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Abstract: New hexadecylpiperidinium surfactants, containing one or two butylcarbamate fragments,
were synthesized. The antimicrobial activity, toxicity, aggregation behavior in aqueous solutions,
and solubilization capacity of these surfactants towards the hydrophobic drug ibuprofen were
characterized. These surfactants demonstrated a high antimicrobial activity against a wide range
of pathogenic bacteria, including both Gram-positive and Gram-negative strains, as well as fungi.
By forming mixed-micellar compositions of the cationic surfactant 1-CB(Bu)-P-16 and the nonionic
surfactant Brij®35, highly functional and low-toxic formulations were obtained. Furthermore, the
transition from mixed micelles to niosomes was accomplished, enhancing their potential as drug
delivery systems. Niosomes were found to be less toxic compared to mixed micelles, while also
increasing the solubility of ibuprofen in water. The modification of niosomes with cationic surfactants
made it possible to increase the stability of the system and improve the solubility of the drug. The
data obtained indicate that these new carbamate-containing hexadecylpiperidinium surfactants have
significant potential in biomedical applications, particularly in the formulation of advanced drug
delivery systems.

Keywords: cationic surfactant; antimicrobial activity; aggregation behavior; solubilization; mixed
micelles; niosomes

1. Introduction

The use of cationic surfactants in biomedicine has become more common in recent years.
First of all, these compounds exhibit strong antimicrobial activity, which makes it possible
to include them in compositions with a bactericidal effect. Unlike traditional antibiotics,
which are based on the “lock–key” mechanism, cationic surfactants exhibit biological activity,
mainly due to integration into bacterial membranes through electrostatic and hydrophobic
interactions. This entails a violation of their permeability, the disordering of membranes,
and, in some cases, leads to their destruction [1–5]. Importantly, cationic amphiphiles form
complexes with a variety of biomolecules, changing their properties and facilitating their
delivery to the specific targets. For example, these compounds are able to form a complex
with DNA, acting as a non-viral vector for genetic engineering [6–9]. Cationic surfactants
are highly effective as modifying additives in liposomal systems, since imparting a positive
charge increases their stability, in some cases increases the efficiency of drug encapsulation,
and provides a better affinity for biological membranes, thereby increasing the cellular uptake
and therapeutic effect of the proposed formulations [10–12]. The nature and charge of the head
group of a cationic surfactant molecule, as well as the length of the hydrophobic tail, are two
of the most significant structural features that can contribute to practical applications [6,13].
Although cationic surfactants can be effective, it is important to note that they can also have
toxic effects, especially when used in high concentrations or for prolonged contact with cells.
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One approach to reducing the toxicity of these compounds is to functionalize them with
various biodegradable or natural fragments [14,15]. For example, replacing the alkyl groups
in the molecule of a cationic surfactant with a sugar or amino acid moiety can significantly
reduce its toxicity without losing its antimicrobial activity [16,17].

Despite the advances in cationic surfactants, there remains a critical need for the
development of new surfactants that balance low toxicity with a high efficacy. In addition,
efforts are being undertaken to explore new ways to reduce the toxicity of cationic surfac-
tants by developing mixed formulations with nonionic amphiphilic compounds [18,19].
Such compositions can combine the advantages of both cationic and nonionic surfactants,
providing a balance between efficacy and safety. Nonionic surfactants typically have a
low toxicity and a good biocompatibility, which makes them attractive components for
use in mixed systems [18,20]. The interaction between cationic and nonionic surfactants
can result in the formation of stable micelles or vesicles that exhibit high solubilization
properties and stability [21,22]. These features make them appealing for use in biomedical
and pharmaceutical applications. In recent years, there has been increasing interest in
the development of niosomes, which are nanoscale systems that have the potential to be
used as efficient carriers for delivering therapeutic agents [23–25]. Niosomes, which are
composed of nonionic surfactants and cholesterol, exhibit a high biocompatibility and
stability, as well as the ability to encapsulate both hydrophobic and hydrophilic therapeu-
tic agents. The combination of cationic surfactants with niosomes creates systems with
improved properties, as follows: an increased stability, targeted delivery, and a reduced
toxicity [23,26–28].

In this study, derivatives of hexadecylpiperidinium bromide, functionalized with hy-
droxyl groups at different positions on the molecule, were used as a basis for designing and
synthesizing new carbamate-containing surfactants. Previously, we synthesized and inves-
tigated acyclic carbamate-containing surfactants, which demonstrated lower critical micelle
concentrations (CMCs), a reduced toxicity, the ability to penetrate cell membranes, and sig-
nificant antimicrobial activity compared to their trimethylammonium analogs [29,30]. These
properties suggest promising potential for the use of this class of surfactants in various
biomedical applications. Notably, hexadecyl derivatives outperformed their lower homo-
logues in terms of efficacy. Additionally, the transition to surfactants with cyclic head
groups provides an opportunity to vary both the position and number of carbamate sub-
stituents, thus influencing the properties of the resulting compounds. As a result, cationic
surfactants of the CB(Bu)-P-16 series, which contain one or two butylcarbamate fragments,
were first synthesized (Figure 1). The work aimed to systematically investigate these
compounds, making it possible to characterize their antimicrobial activity, toxicity, and
aggregation behavior in aqueous solutions, as well as their solubilization effect towards
the hydrophobic non-steroidal anti-inflammatory drug ibuprofen (IBF).
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Figure 2. Synthesis scheme of piperidinium surfactants containing a butylcarbamate fragment. 

Figure 1. Structural formulas of hexadecylpiperidinium surfactants containing butylcarbamate fragments.

To obtain compositions with a reduced toxicity and high functional properties, it
was planned to form mixed micellar systems based on these cationic surfactants and
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the nonionic amphiphile Brij®35, as well as to develop niosomes that could serve as
drug carriers.

2. Materials and Methods
2.1. Materials

Commercially available nonionic surfactant Brij®35 (Sigma Aldrich, Madrid, Spain), N-
methyl-3-hydroxypiperidine (Sigma Aldrich, Darmstadt, Germany, 98%), 1-(2-hydroxyethyl)
piperidine (Sigma Aldrich, Darmstadt, Germany, 99%), 4-hydroxy-1-piperidineethanol (Chem-
Cruz, Dallas, TX, USA, 98%), 1-bromohexadecane (Sigma Aldrich, Chengdu, China, 97%), butyl
isocyanate (Sigma Aldrich, Chengdu, China, 98%), 1,4-diazabicyclo [2.2.2]octane (DABCO)
(Acros Organic, Newark, NJ, USA, 97%), cholesterol (Sigma Aldrich, St. Louis, MO, USA,
≥99%), and ibuprofen (Sigma Aldrich, Chengdu, China, ≥98%) were used without preliminary
purification. All other reagents and solvents, acetonitrile (EKOS-1, analytical grade, Moscow,
Russia), ethyl acetate (Component-reaktiv, reagent grade, Moscow, Russia), and diethyl ether
(Kuzbassorghim, analytical grade, Kemerovo, Russia), were purified prior to use according
to [31].

General Procedure for Synthesis of Carbamate-Containing Hexadecylpiperidinium Surfactants

The starting hydroxyl-containing hexadecylpiperidinium bromides were synthesized
by reacting the corresponding piperidine with bromohexadecane in acetonitrile, then re-
crystallizing from acetone or ethyl acetate, as described in [32]. At the next stage, butyl
isocyanate (2 eq. per 1 hydroxyl group) was added to a solution of hydroxyl-containing hex-
adecylpiperidinium bromide (1 eq.), DABCO (0.1 eq.), and 30 mL od dry acetonitrile. The
reaction mixture was stirred for 16 h and heated under reflux conditions. The solvent was
removed under vacuum (20 mm Hg) after reaction, and the solid residue was recrystallized
from ethyl acetate. The precipitate was filtered, washed with diethyl ether, and dried in a
water bath (40 ◦C) under vacuum (15 mm Hg). The final products were obtained as white
powders with good yields (79–90%). The structure of the compounds was confirmed using
IR and NMR spectroscopy, ESI mass spectrometry, and elemental analysis data. The data
obtained are presented in the Supplementary Materials (Figures S1–S9).

As an example, Figure 2 shows a scheme of the synthesis of the cationic surfactant
1,4-CB(Bu)-P-16.
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2.2. Methods
2.2.1. In Vitro Biological Studies

The antimicrobial activity was determined using the serial dilution method in Mueller–
Hinton broth for bacterial cultures and Sabouraud broth for fungal pathogens. The bacte-
rial cultures included Staphylococcus aureus ATCC 6538 P FDA 209P, Bacillus cereus ATCC
10702 NCTC 8035, Enterococcus faecalis ATCC 29212, Escherichia coli ATCC 25922, and Pseu-
domonas aeruginosa ATCC 9027, as well as methicillin-resistant strains of Staphylococcus
aureus (MRSA). The fungal cultures included Candida albicans ATCC 10231. The bacterial
and fungal concentrations in the experiment were 3.0 × 105 and 2.0 × 103 CFU·mL−1,
respectively. The bacterial and fungal cultures were incubated at 37 ◦C and 25 ◦C, respec-
tively. The results were recorded every 24 h for five days. This experiment was repeated
three times.

The hemolytic activity of the cationic surfactants was evaluated according to the
method [33]. Briefly, heparinized red blood cells (10% suspension) were washed three times
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with saline (0.9% NaCl), centrifuged for 10 min at 800 rpm, and resuspended to a final
concentration of 10%. Surfactant samples were prepared in saline and added to 0.5 mL of
the erythrocyte suspension. After 1 h of incubation at 37 ◦C and centrifugation (10 min at
2000 rpm), hemoglobin release was measured by determining the optical density of the
supernatant using a microplate reader (InVitroLogic, Novosibirsk, Russia) at λmax = 540 nm.
Control samples for 0% and 100% hemolysis were prepared using saline and distilled
water, respectively.

Aqueous solutions of cationic surfactants were tested for cytotoxicity on human nor-
mal (Chang liver) cells. The Chang liver cell line was procured from the D.I. Ivanovskiy
Institute of Virology (N.F. Gamaleya National Research Center of Epidemiology and Micro-
biology of the Ministry of Health, Moscow, Russia). The cells were cultured in standard
Eagle’s nutrient medium (PanEco, Moscow, Russia) supplemented with 10% fetal bovine
serum and 1% essential amino acid solution (PanEco, Moscow, Russia) at 37 ◦C in an
atmosphere containing 5% CO2. The cytotoxicity of the tested surfactants against condi-
tionally normal human cells was assessed using the MTT assay. The cells were seeded onto
a 96-well Nunc plate with 100µL of standard Eagle’s medium at a density of 5000 cells
per well. After 24 h of incubation, the culture medium in the wells was replaced with
a medium containing a solution of the tested compounds. Control wells without test
samples were used as a reference. After another 24 h, the cells were stained with an MTT
solution (1 mg·mL−1). The resulting insoluble formazan crystals were then dissolved
in DMSO. The optical density of the medium was measured at λmax = 540 nm using an
InVitroLogic microplate reader (LLC “Medico-Biological Union”, Novosibirsk, Russia).
The half-maximal inhibition concentration (IC50) was calculated using the MLA—“Quest
Graph™ IC50 Calculator” (AAT Bioquest, Inc., Pleasanton, CA, USA).

2.2.2. Physicochemical Studies of Cationic Surfactants

The aggregation properties of the surfactants were investigated under conditions of
maintaining the solutions at 25 ◦C. The surface tension of the solutions was studied using
the anchor-ring method with a KRUSS 6 tensiometer. The specific electrical conductivity
was determined using an Inolab Cond 720 conductometer. The CMC was determined from
the inflection point on graphs of surface tension and specific conductivity vs. surfactant
concentration (Figure 3A,B).

The surface potential of micelles was determined by using p-nitrophenol and studying
the influence of surfactant solutions on the pKa of this compound at 25 ◦C. This was
performed using a procedure similar to that described in [29]. The absorption spectra
of p-nitrophenol were recorded using a Specord 250 spectrophotometer (Analytik Jena,
Jena, Germany) in quartz cuvettes with a thickness of 1 cm at various pH values. The
measurements were taken in the range from 250 to 600 nm. The concentration of p-
nitrophenolate ions at a given pH was determined from the relationship Cphenolate = ε/DL.
The molar absorption coefficient (ε) of the phenolate form of p-nitrophenol at its absorption
maximum at 400 nm was 18,000 L·mol−1·cm−1. The pKa value of p-nitrophenol was
calculated using the Henderson–Hasselbalch Equation (1) as follows:

pKa,obs = pH + log
[phenol]

[phenolate]
(1)

The average values of the observed pKa,obs were obtained from three to five indepen-
dent experiments conducted at different pH values.

The solubilization effect of the micellar solutions on ibuprofen (IBF) was evaluated
using a spectrophotometric method [34]. The maximum absorption of this compound at
264 nm was used as the analytical signal. The solutions were prepared using a 0.1 M acetate
buffer with a pH of 4.5.
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2.2.3. Preparation of Niosomes

The formation of niosomes was performed using the thin-film hydration method,
followed by sonication, as described in [28]. The hydrated film was prepared using a
0.05 M phosphate buffer solution (PBS) at pH 6.86. Unmodified niosomes were produced
at various molar ratios of Brij®35 and cholesterol (Chol). In the case of positively charged
niosomes, 0.5 molar equivalents of cationic surfactant were added to the initial formulation.
IBF was encapsulated into niosomes during the formation of a thin film. After that, the IBF-
encapsulated niosomes were separated from the unencapsulated drug by centrifugation at
a speed of 13,000 rpm for 15 min. The samples were stored at 4 ◦C.

The encapsulation efficiency (EE) was calculated using Equation (2) as follows:

EE(%) =
total amount of the IBF − amount ot the free IBF

total amount of the IBF
× 100 (2)

2.2.4. Investigation of the Physicochemical Characteristics of Niosomes

The sizes and zeta potentials of the obtained niosomes were determined using a photon
correlation spectrometer for dynamic and electrophoretic light scattering, specifically,
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the Malvern ZetaSizer Nano (Malvern Instruments, Malvern, UK). The angle of light
scattering was set at 173◦.

The release of IBF from the niosomes was carried out using the dialysis method. To
achieve this, 5 mL of IBF-encapsulated niosomes was placed in a dialysis bag with a pore
size of 3.5 kDa. A receiving medium of 0.025 M phosphate buffer solution (PBS) at a pH of
7.4 and a volume of 50 mL was used.

The process was conducted with constant stirring at 37 ◦C. Aliquots were sampled at
intervals, and the concentration of IBF was measured using a spectrophotometric method.
The plateau in the dependency curve, which reflects the change in the drug concentration
over time, corresponds to the completion of the drug release process from the niosomes.

3. Results and Discussions
3.1. The Antimicrobial Activity of Carbamate-Containing Piperidinium Surfactants

The antimicrobial activity of synthesized carbamate-containing piperidinium surfac-
tants was tested against various pathogenic bacteria and fungi. The bacteria included
Gram-positive strains (Staphylococcus aureus (Sa), Bacillus cereus (Bc), and Enterococcus fae-
calis (Ef )) and Gram-negative strains (Escherichia coli (Ec) and Pseudomonas aeruginosa (Pa)).
In addition, resistant forms of Sa were tested, specifically MRSA-1 and MRSA-2. These
strains have developed resistance to commonly used antibiotics, making them difficult to
treat and posing a significant threat to public health [35,36]. MRSA-1 has developed a high
resistance to fluoroquinolone and β-lactam antibiotics, while MRSA-2 is only resistant
to β-lactams. The data on the antimicrobial activity of the synthesized surfactants are
presented in Table 1.

Table 1. Antimicrobial activity of butylcarbamate-containing piperidinium surfactants and the mixed
system 1-CB(Bu)-P-16/Brij®35 at equimolar ratio.

Compounds Minimum Inhibitory Concentration (MIC), µg·mL−1

Sa Bc Ef MRSA-1 MRSA-2 Ec Pa Ca

3-CB(Bu)-P-16 0.5 ± 0.04 0.9 ± 0.07 1.9 ± 0.1 0.5 ± 0.04 0.5 ± 0.04 1.9 ± 0.12 125.0 ± 10 3.9 ± 0.2
1-CB(Bu)-P-16 0.9 ± 0.08 0.9 ± 0.07 0.9 ± 0.08 0.5 ± 0.04 0.5 ± 0.04 15.6 ± 1.2 62.5 ± 5.4 3.9 ± 0.1

1,4-CB(Bu)-P-16 1.9 ± 0.1 7.8 ± 0.6 0.9 ± 0.07 1.9 ± 0.1 1.9 ± 0.1 250 ± 19 – 62.5 ± 5.4
CB(Bu)-P-16 [30] 1.9 ± 0.2 1.9 ± 0.1 – – – 62.5 ± 5.8 – 3.9 ± 0.2

PM-16 [32] 1.9 ± 0.1 3.9 ± 0.3 – – – 31.3 ± 2.5 – 7.8 ± 0.6
1-CB(Bu)-P-
16/Brij®35 1.8 ± 0.16 1.8 ± 0.16 1.8 ± 0.16 0.9 ± 0.09 0.9 ± 0.09 31.3 ± 2.9 125.0 ± 10 7.8 ± 0. 6

Ciprofloxacin 0.5 ± 0.03 0.9 ± 0.06 3.9 ± 0.2 125.0 ± 11 0.9 ± 0.07 0.5 ± 0.04 0.9 ± 0.07 –
Amoxicillin 0.3 ± 0.02 – – 31.3 ± 2.6 31.3 ± 2.5 – – –

Ketoconazole – – – – – – – 3.9 ± 0.2

Minimum bactericidal and fungicidal concentration (MBC), (MFC), µg·mL−1

3-CB(Bu)-P-16 1.9 ± 0.1 62.5 ± 5.7 31.3 ± 2.6 3.9 ± 0.2 0.5 ± 0.04 125 ± 10 – 7.8 ± 0.6
1-CB(Bu)-P-16 7.8 ± 0.5 31.3 ± 2.6 1.9 ± 0.1 0.5 ± 0.04 0.9 ± 0.07 15.6 ± 1.3 62.5 ± 5.5 31.3 ± 2.5

1,4-CB(Bu)-P-16 7.8 ± 0.7 125 ± 12 1.9 ± 0.1 31.3 ± 2.6 15.6 ± 1.3 – – 62.5 ± 5.4
CB(Bu)-P-16 [30] 3.9 ± 0.3 62.5 ± 5.7 – – – 250 ± 22 – 3.9 ± 0.1

PM-16 [32] 7.8 ± 0.6 7.8 ± 0.7 – – – 31.3 ± 2.5 – 7.8 ± 0.6
1-CB(Bu)-P-
16/Brij®35 15.6 ± 1.4 62.5 ± 5.6 3.9 ± 0.1 0.9 ± 0.08 1.9 ± 0.1 31.3 ± 2.4 – 62.5 ± 5.6

Ciprofloxacin 0.5 ± 0.04 0.9 ± 0.06 3.9 ± 0.3 250 ± 19 0.9 ± 0.07 0.5 ± 0.04 15.6 ± 1.3 –
Amoxicillin 0.9 ± 0.06 – – 31.3 ± 2.5 31.3 ± 2.7 – – –

Ketoconazole – – – - - – – 3.9 ± 0.2

Based on these data, it can be concluded that the piperidinium surfactants with
the butylcarbamate fragment exhibit significant antimicrobial activity. They not only
demonstrate inhibitory activity, characterized by the value of their minimum inhibitory
concentration (MIC), but also possess pronounced bactericidal and fungicidal properties, as
evidenced by the values of their minimum bactericidal concentration (MBC) and minimum
fungicidal concentration (MFC). The tested compounds show a particularly high activity
against Gram-positive bacteria. In this case, their bacteriostatic effect is comparable to
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that of commonly used antibiotics, such as ciprofloxacin. The compounds 1-CB(Bu)-P-
16 and 3-CB(But)-P16 show little difference in their antimicrobial activity. However, the
introduction of a second butylcarbamate group results in a decrease in activity (see Table 1).
It should be noted that the synthesized carbamate-containing piperidinium surfactants are
slightly more effective than their analogues that do not contain a cyclic group, namely N-(2-
((butylcarbamoyl)oxy)ethyl)-N,N-dimethylhexadecylammonium bromide (CB(Bu)-16) [30].
It was found out that the tested surfactants showed a high activity against resistant strains
of Sa, MRSA-1 and MRSA-2. The activity of these surfactants exceeded that of the reference
drugs, as shown in Table 1. To eliminate the influence of the different molecular weights of
the compounds and ensure an accurate comparison of their antimicrobial activity, the data
were converted and are expressed in units of µmol·dm−3 (see Table S1). It should be noted
that the MIC and MBC values remained comparable.

The investigated compounds exhibit antimicrobial activity not only against bacte-
ria, but also against fungi. An analysis of their effect on Candida albicans (Ca) strains
showed that their fungistatic activity was comparable to that of the commercial antifungal
drug ketoconazole.

Thus, the synthesized carbamate-containing piperidinium surfactants demonstrate
a high activity against a wide variety of pathogenic strains. However, recommendation
for the use of biocides in therapy requires testing their safety in mammals. Therefore, the
cytotoxic effect of the synthesized surfactants on blood erythrocytes and the Chang liver
(human hepatocyte cell line) was investigated. The data obtained are presented in the
form of HC50 and IC50 values, which indicate the concentration of the compound that
caused a 50% hemolysis of red blood cells or 50% cell death, respectively. They are also
presented as a selectivity index (SI), which is the ratio between the concentration leading to
a 50% lysis of human erythrocytes and the minimum concentration that inhibits bacterial
growth [37,38]. These values are shown in Table 2.

Table 2. Evaluation of the cytotoxicity of carbamate-containing piperidinium surfactants and the
mixed system 1-CB(Bu)-P-16/Brij®35 at equimolar ratio on human red blood and Chang liver cells.

Systems HC50, µg·mL−1 SI (HC50/MIC) IC50, µg·mL−1 SI (IC50/MIC)

3-CB(Bu)-P-16 49.0 ± 3.7 98.0 15.6 ± 1.3 31.2
1-CB(Bu)-P-16 25.4 ± 1.9 28.2 27.5 ± 2.1 31.0

1,4-CB(Bu)-P-16 26.3 ± 2.1 13.8 39.4 ± 3.3 21.0
PM-16 [32] 30.0 ± 2.8 15.1 – –

1-CB(Bu)-P-16/Brij®35 53.0 ± 3.9 29.5 57.0 ± 4.2 31.6

The selectivity index values obtained for the test strain of Sa indicate the low toxicity of
the surfactants studied towards healthy human cells. This finding is important in the devel-
opment of antimicrobial agents that could be safely used in mammals. It should be noted
that the hemolytic activity of the carbamate-containing piperidinium surfactants and their
methylpiperidinium analog PM-16 are similar, but their selectivity is significantly higher
than that of the reference compound, as shown by the SI values in Table 2.

3.2. Aggregation Behavior of Carbamate-Containing Piperidinium Surfactants

Aqueous solutions of the synthesized surfactants were analyzed using tensiometry
and conductometry. Figure 3A,B show the surface tension isotherms and concentration
dependences of specific electrical conductivity for the compounds 1-CB(Bu)-P-16 and
3-CB(Bu)-P-16, respectively. The values of the CMC determined on the basis of these
data are given in Table 3. It should be noted that there is a good agreement between the
values obtained using the two methods, indicating their high reliability. Due to the low
water solubility of 1,4-CB(Bu)-P-16, it was not possible to conduct a reliable study on its
aggregation behavior.
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Table 3. Aggregation characteristics of carbamate-containing piperidinium surfactants and the
maximum solubility of IBF a.

Surfactant
CMC, mM

β pKa ψ, mV CIBF, g·L−1

Tens. Conduct.

3-CB(Bu)-P-16 0.70 0.80 0.66 5.7 111 0.32 b

1-CB(Bu)-P-16 0.30 0.35 0.58 6.0 96 0.29 b

PM-16 [32] 1.0 1.20 0.70 5.5 126 –
1-CB(Bu)-P-
16/Brij®35 0.10 – – 6.8 47 0.25 b0.67 c

Brij®35 [34] 0.09 – – 7.6 – 0.13 b

a The solubility of IBF in water at pH 4.5 is 0.097 g·L−1 [34]; b the solubility limit of IBF at Csurf, total = 1 mM; and c

the solubility limit of IBF at Ctotal = 2 mM.

Based on conductometric measurements, the degree of counterion binding was eval-
uated by comparing the slopes of the curves before and after the CMC. For carbamate-
containing piperidinium surfactants, this value was found to be lower than the β of their
non-functionalized analogue PM-16, as shown in Table 3. This suggests a decrease in the
compensation of the surface charge of micelles by bromide ions, which was supported by
the values of the surface potential (ψ) of the micelles, as shown in Table 3. These values
were determined using spectrophotometry with p-nitrophenol as a spectral probe, similar
to that described in [34,39]. This method is based on the change in the pKa value of the
spectral probe in the presence of surfactants. This change is associated with the different
bindings of the neutral and anionic forms of p-nitrophenol by micelles. The magnitude of
the shift depends on the surface potential of micelles and is determined by Equation (3),
as follows:

pKa,m = pKa,0 − Fψ/2.303RT, (3)

where pKa,0 is the non-electrostatic component, determined as the pKa in micellar solutions
based on nonionic surfactants (pKa of p-nitrophenol in Brij®35 is 7.6); F = 96,486 C·mol−1

is the Faraday constant; and R = 8.314 J·K−1·mol−1 is the molar gas constant. The results
obtained are presented in Table 3. The value of ψ for compounds of the CB(Bu)-P-16 series
is lower than that of PM-16.

At concentrations of the surfactants studied above the CMC, their ability to increase
the solubility of the hydrophobic drug IBF was tested using a spectrophotometric method.
IBF is a non-steroidal anti-inflammatory drug with strong analgesic and antipyretic effects,
commonly administered orally [40]. However, the poor water solubility of IBF limits its
absorption and bioavailability, often requiring higher doses and increasing the risk of side
effects such as gastritis, ulcers, and gastrointestinal bleeding [41–43]. Several strategies have
been suggested to improve the solubility and bioavailability of IBF by using nanocarriers.
For example, the use of the nonionic surfactant Tween 80 and a polymeric stabilizer has
been shown to increase the oral bioavailability of IBF by two times compared to commercial
formulations [41]. The encapsulation of IBF into mixed micelles not only enhances its
absorption through cell membranes, but also reduces its toxicity to cells [44]. An effective
strategy to improve the oral bioavailability of a drug is encapsulating it in solid lipid
nanoparticles. This approach has been shown to increase bioavailability ninefold, as well
as providing slow release and prolonged therapeutic effects [45].

The absorption of IBF in the ultraviolet region, with a maximum at 264 nm (the molar
absorption coefficient at pH 4.5 is 282 L·mol−1·cm−1 [34]), allows us to determine its
solubility in solutions of carbamate-containing piperidinium surfactants (Table 3).

Based on the data presented in Table 3, it can be concluded that the addition of
1 mM surfactant increased the solubility of IBF in water by 3–3.5 times. However, further
increasing the surfactant concentration in the solution did not enhance the solubility of
IBF. Instead, precipitation began to form in the system when the surfactant concentration
exceeded approximately three times the CMC. It is possible that the anionic form of IBF
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forms a complex with a cationic surfactant through electrostatic interactions, which can
lead to a reduced solubility in water.

3.3. Mixed Systems Based on Carbamate-Containing Piperidinium Surfactants and Nonionic
Surfactant Brij®35

One approach to creating drug delivery systems is to form mixed compositions that
contain cationic and nonionic surfactants in specific ratios. This approach allows for an
increase in system safety by using non-toxic nonionic surfactants, while maintaining a high
efficiency through electrostatic interactions between the cationic surfactant and charged
components of biological targets. The successful application of binary systems of ionic and
nonionic surfactants has been demonstrated in various examples, including tetracycline
family antibiotics [46] and antimicrobial drugs such as norfloxacin and cyclosporin [47,48].

In this study, mixed micellar solutions of the cationic surfactant 1-CB(Bu)-P-16 and
the nonionic surfactant Brij®35 were formed and studied. The formation of mixed micelles
involves the incorporation of the hydrophilic parts of the nonionic surfactant between the
charged headgroups of the cationic amphiphiles. This reduces the electrostatic repulsion
between them and facilitates the formation of micelles in solution. It also reduces the
overall charge density on the surfaces of the aggregates. The interaction between surfactant
molecules can lead to a synergistic effect, the magnitude of which is determined by the
structure of each component in the binary composition [49–51].

The CMC values of the systems 1-CB(Bu)-P-16 with the nonionic surfactant Brij®35
were determined using tensiometry (Figure S10). The values obtained from the surface
tension isotherms under different conditions, where the ratio of their components var-
ied, are shown in Figure 4. These values are compared with those calculated using the
Clint’s model [49], which allows us to estimate the CMC of an ideal mixed system using
Equation (4), as follows:

1
C∗ =

α1

C1
+

α2

C2
(4)

where α1 and α2 are the molar fractions of the ionic and nonionic surfactants in the solution,
respectively, and C*, C1, and C2 are the CMC values for the mixed system and its ionic and
nonionic surfactants, respectively.
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The experimental CMC values for the system were found to be lower than the calcu-
lated values, indicating a mutual attraction between the different types of surfactants in
the micelles and suggesting a synergistic effect. This effect was most pronounced when
the molar fraction of the cationic surfactant in the binary composition was in the range
from 0.3 to 0.5. For the system 1-CB(Bu)-P-16/Brij®35 (α1 = 0.5), the surface potential was
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determined to be 47 mV, and its ability to increase the solubility of IBF was evaluated.
The observed decrease in micellar charge probably reduced their electrostatic interaction
with the anionic form of IBF. As a result, the concentration of the mixed system could
be increased over a wide range without precipitate formation. It was found that, for a
mixed system with α1 = 0.5 at pH 4.5 and a total surfactant concentration of 1 mM, the
solubility of IBF was 0.25 g L−1. Doubling the total concentration of the surfactant allowed
for achieving a concentration of this drug of 0.67 g L−1, thus increasing its solubility in
water by seven times. For comparison, the solubility limit of IBF in an individual solution
of Brij®35 is 0.13 g·L−1. This value is almost two times lower than the solubility in the
mixed system of 1-CB(Bu)-P-16/Brij®35 at an equimolar ratio, and more than two times
lower compared to an individual solution of the cationic surfactant 1-CB(Bu)-P-16 (see
Table 3). A comparison of the solubility limits of IBF in micellar solutions was conducted at
a surfactant concentration of 1 mM.

Additionally, the antimicrobial properties of the 1-CB(Bu)-P-16/Brij®35 system were
tested with α1 = 0.5. Based on the data presented in Table 1, it follows that the antimicrobial
activity of the system was lower than that of the individual cationic surfactant. Furthermore,
the obtained effective concentration values did not indicate a synergistic effect. However,
the mixed composition showed a quite high activity and can be considered as a potential
basis for antimicrobial formulations. An additional benefit of using mixed formulations is
their reduced toxicity due to the inclusion of safe nonionic surfactants. This is indicated by
the hemolytic activity index value of the system 1-CB(Bu)-P-16/Brij®35 at an equimolar
ratio (see Table 2).

3.4. Niosomes Modified with Cationic Surfactants

The next step in the development of systems based on Brij®35 and carbamate-containing
piperidinium surfactants is the transition from mixed systems to modified niosomes. Nio-
somes are nano-sized vesicular structures composed of nonionic surfactants and cholesterol
(Chol). Cholesterol enhances the stability of the lipid bilayer, while also influencing its fluidity
and permeability [52,53]. In recent years, niosomes have been intensively studied as potential
drug delivery systems for antigens, hormones, and other biologically active agents [54–56].
Incorporating cationic surfactant additives into the niosome structure imparts it with a positive
charge, which enhances its ability to penetrate biological barriers. This allows for increased
drug loading through the use of electrostatic interactions. In this study, the thin-film hydration
method was used to produce niosomes based on Brij®35 and cholesterol, as well as their mod-
ified analogs containing the cationic surfactant 1-CB(Bu)-P-16. The niosomes were prepared
at different molar ratios of components (see Table 4).

Table 4. Physicochemical characteristics and stability of empty niosomes Brij®35/Chol/1-CB(Bu)-P-16
at various molar ratios of components.

Compositions
PdI Dh

a, nm ZP, mV PdI Dh
a, nm ZP, mV PdI Dh

a, nm ZP, mV

After 1 Day After 1 Month After 2 Months

Brij®35/Chol (5:5) 0.22 ± 0.019 72 ± 1.9 −5.6 ± 0.58 0.22 ± 0.048 86 ± 2.3 −5.8 ± 0.79 0.22 ± 0.006 77 ± 2.9 −6.1 ± 0.71
Brij®35/Chol (6:4) 0.26 ± 0.002 75 ± 2.5 −4.3 ± 0.49 0.30 ± 0.007 81 ± 2.8 −5.4 ± 0.68 0.25 ± 0.014 78 ± 1.8 −5.4 ± 0.63
Brij®35/Chol (7:3) 0.41 ± 0.012 72 ± 2.9 −3.9 ± 0.16 0.45 ± 0.015 94 ± 3.2 −3.7 ± 0.28 0.48 ± 0.032 94 ± 1.0 0.3 ± 1.5
Brij®35/Chol (10:5) 0.56 ± 0.041 72 ± 7.6 −3.9 ± 0.08 0.64 ± 0.220 93 ± 2.2 −4.3 ± 0.33 0.61 ± 0.053 115 ± 2.2 −3.0 ± 0.78

Brij®35/Chol/
1-CB(Bu)-P-16 (5:5:0.5) 0.21 ± 0.009 70 ± 2.3 43.8 ± 0.12 0.26 ± 0.005 78 ± 2.9 42.1 ± 1.15 0.26 ± 0.013 75 ± 3.9 40.6 ± 0.39

Brij®35/Chol/
1-CB(Bu)-P-16 (6:4:0.5) 0.29 ± 0.022 52 ± 3.5 34.8 ± 0.24 0.26 ± 0.013 68 ± 2.9 35.5 ± 1.68 0.27 ± 0.011 59 ± 3.2 37 ± 0.55

a The hydrodynamic diameter averaged by the number of particles.

Using the dynamic light scattering method, it was found that the hydrodynamic
diameter (Dh) of the Brij®35/Chol niosomes was 70–80 nm. As shown in Table 4, variations
in the molar ratios directly affected the system stability. For example, increasing the Brij®35
content to a 7:3 ratio led to a higher polydispersity index (PdI) and a decrease in zeta
potential (ZP), which was likely due to increased membrane fluidity. However, when a
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0.5 mole fraction of a cationic surfactant was added to the niosomes, there was a slight
decrease in particle size and an increase in ZP. These results are summarized in Table 4.

It should be noted that all the obtained niosomes remained quite stable for at least
two months. The stability of the niosomes was assessed using dynamic and electrophoretic
light scattering methods over a two-month period. The results showed that niosomes
composed of Brij®35 and cholesterol at ratios of 5:5 and 6:4 demonstrated the highest
storage stability (Table 4). Throughout the storage period, the hydrodynamic diameter
of the particles ranged from 72 to 78 nm. The PdI remained low, between 0.22 and 0.26,
indicating minimal aggregation and confirming both the high stability and uniformity of
the system. The modification of niosomes with cationic surfactants resulted in a positive
surface charge of up to 40 mV, which further enhanced their stability. Similar results were
obtained for niosomes containing ibuprofen, where particle size changes were minimal and
a high uniformity was maintained throughout the two-month storage period (Table 5).

Table 5. Physicochemical properties and stability of IBF-loaded niosomes.

Compositions CIBF, g·L−1 EE, %
PdI Dh

a, nm ZP, mV PdI Dh
a, nm ZP, mV

After 1 Day After 2 Months

Brij®35/Chol (5:5) 5 33.0 0.41 ± 0.004 93 ± 3.2 −3.5 ± 0.5 0.19 ± 0.013 98 ± 2.4 −4.0 ± 0.48
Brij®35/Chol/

1-CB(Bu)-P-16 (5:5:0.5)
5 40.4 0.36 ± 0.019 80 ± 1.8 29.5 ± 1.1 0.22 ± 0.029 76 ± 1.2 34.7 ± 1.16

Brij®35/Chol (5:5) 2 60.0 0.22 ± 0.007 82 ± 2.4 −3.0 ± 0.9 0.12 ± 0.014 98 ± 2.2 −4.5 ± 0.36
Brij®35/Chol/

1-CB(Bu)-P-16 (5:5:0.5)
2 84.5 0.26 ± 0.010 72 ± 1.9 31.1 ± 2.2 0.25 ± 0.013 76 ± 1.1 33.0 ± 0.67

a The hydrodynamic diameter averaged by the number of particles.

Using the example of niosomes containing an equimolar ratio of Brij®35 and choles-
terol, as well as those modified with a cationic surfactant, their cytotoxicity was investigated.
The study showed that these systems had a lower toxicity to human blood cells and healthy
liver cells (Chang liver) than mixed compositions. The HC50 values ranged from 117 to
120 µg·mL−1, while the IC50 was more than 3900 µg·mL−1. These data highlight the poten-
tial safety and efficacy of niosomal systems for the development of novel dosage forms.

Therefore, niosomes with equimolar amounts of Brij®35 and cholesterol, including
those containing 0.5 M of 1-CB(Bu)-P-16, were selected for drug loading. The characteristics
of the particles obtained are presented in Table 5.

Analysis showed that the presence of IBF had a minor effect on the size of the niosomes,
but it slightly reduced their ZP. The calculated values of the encapsulation efficiency indicate
that the optimal concentration for loading IBF was its initial concentration of 2 g·L−1. At
this concentration, the particles were more uniform in size, as indicated by the PdI. This
would also help to avoid unnecessary drug costs. It should be noted that the presence of the
cationic surfactant significantly enhanced the encapsulation efficiency of the IBF into the
niosomes. Monitoring the size and charge of IBF-loaded niosomes for two months showed
reproducible results, indicating their stability (see Table 5).

An important property of drug delivery systems is their ability to slowly release
encapsulated substances. The release of IBF from the niosomal formulation was monitored
using a dialysis method, followed by a spectrophotometric determination of the drug
concentration (Figure 5).

It was found that, when free IBF was placed in a dialysis bag as an aqueous ethanol
solution, it diffused through the pores (3.5 kDa) into the external solution over a period of
approximately 4 h. The release rate of IBF encapsulated into niosomes was slightly lower,
with around 70% of the drug being released into the bulk medium. Niosomes modified
with a cationic surfactant reduced the release of IBF compared to systems with a neutral
charge. This fact determines the potential of niosomes for creating dosage forms with
prolonged release. In addition, one of the main advantages of niosomes modified with
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carbamate-containing piperidinium surfactants is that they allow for the concentration of
the drug to be about 20 times higher than its maximum solubility in its free form.
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4. Conclusions

Thus, a systematic investigation of new butylcarbamate-containing hexadecylpiperi-
dinium surfactants of CB(Bu)-P-16 was carried out. Their high antimicrobial activity against
a wide range of fungi and pathogenic bacteria, both Gram-positive and Gram-negative,
was demonstrated. This indicates their potential as promising antimicrobial agents. The
cytotoxic effect of the compounds on human blood erythrocytes and liver cells was also
evaluated. It was shown that the presence of a carbamate fragment affected the aggregation
behavior of the surfactants studied, as follows: the concentration threshold for micelle
formation decreased compared to the unsubstituted analogs. To improve the safety of the
system, binary compositions based on CB(Bu)-P-16 and the non-toxic nonionic surfactant
Brij®35 were formulated. The formation of mixed micelles showed a synergistic effect,
which was manifested in lower values of the critical micelle concentration compared to
those calculated based on an ideal mixing model. Further, a transition was made from mixed
micelles to niosomes, making them suitable for application as drug delivery systems. Using
the example of the anti-inflammatory drug ibuprofen, an increase in solubility was demon-
strated upon the transition from single 1-CB(Bu)-P-16 solutions to mixed micelles and
niosomes composed of a nonionic surfactant, cholesterol, and the cationic surfactant. The
mixed micelles allowed for an increase in ibuprofen solubility by up to two times, compared
to the individual nonionic surfactant Brij®35. Additionally, the modification of niosomes
with cationic surfactants doubled the encapsulation efficiency of ibuprofen, potentially
enhancing its bioavailability and prolonging its therapeutic effect. This suggests that the
inclusion of cationic surfactants in both mixed micelles and niosomes consistently improves
their functional activity, leading to more efficient and versatile delivery systems. Further-
more, all the studied systems demonstrated a low cytotoxicity, further confirming their
safety and suitability for biomedical applications. The data obtained indicate a significant
nanomedicine potential for new carbamate-containing hexadecylpiperidinium surfactants.
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S8: ESI mass spectrum of 1-CB(Bu)-P-16, 3-CB(Bu)-P-16, 1,4-CB(Bu)-P-16, respectively; Figures S3, S6
and S9: IR spectrum of 1-CB(Bu)-P-16, 3-CB(Bu)-P-16, 1,4-CB(Bu)-P-16, respectively; Figure S10: Surface
tension isotherms of micellar solutions, Table S1: Antimicrobial activity of cationic surfactants, expressed
in µmol·dm−3.
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