alkyl chain length and hydrophobicity, which simultaneously enhance 
antimicrobial activity. Experimental studies on QAS-based systems have 
shown that compounds with log KOW higher than 2 exhibit increased 
hemolytic activity. This is likely due to their stronger membrane- 
disruptive effects, while more hydrophilic analogues remain largely 
hemocompatible [82]. Interestingly, QASs investigated in this study 
display low lipophilicity (log KOW from − 1.73 to 0.35), suggesting a 
limited intrinsic hemolytic potential. For comparison, widely used QASs 
such as benzalkonium chloride (BAC) exhibit substantially higher lip
ophilicity (log KOW ≈ 2.2–3.9) and are known to induce hemolysis at 
very low concentrations (complete hemolysis observed at 
~0.002–0.003%). Despite this, BAC remains broadly used in pharma
ceutical formulations, demonstrating that hemolytic activity is strongly 
dose-dependent and can be effectively mitigated through appropriate 
formulation strategies [83]. Moreover, the synthesized derives of 
vitamin B exhibit significantly lower hydrophobicity and reduced 
surface-active properties compared to BAC, which may further 
contribute to their improved safety profile [84]. Similarly, QAS-based 
copolymeric systems have been reported to exhibit relatively low he
molysis (<10–25% at 50 μg/mL), with HC50 values exceeding 50 μg/mL, 
indicating that appropriate tuning of alkyl chain length allows for 

achieving a balance between antimicrobial efficacy and hemocompati
bility [85]. Among fluorinated ILs hemolysis was generally observed 
only at concentrations close to or exceeding the CMC, supporting the 
feasibility of these systems for drug delivery applications within 
controlled concentration ranges. Noteworthy, 1-methyl-3-octylimidazo
lium perfluoromethanesulfonate uniquely combined antibacterial ac
tivity with minimal hemolysis (≤3.15% at active concentrations), 
clearly distinguishing it from the other compounds [86]. Other API-ILs, 
based on the ibuprofenate anion and cholinium or imidazolium cations, 
remained hemocompatible even at concentrations exceeding the 
maximum plasma concentration of ibuprofen [87]. Therefore, although 
the physicochemical profile of the investigated compounds suggests a 
low hemolytic risk, comprehensive evaluation under physiologically 
relevant conditions remains an important direction for future studies.

4. Conclusions

Novel QASs with forms of vitamin B in both the cation and anion 
were synthesized, characterized and investigated as novel APIs. These 
QASs were designed to be multifunctional (anti-inflammatory and 
antimicrobial) drugs. Mixtures and cocrystals of the starting materials 
were investigated as well for comparison purposes. Most of the QASs 
showed better potential anti-inflammatory activity, with up to 54% in
hibition of egg albumin denaturation (6), outperforming diclofenac so
dium at its maximum plasma concentration. In silico molecular docking 
studies consistently demonstrated that elongation of the alkyl chain in 
QASs cations enhances COX-2 binding affinity, with the longest chains 
exhibiting stronger and more complete engagement than diclofenac, 
highlighting their potential as novel anti-inflammatory agents. The 
antimicrobial activity of ionic salts was significantly enhanced, up to 
250-fold compared to their non-ionic analogues, particularly for de
rivatives with decyl (3, 7) and dodecyl (4, 8) alkyl chains. Compounds 
with longest alkyls (4, 8) also showed exceptional antibiofilm activity, 
achieving 100% inhibition of S. aureus and P. aeruginosa strains. Bio
logical action of 4 and 8 has been primarily associated with disruption of 
microbial membrane integrity leading to leakage of intracellular com
ponents. Solubility and stability studies confirmed the favorable phar
maceutical properties of the ionic forms over the entire pH range. The 
measured log KOW values ranged from approximately − 1.73 to 0.35, 
with the salt with nicotinate anion (1–4) showing higher lipophilicity 
than their counterparts with the anion derived from p-aminobenzoic 
acid (5–8). This set if results along with the calculated bioavailability 
(0.55–0.56) suggests promising oral absorption, comparable to con
ventional drugs. Cytotoxicity analysis using human normal small in
testinal cells (HIEC-6) revealed that salts with hexyl and octyl chains (1, 
2, 5 and 6) up to 100 μg/mL did not affect cell viability, similarly to their 
non-alkylated analogues, indicating non-cytotoxic potential within 
physiologically relevant concentrations. In contrast, dodecyl derivatives 
(4 and 8) reduced cell viability in the physiologically achievable range, 
indicating enhanced membrane interactions typical of amphiphilic 
QASs. Nevertheless, these compounds remained markedly less cytotoxic 
than benzalkonium chloride, highlighting their promise as alternative 
antimicrobial agents. While systemic use of long-chain analogues may 
be limited, they appear particularly suitable for topical applications. 
Ecotoxicity tests using model organisms (Artemia franciscana) showed 
that almost all tested salts are potentially benign for the aquatic 
ecosystems.

The promising data obtained in the present study justify further 
extensive investigations, including both in vitro and in vivo studies, to 
confirm the observed antimicrobial and anti-inflammatory activities and 
to evaluate the pharmacokinetic properties, bioavailability, and sys
temic safety of the tested compounds in a physiological context.
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