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ARTICLE INFO ABSTRACT

Keywords: Silica materials are popular in biomedical applications as composites and drug delivery platforms due to their
Cetylpyridinium chloride low toxicity and biocompatibility. Mesoporous silica nanoparticles are attractive drug delivery systems based on
Micelles ) their porous silica framework with high surface area. In the preparation of mesoporous silica frameworks, most
iztciff:ﬁ'::gnenc resonance commonly, MCM-41, the efficient removal of the template responsible for introducing porous networks, cetyl-

trimethyl ammonium bromide (CTAB), is a critical step due to the template’s high toxicity in the environment
and human health. In this work, we present a new one-pot approach of introducing challenging antibiotics within
a silica framework without the need of toxic templates, but instead using micelle formation by an antibacterial
agent. We demonstrate that micelles formed by cetylpyridinium chloride (CPC), a known antibacterial agent,
entrap antibiotics such as rifampicin and ciprofloxacin. Extensive NMR studies elucidate the precise localisation
of the antibiotic within the CPC micelle. Ciprofloxacin is placed between the outer and palisade region while
rifampicin is located further into the hydrophobic CPC micelle core. In both cases, the formation of the silica
framework can be built around the CPC-antibiotic loaded micelles. The resulting silica nanoparticles show
loading of both CPC and antibiotic agents, porosity and dual antibacterial release upon disruption of the micelle
within the silica framework. The design not only provides a strategy of a therapeutic design to form porous
frameworks but also highlights the potential of precise antibiotic dose and release in nanoparticle systems.

Porous silica nanoparticles
Drug delivery

1. Introduction high surface area for drug loading. [1,4] MCM-41 and SBA-15 are among

the most popular mesoporous silica nanoparticle topologies, which are

Designs of efficient delivery systems for antibiotics is a key step in
controlling antibiotic dose and ultimately plays a role in combatting
antibiotic resistance. Silica nanoparticles (SiO;) are popular drug de-
livery systems due to their biocompatibility, facile synthesis and tune-
able size, from nanometre to micrometres, shape and surface chemistry
for functionalisation. [1] Entrapment of drugs in the silica framework is
limited by the drugs’ solubility and compatibility with the polarity of the
silica network. [2,3] This property is particularly pertinent for hydro-
phobic antibiotics with challenging inclusion in polar frameworks. One
of the common approaches for entrapment of antibiotics is the formation
of porous networks within the siliceous framework in order to achieve
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well established for agent inclusion in their porous networks. [1] Their
formation is based on surfactant based liquid templates which lead to a
periodic mesoporous network after its removal. [5-7] The templates
used for porosity formation in MCM-41 and SBA-15 are cetyl-
trimethylammonium bromide (CTAB) and Pluronic P123, respectively.
However, CTAB and Pluronic P123 are highly toxic to aquatic life and
potential carcinogens (ICso = 30 pM for CTAB and 12-30 pM for P123)
[8,9] and complete removal can be challenging. Additionally, the drug
uptake of the mesoporous particles relies on the adsorption of the drug
within the pores of the particle which results in uncontrolled dose
loading and “burst” release upon dispersion of the particles in a liquid
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medium. Blocking the pores of the particle with chemical functionali-
sation has been introduced to control of the drug release which requires
additional synthesis steps and a reactive stimulus to enable full control
over release. [10,11].

An alternative approach to introducing porosity in silica particles
uses antibacterial amphiphiles such as octenidine dihydrochloride, [12]
cetylpyridinium chloride (CPC), [13,14] and benzalkonium chloride
[15] which all adopted MCM-41 topology. We have been interested in
alternative methods for inclusion of agents of interest within the silica
framework, accompanied by surface modification for imaging [16-18]
and drug delivery. [19].

In this work, we introduce a strategy to deliver challenging antibi-
otics from silica nanoparticles through entrapping into micelles. We
employed CPC, an antibacterial amphiphile with a positively charged
quaternary ammonium headgroup and a hexadecyl aliphatic tail, widely
used in dental products such as mouthwashes [20] which forms micelles.
We have examined the inclusion of rifampicin (RIF) and ciprofloxacin
(CPX), as examples of poorly water-soluble antibiotics. RIF has previ-
ously been shown to only be included in mesoporous silica by its
adsorption in the pores, [21] but direct inclusion within silica frame-
work remains a challenge due to its hydrophobicity. Similarly, CPX
loading in silica particles is limited to those mesoporous particles with
surface functionalisation to assist adsorption. [22,23] Herein we study
the entrapment of the antibiotic in micelles and growth of silica nano-
particles in a one-pot approach in order to incorporate antibiotic within
the silica framework and examine their release (Fig. 1).

2. Materials and methods
2.1. Materials

Rifampicin (RIF), cetylpyridinium chloride (CPC) and tetraethox-
ysilane (TEOS) were purchased from Merck and ciprofloxacin (CPX) was
purchased from Fluorophen. Rest of chemicals and consumables were
purchased from Merck and were of the highest quality available.

2.2. Synthesis of SiO2

Synthesis of SiO; — general procedure 1. The Stober method with
modifications was used to synthesise the non-porous silica nano-
particles. [24] First a solution containing EtOH (25 mL), NH4OH (1.9
mL, 0.93 M), HyO (1.6 mL, 2.9 M) and TEOS (2.4 mL, 12.4 mmol, 1
equiv, 0.41 M) were added together. The reaction was left to stir (750
rpm) for 3 h at rt. After 3 h, a solution of antimicrobials was added and
stirred at RT for 6 h. The silica nanoparticles were isolated by centri-
fugation (15 min, 7830 rpm) and washed with H3O (3 x 20 mL). After
three cycles of the centrifugation-washing procedures, the silica nano-
particles were dried in-vacuo to yield a powder.

CPC micelle

CPX

CPC micelle
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SiO5 D CPC. Following general procedure 1, after 3 h a solution of
CPC (0.465 g, 1.36 mmol, 0.1 equiv) in HyO (3 mL) was added. Nano-
particles were isolated as a white powder (0.54 g).

SiO2 O CPX. Following general procedure 1, after 3 h a solution of
CPX (0.016 g, 0.048 mmol, 0.004 equiv) in Hy0 (3 mL) was added.
Nanoparticles were isolated as a white powder (0.17 g).

SiO9 D RIF. Following general procedure 1, after 3 h a solution of RIF
(0.040 g, 0.048 mmol, 0.004 equiv) in EtOH (3 mL) was added. Nano-
particles were isolated as a white powder (0.28 g).

Si0, O CPC-CPX. Following general procedure 1, after 3 h a pre-
mixed solution of CPX (0.016 g, 0.048 mmol, 0.004 equiv) and CPC
(0.465 g, 1.36 mmol, 0.1 equiv) in Hy0 (3 mL) was added. Nanoparticles
were isolated as a white powder (0.19 g).

SiO9 D CPC-RIF. Following general procedure 1, after 3 h a premixed
solution of RIF (0.040 g, 0.048 mmol, 0.004 equiv) and CPC (0.465 g,
1.36 mmol, 0.1 equiv) in EtOH/H30 (1/3 mL) was added. Nanoparticles
were isolated as an orange powder (0.41 g).

2.3. Quantification of antibiotics loaded by UV/Vis

UV/Vis absorption measurements were carried out to determine the
amount of antibiotics loaded into the materials using the lowest-energy
absorption maximum (Abspgy). The concentration of each antibiotic in
synthesis conditions were measured before adding to synthesis mixture.
Then after synthesis, all supernatants and washings were collected to
measure the remaining antibiotic in solution by absorption and analysis
via the Beer-Lambert law.

Encapsulation efficiency ( EE in %) is calculated as the percentage of
drug that is successfully entrapped into the nanoparticle eq (1):

eq (1)

EE — total drug added — free non entrapped drug « 100
total drug added

The encapsulation efficiency is converted into weight percent (wt%)
eq (2):
(EE) x total drug added

wt = eq (2
mass of nanoparticles synthesised a2

2.4. Release studies

Release studies were performed using loaded SiO» suspensions (2
mg/mL) in water or in methanol at 25 °C under stirring (750 rpm) for up
to 48 h. Aliquots (0.5 mL) were taken at set time points, then centrifuged
(5 min at 14000 rpm) to remove nanoparticles and released CPC, CPX
and RIF quantified by measuring the remaining supernatant, using a
Cary 60 UV/Vis spectrometer by absorption and analysis via the Beer-
Lambert law. The release experiments were repeated three times.

SiO, core

Fig. 1. Scheme of the antibiotic entrapment in CPC micelles and their inclusion in SiO; nanoparticles.
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3. Results and discussion
3.1. Characterisation of CPC micelle-antibiotic interactions

CPC micelle formation has been previously investigated and the
critical micelle concentration (CMC) is widely agreed to be 1 x 103 Min
pH neutral aqueous systems at 25 °C. [25-27] In addition, computa-
tional DFT simulations have been able to elucidate the most energeti-
cally favourable conformation in different solvents, showing that the
aliphatic chains are non-linear. [27] In this study, we first investigated
the CPC micelles by Dynamic Light Scattering (DLS). We used a CPC
concentration of 2 mM which is above the CMC and carbonate buffer
(0.1 M, pH 10.6) as dispersing medium to mimic the SiO5 nanoparticles
synthesis conditions (pH 10.5). [28] Under these conditions, CPC mi-
celles are formed with a hydrodynamic diameter of 4.9 + 1.2 nm
(Fig. S1, Table S1).

Titrations of antibiotics, CPX or RIF, into a solution of CPC micelles
(2 mM) shows an increase in hydrodynamic diameter with increase in
antibiotic concentration up to 6 mM (Fig. 2): from 4.9 + 1.2 nm to 6.8 +
1.2 nm for addition of CPX and 7.5 + 1.2 nm for addition of RIF. An
increase in micelle size is previously reported, for other drugs incorpo-
rated or associated within micelles. [29-31] The {-potentials of unloa-
ded CPC micelles display a positive value of +23 + 2 mV, due to
positively charged pyridinium heads on micelle-water interface. [27]
The {-potential decreases to +15 + 1 mV and +19 £+ 1 mV upon addi-
tion of CPX or RIF, respectively. This decrease is attributed to changes in
electron density at the pyridinium head of CPC at pH 10.6. [32,33].

In order to further evidence the interactions between CPC micelles
and antibiotics we used Nuclear Magnetic Resonance (NMR) techniques.
CPC micelle formation is confirmed by 'H NMR. As the concentration of
CPC increases from 0.5 mM (<CMC) to 2 mM (>CMC), characteristic
shifts in proton resonances are observed (Fig. S2, Table S2). The pyr-
idinium protons Hj 5 (6 = 8.89 ppm) and alkyl protons Hy (6 = 1.94
ppm) and Hg (5§ = 4.63 ppm) show upfield shifts (A5 = +0.01-0.03
ppm), while the remaining proton resonances of the aliphatic tail Hg 22
(6 = 1.08-1.26 ppm) show downfield shifts. These data indicate a
change in the environment of CPC upon micelle formation and is sup-
ported by previous studies undertaken in D20O. [34,35] Above the CMC
(45 mM), CPC micelles show intermolecular interactions in the NOESY
which are not present in the COSY (Fig. S3). The CPC micelles show
additional interactions between pyridinium protons Hj 4 (6 = 8.08 ppm)
and H; 5 (6 = 8.89 ppm) with aliphatic protons Hg 57 (6 = 1.08-1.26
ppm). There are also intermolecular interactions between Hg (5 = 4.63
ppm) with Hg 57 (6 = 1.08-1.26 ppm) and Hg (5 = 4.63 ppm) with
pyridinium protons H; 5 (6 = 8.89 ppm), supporting close proximity of
CPC molecules.

Firstly, we investigated the proton shifts upon addition of CPX (‘H
NMR before addition, Fig. S4) to CPC micelles (1:12). CPX is a poorly
water-soluble molecule. [36,37] The pKa values for CPX are 5.90 and
8.89 and are associated to the carboxylic acid group and the amine in the
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piperazine group, respectively. [38] At pD 10.6, it is likely that the
carboxylate will interact with the positively charged pyridinium group.
In the presence of CPX, the 'H NMR spectra of CPC micelles show small
upfield shifts except for the terminal methyl protons (Haz, § = 0.77 ppm)
which show no shifts (Fig. S5, Table S3). This phenomenon indicates
that the presence of CPX changes the molecular environment of CPC
protons. The upfield trend in 'H proton resonance shifts has been re-
ported as evidence between cationic micelles and aromatic molecules.
[35,39] As the terminal methyl groups in CPC micelles were not affected
by CPX, this suggests the location of CPX is at the micelle-water inter-
face, as previously described for polar molecules on addition to both
anionic and cationic surfactant micelles. [35,39,40] Additionally, there
are changes in the 'H NMR resonances of CPX in the presence of CPC
micelles. Similar to CPC micelles the CPX proton resonances show up-
field shifts except for the cyclopropane proton Hi;. However, the fine
structures of the splitting patterns change with those of the piperazine
protons H3g 24 and cyclopropane protons Hi; and Hig 15 appear broad-
ened and the aromatic protons Hs, H5 H§ appear with two sets of res-
onances. These patterns may indicate the molecules are in different
environments affected either by the viscosity of solution, [39] local
environments [41] or changes in molecular tumbling. [42] The signifi-
cant changes observed in 'H NMR spectra of CPX in the aromatic region
may be attributed to interactions of the negatively charged = system of
CPX with the positively charged pyridinium group of CPC through
cation-z interactions. [43-45].

The interactions between CPC micelles and CPX are further inves-
tigated by NOESY studies. Two significant NOEs are observed between
CPC and CPX (Fig. 3). One NOE corresponds to the interaction between
the protons of the cyclopropane ring (Hig, Hio) at § = 0.85 ppm of CPX
and the aliphatic chain protons of CPC (Hg 21) at § = 1.30 ppm. The
other NOE corresponds to the H}; proton on the cyclopropane ring at §
= 3.5 ppm and the aliphatic chain protons of CPC (Hg_2;) at § = 1.30
ppm. The NOEs for CPC micelle interactions do not change in the
presence of CPX which indicates that the micelle has not broken apart,
this is also supported by DLS studies. For the CPC micelles a new NOE is
observed between CPC pyridinium protons H; 5 (6 = 8.89 ppm) and
neighbouring CPC protons H; (5§ = 1.94 ppm), suggesting a closer
interaction of these protons within the CPC micelles through-space than
without CPX. The shifts in 'H NMR spectra and presence of NOEs
indicate that the cyclopropane ring of CPX is interacting with the
aliphatic tails of CPC micelles in the palisade layer of the micelle,
namely between the hydrophilic groups and first few carbon atoms of
hydrophobic groups [45] as there is no change in resonance of the ter-
minal protons of Hyy (5§ = 0.77 ppm). In addition, cation-n interactions
between pyridinium headgroups of CPC micelles and CPX aromatic
protons (H§, H§, H3) at 6 = 7.74 ppm, § = 7.53 ppm and & = 8.49 ppm,
illustrate the CPX molecule is sitting at the micelle-water interface, with
the piperazine group (H3p.o4 at § = 3.24-2.28 ppm) pointing outwards as
there is an absence of NOEs and the piperazine group is able to hydrogen
bond with solvent molecules.

A) B) C)
+ CPX + RIF 8
— — - )
£ . i
= = i + :
= - 0 6} 1
£ £ R # +
©° ©° o
S s Z 1
= 41|
a | s CPX
3t s RIF
1 10 100 1 10 100 0 1 2 3 4 5 &
Dh/ nm Dh/nm [Antibiotic] / mM

Fig. 2. Dynamic light scattering for monitor the hydrodynamic diameter (volume distribution) of CPC micelles (2 mM) upon addition of antibiotics (A) CPX and (B)

RIF in carbonate buffer (HCO3/C0%-, 0.1 M, pH 10.6).
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We also studied the proton shifts to determine interactions between
RIF and CPC micelles. In the presence of RIF, the 'H NMR spectra of CPC
micelle show shifts in proton resonances. The proton resonances show
small upfield shifts except for the terminal methyl protons of CPC, Hay
(6 = 0.81 ppm) and bulk aliphatic protons Hyo_29 (6§ = 1.20 ppm) which
show downfield shifts (Fig. S6, Table S4); indicating that RIF is situated
further into the core of the micelle. The pKa values of RIF are 1.7 and
7.9, relating to the 4-hydroxy and 3-piperazine nitrogen respectively.
Thereby, under basic conditions (pD = 10.6), RIF is neutral and con-
verted to RIF quinone. [46] The IH NMR spectrum of RIF in carbonate
buffer shows the presence of two species; one major and one minor,
indicated by additional peaks in the spectra (Fig. S7). It is reported in
mildly basic conditions RIF can slowly undergo deacetylation to form
22-desacetylrifampin and hydrolysis to formyl-rifampicin can also
occur. [46] In the presence of CPC, the 'H NMR shows a single set of RIF
resonances, the fine structure of the resonance peaks of RIF merge
together changing from sharp and narrow to smooth and wide in the
presence of CPC micelles. The protons of RIF show upfield shifts (A8 =
0.03-0.15 ppm) except for the resonance of Hys and HY; which have
small (A8<0.05 ppm) downfield shifts.

There are a significant number of NOEs between RIF and CPC
(Fig. 4). In general, most of the NOEs are between the aliphatic chain of
CPC and RIF than with the pyridinium head of CPC. NOEs are observed
between RIF piperazine protons HE4 57 (5 = 3.05 ppm, § = 2.49 ppm),
RIF piperazine N-methyl Hg (5 = 2.22 ppm) and CPC pyridinium head
protons Hy 4 (6 = 8.14 ppm). The RIF methyl group HE, (6 =0.61 ppm)
also shows a cross peak with proton Hy 4 (6 = 8.14 ppm) of CPC. An
additional cross peak between the pyridinium head of CPC and RIF is
observed between CPC H; 5 (6 = 8.93 ppm) and RIF O-methoxy protons
Hso (5 = 2.96 ppm). RIF alkene protons H§ (5 = 6.51 ppm), HE (6 = 6.29
ppm), H5s (6 = 6.13 ppm), HY (6 = 5.99 ppm), H55 (6 = 5.16 ppm), show
NOEs exclusively with CPC’s aliphatic protons Hyy (§ = 0.82 ppm),
Hg 21 (6 = 1.27 ppm) and Hg (6§ = 1.97 ppm). However, the RIF alkene
proton H5, (5 = 5.02 ppm) shows NOEs only with CPC Hg_3; (6 = 1.27
ppm) and Hg (6§ = 1.97 ppm), which illustrates that alkene H]}g (6 =5.02
ppm) is oriented away from terminal CPC micelle protons Hgz (§ = 0.82
ppm).

The NOEs for CPC micelle interactions do not change in the presence
of RIF which indicates that the micelle has not broken apart and this is
also supported by DLS studies. Multiple additional NOEs are observed
for CPC micelles only. There is a new NOE interaction within the CPC
micelles between Hy (6 = 1.94 ppm) and pyridinium protons Hy 5 (6 =
8.89 ppm) as well as new CPC micelle NOEs of H; (§ = 1.94 ppm) with
pyridinium protons Hj 4 (6 = 8.08 ppm), aliphatic protons Ho_5; (6 =
1.08-1.26 ppm) and terminal alkyl protons Hps (6 = 0.68 ppm). In
addition, aliphatic proton Hg (§ = 4.63 ppm) has two additional NOEs
with pyridinium protons Hj 4 (6 = 8.08 ppm) and H3 (6 = 8.55 ppm). H3
(6 = 8.55 ppm) has an extra interaction with alkyl protons Hg 21 (6§ =
1.08-1.26 ppm). Finally, terminal alkyl protons Hys (§ = 0.68 ppm) have
two additional NOEs with pyridinium protons Hy 4 (6 = 8.08 ppm) and
Hy5 (6 = 8.89 ppm).

Overall, the significant number of NOEs described between the
aliphatic chain of CPC micelles and RIF indicate the presence of RIF on
the inside of the CPC micelle within the hydrophobic core. Specifically,
the NOEs between CPC terminal alkyl protons (Hgp) and rifampicin
protons, HE, Hl;, H§5, HY, and HEs. This is supported by an increased
number of NOEs for the CPC micelle itself, which indicates a new
arrangement of aliphatic tails inside the micelle in the presence of RIF.
NOEs between the piperazine protons Hi4 57 at 5 = 3.05 ppm and 6 =
2.49 ppm and piperazine N-methyl HE at § = 2.22 ppm of RIF and
pyridinium protons of CPC at Hy 4 (5§ = 8.14 ppm) support orientation of
piperazine group of RIF towards the pyridinium headgroup of CPC
micelles within the palisade layer. In addition, the single set of proton
resonances observed in 'H NMR for RIF in the presence of CPC indicates
that this interaction may protect RIF from hydrolysis and degradation,
which is important for maintaining bioavailability of RIF. [46,47].
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The interaction of the CPX and RIF with CPC micelles were further
explored by Isothermal Titration Calorimetry (ITC). Upon titration of
the antibiotics into a 2 mM CPC micellar solution in carbonate buffer, Kp
value of 6.30 &+ 0.7 pM for CPX and 1.96 + 0.05 pM for RIF with CPC
micelles (Fig. 5) were calculated.

Additionally, optical spectroscopy was employed to further explore
the interactions between the antibiotics and CPC. The absorption
properties of CPX and RIF were investigated in a CPC micellar medium
at pH 10.6. The UV-Vis spectra of CPC show a single absorption band
with maximum at 259 nm (¢ = 4190 M 'em™ 1) (Fig. S8). In carbonate
buffer CPX has two absorption bands at 270 nm (¢ = 39000 M’lcm’l)
and 325 nm (¢ = 17000 M~ lem™1). Due to the overlapping between the
higher energy absorption band of CPX with CPC, changes in this band
cannot be monitored. However, at 325 nm, in the presence of CPC (6
mM, >CMCQ), there is a bathochromic shift to 334 nm (AA = +9 nm)
(Fig. 6A). Similarly, RIF has two absorption bands at 334 nm (¢ = 13000
M lem™) and 479 nm (¢ = 8000 M~ lem™ 1) corresponding to t1—n*
transitions. In the presence of CPC (6 mM, >CMC), there is a bath-
ochromic shift in both absorption bands of RIF to 339 nm (AA = +5 nm)
and 490 nm (AA = +11 nm) with a change in shape of the lower energy
absorption band (Fig. 6B). These data indicate that in the presence of
CPC micelles there is a change in environment for the antibiotics, sup-
porting the interactions described by NOESY.

Furthermore, the change of the environment upon micelle formation
was also investigated by steady-state and time resolved fluorescence
spectroscopy (Fig. 6C and D). CPX displays a maximum emission
wavelength at 425 nm upon excitation at 340 nm at pH 10.6. However,
after addition of CPC (2 mM), CPX emission suffers a significant
decrease in intensity of 93%. Accordingly, time-revolved fluorescence
studies showed a decrease in luminescence lifetime decay (Aexc = 375
nm, Aem = 425 nm) upon CPC addition from 7.3 ns to 3.3 ns. The
spectroscopic observations indicate that there is a change of the envi-
ronment of CPX which quenches the luminescence. There may be
aggregation-induced quenching which has been previously described for
other fluoroquinolines, [48,49] caused by the close proximity of CPX
molecules within the CPC micelle, or quenching from CPC as observed
for other anionic aromatic fluorescent dyes. [49].

3.2. Development of silica nanoparticles with CPC micelle loaded
antibiotics

Taking advantage of the CPC-antibiotic interactions, we used the
micelle incorporation to form SiO, nanoparticles for delivery of dual
antimicrobials. Briefly, a silica core is firstly formed for 3 h, then a so-
lution containing CPC micelles with or without antibiotic of choice is
added and silica growth continued for 6 h (Fig. S9). The size of micelles
in the synthesis was studied by Transmission Electron Microscopy (TEM)
(Fig. 7). TEM of CPC-CPX micelles reveals two populations with average
sizes of 3 + 2 nm (n = 50) and 7 &+ 2 nm (n = 50), while CPC-RIF mi-
celles show a single population of 5 + 1 nm (n = 50) (Fig. S15). The two
populations of CPC-CPX micelles in TEM can be attributed to the drying
process before imaging. Subsequently, the sizes of synthesised silica
nanoparticles were explored by Scanning Electron Microscopy (SEM).
The average nanoparticle sizes are 230 + 25 nm for SiO O CPC-CPX
and 300 4 20 nm for SiO5 D CPC-RIF (n = 50). Confirmation of the
presence of antibiotics was obtained by solid-state absorption spec-
troscopy (Fig. 7) of powders of the silica particles, Si03 > CPC-CPX and
$iO2 O CPC-RIF which show absorption bands at 340 nm and 330 nm
and 480 nm, respectively, characteristic of the presence of CPX and RIF
antibiotics.

Loading of incorporated antibiotics in nanoparticles was calculated
by UV/Vis spectroscopy based on remaining antibiotic in the synthesis
media and washings. An encapsulation efficiency of 84%, corresponding
to 7.2 wt% (72 pgcpx/mgnp) of CPX SiOy O CPC-CPX was calculated. In
the absence of CPC, the encapsulation efficiency of CPX decreases to
35%, corresponding to 3.0 wt% (30 pgcpx/mgnp). An encapsulation
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efficiency of 20%, corresponding to 2.5 wt% (25 pgrir/mgnp) for RIF in
Si0, DO CPC-RIF was determined, whereas no loading was achieved in
absence of CPC. Loading of CPC, however, is similar in all nanoparticles,
calculated to be between 8% (125 pgcpc/mgnp) and 11% (195 pgcpc/
mgnp). Thermogravimetric analysis (TGA) is used for the determination

of loading of drugs in silica nanoparticles based on continuous moni-
toring of sample weight loss upon heating at a defined rate under a
controlled atmosphere. The amount of organic composition (pg/mg)
was calculated from the TGA weight loss from 150 to 900 °C. TGA
analysis of CPC shows a single weight loss step at 180-250 °C and 100%
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degradation. TGA analysis of Si020CPC shows a weight loss of 9.8%
compared to unloaded SiOs, corresponding to encapsulation of CPC and
loading of 98 ugcpc/mgsioz. In comparison the Si030>CPC-CPX and
Si02DCPC-RIF particles showed a loss of weight of 18.0% and 18.5%
weight loss compared to unloaded SiOs, corresponding to total organic
content. These data are consistent with calculation of loading by UV/Vis
spectroscopy where total organic content is calculated as 15.2% and
13.5% for SiO2DCPC-CPX and SiO3DCPC-RIF particles respectively.
Nitrogen adsorption-desorption isotherm studies at 77 K were
employed to study the porous structure of nanoparticles (Fig. 8).
Nanoparticles were subjected to a calcination process in order to fully
remove the antibiotic template. After calcination, it was calculated a
BET surface area of 153 + 3 m?g! for SiO D CPC. Similarly, analysis of
SiO3 O CPC-CPX and SiO5 D CPC-RIF after calcination, resulted in a
calculated BET surface area of 215 + 4 m?g~! and 334 + 5 m%g7},
respectively. Before calcination, and due to the presence of CPC-
antibiotic micelles within the porous structure, BET surface areas of
17 + 1m?g), 5+ 1 m%g! and 5 + 1 m?g! were calculated for SiOz >
CPC, SiO; D CPC-CPX and SiO, D CPC-RIF. Before calcination, Ny

adsorption-desorption isotherm of nanoparticles exhibit a Type I(a)
isotherm, according to IUPAC classification, characteristic of micropo-
rous materials with relatively low surface area. The increase on adsor-
bed gas at high P/Py is associated with intraparticle spaces. After
calcination process, nanoparticles display a Type II isotherm charac-
teristic of microporous material with wider pore size range from mi-
cropores (<1 nm) to narrow mesopores (<2.5 nm). The absence of type
1V isotherm and type H1 hysteresis loop suggests the absence of unidi-
mensional pores within nanoparticles.

Recorded isotherms, proves the ability of CPC to act as template
during the silica formation. Furthermore, calculated average pore size
for Si0y D CPC was 2.5 nm, which is in good agreement with micelle size
simulations [27] and proves the ability of the CPC micelles to form a
porous structure within the silica framework. In case of SiO3 > CPC-CPX
and SiO2 D CPC-RIF average pore size of 2.7 nm and 2.8 nm were
estimated, respectively with a cumulative pore volume of 1.37 cm®/g
and 1.33 cm®/g. However, estimated pore sizes may not be reflected
accurately given the changes in silica structure upon calcination (Fig. 8).
[50] These data illustrate that the presence of the antibiotic does not
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Fig. 8. Nitrogen adsorption-desorption isotherm at 77 K and calculated pore size distribution of (A) Si030CPC, (B) SiO,>CPC-CPX and (C) SiO,DCPC-RIF as

synthetized and after calcination treatment at 600 °C for 18 h.



A.R. Muguruza et al.

alter the templating-abilities of CPC micelles. Furthermore, SiO3 > CPX
particles display a nonporous structure based on the adsorption
isotherm, before and after calcination (Fig. S11), confirming that the
described porosity is achieved only when CPC micelles are included in
the silica nanoparticle.

Release studies were conducted to demonstrate the potential use of
developed nanoparticles as drug delivery system. Nanoparticles were
suspended in water and examined for antibiotic release overtime upon
stirring. The presence of antibiotics was detected by absorption spec-
troscopy of the supernatant solutions following centrifugation to remove
particles (Fig. 9). Dual loaded antimicrobial particles, SiO2 > CPC-CPX
(2 mg/mL) in water shows a time dependent cumulative release of CPC
up to 12.9 + 0.7 pgcpc/mL after 48 h. In addition, CPX release 0.3 + 0.1
pgcpx/mL is observed after 48 h, illustrating release of both antimicro-
bials from SiOy D> CPC-CPX. Instead, in SiO D> CPX (2 mg/mlL), a
maximum release at 48 h of 0.08 + 0.03 pgcpx/mL is observed
(Fig. S12). Release from SiO5 D CPC-RIF (2 mg/mL) in PBS buffer (pH
7.4), also shows a time dependent cumulative release of CPC up to 15.2

+ 0.6 pgcpc/mL. The release of RIF is below the limit of detection for

UV-Vis and therefore not quantified in this experiment, this is due to the
low water solubility of RIF in addition to a low molar extinction coef-
ficient. The presence of RIF in the supernatant is confirmed by mass
spectrometry (Fig. S13). Finally, SiO2 D CPC (2 mg/mL) particles in PBS
buffer (pH 7.4) show a similar time dependent cumulative release up to
14.9 + 1.0 pgcpc/mL. Furthermore, methanol was chosen for the effi-
cient disruption of the micelles as previously reported. [51] Release of
the antibiotics from a suspension of nanoparticles was estimated: for
Si02 O CPC-CPX (2 mg/mL) in methanol after 24 h as 6.4 + 0.7
pgcpx/mL and 140 + 14 pgcpe/mL. Similarly, for SiO5 D CPC-RIF: in
methanol 3.8 + 1.5 pgrip/mL and 57 + 5 pgcpc/mL release was deter-
mined (Fig. S14). The quantity of antimicrobials released are within the
Minimum Inhibitory Concentration values for susceptible bacteria
strains, demonstrating the potential of the silica platform for their de-
livery. [52]

Microporous and Mesoporous Materials 363 (2024) 112841
4. Conclusions

CPC micelles have shown to incorporate antibiotics in their structure
which makes them promising vehicles for the loading of CPX and RIF
antibiotics into silica nanoparticles. The antibiotic-CPC interactions
were elucidated by 'H NMR and NOESY experiments. The CPC-CPX
interactions indicate that CPX is placed between the outer and palisade
region of the CPC micelle. The NMR studies show that RIF is located
further into the hydrophobic micelle core. The micelle incorporation of
the antibiotics is also shown by a suite of analytical techniques. Intro-
ducing CPC micelles into SiO, nanoparticles led to a porous structure
within the SiO, framework as shown by porosimetry studies, providing
CPC as an ideal antimicrobial drug template, replacing toxic surfactants
or polymers. The incorporated antibiotics can be released from silica
particles due to disruption of the micelles alongside release of CPC
molecules, providing a system of dual antimicrobial delivery. Our results
represent a novel strategy for the development of porous SiO, using a
therapeutic template which can find applications in enhancing loading
and release of poorly-water soluble antibiotics.
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