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argo in a redox-responsive drug
delivery system capped with water dispersible ZnS
nanoparticles
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Alexander Hudák,d Monika Šulekovád and Lucia Váhovskád

In this work, we have prepared and investigated a redox-responsive drug delivery system (DDS) based on

a porous carrier. Doxorubicin (DOX), a chemotherapy medication for treatment of different kinds of

cancer, was used as a model drug in the study. DOX was loaded in ordered hexagonal mesoporous silica

SBA-15, a nanoporous material with good biocompatibility, stability, large pore size and specific surface

area (SBET ¼ 908 m2 g�1, VP ¼ 0.79 cm3 g�1, d ¼ 5.9 nm) and easy surface modification. To prepare the

redox-responsive system, cystamine derivative ligands, with redox active disulphide linkers were grafted

onto the surface of SBA-15. To ensure no significant premature release of DOX from the porous system,

thioglycolic acid modified ZnS nanoparticles (ZnS–COOH NPs) were used as pore capping agents. The

grafted redox-responsive cystamine derivative ligand containing disulphide linkers was bonded by

a peptide bond to the thioglycolic acid groups of ZnS–COOH NPs, capping the pores. Once the

disulphide bond was cleaved, the ZnS–COOH NPs caps were released and pores were opened to deliver

the DOX cargo. The dithiol bond was cleavable by redox active molecules such as dithiothreitol (DTT) or

glutathione, the concentration of which in cancer cells is 4 times higher than in healthy cells. The redox

release of DOX was studied in two different media, physiological saline solution with DTT and saline

without DTT. The prepared DDS proved the concept of redox responsive release. All samples were

characterised by powder X-ray diffraction (XRD), transition electron microscopy (TEM), nitrogen

adsorption/desorption at 77 K, Fourier-transform infrared spectroscopy (FTIR), thermal analysis and zeta

potential measurements. The presence of semiconducting ZnS nanoparticle caps on the pore openings

was detected by magnetic measurements using SQUID magnetometry showing that such cargo systems

could be monitored using magnetic measurements which opens up the possibilities of using such drug

delivery systems as theranostic agents.
Introduction

For a few decades cancer treatment has been in the spotlight of
research, however it is still the second most abundant cause of
human death.1 Many new drugs have been developed through
the years, of which nearly 40% can be described as hydro-
phobic.2 The interaction of the drugs with a body, which
consists of 50 to 60% water, greatly inuences their bioavail-
ability. Drugs with low solubility in water only partially
lty of Science, P. J. Šafárik University,
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f Chemistry 2020
penetrate the gastrointestinal tract, which results in a higher
dosage being needed to maintain the active concentration in
a target tissue (therapeutic window).3 Researchers have inven-
ted several ways to overcome the low water solubility of drugs.
One promising way is represented by a so-called drug delivery
systems (DDS). DDS are based on the idea that a drug can be
masked or isolated in the body until it reaches the target site of
action. Such a system should exhibit low leakage throughout
the delivery process and release its cargo at a target site. The
advanced DDS are designed and prepared to release the drug
aer some internal chemical stimulus such as pH,4 over-
expression of specic receptors,5 the presence of enzymes,6

redox agents,7 up-regulation of certain enzymes,8 etc. Moreover,
a drug can be released or accumulated in a specic part of
a body also by external physical stimuli, such as light,9,10

microwave radiation,11 ultrasound12 or a magnetic eld.13

Currently, mesoporous silica nanoparticles (MSNs) DDS are very
intensively studied.
RSC Adv., 2020, 10, 15825–15835 | 15825
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In the present work we have designed a redox responsive
DDS for doxorubicin (DOX) delivery. DOX (see Fig. 1) is
a chemotherapy medication used to treat different types of
cancer (leukemia, cancer of breast, lungs, stomach, so tissues
etc.). Doxorubicin is hydrophobic drug, which belongs to the
group of anthracycline antibiotics with antineoplastic activity. It
acts as DNA intercalator that inhibits topoisomerase II, there-
fore blocking the cancer cell growth.14

The DDS was prepared using thioglycolic acid modied ZnS
nanoparticles as a gatekeeper attached to the surface of SBA-15
silica by organic linker containing dithiol bond. The dithiol
bond is cleavable using redox molecules such as dithiothreitol
or glutathione. It is well known that glutathione concentration
in intracellular matrix is 100–1000 times larger compared to
extracellular uids. Moreover, cancer cells contain 4 times more
glutathione than healthy cells, which ultimately leads to
improved targeting of DOX and decreased incidence of side
effects. In addition, the ZnS–COOH NPs are dispersible and
biocompatible in biological systems with little to no toxicity in
comparison to e.g. CdS quantum dots. Moreover, ZnS can also
act as antioxidant with antibacterial and antifungal activity.15

The concept of combination of linker with disulphide bonds
and metal-based nanoparticles as pore capping agents was
already reported in the literature, e.g. by using CdS,16 Fe2O3

17 or
Au18,19 nanoparticles as pore blocking agents. However, as of
now, not much research is available on disulphide linkers with
ZnS based nanoparticles and such reports are relatively scarce,20

especially for delivery of anticancer drugs. Research concerning
mesoporous silica and ZnS nanoparticles was up till now more
oriented to quantum size effects and optical properties of such
materials.21,22
Materials and methods
Materials

All chemicals were used as purchased, without further puri-
cation. Tetraethyl orthosilicate 98% (TEOS), (3-chloropropyl)
triethoxysilane 96% (CPTES), cystamine dihydrochloride 96%,
D,L-dithiothreitol 98%, sodium sulde nonahydrate trace metals
basis, thioglycolic acid, zinc acetate dihydrate 99.999%, urea, N-
(3-dimethylaminopropyl)-N0-ethylcarbodiimide hydrochloride
98% (EDC-HCl), N-hydroxysuccinimide 98% (NHS), dichloro-
methane, tetrahydrofurane (THF) and doxorubicin hydrochlo-
ride EP reference standard (DOX) were purchased from Sigma
Fig. 1 Structural formula (left) and 3D model of doxorubicin (right);
blue – nitrogen, red – oxygen, grey – carbon, white – hydrogen.

15826 | RSC Adv., 2020, 10, 15825–15835
Aldrich company. Hydrochloric acid and ammonia solution
were purchased from CentralChem. Dialysis was done using
Servapor tubing with MWCO 12000–14000.

The experimental synthetic works were conducted either
according to the published literature procedures or, when
modied or newly designed, the procedures were checked for
reproducibility.

Preparation of ZnS–COOH nanoparticles

Water dispersible ZnS–COOH nanoparticles were prepared with
a slight modication of the procedure presented by Liu et al.23

Briey, 0.66 g of Zn(CH3COO)2$2H2O was dissolved in 25 mL of
ultrapure water and 2.25 mL of thioglycolic acid was then slowly
added into the solution. The solution was stirred for 10 min
followed by addition of 2.16 g of Na2S$9H2O previously dis-
solved in 5 mL of ultrapure water. Stirring continued until clear
solution was obtained. Then, 2.5 mL of 0.9 M urea solution was
added dropwise and the pH was adjusted to 9–10 with
ammonia. The mixture was autoclaved in 50 mL Teon lined
ask for 2 hours at 150 �C. The autoclave was cooled down to
room temperature, and the resulting product was isolated from
reaction by-product by double dialysis against 500 mL of pure
water. The product was denoted as ZnS–COOH.
Synthesis of SBA-15

SBA-15 was prepared by the procedure described in ref. 24. In
the rst step, the 30 mL of deionized water was mixed in
a polyethylene (PE) ask with 120 g of 2 M HCl. Then, 4 g of
Pluronic P-123 were added to the mixture and dissolved at 308 K
under continuous stirring. Aer complete dissolution of
surfactant, 8.5 g of TEOS were added dropwise and stirred for 20
hours at 308 K, followed by hydrothermal treatment at 353 K for
24 hours. Product was ltered off and thoroughly washed with
deionized water. Final porous material was obtained by gentle
heating (1 K min�1) and calcination at 823 K for 7 hours.

Modication of SBA-15 by amino-disulphide moieties

In order to achieve redox responsive release, the disulphide
bond was used as a part of a linker between SBA-15 and ZnS–
COOH nanoparticles. Synthesis of redox responsive SBA-15
(rSBA-15) was done in 2 steps outlined in Fig. 2. In the rst
step, the SBA-15 was modied with 3-chloropropyl ligands by
graing. Briey, 0.9 g of pre-dried SBA-15 (at 150 K) was
dispersed in 50 mL of dry toluene in 3-neck ask under N2

atmosphere. Mixture was stirred and then the 3 mL of CPTES
were added, followed by the reux for 24 hours. Modied silica
was centrifuged and washed 3 times with toluene to remove
Fig. 2 Simplified representation of two-step preparation process for
rSBA-15.

This journal is © The Royal Society of Chemistry 2020
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unreacted CPTES. Modied silica was le to dry at laboratory
temperature. Second step of the reaction was done by amine
alkylation (SN2 reaction mechanism) in aprotic solvent (THF).
Prior to the second step, the 0.5 g (2.22 mmol) of cystamine
dihydrochloride was turned into free base form by neutralisa-
tion reaction with 0.195 g (4.88 mmol) of NaOH. The free base
was isolated by extraction with dichloromethane. The water
phase was discarded, and the organic phase was evaporated to
give the yellow oily product – cystamine. The cystamine was
mixed with 50 mL of THF and 500 mg of CPTES modied SBA-
15. The mixture was reuxed for 24 hours and the product was
ltered off and thoroughly washed with THF. Obtained white
powder was denoted as rSBA-15.
Loading of SBA-15 with DOX and pore capping

DOX was loaded into the pores of rSBA-15 from its aqueous
solution and capped with ZnS–COOH NPs by the 2-step process
depicted in Fig. 3. In detail, 20 mg of DOX was dissolved in
20mL of deionized water and 100mg of rSBA-15 was added. The
DOX was le to adsorb into the pores of rSBA-15 under stirring
at laboratory temperature for 24 hours. 2 hours before the end
of DOX adsorption step, the carboxylic groups of ZnS–COOH
nanoparticles were activated in separate ask, to promote
a peptide bond formation. The 50 mg of ZnS–COOH nano-
particles were added to the 20mL of deionized water and the pH
was adjusted to 5. Next, 40 mg of EDC-HCl and 25 mg of NHS
were added. The mixture was stirred for 2 hours and then
poured into the rst ask with rSBA-15 and DOX to entrap the
DOX inside the pores. The pH was adjusted to 8 and the mixture
was stirred for 12 hours. Final product was ltered off and
washed with deionized water. Product, denoted as DOX–rSBA-
15, was dried at laboratory temperature and stored in a fridge.
In vitro drug release assay

To obtain the release proles and redox sensitivity at 2 different
media, the 20mg of DOX–rSBA-15 was placed in Eppendorf tube
and the 2 mL of release media were added. A physiological
saline solution and physiological saline with DTT (10 mM) were
used a release media. The samples were placed on a rotator (30
rpm) in incubator set at 37 �C. The sampling was done in pre-
dened intervals from 1 to 48 hours. The concentration change
was measured by UV-VIS spectroscopy. Obtained values were
recalculated to release percent and plotted against time.
Characterization of samples

Adsorption/desorption of N2 at 77 K was performed with
Micromeritics ASAP 2020 plus instrument. The Brunauer–
Fig. 3 Schematic preparation of DOX–rSBA-15.

This journal is © The Royal Society of Chemistry 2020
Emmett–Teller (BET) equation was used to obtain the specic
surface area of prepared samples. The t-plot method was used to
compute the pore volume, and Barret–Halenda–Joyner (BJH)
method was used for pore size determination.

X-ray diffraction (XRD) experiments were performed in
reection mode with Bragg–Brentano parafocusing geometry
using a Rigaku Ultima IV multipurpose diffractometer. X-ray
lamp with Cu-Ka1,2 radiation (l ¼ 0.154 nm) was used.
Powder samples were put on a glass sample holder. Diffracted
photons were collected using a D/teX Ultra-high-speed,
position-sensitive detector system by scanning 2q range from
10� up to 90� with the step size of 0.02�.

TEM images were taken by JEOL TEM 2100F UHR micro-
scope operated at 200 kV. The microscope was run in STEM-DF
mode. All samples for TEM observation are supported on mesh
copper grid and deposited by the holey carbon lm. ImageJ
soware was used to obtain the particle size distribution of
nanoparticles.25

FT-IR spectra were recorded with a Nicolet 6700 FT-IR
spectrophotometer using KBr pellets with the sample/KBr
mass ratio 1/100.

Thermal characterisation was used to determine the mass of
loaded DOX, chemical groups bonded to the surface of SBA-15
and composition of ZnS–COOH nanoparticles. TGA analysis
was carried out using STA Netzch 409 PC apparatus under
dynamic conditions in air atmosphere with heating rate
9 �C min�1.

Change in concentration during release experiment and
analysis of ZnS–COOH NPs was measured with Specord 350 UV-
VIS spectrophotometer (Analytic Jena). Three independent
release measurements were made, and the respective value was
obtained as an average of these measurements.

Zeta potential of the studied samples was estimated by DLS
method (Dynamic Light Scattering) using a Zetasizer NANO-ZS
(Malvern). Measurements were carried out at temperature
25 �C, using a dilute suspension of particles in an aqueous
solution of pH ¼ 7.4 and sonicated for 5 min before measure-
ment. The respective zeta potential value was determined as an
average of 40 scans. In soware ZetaSizer Malvern, the Henry
equation and Smoluchowski approximation were used to
calculate zeta potential from particles mobility.

Magnetic properties were investigated using a SQUID
(Superconducting Quantum Interference Device) magnetom-
eter MPMS3 in the temperature range of 1.8–300 K and in the
external dc elds up to 7 T. A powder sample was placed in
a special polypropylene VSM capsule to avoid the contribution
of the sample holder. Pascal's constants were subtracted from
total susceptibility.

Diffraction prole analysis. Diffraction prole parameters
such as Bragg peak intensity, position and width carry impor-
tant information about the sample's microstructure. The peak
position 2qhkl is closely related with the lattice parameter a. The
width of the Bragg reection bhkl contains useful information
about the mean size of coherently scattering domains. In 1918
Scherrer26 derived an equation which relates the mean (volume
average) crystallite size D of a powder to the broadening bhkl

D of
its powder diffraction peaks
RSC Adv., 2020, 10, 15825–15835 | 15827
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Fig. 4 FTIR spectra of the samples SBA-15 (A), rSBA-15 (B), ZnS–
COOH (C), DOX (D) and DOX–rSBA-15 (E).
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bhkl
D ¼ Kl

D cos qhkl
(1)

where K is the Scherrer constant (in our calculation of grain
sizes, K was equal to 0.9), l is the wavelength of X-rays and qhkl is
related to the position of the Bragg peak. It should be noted that
the Scherrer eqn (1) as stated above ignores effects of strain on
diffraction line broadening.

The Williams–Hall method27 relies on the principle that the
approximate formulae for size broadening bhkl

D and strain
broadening bhkl

3 show different dependence on Bragg angle
2qhkl and thus the total line broadening bhkl can be expressed in
the form

bhkl ¼ bhkl
3 þ bhkl

D ¼ C3 tan qhkl þ Kl

D cos qhkl
(2)

where 3 is the mean strain and C represents the constant, which
depends on the assumptions made concerning the nature of the
inhomogeneous strain but is typically equal to 4.28 The eqn (2)
can be rearranged to the following form

bhkl cos qhkl ¼ C3 sin qhkl þ Kl

D
(3)

which is better suited for determination of the mean crystallite
size D by linear regression. In order to get the correct infor-
mation about the mean grain size D determined from the peak
broadening, it is necessary to correct the measured line widths
bexp for the instrumental contribution bins. The so-called
Instrumental Resolution Function (IRF) was determined by
measuring standard material LaB6 at the same experimental
and geometrical conditions as the studied material. When
describing diffraction proles by a Lorentzian prole function
correction of the line widths is performed in the following way
bexp ¼ bexp � bins, whereas using Gaussian proles yields the
correction bexp

2 ¼ bexp
2 � bins

2. It should be noted here that the
Williams–Hall plot dened by eqn (2) is appropriate for situa-
tions when pure Lorentzian proles are considered. If pure
Gaussians proles are considered, then all terms in eqn (2)
should be squared.28
Results and discussion

The SBA-15 structure, prepared according to original proce-
dure,29 is formed by ordered 2D hexagonal channels inter-
connected by micropores. From the rst preparation of SBA-15,
several papers published some variations of synthesis resulting
in change of textural properties.30–32 In our work, we prepared
the SBA-15 with pore size about 6 nm according to the typical
procedure published by Zhao et al.33 This pore size was
conrmed by nitrogen adsorption measurements (see below).
Molecule of DOX has dimensions approximately 1.5 � 0.9 nm,
so it can easily enter the 6 nm large mesopores of SBA-15.
FT-IR study

Infrared spectroscopy is typically used to provide information
about surface of materials for chemical groups identication.
The measured spectra of samples are presented in Fig. 4. The
15828 | RSC Adv., 2020, 10, 15825–15835
FT-IR spectrum of SBA-15 shows strong and broad bands in the
region around 1100 cm�1 and 790 cm�1, which are ascribed to
the asymmetric nas (Si–O–Si) and symmetric ns (Si–O–Si)
stretches of SBA-15 framework. The presence of bending
vibration d(Si–O–Si) at about 460 cm�1 is another sign of sili-
ceous network. The deformation vibrations of water are man-
ifested at the spectrum as a band around 1620 cm�1. Also, the
stretching vibrations of water and silanol groups are repre-
sented as a broad band in the range 3750–3000 cm�1. The
infrared spectra of the rSBA-15 and DOX–rSBA-15 have the same
bands as SBA-15 so only main differences will be discussed. The
modication of the surface by amino-disulphide groups results
in new bands observed in the range 1500–1350 cm�1, which are
ascribed to the d(NH) and d(CH2) bending vibrations.34 More-
over, the bands in the region around 2900 cm�1, correspond to
the n (C–H) stretching vibrations of aliphatic chain.

The FTIR spectrum in Fig. 4C, corresponding to ZnS–COOH
nanoparticles conrms the presence of –COOH groups on the
surface by the bands of nCO2

asymmetric stretch at around
1577 cm�1, nCO2

symmetric stretch at around 1396 cm�1 and nC–

O stretch at 1224 cm�1.35 The bands around 800–600 cm�1

indicate the presence of C–S bond. The bonding of –COOH
groups on the surface of ZnS was proven by the absence of
bands characteristic for S–H in the region 2600–2500 cm�1.

The infrared spectra of DOX–rSBA-15 showed characteristic
bands of all three previously discussed materials and moreover
new bands, which can be attributed to the presence of doxo-
rubicin, were observed. The presence of carbonyl group of
This journal is © The Royal Society of Chemistry 2020
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doxorubicin can be conrmed by the band at about 1700 cm�1.
Furthermore, there are more pronounced n (C–H) stretching
vibrations at about 2900 cm�1.
Fig. 6 HRTEM micrograph (A) and crystal size distribution (B) of ZnS–
COOH NPs.
TGA and elemental study

To obtain the information about the amount of adsorbed DOX
and surface-bonded organic groups, the thermogravimetric and
elemental analysis were conducted. Fig. 5A shows TG curves of
SBA-15-Cl, rSBA-15 and DOX–rSBA-15. The successful attach-
ment of chemical groups, ZnS–COOH NPs and loading of DOX
was proved by the increase of weight percentage loss aer each
synthetic step. Themass decrease to around 200 �C corresponds
to the thermodesorption of solvents used in the synthesis. As
the temperature rises above 260 �C, the 3-chloropropyl groups
of SBA-15-Cl start to decompose and the decomposition stops at
about 750 �C. The total mass loss of SBA-15-Cl was 8.8%.
Thermogravimetric analysis of amino-disulphide modied
sample in the temperature range from 215 to 800 �C shows
weight loss of 17%, which corresponds to the thermal decom-
position of the organic groups. This result well correlates with
the elemental analysis results, which showed that the sample
rSBA-15 contained 8.22% of C, thus 17% of amino-disulphide
groups. Material DOX–rSBA-15 showed 23% weight loss,
which is about 5.6 wt% greater than weight loss of rSBA-15.
However, 5.6 wt% represents not only the amount of adsorbed
DOX, but also amount of ZnS–COOH NP. Therefore, we used
Fig. 5 TGA curves of the samples SBA-15-Cl (A, red), rSBA-15 (A, blue),
DOX–rSBA-15 (A, black) and ZnS–COOH (B).

This journal is © The Royal Society of Chemistry 2020
elemental analysis (CHN) to nd the weight distribution
between DOX and ZnS–COOH NP. According to elemental
analysis results, the sample DOX–rSBA-15 contains about
4.7 wt% more sulphur, compared to rSBA-15. So, the 4.7 wt% of
sulphur is attributed to the ZnS–COOH NPs. Adsorbed amount
of DOX was than calculated to be 2.49 wt%.

Thermal analysis was measured also for synthesised ZnS–
COOH nanoparticles (see Fig. 5B). TGA curves in Fig. 5B showed
6.4% weight loss from 100 �C to 400 �C, which was assigned to
release of surface organic moieties (carboxyls). Further weight
loss (14.8 wt%) corresponds to transformation of ZnS to ZnO
and release of sulphur dioxide.

The structural analysis of ZnS–COOH NPs was also made by
HRTEM images (see Fig. 6A). Prepared ZnS–COOH NPs have
cubic ZnS structure, which was proved by the lattice spacing of
0.31 nm shown on the upper right inset of Fig. 6A. The mean
diameter of ZnS–COOH NPs crystals was estimated from HRTEM
images and the result was depicted in Fig. 6B. The particles were
rather agglomerated however, it was possible to nd the areas of
non-agglomerated particles and these were used for size distri-
bution analysis (see upper le inset in Fig. 6A). The smallest NPs
have size around 7 nm and the largest ones have 14 nm in
diameter. The most abundant diameter was around 8 nm and
10 nm, and the mean crystal size was calculated at 10.4 nm.
Textural properties, TEM and XRD

The textural characteristics of prepared samples were charac-
terized by nitrogen adsorption/desorption at 77 K. The
RSC Adv., 2020, 10, 15825–15835 | 15829
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Table 1 Calculated textural characteristics of SBA-15, rSBA-15 and
DOX–rSBA-15

Sample
BET surface area
(m2 g�1)

Pore volume
(cm3 g�1)

Pore diameter
(�A)

SBA-15 908 0.73 59
rSBA-15 549 0.66 49
DOX–rSBA-15 217 0.36 54
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isotherms and calculated BJH pore size distribution plots are
depicted in Fig. 7. The isotherm shape for SBA-15 and rSBA-15 is
characteristic of mesoporous materials with periodic 2D
hexagonal pore arrangement. The steep increase of volume of
adsorbed nitrogen at about p/p0 ¼ 0.7 for SBA-15 suggests the
uniform pore size distribution of SBA-15. The claim was also
supported by the narrow pore size distribution on the BJH
graph in Fig. 7B, the pore size of SBA-15 was about 5.9 nm.

A small shi of capillary condensation to the lower relative
pressure as well as reduced amount of adsorbed volume of N2

was observed for r-SBA-15 and DOX–rSBA-15 samples, which is
the sign of successful surface modication by amino-disulphide
moieties and lling of the pores by loaded species.

The desorption isotherms for materials SBA-15 and rSBA-15
didn't follow the adsorption isotherms path and the desorption
is delayed. This leads to the hysteresis, with adsorption and
desorption branches of the isotherms parallel, which is another
sign of mesoporous morphology with channel-like pores. The
hysteresis loop for materials SBA-15 and rSBA-15 closes in the
relative pressures about 0.6 and 0.5, respectively. Moreover, for
rSBA-15, a decrease of pore diameter was observed in compar-
ison with pure SBA-15 sample (4.9 nm for rSBA-15 and 5.9 nm
for SBA-15). The isotherms for SBA-15 and rSBA-15 can be
characterized as of IVa type according to the IUPAC classica-
tion, i.e. hysteresis loop H1.36 For sample DOX–rSBA-15
a different shape of the hysteresis loop was observed. The
hysteresis loop of DOX–rSBA-15 can be characterized as of IV
a type, hysteresis loop H2, with triangular shape.37
Fig. 7 BET isotherms (A) and BJH pore size distribution (B) of samples
SBA-15 (square), r-SBA-15 (triangle) and DOX–rSBA-15 (circle).

15830 | RSC Adv., 2020, 10, 15825–15835
The change in the hysteresis loop indicates the partial lling
of the pores by DOX molecules and change of the pore diameter
as suggested in ref. 38. Moreover, the change in the hysteresis
loop can be due to the attachment of ZnS–COOH nanoparticles
on the pore entries, which results in narrower pore size at some
pores.38 This suggestion is also supported by pore size distri-
bution, where two different pore sizes were detected for DOX–
rSBA-15 sample (see Fig. 7B). From these results we suppose
that ZnS–COOH nanoparticles don't cover all the pore entries of
silica and this hypothesis was further conrmed by STEM
results.

The loading of DOX and pore capping by ZnS–COOH nano-
particles are reected by the further decrease of surface area
and adsorbed volume of nitrogen (see Table 1). There is also
change of isotherm prole, where the capillary condensation
step shows gradual ascend and is not as steep as can be seen for
SBA-15. This change can be ascribed to uncomplete pore
capping and uneven spread of DOX across the DOX–rSBA-15
nanomaterial. The all computed textural parameters are
summarized in Table 1. The morphology and structure of the
prepared samples was also conrmed by STEM. The STEM
micrograph of rSBA-15, shown in Fig. 8, clearly demonstrate the
ordered hexagonal arrays of the one-dimensional channels even
aer functionalization. The ZnS–COOH nanoparticles can be
Fig. 8 TEM images of rSBA-15 (upper two micrographs) and DOX–
rSBA-15 (lower two micrographs) at different magnifications.

This journal is © The Royal Society of Chemistry 2020
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Fig. 9 Comparison of XRD patterns for ZnS–COOH (A) and DOX–
rSBA15 (B) samples.

Fig. 10 William–Hall plots based on diffraction profile analysis for
ZnS–COOH (A) and DOX–rSBA-15 (B).
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observed as small particles on the external surface of meso-
porous silica. As can be seen, the ZnS–COOH nanoparticles
don't cover all the pore entries of silica.

Fig. 9 shows comparison of XRD patterns for the sample
ZnS–COOH and DOX–rSBA15. It seems that both samples show
presence of the ZnS cubic phase (sphalerite). The ZnS–COOH
sample shows only higher scattering intensity, otherwise phase
composition is the same as in the case of the DOX–rSBA sample.
As can be seen from Fig. 9, XRD proles for both samples show
rather broad diffraction proles, which is a ngerprint of their
nanocrystalline microstructure.

Diffraction prole analysis based on William–Hall method
(see Fig. 10) yields mean crystallite sizes 11.9 � 1.8 nm and 17.0
� 5.5 nm for ZnS–COOH and DOX–rSBA15 samples,
respectively.
Fig. 11 UV-VIS graph of ZnS–COOH NPs and calculated Tauc plot.
UV-VIS analysis

UV-VIS spectrum of ZnS–COOH NPs is shown in Fig. 11. By
using the Tauc equation we determined the optical band gap
energy of nanoparticles:

(ahn)n ¼ A(hn � Eg)

where, “a” is absorption coefficient, “hn” is incident photon
energy, “A” is a proportionality constant and “n” determines the
degree of transition and its typical values are 1/2, 3/2, 2 or 3 for
This journal is © The Royal Society of Chemistry 2020
allowed direct, forbidden direct, allowed indirect and forbidden
indirect transitions, respectively.39 Typical optical band gap
energy for bulk ZnS is 3.6 eV.40 The best t was obtained for n ¼
1/2, suggesting allowed direct transition of ZnS–COOHNPs. The
extrapolated value gave the Eg ¼ 3.68 eV.
Zeta potential measurements

To determine the electro-kinetic charge of the prepared mate-
rials the zeta potential measurements were performed in
RSC Adv., 2020, 10, 15825–15835 | 15831
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Fig. 12 Zeta potential of the studied carriers measured at pH ¼ 7.4.

Fig. 13 (A) Magnetization versus temperature measured in ZFC (violet)
and FC (orange) regimes in pure ZnS–COOH nanoparticles in external
magnetic field of 10 000 Oe. (B) Magnetization versus magnetic field
measured at 300 K (green) and 2 K (blue colour). Inset is detail on
irreversibility of magnetization curve estimated at 2 K.
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aqueous suspensions at pH ¼ 7.4 (see Fig. 12). The respective
zeta potential value was determined as an average of 40 scans.
For the pure, unmodied sample SBA-15 the negative value of
zeta potential approximately �49.3 mV was recorded at pH ¼
7.4, corresponding to progressive dissociation of Si–OH groups.
Observed value is in good agreement with the data obtained for
other silica-based surfaces.41–43 The effect of aminemodication
and presence of amine groups in the redox responsive rSBA-15
structure is reected by negative zeta potential values of
�35.5 mV. For pure ZnS–COOH nanoparticles, the value of zeta
potential �32.7 mV at pH ¼ 7.4 was observed. With loading of
doxorubicin (DOX) and capping ZnS–COOH NPs in redox
responsive rSBA-15 matrix, the zeta potential becomes more
negative as a result of progressive dissociation of amine groups,
reaching the value of �59.4 mV. Also, the loading of doxoru-
bicin (DOX), as a weak acid, has effect on the surface charge due
to formation of intermolecular interactions and proton
exchange between molecules of drugs and amine groups. The
presence of mentioned interactions was reected by the
decrease of zeta potential value in nal sample DOX–rSBA-15
(see Fig. 12).
Magnetic study

ZnS is a well-known II–VI semiconductor with wide direct
bandgap of 3.72 eV for cubic zinc blende (sphalerite) and
3.77 eV for hexagonal wurtzite. A wide band gap in ZnS gives the
opportunity to appear the hole-mediated ferromagnetism aer
substitution of Zn by 3d ions. From magnetic point of view, the
un-doped bulk ZnS material is known as diamagnetic with
a listed value of magnetic susceptibility �2.6 � 10�7 emu g�1

Oe�1.44,45 Besides the typical diamagnetic behaviour in bulk ZnS
crystals, with decreasing of particles size to nanometer range
and with doping (Mn, Co, Fe), the paramagnetic or weak
ferromagnetic behaviour was reported.44,45

To investigate the magnetic properties of ZnS–COOH nano-
particles in DOX–rSBA-15 sample, the magnetization (magnetic
moment per mass) in ZFC/FC regimes was measured in the
range of 1.8–300 K under the external magnetic eld of 10 kOe,
see Fig. 13A. The ZFC was performed by cooling the sample
under no magnetic eld and the magnetization was measured
with the increasing temperature in 10 000 Oe of magnetic eld,
15832 | RSC Adv., 2020, 10, 15825–15835
whereas the FC curve was taken in the eld of 10 000 Oe with
the decreasing temperature. Besides of a gradual increase of the
magnetization with the decreasing temperature was observed,
the negative values of magnetization conrm the diamagnetic
features. The opposite, the separation of ZFC/FC curves reveals
a typical behaviour of ferromagnetism. This is consistent with
the result of the M(H) measurements at T ¼ 300 K, and T ¼ 2 K,
see Fig. 13B. It is clearly seen that the sample DOX–rSBA-15 at 2
K exhibits a mixed behaviour of diamagnetic and ferromag-
netic. The observed magnetic behaviour falls in the topic so
called novel magnetism. Nanostructured materials oen show
different magnetic behaviour than their bulk counterparts.
Materials, which are diamagnetic in the bulk show magnetic
properties in nanoscale. This behaviour is oen induced by
structural defects, atom vacancies.45,46 The appearing of the
ferromagnetism may be ascribed to the existence of the sulphur
vacancies and zinc interstitials. This feature agrees with results
published in ref. 45 and conrms the nano-range character of
prepared ZnS–COOH in the structure of DOX–rSBA-15. The
results showed that the designed cargo system DOX–rSBA-15
can be easily monitored using magnetic measurements which
open possibilities of use of such drug delivery system as
theranostic agent.
Release study

The redox responsive behaviour of DOX–rSBA-15 was studied in
two different media, physiological saline solution with 10 mM
This journal is © The Royal Society of Chemistry 2020
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Fig. 14 In vitro release profiles of DOX–rSBA-15 in the media with
a DTT and in the physiological saline solution (PS).
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concentration of DTT and physiological saline with pH of 7.4
(i.e. without DTT). Three independent release measurements
were made, and the respective value was obtained as an average
of these measurements. Calculated cumulative release curves
are depicted in Fig. 14. The sampling was done in time intervals
of 1, 2, 3, 4, 5, 6, 24, 30 and 48 hours. The results showed that
lower DOX release was observed in media without DTT (see PS
curve in Fig. 14). As it was observed in TEM images in Fig. 8, not
all pores of SBA-15 are capped with ZnS nanoparticles, which
cause partial release in media even without the presence of
DTT. This was evidenced by release of DOX in the rst hour
(6.89%) followed by the gradual diffusion release to the nal
20.01% of DOX aer 48 hours.

However, aer addition of 10 mmol of DTT, the pores of the
sample DOX–rSBA-15 were unblocked due to redox cleavage of
S–S bond and larger release of DOX was observed (see DTT curve
in Fig. 14). The largest amount of DOX was released during rst
hour (46.44%). Aer this time the slope of the release curve
changed, and the release slowed down. In rst 24 hours 63.5%
of loaded DOX was released. In the time interval above 24 hours
the release was negligible and only 2% of DOX was released in
the period between 24 and 48 hours. It can be seen, that DOX
was not released quantitively and aer 48 hours only 64.36% of
DOX was released. We suppose that carboxylic and OH groups
of DOX can interact by non-covalent interactions with surface of
SBA-15 47 and aer 48 hours, an equilibrium was reached
between DOX bound to the surface of SBA-15 and released DOX.

In the context of the release study, the question of cytotox-
icity of the prepared cargo system can arise. We showed in our
previous studies,4,48 that pure silica nanoparticles as well as
organic ligand-modied silica nanoparticles has no cytotoxicity.
However, when anticancer drug was loaded into the silica
nanoparticles, the delivery system showed signicant cytotoxic
effects on human glioma U87 MG cells.4,48 As for ZnS nano-
particles, we did not investigate their cytotoxicity. However, the
literature data show, that at low concentrations ZnS
This journal is © The Royal Society of Chemistry 2020
nanoparticles have no toxic effects e.g. on lymphocytes49,50 or e.g.
mouse RPE cells.51 This is advantage of the use of ZnS nano-
particles instead of CdS particles used in other studies.16

Conclusions

In summary a redox responsive drug delivery system was
successfully designed and constructed by capping ZnS–COOH
NP on the surface of the functionalized mesoporous silica rSBA-
15. The DOX, as a model anticancer drug, was encapsulated into
the pores of rSBA-15 and the pores were capped by the ZnS–
COOH NPs. The in vitro drug release demonstrated, that the
DOX could be entrapped with a low leakage in the absence of
redox molecule such as DTT, which as a result have potential to
protect the healthy cells during drug delivery to the site of an
action. In the presence of DTT, the release of DOX signicantly
increased owing to the cleavage of the disulphide bonds. The
result of this work proved that rSBA-15 with ZnS–COOH as
a capping agent could be considered as a smart drug carrier for
redox-responsive drug-controlled release. Moreover, optimisa-
tion of ZnS concertation can lead to better tightness of the
designed system (some pores of rSBA-15 were non capped in our
study) and consequently lower premature release. The possi-
bility of detection of the ZnS–COOH nanoparticle caps in DOX–
rSBA-15 sample by magnetic eld opens the potential of the use
of such system in theranostic applications.
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V. Huntošová and V. Hornebecq, Adsorption properties,
the pH-sensitive release of 5-uorouracil and cytotoxicity
studies of mesoporous silica drug delivery matrix, Appl.
Surf. Sci., 2020, 504, 144028.

5 M. Yu, S. Jambhrunkar, P. Thorn, J. Chen, W. Gu and C. Yu,
Hyaluronic acid modied mesoporous silica nanoparticles
for targeted drug delivery to CD44-overexpressing cancer
cells, Nanoscale, 2013, 5, 178.

6 D. Dheer, J. Nicolas and R. Shankar, Cathepsin-sensitive
nanoscale drug delivery systems for cancer therapy and
other diseases, Adv. Drug Delivery Rev., 2019, 151–152, 130.

7 Q. Zhao, C. Wang, Y. Liu, J. Wang, Y. Gao, X. Zhang, T. Jiang
and S. Wang, PEGylated mesoporous silica as a redox-
responsive drug delivery system for loading thiol-
containing drugs, Int. J. Pharm., 2014, 477, 613.

8 A. Sharma, E. J. Kim, H. Shi, J. Y. Lee, B. G. Chung and
J. S. Kim, Development of a theranostic prodrug for colon
cancer therapy by combining ligand-targeted delivery and
enzyme-stimulated activation, Biomaterials, 2018, 155, 145.

9 D. He, X. He, K. Wang, J. Cao and Y. Zhao, A light-responsive
reversible molecule-gated system using thymine-modied
mesoporous silica nanoparticles, Langmuir, 2012, 28, 4003.

10 L. Mahlert, J. Anderski, T. Schoppa, D. Mulac, J. Sun,
D. Kuckling and K. Langer, In vitro evaluation of
innovative light-responsive nanoparticles for controlled
drug release in intestinal PDT, Int. J. Pharm., 2019, 565, 199.

11 W. Zhao, B. Cui, H. Qiu, P. Chen and Y. Wang,
Multifunctional Fe3O4@WO3@mSiO2–APTES nanocarrier
for targeted drug delivery and controllable release with
microwave irradiation triggered by WO3, Mater. Lett., 2016,
169, 185.

12 T. Boissenot, A. Bordat, E. Fattal and N. Tsapis, Ultrasound-
triggered drug delivery for cancer treatment using drug
delivery systems: from theoretical considerations to
practical applications, J. Controlled Release, 2016, 241, 144.
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