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Recently, great attention has been paid to hydroxychloroquine which after promising in vitro studies has been
proposed to treat the severe acute respiratory syndrome caused by SARS-CoV-2. The clinical trials have shown
that hydroxychloroquine was not as effective as was expected and additionally, several side effects were observed
in patients cured with this medicament. In order to reduce them, it is suggested to deliver hydroxychloroquine in
a controlled manner. Therefore, in this study non-modified (SBA-15, SBA-16) and modified with copper and
aminosilane mesoporous silica materials were applied as novel nanocarriers for hydroxychloroquine. First,
pristine and functionalized samples were synthesized and characterized by X-ray diffraction, low-temperature
nitrogen sorption, transmission electron microscopy, X-ray photoelectron spectroscopy, infrared spectroscopy,
laser diffraction. Then the influence of physicochemical parameters of materials obtained on the adsorption and
release processes of hydroxychloroquine was analyzed. The mechanism of hydroxychloroquine binding to non-
modified silicas was based on the formation of hydrogen bonds, while in the case of copper and aminosilane
functionalized materials the complexes with drug molecules were generated. The release behavior of hydroxy-
chloroquine from silica samples obtained was determined by different factors including pH conditions, textural
parameters, surface charge, and presence of surface functional groups. The greatest differences in hydroxy-
chloroquine release profiles between materials were observed at pH 7.2. The amount of drug desorbed from silica
decreased in the following order: functionalized SBA-15 (84%) > functionalized SBA-16 (79%) > SBA-15 (59%)
> SBA-16 (33%). It proved that a higher amount of drug was released from materials of hexagonal structure.

severe acute respiratory syndrome caused by coronavirus-2 (SARS-CoV-
2) in the reference to the promising in vitro studies. This drug was

1. Introduction

Hydroxychloroquine sulfate (HCQ) is a drug applied to treat malaria,
discoid lupus erythematosus, and autoimmune diseases including
rheumatoid arthritis, antiphospholipid syndrome, Sjogren's syndrome
[1-4]. Long-term application of HCQ is often recommended for patients
who suffer from cutaneous lupus and systematic lupus erythematosus
(SLE) [5]. Hydroxychloroquine sulfate exhibits a beneficial outcome on
SLE because it reduces the impact of the risk related to thrombotic ef-
fects and organ destructions [6]. It was proved that both chloroquine
and its hydroxy-derivative HCQ indicate positive effects in reducing
viral replication and prevent its fusion to cell membranes [7,8]. Ac-
cording to previous studies these compounds showed antiviral activity
against the Ebola virus [9], Zika virus [10], Human Immunodeficiency
Virus (HIV-1) [11], poliovirus [12], hepatitis A and C [13], and SARS-
CoV-1 [14]. In recent times, HCQ was also proposed to treat the

* Corresponding authors.

applied alone or in combination with azithromycin in hospitals and
primary care practices [15,16]. Currently, more than 200 trials of
hydroxychloroquine/chloroquine or both and in connection with other
medicaments are registered globally. It was reported that hydroxy-
chloroquine improved outcomes in a small number of patients infected
with coronaviruses [17]. However, the efficacy of HCQ was not as good
as it was expected. The results proved that the treatment with HCQ of
adults suffered from COVID-19 did not ameliorate the clinical status of
the patient compared with placebo [18]. It was shown that hydroxy-
chloroquine neither increased nor reduced the risk related to intubation
or death in the case of COVID-19 [19].

From a chemical point of view, HCQ is an aminoquinoline that has an
amino group attached to a quinoline ring and it contains a hydroxyl
group at the N-ethyl end (Table 1). Hydroxychloroquine sulfate is a less
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Table 1
Hydroxychloroquine — chemical structure and geometric properties (Spartan '18. Version 1.4.5. Jun. 29. 2020).
Structure MW (g/mol) Area (A?) Volume (A%) Polar surface area (A%) Ovality
CH, 434 461.38 413.85 114.076 1.72

CH, (

N
~SNoH

HNJ\/\/
o0
cl N> H.S0,

toxic derivative of chloroquine that has an additional hydroxyl group.
HCQ sulfate is available as film-coated tablets for oral administration
(200 mg of the active ingredient is used per tablet). Dosage applied is
different depending on the treatment indication. Hydroxychloroquine is
absorbed within 2 to 4 h after oral administration [20] in the upper part
of the intestinal tract. HCQ is metabolized in the liver by cytochrome
p450 [21] and 3 metabolites such as desethylchloroquine, desethylhy-
droxychloroquine and bisdesethylhydroxychloroquine are formed [22]
that also exhibit pharmacological activities. Afterward, the metabolized
and unchanged hydroxychloroquine is expelled through urine or
excrement. In general, HCQ presents a good safety profile, however, it
also exhibits some negative effects. The most common one is associated
with gastrointestinal disorders such as retch, vomiting, and diarrhea
[23]. Application of HCQ can cause arrhythmia, myopathy, and pro-
longed QT interval that corresponds to the abnormal pattern observed
on the electrocardiogram that is related to a high risk of sudden cardiac
death. However, the most complex toxicity of HCQ is the development of
retinopathy, which is associated with irreversible visual loss [24].
Moreover, wide application of hydroxychloroquine may cause cuta-
neous adverse reactions and hepatic failure [25]. HCQ can have also
other side effects such as hair loss, hives, bronchospasm, muscle weak-
ness, and unusual bleeding or bruising. Additionally, the reports proved
that the treatment with hydroxychloroquine may induce the exacerba-
tion of psoriasis [26].

In order to reduce the side effects of HCQ and to deliver this drug in a
controlled manner, it is proposed to apply nanocarriers. So far ordered
mesoporous silica (OMS) have been utilized as vehicles for various
active compounds [27-29]. Due to their nontoxicity, high stability, well-
developed surface area and great pore volume mesoporous silica can be
recommended as an ideal candidate for drug hosting. Recently, hollow
mesoporous silica spheres with polyelectrolyte multilayers have been
applied as a delivery system for ibuprofen [29]. In another study bio-
mimetic diselenide-bridged mesoporous organosilica nanoparticles
were used as a carrier for doxorubicin in chemotherapy [30]. This drug
was also delivered by using mesoporous silica nanoparticles conjugated
with TAT peptide [31]. The presence of silanol groups on their surface
enables to perform their modification using various organic groups. The
introduction of amino-functional groups may enhance the sorption
abilities of materials while the presence of copper may generate acid-
base active centers on the surface of materials. It should be also high-
lighted that at trace concentrations copper is curial for life and takes part
in enzymatic reactions in humans [32]. Moreover, copper exhibits
antiviral and antibacterial activity [33-35], therefore the impregnation
of mesoporous materials with copper(II) chloride is fully justified. So far
colloidal silica was applied as an excipient for HCQ [36]. In another
study, hydroxychloroquine-loaded hollow mesoporous silica nano-
particles (HMSN) were obtained to increase the therapeutic effective-
ness of radiotherapy in cancer treatment. It was proved that HMSN
accelerated the drug delivery to tumors and inhibited their growth [37].
However, there are no literature data concerning the application of
modified OMS as carriers for hydroxychloroquine sulfate. Therefore, the
aim of this study is to assess the importance of physicochemical prop-
erties of copper and aminosilane functionalized OMS during the
adsorption and release of HCQ sulfate.

1. Materials and methods
1.1. Synthesis and modification of mesoporous materials

1.1.1. SBA-15

Firstly, 10 g of triblock copolymer Pluronic P123 (Sigma-Aldrich)
was introduced to the solution of hydrochloric acid (2 M, 70 cm®) and
distilled water (150 cm®) stirred on a magnetic stirrer at 55 °C. Next 20 g
of tetraethyl orthosilicate (Sigma-Aldrich) was added drop by drop. The
components were then stirred at 55 °C for the period of 8 h and after-
ward dried at 100 °C for 16 h. The material was filtered off and dried. In
the last step, the product was calcined at 550 °C for the period of 8 h.

1.1.2. Modification of SBA-15

The SBA-15 material obtained according to the above-presented
procedure was functionalized with 3-aminopropyltriethoxysilane
(APTES) and in the next step, it was impregnated with an aqueous so-
lution of copper(Il) chloride. The modification was performed under
reflux. 4 g of SBA-15 was immersed in toluene (347.8 cm?®). Next APTES
(17.4 ¢cm®) was added while mixing. Afterward, all components were
stirred at 100 °C for 24 h. The solvent was removed by hot filtration and
the modified silica was dried at 100 °C. Subsequently, an incipient
wetness technique was applied to impregnate aminosilane functional-
ized SBA-15 with an aqueous solution of copper(Il) chloride in the
amount necessary to obtain 1 wt% Cu loading. For 2 g of functionalized
SBA-15, 0.05 g CuCl, dissolved in 3 cm? distilled water was applied. In
the last stage of synthesis, the material was dried at 100 °C for 24 h. The
SBA-15 materials modified with 3-aminopropyltriethoxysilane and
copper are denoted as Cu/SBA-15-AS (AS corresponds to
aminopropyltriethoxysilane).

1.1.3. SBA-16

SBA-16 material was obtained by adding 3 g of Pluronic F127
copolymer (Sigma-Aldrich) to the solution of hydrochloric acid (9 cm3)
and distilled water (144 cm®). The mixture was then stirred at 35 °C
until the copolymer was totally dissolved. Concomitantly, 1-butanol (1
cm®) was introduced, and all components were stirred for 1 h. After-
ward, tetraethyl orthosilicate (13.2 g) was added. The mixture was
stirred for 24 h at 35 °C and subsequently, it was subjected to hydro-
thermal treatment for 24 h at 100 °C. The material obtained was filtered
off when hot. Then, it was dried, refined, and calcined at 550 °C for 8 h.

1.1.4. Modification of SBA-16

The SBA-16 synthesized based on the above-described method was
functionalized with APTES and afterward, it was impregnated with an
aqueous solution of CuCl,. The functionalization process was carried out
under reflux. 6.3 g of SBA-16 was introduced to 547.8 cm® of toluene.
Subsequently, 27.4 cm® of APTES was introduced while stirring and all
ingredients were mixed at 100 °C for 24 h. Then toluene was removed by
hot filtration and the SBA-16 functionalized with APTES was dried at
100 °C. 2 g of SBA-16 modified with APTES was weighted to perform the
impregnation process with CuCl,. 0.05 g of copper(Il) chloride was
dissolved in 3 cm® of distilled water. Next, metal-containing solution
was added drop by drop on the surface of functionalized SBA-16. The
impregnated sample was dried at 100 °C for 24 h. The SBA-16 materials
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modified with 3-aminopropyltriethoxysilane and copper are denoted as
Cu/SBA-16-AS (AS corresponds to APTES).

1.2. Sample characterization

1.2.1. Small-angle X-ray scattering (SAXS)

The small-angle X-ray scattering was performed by X-ray diffrac-
tometer (Empyrean, PANalytical) with the copper Kal radiation (A =
1.5406 A) and the copper Ka2 radiation (A = 1.5444 A). The step size
was 0.0001°.

1.2.2. Powder X-ray diffraction (XRD)

All materials synthesized were characterized by using powder X-ray
diffraction (D8 Advance Diffractometer, Bruker, U.S.) with the copper
Kol radiation (A = 1.5406 ./7\). The XRD analyses were performed at
room temperature with a step size 0.05° in the high-angle range.

1.2.3. Transmission electron microscopy (TEM)
The samples were placed on a grid with a carbon film and analyzed
by transmission electron microscope (JEOL 2000) operating at 80 kV.

1.2.4. Nitrogen sorption

The pore structure of the OMS was determined based on low-
temperature nitrogen adsorption-desorption isotherms using a sorp-
tometer Quantachrome Autosorb iQ (U.S.). Before starting the mea-
surements, pristine materials (SBA-15 and SBA-16) were degassed in a
vacuum at 300 °C for 5 h, while modified OMS samples were degassed at
150 °C for 5 h. The surface area and pore size distribution were esti-
mated by BET (Brunauer-Emmett-Teller) and BJH (Barret-Joyner-
Halenda) methods. Additionally, average pore diameter and total pore
volume were also designated.

1.2.5. Elemental analysis
Elemental composition of materials was determined using Elementar
Analyser Vario EL III.

1.2.6. X-ray photoelectron spectroscopy (XPS)

The XPS analyses were performed by an UHV SPECS spectrometer.
The experiments were carried out with the use of Al Ka radiation by a
PHOIBOS HSA3500 analyzer, working in the FAT scan mode with a pass
energy of 20 eV. The XPS spectra were recorded and in the next step
calibrated by using the C 1s peak at 284.5 eV as an internal standard.
Core-level peaks were examined by non-linear Shirley-type background
subtraction. The data processing was performed by the CasaXPS pro-
gram. The accuracy of the binding energy values was assessed to be
+0.1 eV.

1.2.7. Laser diffraction

Particle size distribution (PSD) of the mesoporous materials was
determined by Mastersizer 3000 (Malvern Instruments Ltd., UK). The
drop of surfactant (polysorbate 20) was added to OMS in order to pre-
vent their floating in the dispersant. The samples were dispersed in
distilled water and put into the hydro dispersion unit. The results were
depicted in the form of percentages of d(0.1), d(0.5) and d(0.9) [28].
The data in the form of d(0.1) gives information that 10% of particles
have the size smaller than the value obtained, d(0.5) that represents the
median of particle sizes and d(0.9) which notifies that 90% of particles
have a size smaller than the results received. Additionally, the D[3.2]
known as Sauter Mean Diameter enables to monitor the proportion of
fine particles in the samples while the D[4.3] recognized as volume
moment mean or De Brouckere Mean Diameter reflects the coarse par-
ticles in OMC materials.

1.2.8. Zeta potential measurement
The electrokinetic properties of modified and non-modified OMS
samples were assessed over pH ranging from 1.5 to 8 by Zetasizer Nano
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7S (Malvern Instruments Ltd., UK) equipped with an auto-titrator. The
zeta potential was estimated based on the Henry equation [38].

1.2.9. FT-IR spectroscopy

FT-IR spectra of the OMS before and after HCQ adsorption were
registered by using spectrometer (Bruker IFS 66v/S, U.S.). The samples
were mixed with anhydrous KBr (1 mg of silica per 200 mg KBr). The
infralred spectra were recorded in a wavenumber range of 4000-400
cm .

1.3. Adsorption of HCQ

In order to perform the adsorption process of HCQ onto OMS mate-
rials, series of aqueous drug solutions with concentrations from the
range of 6.25 to 125.00 mg/dm® were prepared. 0.04 g of each nano-
material (SBA-15, Cu/SBA-15-AS, SBA-16, and Cu/SBA-16-AS) were
suspended in 50 cm® of HCQ solutions. As prepared samples were
shaken steadily in a shaker (KS 4000i control, IKA, Germany) for 24 h at
room temperature. Afterward, the mixtures were filtered off and the
concentration of HCQ found in the supernatant liquid was measured at
the wavelength of 231 nm by spectrophotometer UV-Vis (Cary 60,
Agilent, U.S.). The amount of hydroxychloroquine sulfate adsorbed on
the surface of OMS samples was estimated based on the following
equation:

q. = (G-C)V 6
m

where Cy represents the initial concentration of HCQ (mg/dm3). Ce de-

notes the residual concentration of hydroxychloroquine sulfate (mg/

dm?). V is the volume of HCQ solution (dm3), and m represents the mass

of silica nanomaterial (g).

1.4. Release of HCQ

The release experiments of HCQ from OMS materials were performed
in three different conditions to simulate gastric fluid (pH 1.2), intestinal
fluid (phosphate buffer of pH 5.8) and saliva (phosphate buffer pH 7.2).
The receptor fluids were maintained at 37.0 °C + 0.50 °C with the
stirring of speed 100 rpm. Before the release test, 0.025 g of mesoporous
silica materials were added into the 3 cm® of HCQ solution (0.005 g of
HCQin 3 cm® of distilled water). Afterward, the mixture was placed in a
drier for 24 h. When the solvent was evaporated the mesoporous ma-
terials loaded with HCQ were dispersed in receptor fluids of different
pH. At specified time intervals, the samples were withdrawn and the
changes in concentration of HCQ were monitored at the wavelength of
231 nm by UV-Vis spectrophotometer (Cary 60, Agilent, U.S.). The data
obtained were then used to quantify the percent of HCQ release versus
time. The studies were carried out sixfold and both average and standard
deviation were calculated. Additionally, the release results were fitted to
mathematical kinetic models such as zero-order (Eq. (2)), first-order (Eq.
(3)), Higuchi's model (Eq. (4)), Korsmeyer-Peppas model (Eq. (5)), and
Hixson-Crowell model (Eq. (6)) [39,40] using following equations:

F, = kot 2)
F=1-e™ 3
F, = kyVt 4
F = (M,/M) = kgpt" 6))

Q/I‘To* ﬁ = kuct (6)

Where F; is the fraction of HCQ released over a certain time, t (h); Fy is
the initial amount (mg) of HCQ in OMS materials, and Ko, k, ky, kkp, kuc
correspond to release constants of particulate kinetic models.
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Furthermore, R% was estimated to determine which mathematical model
follows the particular release profile.

2. Results and discussion

The structure of OMS materials was assessed by small-angle X-ray
scattering (SAXS). Due to the SAXS profiles obtained it was possible to
determine if the modification of SBA-15 and SBA-16 using APTES and
impregnation with an aqueous solution of copper(II) chloride influenced
the structure of newly synthesized materials. The SAXS profiles are
depicted in Fig. 1.

Based on the SAXS profiles, it was observed that SBA-15 silica is a
material with a highly ordered mesoporous structure (Fig. 1 A). The
pattern of SBA-15 contains a characteristic peak of hexagonal pore
arrangement detected at 20 around 1° that corresponds to the plane
(100) [41]. Additionally, two peaks were observed at 26-1.7° and 1.9°
representing the (110) and (200) planes, respectively [42]. These three
well-separated reflections indicate the hexagonal two-dimensional
mesoporous structure (space group P6mm) [41,43]. The SAXS pattern
of Cu/SBA-15-AS (Fig. 1 B) also reveals three characteristic peaks
detected at 20 around 1°, 1.7° and 1.9°. However, their intensity
decreased compared to the non-modified material that may indicate a
disturbance of the ordered mesoporous structure. The SAXS profile of
SBA-16 pristine silica presents reflections corresponding to the planes
(110), (200), and (211) that confirm the three-dimensional cubic
structure of Im3m space group (Fig. 1C) [44]. Three characteristic peaks
at 20 around 0.9°, 1.6°, and 2.1° were noticed. The modification of SBA-
16 with aminosilane and copper(II) chloride led to a slight reduction in
the intensity of reflections. Two peaks were identified at 26 around 0.9°
and 2.1° (Fig. 1D). The detailed characterization of each peak is pre-
sented in Table S1 (Supporting Information).

The XRD profiles of Cu/SBA-15-AS and Cu/SBA-16-AS samples in the
high-angle range contain only wide reflections at 20-23° corresponding
to amorphous silica. However, no phases derived from modifiers were
observed (Fig. 2).
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Fig. 2. X-ray diffraction patterns in the high-angle range of the modified OMS:
Cu/SBA-15-AS and Cu/SBA-16-AS.

The structure of materials obtained was determined by TEM images
which are displayed in Fig. 3. The hexagonal arrangement of pores was
observed for both SBA-15 and Cu/SBA-15-AS materials (Fig. 3A, B). In
turn, highly ordered cubic structure was detected for SBA-16 before and
after functionalization with APTES and copper(II) chloride (Fig. 3C, D).
The dark areas in the TEM images represent the walls of the OMS,
whereas the white spots reflect the pores of materials. It was observed
that the arrangement of pores was partially disturbed for modified silica
materials.

The textural parameters including BET surface area, total pore vol-
ume, average pore diameter of OMS are collected in Table 2. The pore
diameters of all silicas are within the typical range for mesoporous
materials from 2 to 50 nm. The highest average pore diameter was
observed for Cu/SBA-15-AS while the smallest for SBA-16. Unmodified

Cu/SBA-15-AS I

Intensity (a.u.)

—— Cu/SBA-16-AS

Intensity (a.u.)

2 theta,’

Fig. 1. SAXS profiles of SBA-15 (A), Cu/SBA-15-AS (B), SBA-16 (C), and Cu/SBA-16-AS (D).
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Fig. 3. TEM micrographs of SBA-15 (A), Cu/SBA-15-AS (B), SBA-16 (C), and Cu/SBA-16-AS (D).
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Fig. 4. The XPS spectra of Cu/SBA-15-AS: A) survey spectrum, and high-resolution spectra of B) Si 2p, C) N 1s, D) Cu 2p.

SBA-15 and SBA-16 materials were characterized by a comparable BET 16-AS. These results proved that the functional groups were situated not
surface areas, ranging from 703 to 727 m?/g. The modification of ma- only on the outer surface of materials but also inside the channels of
terials with aminosilane and copper(II) chloride led to a decrease in the their mesostructures [45]. It is suggested that the modification of silica
BET surface area and pore volume for both Cu/SBA-15-AS and Cu/SBA- undergoes more willingly at the micropore or small mesopore openings.



A. Olejnik and J. Goscianska

Materials Science & Engineering C 130 (2021) 112438

A | cusBA-16-AS 01s B
14
C1s
J’Cu 2p
\'W ped W‘J M /
|
@»WM WWM W w si2p
Nis c 2p| |1
\
A Mg,
12I00 10I00 8(I)0 6(I)0 4(I)0 2(I)0 (l) 108 106 104 102 100 98 96
B.E. (eV) B.E. (eV)
D Cu2p I
sat. Cu” 2py,
4(I)6 4(I)4 4(;2 4(I)0 358 356 3&4 3&2 9(I50 9%0 9‘:&0 95;0
B.E. (eV) B.E. (eV)
Fig. 5. The XPS spectra of Cu/SBA-16-AS: A) survey spectrum, and high-resolution spectra of B) Si 2p, C) N 1s, D) Cu 2p.
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Fig. 6. Particle size distribution of modified and non-modified OMS.

This may be caused by the facility of attachment at the pore apertures.
Consequently, the amine functional groups may block the micropores/
small mesopores that lead to lessening in the surface area and pore
volume [41]. Fig. S1 (Supporting Information) presents the nitrogen
adsorption isotherms of non-modified and modified mesoporous silica
samples. They belong to the IV type of isotherms according to the IUPAC
classification characteristic for mesoporous materials [46].

Elemental analysis was used to identify the chemical compositions of
materials obtained. It gave information about the content of nitrogen in
the functionalized samples. These experiments were also carried out to

confirm the effectiveness of surface modification. The results were
shown in Table 3. The contents of nitrogen, carbon, and hydrogen
significantly increased in both aminosilane functionalized mesoporous
silica compared to the pristine samples. It was also noticed that a higher
amount of nitrogen was determined for Cu-SBA-15-AS that could have
an influence on HCQ adsorption and release processes.

X-ray photoelectron spectroscopy enabled the determination of the
chemical features of modified ordered mesoporous silica samples. The
XPS surveys of Cu/SBA-15-AS and Cu/SBA-16-AS are depicted in Fig. 4A
and Fig. 5A. In both spectra, intense peaks at around 530 eV assigned to
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Fig. 9. FT-IR spectra of OMS materials after adsorption of HCQ.

oxygen were detected [47]. Additionally, the signals from Si 2p (103.3
eV, [48]), C 1s (286 eV, [49]) and N 1s (~400 eV, [50]) were deter-
mined. The small peaks derived from Cl 2p were also observed. Further
analysis revealed that copper was present on the surface of both Cu/
SBA-15-AS and Cu/SBA-16-AS. Based on the XPS survey it could be
stated that the modification of pristine materials was effective.

Fig. 4B and Fig. 5B present also the high-resolution spectra of Si 2p. A
single and symmetrical peak centered at about 103.3 eV was found in
both cases. These results are characteristic of mesoporous silica mate-
rials and are in accordance with values reported in the literature
[51-53]. The spectra of N 1 s present the intense signals centered at
about 400.4 eV for Cu/SBA-15-AS and at about 400.3 eV for Cu/SBA-16-
AS which correspond to C-NH; in AS moiety (Fig. 4C and Fig. 5C).
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Fig. 10. Adsorption isotherms of HCQ on modified and non-modified
OMS materials.

Furthermore, in order to determine the chemical state of copper in both
modified samples, high-resolution XPS spectra were shown in Fig. 4D
and Fig. 5D. The peaks located at binding energies of 933.7 eV and
953.5 eV (with relative intensity 2:1) are assigned to Cu 2ps,2 and 2p; /2,
respectively, that correspond to Cu(l). These results are in accordance
with studies reported by Li et al. [54]. Additionally, two peaks at a
binding energy of 936.3 eV and 956.5 eV were found in the spectrum
that correspond to Cu 2p3/5 and Cu 2p; /2, respectively, that are assigned
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Fig. 11. UV spectra of HCQ released from SBA-15 (A), Cu/SBA-15-AS (B), SBA-16 (C), Cu/SBA-16-AS (D) over time at pH 7.2.
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Fig. 12. Release profiles of HCQ from SBA-15 (A), Cu/SBA-15-AS (B), SBA-16 (C), Cu-SBA-16-AS.

to Cu(Ill) [55]. The existence of satellite peaks in the spectra was
determined at 943.9 eV and 963.3 eV. The detailed spectral character-
istics for the samples are presented in Supporting Information in
Table S2. It should be highlighted that the determination of the chemical
state of copper by XPS spectroscopy is challenging because Cu(0), Cu(I)

and Cu(Il) can give signals in the same range of binding energies
(~932-936 eV) [56]. The decisive elements may be the line width or the
appearance of strong satellites characteristic only for the Cu(II) state. In
both Cu/SBA-15-AS and Cu/SBA-16-AS samples the presence of these
satellites was observed. They could be assigned to the Cu” signal because
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Fig. 13. Dissociation equilibrium of hydroxychloroquine (monoprotonated and diprotonated form of HCQ) [72].
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Fig. 14. Release profiles of HCQ from modified and non-modified mesoporous
silica materials at pH 7.2.

changing in its intensity causes a change in the intensity of the satellites.

Additionally, the high-resolution XPS spectra of the O 1s, C 1s, Cl 2p
for both modified materials are displayed in Figs. S2 and S3 (Supporting
Information). The detailed spectral characteristics of the tested samples
(quantitative and qualitative analysis) are presented in Table S2. The
signal from O 1s was decomposed into two binding energy components
(Figs. S2 A, S3 A). The peak with the highest atomic concentration at
532.8 eV is attributed to Si—O—Si [57]. The minor signal at 531.4 eV for
Cu/SBA-15-AS and 531.2 eV for Cu/SBA-16-AS can be assigned to
Si—O—H. In the case of Cu/SBA-15-AS (Fig. S2 B), the signal of C 1s was
decomposed into three components. The main peak at 285.2 eV (25.4%)
corresponds to C—C bonds [58,59] that are assigned to the propyl chain
in the AS moiety. Another component determined at 286.5 eV (5.9%) is
attributed to C—N [60]. The last C 1s peak at 288.8 eV (3.8%) originates
from C—Si. It is supposed that due to the relationship between copper
ions and AS moiety the binding energy was shifted. The same compo-
nents were observed for Cu/SBA-16-AS (Fig. S3 B), however, the atomic
concentrations were slightly different than for Cu/SBA-15-AS
(Table S2). The Cl 2p XPS spectra in Fig. S2 C and Fig. S3 C exhibited
a single peak centered at around 199.1 eV for Cu/SBA-15-AS and 199.2

Table 2

eV for Cu/SBA-16-AS. It should be noted that the detected signal of
chlorine was a residue after impregnation. The atomic concentration of
Cl 2p was at a very low level for both samples.

The particle size distributions of OMS materials are depicted in
Fig. 6. Particles with the smallest sizes (0.5 to 120 pm) were observed for
SBA-15 of hexagonal structure. Its functionalization with APTES and
impregnation with copper(II) chloride led to increasing in particle sizes
(0.5 to 800 pm). Similar results were obtained for silica of cubic struc-
ture. The pristine SBA-16 had a relatively small particle size ranging
from 2 to 700 pm, while modification of its surface with amine groups
and copper ions caused a significant shift towards larger particle sizes.
Table 4 shows the data in the form of d(0.1), d(0.5), d(0.9), D[3.2] and D
[4.3]. The highest proportion of small particles was detected in SBA-15,
while the greatest contribution of large particles was observed in the
case of Cu/SBA-16-AS. The data obtained clearly indicated that the
modification of both SBA-15 and SBA-16 materials with the APTES and
copper ions led to the shifting of the PSD towards larger values.

Additionally, the zeta potential of modified and non-modified OMS
at various pH was determined. Zeta potential gives information about
the surface charge of selected nanomaterial that is useful to explain the
behavior of samples at different conditions. It was observed that the zeta
potential value of each silica material is strongly dependent on the pH of
the medium (Fig. 7). For SBA-15 at pH value from 1.8 to 7.8 the elec-
trokinetic potential was negative. It is suggested that Si—O~ species are
formed because a proton detached from the silanol groups that are
localized on the silica surface. Therefore, the pristine material of hex-
agonal structure acted as a weak acid [61]. After modification with
aminosilane and impregnation with copper(Il) chloride, the surface
charge significantly changed. At pH ranging from 1.5 to 4.9 the zeta
potential values were positive. It is assumed that NH;™ species were
formed because the aminosilane functional groups tend to gain proton.
For Cu/SBA-15-AS the isoelectric point was reached at pH 5.2. From pH
5.3 to 7.8 the electrokinetic potential had negative values. It should be
mentioned that colloidal systems are stable when zeta potential value is
more than +25 mV [62]. Considering this principle, the pristine SBA-15
exhibited appropriate stability at pH ranging from 4.6 to 7.8, while the
modified SBA-15 were stable at pH 1.5-2.4 and pH 7.7. For SBA-16 of
cubic structure, the zeta potential values were positive from pH 2.0 to
6.6. Afterward, at pH 6.8 the isoelectric point was reached for this
material. At pH higher than 7 the electrokinetic potential of SBA-16 was

Textural parameters of SBA-15, Cu/SBA-15-AS, SBA-16, and Cu/SBA-16-AS materials.

Sample BET surface area (m?%/g) Total pore volume (cm®/g) Average pore diameter (nm)
SBA-15 703 0.61 4.52
Cu/SBA-15-AS 282 0.42 6.65
SBA-16 727 0.25 2.84
Cu/SBA-16-AS 154 0.18 4.15
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negative. It should be highlighted that only at pH ranging from 3 to 4.9
the colloidal system of SBA-16 was stable because the zeta potential
values were higher than 25 mV. The different zeta potential profiles over
the considered pH range for SBA-15 (hexagonal) and SBA-16 (cubic)
could be explained by the distinction in their structure and the location
of silanol groups that depending on the type of material can be present
either within the pores of matrix or on the external surface. For Cu/SBA-
16-AS the isoelectric point was shifted towards lower pH values
compared to those obtained for SBA-16 sample and was reached at pH
5.8 (Fig. 7 B). The zeta potential values for Cu/SBA-16-AS were positive
in the range of pH from 2 to 5.8. At pH higher than 6 the electrokinetic
potential was negative due to possible electron donation interactions
between Cu ions and aminosilane attached to the surface of materials.
According to the theory regarding strong and weak acids and bases,
copper ions exhibit tendency to bind with N atoms of amine groups [63].

The proposed mechanism for the formation of complexes between Cu
(II) and aminosilane functionalized silica materials are presented in
Fig. S4 (Supporting Information).

Fig. 8 shows FT-IR spectra of OMS materials synthesized in this
study. The broad absorption band located in the 3750-3100 cm ™" that
corresponds to the stretching vibrations of O—H and Si—OH bonds was
detected in both pristine SBA-15 and SBA-16 samples. These results are
in accordance with literature data in which silanol groups were detected
in the range of 3730-3500 cm ™! [64]. In all four materials obtained the
bending vibration of O—H bonds (at around 1640 cm™) and asym-
metric stretching vibrations of Si—O—Si, Si—O—C and Si—C (at
1200-1100 cm™!) were noted. Furthermore, the symmetrical stretching
vibrations of Si—O—Si bonds at around 790 cm™! were observed. It
should be highlighted that for SBA-15 and SBA-16 free silanol groups
located on surface were identified at 960 cm™!. The intensity of this
band in both modified materials was very low which suggested that the
functionalization was successfully performed. In the spectra of Cu/SBA-
15-AS and Cu/SBA-16-AS a band at around 1500 cm ™! attributed to
N—H bending vibration was detected. Another evidence that the surface
of materials was successfully modified is the diminution in the intensity
of the band at approximately 3600 cm ™! assigned to the O—H stretching
vibration. In the spectra of both copper ions and aminosilane function-
alized OMS, a new band at around 2900 cm ! was noticed that corre-
sponded to C—H stretching vibrations of aliphatic chain which proved
that the APTES was attached to the surface of materials. These results
are consistent with data obtained in other studies [41,66]. The region
around 3300 cm ™! and 3290 cm™! is characteristic for asymmetric and
symmetric stretching modes of NHy [67]. Additionally, the C—N
stretching vibration should be detected in the wavenumber of range
1000-1200 cm ™~ '. However, it was overlapped with Si—O—Si, Si—0—C
and Si—C found at 1200-1100 cm™!. Another confirmation that the
amine groups were attached to the surface of silica materials is a weak
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peak at 673 cm ! that corresponds to the bending of N—H bond [68].
In order to confirm that the HCQ was efficiently adsorbed on the
surface of OMS, FT-IR spectra of organic-inorganic hybrid systems were
recorded (Fig. 9). This technique enables to study intermolecular in-
teractions between drug and nanomaterials. Apart from bands charac-
teristic for silica materials which were mentioned above, the
characteristic peaks of HCQ were found in the FT-IR spectra. The band at
around 1611 cm™! was assigned to the axial deformation of the C=N
and C=C bonds of aromatic ring. Approximately at 1650-1550 cm ™! the
N—H bond of secondary amine was recognized. At 1580 cm ™" and 1450
cm™! the vibrations assigned to aromatic ring of HCQ were also recor-
ded. The presence of tertiary amine was evidenced by bands at
1210-1150 cm ™ related to C—N stretching bond [69]. The peak located
between 1177 and 1386 cm™! was assigned to the S=0 bonds of the
sulfate [36]. The stretching bands of C—N in the regions 1360-1310
em ™! overlapped by bands at 1350-1280 cm ™! were originated from
aromatic tertiary and secondary amine, respectively. Additionally, the
specific bands of carbon-halogen (C—Cl) between 550 and 850 cm !
were also noted in FT-IR spectra of hybrid organic-inorganic system.

The pristine silica and their modified analogues were used as ad-
sorbents for hydroxychloroquine. The chemical structure and geometric
properties of HCQ were presented in Table 1. The isotherms of HCQ
adsorbed on the surface of mesoporous materials are depicted in Fig. 10.
It was observed that at low initial drug concentrations (from 3.125 to 50
mg/dm®) the modification of OMS with aminosilane and copper ions
significantly increased their sorption capacity compared to pristine
samples. At low HCQ concentrations the active sites of Cu/SBA-15-AS
and Cu/SBA-16-AS were highly accessible for drug loading and its
adsorption was random. With increase in HCQ concentration, the drug
molecules were tightly packed on the surface of modified OMS. At high
hydroxychloroquine concentration the sorption capacity was constant
because all available active sites were occupied either by drug molecules
that could compete with each other or with water molecules. It is sug-
gested that Cu?* ions present on the surface of modified materials can
generate complexes with HCQ. Lewis acid/base adducts are formed
between copper ions and hydroxychloroquine. Based on the computa-
tional approaches performed by Rezaee et al. [70], it is assumed that
complexes can be generated near the electron rich sites in HCQ mole-
cules such as N—, O— and Cl— groups. It is expected that these sites may
donate the lone pairs to 3d and 4 s orbital of copper atoms. Furthermore,
the N of pyridine ring and oxygen of hydroxyl group of HCQ will have
the highest affinity to interact with Cu?* ions of modified silica
materials.

The shape of adsorption isotherms of both modified materials Cu/
SBA-15-AS and Cu/SBA-16-AS proved that monolayer coverage of
HCQ was formed on their surfaces. These results are consistent with
other studies performed with the use of HCQ [71]. It should be added
that the mechanism of HCQ binding to silica carriers can be based on the
formation of hydrogen bonds between N—H groups of HCQ and O—H

Table 3 groups of pristine material. Additionally, a hydrogen bond can be

Elemental analysis of materials obtained. created between O—H of HCQ and N—H of APTES modified material.
Sample N (%) C (%) H (%) S (%) The FT-IR spectra proved that interactions between functionalized silica

. -1

SBA-15 0.016 0.841 1.519 0 and drug occurred. Before HCQ adsorpt{on a ba.nd at arlound .1500 cm
Cu-SBA-15-AS 5.885 16.560 5112 0.017 of N—H groups was detected and after its loading the intensity of band
SBA-16 0.001 0.298 2.150 0.004 was significantly reduced. Similar attractions between molecules were
Cu-SBA-16-AS 3.212 12.430 3.606 0.012 observed when magnetic metal-organic frameworks were applied for

Table 4

Particle size distribution of modified and non-modified mesoporous silica materials.
Sample d (0.1) (um) d (0.5) (pm) d (0.9) (pm) D[3.2] (pm) D[4.3] (um)
SBA-15 3.15 + 0.08 8.84 +0.12 36.42 + 2.51 4.25 + 0.58 15.70 + 1.14
Cu/SBA-15-AS 4.92 £0.13 59.70 + 3.15 277.13 + 4.12 6.22 + 0.89 101.00 + 2.78
SBA-16 6.54 + 0.23 26.30 + 1.43 75.40 + 2.39 13.80 + 1.23 40.40 + 1.89
Cu/SBA-16-AS 25.20 + 1.08 557.00 + 10.12 1930.00 + 16.00 60.70 + 0.08 765.00 + 11.10
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extraction of HCQ [72]. On the other hand, the drug loading efficiency
depends to a large extent on textural features such as pore volume, pore
diameter and surface properties of mesoporous materials [73]. It can be
observed that the total pore volume of materials was a crucial parameter
that had influence on hydroxychloroquine loading. These results are
consistent with literature data [74]. The highest amount of HCQ was
adsorbed on SBA-15 with the highest pore volume (0.61 cm®/g)
compared to other silica materials obtained. Therefore, for this sample,
multilayer adsorption can take place. This can be an explanation why
the saturation in the case of non-modified materials was not observed.
The total pore volume of SBA-16 was 0.25 cm®/g consequently the drug
loading was lower than for silica of hexagonal structure. In turn, the
functionalization with aminosilane and then impregnation with copper
(I1) chloride reduced significantly both the BET surface area and total
pore volume and thus the HCQ loading capacity at high drug concen-
tration was lower compared to non-modified analogues. It was possible
to determine the maximum sorption capacities for Cu/SBA-15-AS and
Cu/SBA-16-AS, which were 37.1 mg/g and 37.7 mg/g, respectively.

The release studies of HCQ from OMS materials were performed in
three media simulating gastric fluid (pH 1.2), intestinal fluid (pH 5.8)
and saliva (pH 7.2). In order to calculate the percentage of HCQ released
from each mesoporous silica, initially the UV spectra at certain interval
of time were recorded and the results obtained at pH 7.2 were presented
in Fig. 11. The data registered at pH 5.8 were depicted in Fig. S5
(Supporting Information). It can be observed that depending on the type
of material applied the absorbance over time increased.

Based on these results the cumulative percent of drug released from
modified and non-modified mesoporous silica was calculated and the
graphs are presented in Fig. 12. It was observed that pH conditions had
influence on the drug release profiles. For SBA-15 the highest cumula-
tive release was achieved at pH 5.8, 99% of HCQ was detected in re-
ceptor fluid within 2.5 h (Fig. 12A). In turn, at pH 1.2 the initial burst
release within first 30 min was noticed, followed by a steady diffusion
that lasted till the end of experiment. The lowest amount of drug was
released from SBA-15 at pH 7.2 (ca. 50%). This could be related to the
fact that at physiological pH HCQ has a positive charge [75] while ac-
cording to the zeta potential measurements, SBA-15 has a negative
charge on its surface. Therefore, it could be suggested that interactions
between drug and nanomaterial were based on attractions of organic
and inorganic components of hybrid system. The cumulative release of
HCQ at pH 7.2 was much lower compared to other media conditions
because the interactions between HCQ and SBA-15 were stronger than
those obtained at another pH, so hydroxychloroquine could not be easily
released to the receptor fluid. It should be also added that depending on
pH values different ionization forms of HCQ can be created (Fig. 13).
Hydroxychloroquine is a weak base that accumulates within acidic ly-
sosomes [76,77]. There are three basic functional groups in the structure
of HCQ with pK, values below 4.00, 8.27, and 9.67 [78]. Hydroxy-
chloroquine is fully protonated at low pH (around 4) as H,HCQ?*, while

Table 5

Kinetic models applied to describe the release of HCQ from mesoporous materials.
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at neutral conditions there are two types of species protonated HyHCQ?**
(ca. 66%) and monoprotonated HHCQ™ (ca. 34%). Whereas in alkaline
solution, the proportion of HHCQ significantly increased to ca. 83%. At
high pH there is also HCQ in its neutral form [79]. According to Parvi-
nizadeh and Daneshfar [80] the pH value of the medium has an influ-
ence on the adsorption mechanism of HCQ. It was observed that at acidic
condition the nitrogen atoms of hydroxychloroquine and the amino
groups of APTES attached to the surface of silica materials were pro-
tonated, and the formation of hydrogen bonds was hindered. At a higher
pH value, the hydrogen bond formation was enhanced, because other
hydroxychloroquine species were also present than at lower pH [72].
Therefore, it is suggested that these electrostatic attractions may affect
the release of active compound from OMS materials. This phenomenon
was noticed when pristine materials (SBA-15 and SBA-16) were applied
as vehicles for HCQ. At pH 7.2 the lowest amount of drug was released
from non-modified silica. Due to the formation of hydrogen bonds be-
tween N—H groups of HCQ and surface silanol groups of SBA-15 and
SBA-16 the diffusion of drug molecules was hindered.

The diffusion profiles of hydroxychloroquine after modification of
SBA-15 with APTES and copper(Il) chloride were different than those
achieved using the pristine material. The release curves of HCQ at pH
5.8 and pH 7.2 were very similar and were overlapping each other. At
pH 1.2 the release amount of drug was much lower. The different release
profiles at various pH conditions might be related to the surface charge
of the modified material. The surface of Cu/SBA-15-AS at low pH had
positive charge, while at pH 5.8 and pH 7.2 had negative charge
(Fig. 7A). Additionally, the formation of complex between drug mole-
cules and copper ions present on the surface of modified mesoporous
materials may have influence on the HCQ release profiles.

The amount of drug diffused from pristine and modified SBA-16 was
different than that achieved for mesoporous silicas of SBA-15 type. It is
suggested that for Cu/SBA-16-AS the hydroxychloroquine release was
affected not only by the surface charge of materials at various pH con-
ditions but also by specific interactions that are formed between copper
ions, aminosilane groups and HCQ (Fig. 12).

Additionally, the influence of material type on the drug release
process was also discussed. For this purpose, the obtained results were
presented at different pH conditions for all synthesized OMS. The release
profiles of HCQ at pH 1.2 (Fig. S6 A, Supporting Information) were very
similar regardless of the type of silica material used. At pH 5.8 the
highest amount of drug was released from SBA-15 and the lowest from
SBA-16. For both modified materials Cu/SBA-15-AS and Cu/SBA-16-AS
similar HCQ dissolution profile was noticed (Fig. S6 B, Supporting In-
formation). The biggest differences in the HCQ release profiles were
found at pH 7.2 (Fig. 14). This could be related not only to the surface
charge of these materials but also to their textural properties and the
type of their structure. It can be perceived that at pH 7.2 the lowest
amount of HCQ was released from SBA-16. Negatively charged surface
of SBA-16 interacted with diprotonated HCQ and therefore drug

Sample pH Zero order First order Higuchi Hixson-Crowell Korsmeyer-Peppas Type of transport
R? ko R? k1 R? ku R? ke R? n
(h—l) (h—l) (h-l/Z) (h-1/3)
SBA-15 1.2 0.677 7.82 0.736 0.20 0.775 16.31 0.716 0.23 0.842 0.132 quasi-Fickian
Cu/SBA-15-AS 0.826 18.39 0.879 0.40 0.898 32.57 0.856 0.45 0.952 0.368 quasi-Fickian
SBA-16 0.499 10.38 0.508 0.24 0.586 18.32 0.493 0.26 0.723 0.160 quasi-Fickian
Cu/SBA-16-AS 0.825 37.92 0.895 0.57 0.932 44.69 0.869 0.77 0.942 0.375 quasi-Fickian
SBA-15 5.8 0.905 25.91 0.985 1.53 0.968 52.23 0.989 1.26 0.992 0.297 quasi-Fickian
Cu/SBA-15-AS 0.606 12.68 0.688 0.75 0.717 50.23 0.588 0.65 0.849 0.187 quasi-Fickian
SBA-16 0.536 6.79 0.551 0.18 0.615 10.94 0.511 0.16 0.751 0.092 quasi-Fickian
Cu/SBA-16-AS 0.534 11.17 0.633 0.82 0.659 53.15 0.549 0.71 0.752 0.144 quasi-Fickian
SBA-15 7.2 0.781 16.87 0.834 0.32 0.883 34.95 0.817 0.40 0.919 0.389 quasi-Fickian
Cu/SBA-15-AS 0.698 13.57 0.736 0.47 0.809 26.99 0.678 0.90 0.885 0.167 quasi-Fickian
SBA-16 0.909 8.61 0.926 0.12 0.929 14.66 0.794 0.24 0.971 0.280 quasi-Fickian
Cu/SBA-16-AS 0.774 19.51 0.806 0.50 0.873 38.29 0.796 0.87 0.922 0.272 quasi-Fickian
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diffusion was limited. Moreover, it was found that higher amount of
drug was released from modified silica materials compared to the pris-
tine samples. The initial burst release was detected within 1 h of the
experiment. It is expected that due to the presence of copper ions and
amino-functional groups on Cu/SBA-16-AS, the HCQ was mainly
adsorbed on the outer surface of silica. These findings were also proved
in other studies performed by Song et al. [81]. It should be noted that the
total surface area of SBA-16 was higher than that of hexagonal material
SBA-15. This finding could have also influence on its better sorption
capacity and thus it had impact on drug release. Higher amount of HCQ
was released from SBA-15 compared to SBA-16 due to the difference in
pore diameter. The material of hexagonal structure was characterized by
larger pore diameter (4.52 nm) than material of cubic structure (2.84
nm). When pores are larger, higher amount of hydroxychloroquine was
released because the interactions between walls of material and drug
molecules were weaker.

Five mathematical models were used to fit the experimental data of
HCQ release from non-modified and modified OMS materials. In Table 5,
the calculated kinetic values of release constants (k), correlation co-
efficients (R?) and release exponent (n) were presented. The graphs
presenting the fitting of HCQ release data to kinetic models are included
in Supporting Information (Figs. S7-S9). For all materials obtained and,
in all media applied, the highest R? values were achieved for Korsmeyer-
Peppas model. The n values were below 0.5 that indicated quasi-Fickian
drug transport. Similar results were obtained when hydroxychloroquine
was released from Fe3O4 nanoparticles [82].

3. Conclusions

The results obtained proved that the modification of mesoporous
silica with APTES and impregnation with copper(Il) chloride was suc-
cessfully achieved. Based on SAXS profiles and TEM images it can be
stated that pristine SBA-15 and SBA-16 had highly ordered mesoporous
structures. In turn, for the aminosilane and copper(II) chloride modified
materials the degree of mesostructure ordering decreased. A similar
relationship was observed in the case of textural parameters. OMS
modification significantly reduced their specific surface area and pore
volume. The obtained data revealed that the adsorption process of HCQ
was more efficient on the surface of modified materials only at low drug
concentrations. It was found that pore volume is the crucial parameter
that had influence on the sorption capacity. The highest amount of HCQ
was adsorbed on SBA-15 with the largest pore volume (0.614 cm®/g)
compared to other OMS materials synthesized. The release behavior of
HCQ from mesoporous silica nanocarriers was highly determined by the
pH conditions and it could be regulated by the introduction of functional
groups on the surface of materials. The release of drug from OMS was
best fitted to Korsmeyer-Peppas model and the release mechanism fol-
lowed Fickian diffusion.

The presented study is crucial to understand the relationship be-
tween the physicochemical properties of mesoporous silica nanocarriers
and antiviral drug molecules. The proposed delivery systems can be
successfully applied in any antiviral therapy. It should be noted that
despite the development of various types of vaccines, in the long term,
finding appropriate antiviral drugs incorporated into carriers designed
using nanotechnological solutions will be a priority. Especially consid-
ering the rate at which viruses mutate. The appropriately selected
antiviral drug delivery system can reduce the frequency of drug daily
dosage and in this way decrease its toxicity. Therefore, synthesized OMS
can be used as a smart vehicle for HCQ that will allow a controlled
release of the antiviral drug at the chosen location of the body. It is
expected that introduction of copper on the surface of mesoporous
materials will enhance their antiviral and antibacterial activity. The
biological studies will be performed in the future.
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