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Attaining covalent attachment of diverse molecules onto carrier surfaces without compromising their
chemical identity and biological functionality remains a challenge. Here, a newly synthesized alkyne-
functionalized ionic liquid, 1-hexadecyl-3-propargyl imidazolium bromide (HDPI), was chemically attached
on the surface of azide-modified mesoporous silica nanocarriers (mSiO,, av. size 110 nm) based on the
Menshutkin reaction and copper-catalyzed click chemistry. The HDPI-functionalized mSiO, nanocarriers
were loaded with tetracycline (TC) to develop a dual-action drug delivery system. Time-dependent drug
release studies conducted at pH 7.4 and 37 °C over 48 h revealed controlled TC release. The long alkyl
chain of the surface-bound ionic liquids (ILs) facilitated bacterial cell wall penetration, enhancing TC
transport into both Gram-positive and Gram-negative bacteria. This dual-action mechanism was validated
through antibacterial assays demonstrating that the surfactant-like IL disrupts bacterial cytoplasmic
membranes, while the antibiotic induces cell death. Given the inherent antibacterial properties of ILs, we
further investigated their ability to form stable, hydrophobic, and antimicrobial coatings on glass substrates
under different environmental conditions. The results indicate that these IL-based coatings are uniform,
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Introduction

The rise of multi-drug resistant pathogens in the human environ-
ment poses a serious threat to human health. The excessive
misuse and overuse of conventional antibiotics in the food
industry, health care, clinical settings, agriculture, and aqua-
culture have accelerated the development of drug-resistant
pathogens, rendering many established chemotherapeutics
and treatments ineffective." Consequently, effective treatment
options may be exhausted by 2050, leading to life-threatening
infections, if the development of new anti-infectives slows
down. To combat the growing threat of antibiotic resistance
to health, new compounds and strategies targeting novel mole-
cular pathways are being developed.>® Unlike traditional anti-
biotics, which act on intracellular targets while preserving
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durable, and hold significant potential for applications in healthcare and industry.

bacterial morphology, surface-active ionic liquids (SAILs), qua-
ternary ammonium compounds (QUACs), and antimicrobial
peptides (AMPs) physically disrupt bacterial membranes mak-
ing resistance development challenging.*” Although bacteria
can rapidly evolve defense mechanisms against conventional
antibiotics, effective resistance to amphiphilic agents is
rare, as it requires substantial remodeling of membrane lipid
composition.®’

Imidazolium-based ionic liquids exhibit inherent antimicro-
bial properties, primarily resulting from their alkyl chain
optimally constituted by 12 to 16 carbon atoms.®™' These
long-chain compounds can self-assemble into micellar struc-
tures in the liquid phase, disrupting bacterial cytoplasmic
membranes through hydrophobic interactions. The antibacter-
ial activity mechanism of surface-active ionic liquids (SAILSs)
closely resembles that of positively charged quaternary ammo-
nium compounds (QUACs).">™**

Different strategies have been explored to fortify the anti-
bacterial efficacy of existing biocides, including structural
modifications and innovative delivery systems.>™” Another
approach involves developing new antimicrobial agents based
on combinations of biocidal molecules in traditional or neo-
teric formulations.'®"® For example, Deng et al. demonstrated
that loading different antibiotics (e.g., enoxacin, kanamycin,
neomycin, tetracycline, etc.) onto silver nanoparticles resulted

© 2025 The Author(s). Published by the Royal Society of Chemistry
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in synergistic bacteriostatic effects against drug-resistant bacteria
S. enterica.”® Similarly, B. F. Gilmore et al linked 1-hexadecyl
imidazolium derivatives encompassing alkyl chain length from
Cg to Cyg with metal ion-containing anions ([AgBr,] and [CuCl,] ")
to enhance toxicity against various Gram-positive and Gram-
negative pathogens, and fungi.>! Moreover, Z. Zheng et al.,
assessed polyionic liquid (PIL) membranes coordinated
with metallic anions (ZnCl,, CuCl,, and FeCl;) for their bacter-
icidal effects against E. coli and S. aureus.”” Additionally,
Lebedeva et al. investigated polymer ionic liquids as a greener
alternative to conventional antibacterial agents in medical
applications.*® Likewise, Mathur et al. have reported the use
of green tea derivatives as water-soluble and biocompatible
surface active ligands and clickable imidazolium-based C16
ionic liquids with a surfactant-like structure bound to
the surface of magnetic iron oxide nanoparticles with high
antibacterial activity against various bacterial strains and selec-
tive uptake of heavy metals and organic pollutants from
wastewater.'>>*

D. D. Yang et al. evaluated the combination of 1-hexadecyl
imidazolium derivatives with long alkyl chains and organic
anions of traditional antibiotic molecules (e.g., ampicillin,
penicillin G, amoxicillin, tetracycline, and doxycycline) to create
novel active pharmaceutical ingredient-ionic liquids (API-ILs).
These formulations exhibited enhanced toxicity towards various
Gram-positive and Gram-negative bacteria including drug-
resistant strains (e.g., S. aureus, methicillin-resistant S. aureus
(MRSA), E. coli, K. pneumoniae, etc.).”*>*>°

This study explores the potential of clickable HDPI-based
ionic liquids on mSiO, and glass surfaces for controlled drug
release and the development of antibacterial, hydrophobic
coatings.

Results and discussion

Synthesis and characterization of 1-hexadecyl-3-propargyl
imidazolium bromide

HDPI, a new imidazole-based ionic liquid derivative, was
synthesized following the Menshutkin reaction, an Syx2 nucleo-
philic substitution reaction. This reaction converts a tertiary
amine to a quaternary ammonium salt by reaction with an alkyl
halide alkylating agent (Scheme 1).

In a two-step chemical approach, initially, 1-hexadecyl imida-
zole (HDI) was first prepared by a nucleophilic substitution
reaction under inert reaction conditions.”® A nucleophilic sub-
stitution reaction was carried out between the starting materials
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imidazole and 1-bromo hexadecane after the nitrogen atom of the
imidazole core was activated by deprotonation with a base (KOH).
After purification of the pale-yellow solid intermediate, HDI was
used to interact with propargyl bromide to generate the desired
HDPI derivative (Scheme 1).*° Afterwards, the nucleophilic sub-
stitution reaction, a white solid product precipitated from the
toluene reaction mixture upon the slow addition of water. The
product was then purified and dried, resulting in a yield of 74.6%.

To evaluate the synthesis of HDPI, '"H NMR and '*C NMR
studies were conducted (Fig. 1 and Fig. S1, ESIt). Because the
1-hexadecyl imidazolium bromide derivative consists of a posi-
tively charged imidazolium core and a long hydrophobic C;¢
alkyl chain, the chemical shifts of the protons and carbon
atoms for the imidazolium core as well as for the hydrocarbon
chain are evident in the "H NMR and "*C NMR spectra of HDPL
The “carbene”-like C-5 atoms of HDPI show a shielded char-
acter (136.06 ppm) due to the electron-rich propargyl group
attached to the adjacent nitrogen atom, which can enter into
conjugation with the aromatic imidazolium core. The signals of
chemical shifts for the protons and carbon atoms are displayed
at 5.22 (H-22) and 3.85 (H-24) ppm, respectively. Because the
1-hexadecyl imidazolium bromide derivative is hygroscopic,
residues of water were detected in the recorded "H NMR spectra
(peak around 3.33 ppm)."? The as-synthesized HDPI was further
characterized by FT-IR spectroscopy (Fig. 1(C) and Fig. S3,
ESIt). The prominent bands at 2914 and 2852 cm™ " correspond
to the alkyl C-H stretching vibrations of the C;¢ hydrocarbon
long chain and the peak at 1166 cm ™' belongs to the C-H
deformation vibration.

The signals appearing at 1563 and 1469 cm ™~ belong to the
ring stretching vibrations of the skeleton of the imidazolium
core (C—C and C—N). In addition, the distinct absorption
peaks between 870 and 605 cm™ " can also be assigned to C-N
stretching vibrations of the imidazole. The signals at 2120 and
3155 cm ' can be referred to the stretching vibrations of -C=C-
and ~C=C-H of the propargyl group of HDPL.'**° The table in D
displays the m/z values for the molecular peaks detected at their
highest intensities for the 1-hexadecyl imidazolium derivative
by electrospray ionization mass spectrometry (Fig. 1 and Fig. S1
and 2, ESIf). Since ESI-MS is a mild ionization method with
negligible molecular fragmentation, the obtained m/z values
correspond to the molecular weight of the positively charged
ionic liquid molecules. These molecules feature an imidazo-
lium core with the conjugated functional group and a hydro-
phobic alkyl excluding the counterion bromide."”

Mesoporous silica (mSiO,) nanocarriers with an average size
of 110 nm + 3 nm were synthesized using CTAB molecules as a
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1-hexadecyl-3-propargyl imidazolium bromide (HDPI)

Scheme 1 Synthetic pathway for the 1-hexadecyl imidazolium bromide derivative, 1-hecxadecyl-3-propargyl imidazolium bromide, prepared by
conducting the Menshutkin reaction under following conditions: (i) DMSO, KOH, N, 6 h, and 70 °C, (i) toluene, 24 h, and 110 °C.2’~2°
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Fig. 1 (A)and (B) *H NMR and *C{*H} DEPTQ (135) NMR spectra of HDPI recorded in DMSO-dg and interpretation of assigned chemical shifts (5 in ppm,
blue numbers) to proton and carbon atoms of the compound (red and green numbers, respectively). The pink dashed box labels the signal of the
propargyl group, connected to the nitrogen atom of the imidazolium core (C) FT-IR spectra of HDPI labeled with most prominent vibration bands.
(D) Table shows m/z values for the molecular peaks with highest intensities detected of HDPI recorded via ESI-MS. The table also depicts the positively
charged molecular fragments of the as-prepared IL attributed to the measured m/z values. (E) Chemical structure of HDPI.

soft template. To explore potential synergy in this approach,
the antibiotic tetracycline was loaded into mesoporous
silica nanocarriers, while HDPI was covalently bonded on the
surface of mSiO, using the copper catalyzed click reaction
(Scheme 2).

Initially, silanization with bromo-silane resulted in Br-mSiO,,
which was subsequently converted to N3-mSiO, nanocarriers
via an (Sx2) nucleophilic substitution reaction. The alkyne-func-
tionalized HDPI was then conjugated to N;-mSiO, using a copper-
catalyzed azide-alkyne cycloaddition reaction (CuAAC), resulting
in HDPI-mSiO, nanocarriers. Following this conjugation, the
nanocarriers were loaded with tetracycline (TC), and time-
dependent drug release studies were conducted to evaluate the
release kinetics. The binding of HDPI via click chemistry protocols
operates under mild conditions, making it ideal for preserving the
structure of both the ionic liquid and the mesoporous silica. Its

4222 | Mater. Adv, 2025, 6, 4220-4232

efficiency and selectivity ensure a strong, stable bond, reducing
the risk of leaching and improving long-term performance.>**
The antibacterial activity of the HDPI-conjugated, TC-loaded
nanocarriers was tested against both Gram-positive (E. coli) and
Gram-negative (B. subtilis) bacterial strains.

Surface composition analysis of HDPI-conjugated mesoporous
nanocarriers

Fig. 2 shows the recorded FT-IR spectra of the bare mSiO, and
stepwise surface HDPI-functionalized nanocarriers. The exis-
tence of silica is accompanied by the absorption peaks at 1077,
798 and 449 cm ™, associated with asymmetric and symmetric
stretching and bending modes of Si-O-Si. The broad vibration
band around 3321 cm™ " and the band at 958 cm ™" are typically
attributed to the rich presence of silanol groups (Si-OH) on
the surface of bare mSiO,. Moreover, weak peaks at 2928 and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Schematic pathway for the design and synthesis of the HDPI-mSiO, carriers as antibacterial drug conjugates. The HDPI- functionalized
mSiO, nanocarriers were loaded with tetracycline following a time-dependent tetracycline release profile at ambient temperature. Additionally, their
concentration-dependent antibacterial activity was evaluated against Gram-positive and Gram-negative bacteria (E. coli and B. subtilis). Tetracycline
exhibits bactericidal activity against a wide range of Gram-positive and Gram-negative bacteria. Its mode of action is based on the inhibition of protein
synthesis in the bacterial cell (inhibition of translation through interaction with the ribosome 30S subunit of the ribosome).*!

2848 cm™ ' are assigned to the symmetric and asymmetric
stretching vibrations of C-H groups belonging to the alkyl
chains of the residual template (CTAB) used during the synth-
esis of particles.’***?*® The binding of bromo silane com-
prises a C;; hydrocarbon chain via a subsequent hydrolysis-
condensation reaction. It leads to a further increase in intensity
and a slight shift in the symmetric and asymmetric stretching
vibrations of the C-H groups, as evidenced by the presence of
peaks at 2924 and 2853 cm ™ '. The exchange of bromide with an
azide group in a nucleophilic substitution reaction shows no
shift and change in the intensity of the C-H vibrational bands
due to a simple substitution of the functional group at the end
of the alkyl chain. However, a new peak at 2099 cm ™" corre-
sponds to the stretching mode of the -N; group, indicating the
effective substitution of the essential intermediate for the
CuAAC reaction. The disappearance of the vibrational band of
the azide group in the spectrum of the HDPI-conjugated mSiO,
and the appearance of new peaks at 1678 and 1367 cm™" can be
attributed to the formation of a 1,2,3-triazole ring, which in
turn reveals the covalent binding of HDPI via the CuAAC
reaction.’®*>3¢ Moreover, the presence of vibration bands at
1558 and 1468 cm ' can be attributed to the ring stretching
vibrations of the skeleton of the imidazolium core (C=C and
C—=N), while the peaks at 3127, 3101, and 3071 cm™! can be
assigned to the aromatic C-H stretching vibration of the
imidazole ring, respectively.'**"” Hence, a distinct increase in
intensity and the slight shift in the symmetric and asymmetric
stretching vibrations of C-H groups (2921 and 2848 cm™ ")
can therefore be explained by the binding of HDPI comprising

© 2025 The Author(s). Published by the Royal Society of Chemistry

a long Cye alkyl chain to the surface of N3-mSi0,."*?° Zeta

potential measurements were conducted at pH 7 and the
surface charge showed a visible change after each chemical
reaction on the surface of silica nanocarriers (Fig. 2, Table G).
Bare mSiO, displayed a {-value of —27.7 mV due to its depro-
tonated silanol groups (-Si-O~) on the surface. After binding
bromo silane, the (-value decreased to —48.4 mV due to the
high electron density of the bromide atom. Removal of hydroxyl
surface groups by bromide anions could potentially increase
the zeta potential in the more negative range. Typically, surface-
hydroxyl groups contribute to surface charge through the
deprotonation of hydroxyl groups at basic pH. The replacement
of hydroxyl (-OH) groups by bromide anions (Br~), which do
not participate in hydrogen bonding, leads to more effective
negative surface charge, leading to an increase in the zeta
potential in the negative direction. Replacement of the bromo
to an azide group in a nucleophilic substitution reaction led to
a slight increase in the {-value to —44.8 mV. A dominant shift to
positive values (+25.1 mV) is observed after the click conjuga-
tion of HDPI due to the attachment of the positively charged
imidazolium core.’>***° 1t can be observed that with the
increasing density of ligands or molecules bound to the surface
of mSiO,, the carbon and hydrogen contents increase accord-
ingly, which is reflected in the increasing values of C(%) and
H(%). Following the nucleophilic substitution reaction, a nitro-
gen content of (N(%) = 0.10) was observed, indicating the
introduction of the azide group onto the nanocarriers. After
the click reaction, the nitrogen content was found to increase
(N(%) = 0.42), confirming the presence of additional ligands on

Mater. Adv., 2025, 6, 4220-4232 | 4223
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Fig. 2 (A) Transmission electron microscope (TEM) image shows the homogeneous distribution of spherical mesoporous silica particles. (B) Higher
resolution TEM image confirms the existence of the porous structure of the particles. (C) Histogram of mSiO, shows an average size of 110 nm. (D) XRD
diffractogram indicates the existence of an amorphous phase of nanocarriers. (E) FT-IR spectra for the bare and surface functionalized mSiO,
nanocarriers reveal the change in surface chemistry upon functionalization. The absorption bands are labeled for the dominant peaks after condensation
(red), nucleophilic substitution (green) and click reaction (blue) on mSiO, nanocarriers (black). (F) Thermogravimetric analysis (TGA) of bare and
functionalized nanocarriers. Table (G) Elemental analysis and zeta potential analysis after each conjugation on mesoporous silica particles (in triplicate for
the bare and modified mSiO, carriers).

the carries. DLS analysis showed that bare mSiO, exhibited an Drug loading and release studies for TC-loaded
average hydrodynamic radius of 121 nm + 5 nm (PDI of 0.020), HDPI-conjugated mSiO, carriers

leading to 143 nm + 4 nm (PDI 0.082) after condensation and
nucleophilic substitution reactions. Hydrophobic interactions
increased the hydrodynamic radius to HDPI-functionali-
zed nanocarriers in polar dispersions with an average size of
651 nm (PDI 0.475). However, the mesoporous structure
remains intact, maintaining its porosity (3-4 nm) and better
drug release by improving surface interactions and diffusion
routes as demonstrated in our various studies.’®*' The TGA
analysis shown in Fig. 2(F) shows that in the case of Br-mSiO,

The HDPI-conjugated mSiO, and bare mSiO, nanocarriers were
loaded with TC, and time-dependent continuous release
kinetics and loading capacity were evaluated at pH 7.4 and
37 °C (Fig. 3). The release of the drug was monitored by UV-Vis
spectroscopy by recording absorption maximum (Zn,y) Of tetra-
cycline (270 nm). The release efficiency RE (%) and loading
capacities (LC) of bare and HDPI-conjugated mSiO, nano-
carriers were calculated as follows:***?

and N;-mSiO, nanocarriers, the weight loss remains nearly LC = (Total amount of TC — Free TC)

the same (4 = 22.79 and 22.43% respectively), indicating that Nanoparticles weight

th.e brom}de.g:,roup was snnply replaced by an azide g.rc.)up (Total amount of TC — Free TC)

without significant changes in the overall surface modifica- RE (%) =

tion. The highest weight loss was observed for the HDPI- Total amount of TC x 100%
conjugated mSiO, nanocarriers (4 = 43.59%), suggesting

the removal of a larger HDPI ligand and a greater degree of LC describes the amount of TC loaded into the carriers
functionalization.*? (mg TC per mg carriers). It was determined by measuring the

4224 | Mater. Adv,, 2025, 6, 4220-4232 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Time-dependent UV-vis measurements to determine TC concentration (absorption maximum: 270 nm): (A) the bare mSiO, nanocarriers and (B)
the HDPI-conjugated mSiO, separated from their supernatants after centrifugal separation at pH 7.4 (PBS buffer) and 37 °C. (C) UV-Vis spectra recorded
for the TC stock solution (SS) and the supernatants (SN) after TC loading onto bare and HDPI-conjugated mSiO, nanocarriers along with the calculated
LC. (D) TC concentration released at pH 7.4 (PBS buffer) and 37 °C over a 48 hour time period.

concentration of TC in the supernatants of the loaded bare and
HDPI-conjugated mSiO, in comparison to the concentration
of the TC stock solution (Fig. 3(C)). In contrast, RE (%) is the
amount of TC released into the buffer solution per given time
point (mg TC per mL buffer) relative to the amount of TC
loaded into the NPs or their LC set to 100%.

HDPI-conjugated mSiO, particles showed a loading capacity
of 0.1048 mg (TC per mg), while bare mSiO, demonstrated a LC
of 0.0901 mg (TC per mg). These calculated values correspond
to 75.0% and 77.7% in comparison to the amount of TC in the
loading volume of the stock solution (0.133 mg TC per mL
EtOH). The moderately higher LC of HDPI-conjugated mSiO,
can be attributed to the potential of the surface conjugation
chemistry and the hydrophobic long alkyl chain of HDPI. It can
also be due to the aromatic n-r stacking, electrostatic inter-
actions (aromatic positive charged imidazolium core, aromatic
1,2,3-triazole ring) and hydrogen bonds with a hydrophilic
structure of TC which encompasses four aromatic rings and
some smaller hydrophobic as well as a huge number of polar
domains.

To validate HDPI-mSiO, nanocarriers as a drug delivery
probe, time-dependent release profiles of bare and HDPI-
conjugated carriers were calculated (Fig. 3(A) and (B)). Initially,

© 2025 The Author(s). Published by the Royal Society of Chemistry

in the first 6 hours, both nanocarriers showed a moderate burst
release of TC followed by a controlled and sustained release
kinetics of the antibiotic. After 48 hours, the total release of TC
from HDPI-conjugated mSiO, nanocarriers reached 11.9 ng
TC per mL buffer (2.3%) compared to 8.5 ug TC per mL buffer
(3.4%) from the bare nanocarriers. After 48 hours, no more
drug leached out of these carriers. These findings suggest that
HDPI functionalization on nanocarriers led to a moderately
higher release rate potentially due to alterations in surface
interactions or drug-nanocarrier affinity. Moreover, it can be
observed that only a small amount of TC is released per hour,
suggesting that HDPI-mSiO, carriers can serve as beneficial
drug delivery probes which could maintain effective levels of
the released antibiotic at the target side for extended time
periods. Finally, the initial rapid release of TC from HDPI-
conjugated mSiO, carriers could provide an “antibacterial
shock effect” in the beginning followed by a long-term action
on pathogenic bacteria.

Antibacterial evaluation

The synergistic effect refers to the interaction of tetracycline
and ionic liquids with cells producing a combined effect that is
greater than the sum of their individual effects. To determine a
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potential synergistic antibacterial effect of TC-loaded HDPI-
conjugated mSiO, nanocarriers, an INT violet viability assay
was conducted using two different bacterial strains B. subtilis
(Gram-positive bacterium) and E. coli (Gram-negative bacter-
ium). The different concentrations of nanocarriers were dis-
persed in H,O/DMSO (10:1) and inoculated in the bacterial
cultures. The bacterial survival rates were monitored after
6 hours of incubation at 37 °C. As a negative control, the bare
mesoporous silica and solvent (H,O/DMSO (10:1) were uti-
lized. As a positive control, the pure solutions of HDPI and
TC (using four different concentrations) were tested in both
bacterial cultures. The HDPI-conjugated mSiO, and TC + HDPI-
mSiO, were evaluated for their antimicrobial activity using
four different concentrations ranging from 6.25 pg mL ™',
12.50 pg mL ', 25.0 pg mL " and 50.0 pg mL™Y).

The bare mSiO, nanocarriers in all concentrations tested
showed no antibacterial activity as expected; however, the pure
solutions of HDPI and TC exhibited substantial toxicity against
E. coli (Fig. 4(A) and (B)). The result of pure TC on bacterial
density was marginally higher than pure HDPI which is con-
sistent with the fact that TC directly inhibits bacterial growth.
When tested the HDPI-conjugated mSiO, nanocarriers, the
lower concentration (6.25 and 12.50 pg mL™") exhibited very
less antibacterial activity; however, the higher concentration
(25.0 and and 50.0 ug mL ') revealed significant activity similar
to pure HDPI and/or pure TC. To investigate if the dual-
nanocarrier approach contributes to enhance the cell toxicity,
the TC-loaded HDPI-functionalized mSiO, carriers were incu-
bated with E. coli and B. subtilis cells (Fig. 4(A) and (B)).
Importantly, the highest toxicity level of TC-loaded HDPI-
functionalized mSiO, was observed with higher concentration
ie., 25.0 g mL ™" and 50.0 pg mL ™", which is nearly similar to
HDPI-mSiO,, pure solution of TC, and HDPI. Interestingly, the
lower concentration of TC-loaded HDPI-conjugated mSiO,
(6.25 pg mL ", 12.50 pg mL ') demonstrated double of the cell
toxicity when compared to HDPI-mSiO, which shows slight

A

E. coli

mSio, HDPI HDPI-mSiO,

50 ug/mL
25 ug/mL

12.5ug/mL
6.25 ug/mL

TC+
HDPI-mSiO,
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antimicrobial activity. Overall, these data demonstrate that the
highest toxicity of functional nanocarriers against E. coli and
B. subtilis confirmed the proposed potential of the enhanced
effect due to the combination of both antimicrobial agents on
a single nanocarrier. This shows that the dual nanocarrier
approach boosts antimicrobial activity, which ultimately allows
the multiple combinations of different antibiotics. In addition,
the use of smaller concentration of drug molecules is always a
desired method.

In our previous work, we have conducted extensive studies
on mammalian cells including immune cells to evaluate the
biocompatibility of bare silica and surface-modified nanocar-
riers and the results show that these modifications benefit to
reduce toxicity and improve cell compatibility.*>*® By evaluat-
ing cytotoxicity, cellular uptake and overall safety, our pub-
lished data confirmed that surface-modified nanocarriers have
greater potential for therapeutic use, further supporting their
safe integration into the field of medicine,'*303>40:41,44

In the second part of the study, the potential of HDPI for
producing hydrophobic and antibacterial coatings on smooth
glass substrates was investigated (Scheme 3). To synthesize the
coating material, alkyne-functional HDPI was effectively clicked
with azide-modified PAA molecules (HDPI-PAA) and applied on
the glass substrate using the drop casting approach. The
resulting HDPI-functionalized PAA coatings were homogenous
and stable (Fig. 5(C)). Furthermore, the stability and durability
of HDPI-PAA-coated silica (glass) surfaces have been rigorously
assessed under different acidic conditions, demonstrating
their resistance against natural rains and varying pH levels
(Scheme 3 and Fig. 5(C)). The antibacterial data in Fig. 4
confirm that HDPI molecules themselves exhibit promising
antibacterial properties to make them suitable for a range of
applications where microbial resistance is essential.

The FT-IR spectrum in Fig. 5(A) (red) shows click-function-
alized PAA with the imidazole ring at 3130 cm ™ *, the smaller azide
band at 2100 cm ™" as well as the formation of the triazole ring at

B. subtilis

mSio, HDPI TC HDPI-mSiO,

50 ug/mL
25 ug/mL
12.5ug/mL
6:25pg/mt

~aill
TC+
HDPI-mSiO,

Fig. 4 Tests for the evaluation of antibacterial efficiencies of HDPI-conjugated and TC-loaded HDPI-conjugated mSiO, in different concentrations
evaluated against: (A) Gram-negative bacterium E. coli and (B) Gram-positive bacterium B. subtilis. Positive control: pure HDPI and TC solutions. Negative
control: bare mSiO, NPs and solvent ratio water/DMSO (10 : 1) used for the dispersion of the bare and modified mSiO,, HDPI, and TC (data not shown

here).
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Scheme 3 Preparation of antibacterial and hydrophobic surfaces on glass substrates: Homogeneous stable hydrophobic coatings on the glass surface
were produced after using the drop coating method utilizing click modified HDPI-PAA molecules. Subsequently, the coatings were evaluated for their
strength under different acidic and neutral conditions in a time dependent manner up to three weeks.

1470 cm™ . It is also evident that not all carboxyl groups from the
PAA have reacted, as a prominent carboxyl stretching frequency at
1700 cm ™, along with the C=0 band at 1100 cm ™" is present.

The hydrophobicity of glass substrates coated with HDPI-
PAA conjugates was determined by measuring the contact angle
(CA) between a water droplet and the substrate (Fig. 5(B)). The
HDPI-PAA sample exhibited hydrophobic behavior with a CA of
122.5° compared to the unfunctionalized polyacrylic acid, which
had a CA of 54.3° (Fig. 5(B)). The intermediates, Br-PAA and N3-PAA,
showed comparable contact angles of 83.2° and 88.8°, respectively,
as expected, since bromide was substituted by an azide group in a
nucleophilic substitution reaction without altering the skeleton of
PAA polymer. For comparison, the contact angle of the ionic liquid
on the glass was found to be 0°, confirming that HDPI imparted
hydrophobicity to the glass surface.

Fig. 5(C) presents images of the coatings on glass substrates
in chronological order. The stability study of the HDPI-PAA
coatings on the glass surface confirmed that they remain stable
for at least three weeks and resist dissolution or rupture under
different acidic conditions including those simulating acidic
rain (pH 4). The HDPI-PAA coated surfaces exhibited signifi-
cantly higher stability against aqueous solutions probably due
to the utilization (condensation) of all of the surface-attached
hydroxyl groups in the functionalization step. In acidic solu-
tions, water molecules and protons interact with fewer hydroxy
groups than in pure polyacrylic acid, resulting in reduced
swelling and very low solubility. This enhanced stability makes
the HDPI-PAA coatings highly suitable for outdoor applications,
as they can effectively withstand diverse weather conditions.

In contrast, pure PAA coatings began detaching from the glass
substrate within an hour, as evident from the resulting transparent
glass surface in Fig. 5(C). When exposed to a pH 4.0 solution, the
PAA coating developed surface roughness within an hour. Similar
roughness patterns were observed at pH 5.5 and 7.0 after 2 hours
and 6 hours, respectively. At neutral pH, the solution processed
slowly when compared to acidic conditions. However, after 18 days
to ~3 weeks, all PAA coatings had completely dissolved under all
tested pH conditions, leaving a clean glass surface.

Conclusions

Uniform mesoporous silica nanocarriers were covalently func-
tionalized with a newly synthesized imidazolium-based long

© 2025 The Author(s). Published by the Royal Society of Chemistry

alkyl chain ionic liquid (HDPI) using a click chemistry protocol
preserving its chemical structure and biological activity. These
hybrid nanocarriers enable precise drug encapsulation and
sustained time-dependent release of antibiotics as demon-
strated with tetracycline. Toxicity assays against E. coli and
B. subtilis confirmed excellent antibacterial activity, highlight-
ing the synergistic effect of unifying HDPI and TC into a single
nanocarrier. This approach underscores the potential of meso-
porous nanocarriers for controlled drug delivery and stable
ionic liquid-polymer surfaces, paving the way for advanced
biomedical and industrial coatings.**

Experimental section
Synthesis of 1-hexadecyl-3-propargyl imidazolium bromide

(I) Synthesis of intermediate 1-hexadecyl imdazole (HDI).
1-Hexadecyl-3-propargyl imidazolium bromide (HDPI) was pre-
pared using a two-step approach. Initially, 1-hexadecyl imida-
zole (HDI) was synthesized via a nucleophilic substitution
reaction employing the method reported by A. Djellal and
S. Amirat with several modifications under inert conditions.”®
1.380 g (20.0 mmol) of imidazole was dissolved in 50 mL of dry
dimethyl sulfoxide in a 100 mL-flask under a nitrogen atmo-
sphere. 1.670 g of potassium hydroxide (30.0 mmol) was
transferred to the flask to deprotonate the nitrogen atom of
the imidazole ring, serving as a pre-activation step for the
nucleophilic substitution reaction. The reaction mixture was
heated up to 70 °C for 20 min. Afterwards, 6.6 mL (21.0 mmol)
of 1-bromohexadecane was added dropwise within a time frame
of 25 min. The reaction mixture was stirred for further 6 h
at 70 °C under inert conditions. After 6 hours, the yellowish-
orange reaction mixture was allowed to attain ambient tem-
perature and 200 mL of water was added to precipitate the pale-
yellow product. The precipitate was filtered and washed three
times with water. The as-synthesized product was dried under
reduced pressure for further characterization.

Habitus: pale-yellow powder.

Chemical formula: C;9H36N,.

Molecular weight: 292.51 g mol .

NMR data: "H NMR (300.1 MHz, DMSO-dg, ppm from TMS):
0.85 (3H, CH3), 1.23 (26H, CH,), 1.67 (2H, CH,-C, chain), 3.92 (2H,
N-CH,-Cg chain), 6.86 (1H, CH in imidazolium ring), 7.13 (1H, CH
in imidazolium ring), 7.58 (1H, N-CH-N in imidazolium ring).
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Fig. 5

(A) FT-IR spectra of polyacrylic acid before (black) and after (red) the click functionalization (B) contact angle measurements of PAA coatings at

various stages of functionalization, including intermediate steps: Br-PAA 83.2°, N3-PAA: 88.8° and clicked HDPI-PAA: 122.5°. (C) HDPI-PAA coatings
(lower panel rows) on glass substrates under different pH conditions and variable time (up to 3 weeks) to determine coating stability under different
environmental conditions. The upper panel rows coatings are the control samples of unfunctionalized PAA.

3C NMR (DEPT(135), 75.7 MHz, DMSO-dg, ppm from TMS):
13.93 (Cy1), 22.09-30.57 (Cg-Cyo). 31.29 (C;), 45.88 (Cs), 119.14,
128.26 (C,, Cs), 137.14 (Cs).

ESI-MS: [M']: m/z = 293.3.

(I1) Synthesis of 1-hexadecyl-3-propargyl imidazolium bromide
(HDPI). In the next step, 1-hexadecyl-3-propargyl imidazolium
bromide (HDPI) was prepared via a nucleophilic substitution of
1-hexadecyl imidazole (HDI) following the experimental instruc-
tion of L. Li et al. with certain modifications.*® 7.300 g (25.0 mmol)
of 1-hexadecyl imidazole was dissolved in 20.0 mL of dry toluene in
a 100 mlL-flask. Afterwards, 2.5 mL (29.0 mmol) of propargyl
bromide was added and the mixture was heated up to reflux
(110 °C) for 24 h. Accordingly, the orange-brownish reaction
mixture was allowed to attain ambient temperature and 100 mL
of water was added to precipitate a pale-yellow product. The

4228 | Mater. Adv., 2025, 6, 4220-4232

precipitate was filtered and washed several times with water. The
as-prepared product was dried under reduced pressure for further
characterization studies.

Habitus: white powder.

Chemical formula: C,,HzoN,Br.

Molecular weight: 411.47 g mol .

Yield: 74.6%.

NMR data: "H NMR (300.1 MHz, DMSO-dg, ppm from TMS):
0.84 (3H, CHy), 1.23 (26H, CH,), 1.78 (2H, 2H, CH,-C, chain), 3.85
(1H, CH=C-), 4.19 (2H, N-CH,-C; chain), 5.19 (2H, CH=C-CH,-),
7.83 (1H, CH in imidazolium ring), 7.85 (1H, CH in imidazolium
ring), 9.31 (1H, N-CH-N in imidazolium ring).

3C NMR (DEPT(135), 75.7 MHz, DMSO-dg, ppm from TMS):
13.93 (C,z), 22.07-29.31 (Co-Cy,), 31.27(Cg), 49.02 (C;), 78.98
(Cs), 122.33, 122.80 (C,, C3), 126.06 (Cs).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ESI-MS: [M']: m/z = 330.9.

Surfactant-dependent sol-gel synthesis of mesoporous silica
nanocarriers

A template-assisted sol-gel approach using cetyltrimethyl-
ammonium bromide was applied to obtain mSiO, nanocarriers
following optimized protocols from Mathur et al*' Initially,
0.370 g (1.0 mmol) of cetyltrimethylammonium bromide was
dissolved in 100 mL of water under magnetic stirring (700 rpm)
at an elevated temperature of 80 °C followed by the addition of
0.300 g of ammonium fluoride. Afterwards, 1.78 mL of tetraethyl
orthosilicate was added to the clear solution and the mixture was
stirred at 700 rpm for another 1.5 hours at 80 °C. After cooling
down, the white dispersion was centrifuged to collect mSiO,
nanocarriers. Subsequently, nanocarriers were re-dispersed in
acetone/diluted hydrochloric acid and sonicated for 30 min to
ensure the extraction of any residuals of template. Finally, addi-
tional purification steps of nanocarriers with ethanol to remove
any excess of released surfactant and silica were conducted.
Furthermore, these particles were dried at ambient temperature
for 14 hours and tested for further characterization studies.

Conjugation of 1-hexadecyl-3-propargyl imidazolium bromide
onto azide-capped mesoporous silica nanocarriers

For the conjugation of 1-hexadecyl-3-propargyl imidazo-
lium bromide onto the surface of the as-prepared mSiO,
nanocarriers via a copper-catalyzed alkyne-azide cycloaddition,
two preceding synthetic steps were required: the Br-silanization
of the surface of mSiO, nanocarriers and the subsequent
nucleophilic substitution of the bromide group with an azide
group. Br-silanization and nucleophilic substitution of the
bromide group by an azide group on the surface of mSiO,
nanocarriers were conducted according to the procedure
reported by Mathur et al.'>*%?*3%*> Both experimental descrip-
tions were modified to a small extent. Initially, 0.080 g of
mesoporous silica nanocarriers were dispersed in 25 mL of
dry toluene under an inert nitrogen atmosphere. 50 pL of 11-
bromoundecyltrichlorosilane was added dropwise and the dis-
persion was mechanically stirred 48 hours under nitrogen at
ambient temperature. After silanization, the mesoporous silica
nanocarriers were separated via centrifugation and purified
three times with ethanol to remove any excess of the residues.
The resultant Br-attached mesoporous silica nanocarriers
(Br-mSiO,) were dried at ambient temperature for 24 hours
and tested for further characterization studies. In order to
provide azide groups onto the surface of mSiO, nanocarriers
for the azide-alkyne click reaction, a nucleophilic substitution
reaction was conducted to exchange the bromide group with an
azide group. 0.080 g of Br-modified mSiO, nanocarriers (Br-
mSiO,) were re-dispersed in 20 mL of dry dimethyl formamide
followed by the addition of 0.500 g of sodium azide. The
dispersion was mechanically stirred at ambient temperature
for 48 hours. Afterwards, mSiO, carriers were collected by
centrifugation and purified several times with water and etha-
nol to remove any excess of sodium azide and by-product. After
drying for 24 hours at ambient temperature, the Nj-attached

© 2025 The Author(s). Published by the Royal Society of Chemistry
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mesoporous silica nanocarriers (N3;-mSiO,) were prepared
for further characterization studies. The CuAAC reaction was
conducted to conjugate 1-hexadecyl-3-propargyl imidazolium
bromide onto the surface of the as-obtained N;-attached mSiO,
nanocarriers with several modifications from the literature.'>?%2°
For this conjugation step, 0.050 g of Nj-attached mSiO, nano-
carriers were dispersed in 12 mL of methanol/water (1/1). Con-
secutively, three solutions containing the desired ionic liquid, the
copper catalyst, and a reducing agent (sodium ascorbate) were
prepared separately as follows:

(1) 0.070 g of 1-hexadecyl-3-propargyl imidazolium bromide
was dissolved in 5 mL of ethanol.

(2) 0.005 g of copper sulfate pentahydrate was dissolved in
2 mL of water.

(3) 0.130 g of sodium ascorbate was dissolved in 5 mL
of water.

The as mentioned three solutions were added to the nano-
carrier dispersion (dropwise) in the previously mentioned order
(1, 2, 3). Pipetting the sodium ascorbate solution into the
reaction mixture displayed a quick color change from white
to a brown to bright yellow dispersion, confirming the
reduction of the copper catalyst by sodium ascorbate. Further-
more, the reaction mixture was stirred at ambient temperature
for 48 hours. After the reaction completed, the 1-hexadecyl
imidazolium bromide-conjugated mesoporous silica nano-
carriers (HDPI-mSiO,) were collected via centrifugation and
purified with ethanol (5 x 5000 rpm, 10 min) to remove any
reactants and/or unbound moieties. Drying at ambient tem-
perature for 24 hours provided 1-hexadecyl-3-propargyl imida-
zolium bromide-conjugated mesoporous silica nanocarriers for
further characterization and development of drug delivery
carriers.

Drug release studies of tetracycline-loaded 1-hexadecyl-3-
propargyl-conjugated mesoporous silica nanocarriers

To investigate the time-dependent release profiles of tetracycline-
loaded 1-hexadecyl-3-propargyl imidazolium bromide-conjugated
mSiO, nanocarriers (TC + HDPI-mSiO,) in comparison to bare
tetracycline-loaded mSiO, nanocarriers (TC + mSiO,), continuous
release studies with tetracycline (TC) were conducted. For these
studies, 15 mg of nanocarriers were loaded with tetracycline by
dispersing and stirring them in 15 mL of a tetracycline stock
solution (¢ = 0.1128 mg of tetracycline per mL ethanol) overnight
in the dark. Afterwards, nanocarriers were separated from the
solution via centrifugation and the loading capacity of the nano-
carriers was determined by measuring the concentration of tetra-
cycline in the collected supernatants via UV-vis spectroscopy
based on the difference from the stock solution (absorption
maximum tetracycline: A = 270 nm). In the meantime,
tetracycline-loaded nanocarriers were dispersed in 6 mL of PBS
(pH 7.4) and stirred at 400 rpm at a temperature of 37 °C in the
dark. After some pre-determined time-intervals (1, 2, 3, 4, 24, and
48 hours), nanocarriers were separated again from the solution via
centrifugation and 2 mL of the supernatant was applied in UV-vis
analysis to determine the released amount of tetracycline from the
nanocarriers. Then, the supernatant was added back again
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(continuous release studies). This procedure was repeated for the
preassigned points in time.

Synthesis of HDPI-functionalized polyacrylic acid

Polyacrylic acid (230 mg) and (11-bromoundecyl)trichlorosilane
(500 pl) were stirred in ethanol (20 mL) at 50 °C and 300 rpm for
24 hours. The ethanol was evaporated, and the residue was
taken up in DMF (10 mL) and treated with sodium azide
(200 mg, green solution) and stirred at 60 °C and 350 rpm for
48 hours. Subsequently, the ionic liquid was prepared for the
click reaction. Copper sulfate (140 mg) in H,O (2 mL), HDPI
(400 mg) in ethanol (2 mL), and sodium ascorbate (750 mg) in
H,0 (2 mL) were combined, stirred for 20 minutes, and then
slowly added dropwise to the reaction mixture (brownish
solution). After 50 hours/3 days at 55 °C and 350 rpm, the
product was purified with water and separated by centrifuga-
tion (5000 rpm, 20 min).'*> The brown solid product was dried
under reduced pressure for 16 hours.

Stability study of HDPI-functionalized polyacrylic acid

The HDPI-modified polymer was dissolved in THF and applied
to a clean glass substrate using a drop-casting method. The
resulting polymeric films were then dried at ambient tempera-
ture for 2 hours before being immersed in aqueous solutions.
To assess the stability of polymeric coatings under various
acidic conditions, the coated glass substrates were exposed to
solutions with pH values of 4.0, 5.5, and 7 for a total duration of
432 hours. The coatings were tested at pH 4.0, pH 5.5, and pH
7.0 for 432 hours. At regular intervals, the glass substrates were
removed from their solutions and photographed to observe any
changes. For comparison, the same procedure was conducted
using unmodified PAA as reference samples.

In vitro antibacterial testing: p-iodonitrotetrazolium-chloride/
(INT) violet assay

To evaluate the antimicrobial activity of certain bare and
modified silica nanocarriers against Gram-positive and Gram-
negative bacteria, two iodonitrotetrazolium-chloride (INT) vio-
let assays (colorimetric viability assay) were carried out for the
hereinafter referred nanoaggregates and nanocarriers (mSiO,,
HDPI-mSiO,, TC + HDPI-mSiO,)."? This method is used for the
confirmation of the viability of bacteria cells in proliferation

4230 | Mater. Adv., 2025, 6, 4220-4232
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and it is based on a tetrazolium-based reagent called INT,
which is converted via reduction to a violet formazan dye in
the presence of metabolically active bacteria. Therefore, model
bacteria E. coli and B. subtilis were cultured in Mueller Hinton-
broth overnight at 37 °C while mild shaking (180 rpm).
Overnight-cultured bacteria were added to a fresh medium
and grown to an optical density of 0.7 at 600 nm. Each 10 pL
of bacterial solution was added in triplicate to wells of a 96-well
plate (BD Falcon, USA). The previously mentioned nanoaggre-
gates and nanocarriers were used at variable concentrations
(0.00625 mg mL™", 0.01250 mg mL ", 0.02500 mg mL™ ' and
0.05000 mg mL ") dispersed in water/dimethyl sulfoxide (10: 1)
and 180 pL of Mueller Hinton-medium were added to each
corresponding well and incubated for 6 h at 37 °C. Water/
dimethyl sulfoxide (10:1) and bare magnetic nanoaggregates
and mesoporous silica nanocarriers were used as negative
controls, and a solution of pure antibiotic (1-hexadecyl-3-
propargyl imidazolium bromide/tetracycline) was dissolved
in water/dimethyl sulfoxide (10:1) as a positive control. After
the incubation time, 10 pL of the freshly prepared p-iodo-
nitrotetrazolium-chloride solution (1 mg mL™" in dimethyl
sulfoxide) was added to each well and incubated for further
30 min at 37 °C. The viability of bacteria relative to the
untreated control was determined by measuring the absorption
at 540 nm on a Tecan infinite M200 plate reader.

Data availability

The data supporting the findings of this study, Ionic Liquid
Modified Mesoporous Silica Nanocarriers for Efficient Drug
Delivery and Hydrophobic Surface Engineering, are available
within the article and its ESL.{ All relevant data, including the
synthesis procedures, characterization details, and experi-
mental results related to the modification of mesoporous silica
nanocarriers with ionic liquids for drug delivery and hydro-
phobic surface engineering and applications are provided.
Additional data (e.g., raw experimental data, detailed spectral
analysis, or other ESIt) can be accessed upon reasonable
request from the corresponding author.
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