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Abstract: Mesoporous silica nanoparticles (MSNs) are highly porous carriers used in drug and gene
delivery research for biomedical applications due to their high surface area, narrow particle size
distribution, and low toxicity. Incorporating disulfide (SS) bonds into the walls of MSNs (MSN-5Ss)
offers a dual pathway for drug release due to the pore delivery and collapsing porous structure after
cellular engulfment. This study explores the effect of embedding disulfide bonds into MSNs through
various structural and biological characterization methods. Raman spectroscopy is employed to
detect the SS bonds, SEM and TEM for morphology analyses, and a BET analysis to determine the
required amount of SSs for achieving the largest surface area. The MSN-SSs are further loaded with
doxorubicin, an anticancer drug, to assess drug release behavior under various pH conditions. The
MSN-SS system demonstrated an efficient pH-responsive drug release, with over 65% of doxorubicin
released under acidic conditions and over 15% released under neutral conditions. Cleaving the
SS bonds using dithiothreitol increased the release to 94% in acidic conditions and 46% in neutral
conditions. Biocompatibility studies were conducted using cancer cells to validate the engulfment
of the nanoparticle. These results demonstrate that MSN-SS is a feasible nanocarrier for controlled-
release drug delivery.

Keywords: mesoporous silica nanoparticles; disulfide bond functionality; controlled-release drug
delivery; biomaterials; nanocarriers; cancer research

1. Introduction

Cancer treatments, such as surgery, radiotherapy, and chemotherapy, often impact
healthy organs due to the lack of tumor site targeting and drug side effects [1,2]. To increase
cancer therapy safety, direct tumor targeting via nanoparticle-based drug-delivery systems
(DDSs) is a possible solution [2,3]. The DDS must be designed with the following charac-
teristics: (1) include functional groups that target and anchor on specific tumor receptors;
(2) embed a mechanism to avoid triggering an immune response; (3) prevent degradation
or any structural changes in the encapsulated drug; and (4) enable encapsulated drug
release once the carrier reaches the target site [4,5]. Among various DDSs, mesoporous
silica nanoparticles (MSNs) provide a high surface area, narrow pore size distribution,
and high pore volume, and they are biocompatible [2,6]. The external surface enhances
biocompatibility, as the presence of silanol groups does not pose toxicity when interacting
with the phospholipid bilayer of the cell membrane [7]. The MSN external surface could
be functionalized by targeting functional groups, including proteins, peptides, or saccha-
rides [8]. Drug delivery was demonstrated both in vitro and in vivo, primarily taking
advantage of pores’ capacity to upload and release a drug (cargo). The cargo encapsulation
mechanisms involved both covalent and non-covalent bonding of the drug with the pore
walls, while the surface of the MSN was often functionalized to enhance targeting [9-11].

Herein, we report a novel MSN-based system featuring an alternative drug-release
pathway from MSN that involves not only drug release from pores but also nanostructural
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pore collapse upon cell entry, thus facilitating fast biodegradation and the elimination of
MSN degradation byproducts. In this approach, disulfide bonds are incorporated into the
pore walls of MSN during synthesis. The disulfide-modified MSN (MSN-SS) structure was
determined using X-ray powder diffraction (XRD), and the surface area of the material was
measured using nitrogen physisorption with the Brunauer-Emmett-Teller (BET) method.
Transmission electron microscopy (TEM) revealed the MSN characteristic porosity, which
was not disrupted or collapsed by the incorporation of disulfide bonds in the MSN walls.
The disulfide bond presence was identified using Raman spectroscopy. Scanning electron
microscopy (SEM) validated the retention of nanoparticle morphology. Ultraviolet-visible
(UV-vis) spectroscopy was used to quantify the MSN-SS drug loading efficiency. The
cumulative release of the anticancer drug from the nanocarrier was determined using
time-dependent UV-vis absorbance studies, and confocal imaging showed the location of
the material in the cells. This study demonstrates that incorporating disulfide bonds in
the MSN framework enhances drug delivery efficiency without affecting the material’s
biocompatibility.

2. Materials and Methods
2.1. Chemicals and Materials

All chemicals employed in this work were used as received without further purifi-
cation. (1-Hexadecyl)trimethylammonium bromide (CTAB, 98%) was purchased from
Alfa Aesar (Tewksbury, MA, USA), bis(3-(triethoxysilyl)propyl)disulfide 90% was pur-
chased from Gelest (Morrisville, PA, USA), ACS-grade methanol from Fisher Chemical
(Hampton, NH, USA), tetraethyl orthosilicate (TEOS, 98%) from Alfa Aesar (Tewksbury,
MA, USA), sodium hydroxide from J.T.Baker Chemical Company (Phillipsburg, NJ, USA),
ACS-reagent-grade nanopure water from Ricca chemical company (Arlington, TX, USA),
ACS-grade hydrochloric acid (HCL, 37%) from Acros Organics (Fair Lawn, NJ, USA), and
doxorubicin hydrochloride salt (DOX, >99%) from LC Laboratories (Woburn, MA, USA).
Cell Counting kit-8 (CCK-8) was purchased from GLPBIO Technology Inc. (Montclair, CA,
USA). Gibco Dulbecco’s Modified Eagle Medium (DMEM) was bought from Thermo Fisher
(Waltham, MA, USA), and Dulbecco’s phosphate-buffered saline (DPBS) from Lonza Bio-
science (Walkersville, MD, USA). DAPI (4/ ,6-Diamidino-2-Phenylindole, Dihydrochloride)
was purchased from Thermo Fisher (Waltham, MA, USA). HeLa cervical cancer cells were
purchased from the Antibody Research Corporation (Saint Charles, MO, USA), and the
Green Fluorescence Protein (GFP)-modified human lung carcinoma cell line (A549 GFP)
from MyBioSource, Inc. (San Diego, CA, USA).

2.2. Synthesis of Mesoporous Silica Nanoparticle (MSN) Embedded with Disulfide Bonds

MSN was prepared following a literature-modified procedure [12-14]. In a typical
experiment, CTAB (2.00 g, 5.48 mmol) was dissolved in nanopure water (480 mL), followed
by the addition of NaOH (7 mL of a 2.00 M solution). This mixture was heated under
stirring and kept at 85 °C to ensure the complete dissolution of CTAB. Subsequently, 10 mL
of the silica precursor was added swiftly to the mixture, which was continuously stirred
for two hours. The silica precursors consisted of a mixture of TEOS and bis(triethoxysilyl-
propyl) disulfide; the latter’s concentration varied (Table 1), targeting a material with the
highest surface area. The resulting white precipitate was isolated via filtration of the hot
suspension. The filtrate was washed three times with nanopure water and twice with
methanol. The final product, called hereafter “as-synthesized MSN” (MSN-AS), was dried
overnight in a vacuum oven.
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Table 1. Amounts of disulfide precursor in each material.
Material Name Bis(triethoxysilyl-propyl) Disulfide % in the Precursor Mixture
MSN-AS 0%
MSN-AS (5%SS) 5%
MSN-AS (10%SS) 10%
MSN-AS (15%SS) 15%

2.3. CTAB Surfactant Removal from MSN-SS

To remove the surfactant template (CTAB), 1.50 g of MSN-AS was refluxed for 24 h at
75 °C in a methanolic solution of HCI, obtained by mixing 160 mL of methanol with 9 mL
of HCl1 (37%) (18:1 v/v). The MSN-SSs were collected via filtration. The filtrate was washed
three times with nanopure water and twice with methanol, and then it was dried overnight
in a vacuum oven. The MSN after wash final product is denoted as MSN-SS.

2.4. Doxorubicin (DOX) Loading

The loading of DOX was conducted over 24 h by mixing 1 mg/mL DOX with a
suspension of MSN-SS under constant stirring. In a typical experiment, 10 mg of DOX-
hydrochloride was dispersed in 10 mL of nanopure water via ultrasonication for 15 min.
Next, 50 mg of MSN-SS was dispersed into 10 mL of nanopure water via ultrasonication
for 20 min. Then, 2 mL of the 1 mg/mL DOX was added to a glass vial containing the
dispersed MSN-SS mixture and stirred in the dark for 24 h. The mixture was next subjected
to centrifugation at 10,000 rpm for 5 min, and the pellet was washed with deionized water
three times. The absorbance of each collected supernatant was measured using UV-Vis
to determine the DOX concentration and to further calculate the drug loading efficiency
(Equation (S1)) [15,16]. After washing, the pellet was freeze-dried for 24 h.

2.5. In Vitro Release of MSN-DOX in Acidic and Neutral pH

A total of 10 mg of MSN-S5-DOX was suspended in 2 mL of pH 5 buffer solution in a
glass vial and sonicated to ensure dispersion, followed by stirring in the dark for 48 h. After
pre-determined time intervals (1, 2, 4, 6, 8, 24, and 48 h), the dispersion was centrifuged at
10,000 rpm for 5 min. The absorbance of the supernatant was measured using UV-vis at
Amax = 480 nm, corresponding to DOX absorbance. After the measurement, the pellet was
washed with a buffer, redispersed, and allowed to stir until the next time. This process was
repeated for neutral environments using a pH 7.4 buffer. The cumulative release profile for
each pH was determined using a calibration curve (Figure S1).

2.6. Dithiothreitol (DTT)-Triggered DOX Release from MSN-SS

The particles were dispersed in the 2.0 mL 10 mM DTT solution prepared in DPBS 1X
and placed in culture plates at 37 °C for 48 h. After one hour, the supernatant was removed,
and its UV-vis absorbance was measured to determine the amount of released DOX. A
fresh medium was added next, and the experiment was repeated for 2, 4, 6, 8, 24, and 48 h.
A control experiment was conducted using DPBS 1X without DTT.

2.7. Cytotoxicity of MSN-SS-DOX

HelLa cervical cancer cells were seeded in 96-well plates (7 x 10% cells/well in
250 uL. DMEM) and incubated under a 5% CO, atmosphere at 37 °C for 24 h. After
24 h, the cells reached 50% confluency, and the media were replaced with a mixture of
25 uL of the MSN-10%SS-DOX aqueous dispersion at different concentrations (0, 0.1, 1, 10,
25, 50, 100, 150, and 200 pg/mL) and 225 pL of fresh media in each well. The treated cells
were placed in an incubator for another 24 h. A Cell Counting Kit-8 Assay determined
the number of viable cells. In this experiment, the media were replaced with a mixture of
10 uL Cell Counting Kit 8 reagent (CCK-8) and 100 pL fresh media, and cell viability was
determined by measuring the absorbance at Amax = 450 nm (characteristic of the formazan
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dye generated in viable cells) [17]. This process was repeated for A549 GFP cells. All
experiments were performed in four replicates.

2.8. Cellular Uptake of MSN-SS-DOX

HelLa cells were seeded (7.5 x 10* cells/well) in 6-well plates lined with coverslips,
in 2 mL of DMEM, and allowed to grow for 24 h. Next, the media were removed, and
the cells were treated with 800 puL of MSN-10%SS-DOX prepared as a 200 ug/mL stock.
Then, 1.6 mL of fresh media were added to each well to reach a final concentration of
66.7 ug/mL MSN-10%SS-DOX. Experiments were conducted for 2 h, 4 h, 8 h, 24 h, and
48 h periods. Subsequently, the cells were washed with DPBS twice and fixed with 1 mL of
4% formaldehyde in the DPBS buffer for 15 min. After aspirating the fixing agent, the cells
were washed three times with DPBS and allowed to absorb the DAPI medium (2.5 ug/mL
solution). The cells were washed once with DPBS and once with nanopure water, and the
cell-containing coverslips were removed from the wells and placed on a microscope slide
for imaging. A fluorescence microscope (EVOS, Invitrogen) was used for imaging. Each
experiment was performed in triplicate.

2.9. Characterization

X-ray diffraction (XRD) measurements of MSN-SSs were performed on a RigakuMini-
Flex600 (Rigaku, Tokyo, Japan) equipped with a Cu K« radiation source (A = 1.5405 A).
The XRD measurements started from 1.5° to 6° with a step size of 0.01° and scan speed
of 1°/min. A field-emission scanning electron microscope with energy-dispersive X-ray
spectroscopy (SEM-EDS) (JEOL F100, Peabody, MA, USA) was used to determine the
morphology of the MSNs. In addition, a transmission electron microscope (TEM) was
also used to observe the morphology of the MSNs (JEOL JEM-2100, 200 kV, Peabody, MA,
USA). UV-Vis-NIR spectra of the MSN-55s and the MSN-55-DOXs were collected utilizing
a UV-3600 plus spectrophotometer (Shimadzu, Kyoto, Japan). Raman spectroscopy was
performed with a confocal Raman microscope (WITec alpha300 R) using a 532 nm laser.
Dynamic light scattering (DLS, Malvern Panaytical, Malvern, United Kingdom) was used to
determine the zeta potential of MSN-SS. An inverted multichannel fluorescence microscope
(EVOS Imaging M7000) was used to image the cellular uptake of the MSN-S5-DOX. The
Brunauer-Emmet-Teller (BET) surface area was determined with a Quantachrome Nova
Touch LX2 (Anton Parr, Texas, USA) gas adsorption analyzer using high-purity nitrogen as
the adsorbate gas.

3. Results
3.1. Synthesis of MSN-SS

A schematic representation of the MSN-SS synthesis is shown in Figure 1. The MSN
synthesis procedure used bis(triethoxysilyl-propyl) disulfide (Figure 2c) in conjunction
with TEOS as silica precursors to obtain the MSN-SS materials. The presence of disulfide
bonds in the final product was validated using Raman spectroscopy.
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bonds in the
silica wall

WN\N\O m _ Bis(3(triethoxysilyl)propyl)disulfide ~ Disulfide

Tetraethyl Orthosilicate
Mesoporous silica nanosphere
after surfactant removal

Legend

CTAB

Tubular micelle

Figure 1. As-synthesized MSN-SS-AS reaction scheme, formation of the surfactant micelle from CTAB
precursor in nanopure water in basic pH. Upon addition of TEOS and disulfide silane precursor, the
micelles MSN is formed, with some of the disulfide precursor is entrapped inside the pores.

(@) (b)

~ -~
= =
S &
o >
2 2
s =
= £ 2834 cm*
é 2946 cm’ g ;
= 2834 cm* =
E MSN-15%SS-AS s MSN-15%SS-AW
ot MSN-10%SS-AS ot MSN-10%SS-AW
\G MSN-5%SS-AS \° MSN-5%SS-AW
° MSN-AS ° MSN-AW
------- UL I L TTTTTTT T[T T T T[T T T T T T Y
4000 3000 2000 1000 4000 3000 2000 1000
Wavenumber (cm_l) Wavenumber (cm_l)

© \
@) @)
\ . /\/\ S \ . \/
N\ Si s~ \/\/SI
O™ "\ \
Figure 2. FTIR of (a) as-synthesized MSN-AS with the CTAB surfactant and disulfide inside the
pores for different concentrations of disulfide precursor, and (b) after wash (MSN-SS) for different

O

concentrations of disulfide precursor. (c) Molecular structure of bis(3-(triethoxysilyl)propyl) disulfide.

3.2. Infrared Spectroscopy—MOSN and Surface Modifications

FTIR was used to confirm the removal of CTAB during the methanolic HCI wash. The
IR spectra in Figure 2a,b suggest the removal of CTAB due to the significant decrease in
the CTAB alkyl chain characteristic peaks (C-H stretching) at 2946 cm ! and ~2834 cm ™!,
respectively [18].
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3.3. Raman Analysis of MSN-SS

The Raman spectra of the as-synthesized MSN-SS samples displayed disulfide peaks
at 508 cm~! (Figure 3a), which agrees with previous reports [19]. The peak around
759 cm~! indicates the presence of the CTAB surfactant in Figure 2a [20]. The MSN
framework appears at 632 cm ™! in both Figures 3a and 3b [21].

(b)

~
&
~"

MSN-15%SS-AS (508) MSN-15%SS-AW
MSN-10%SS-AS (508) Disulfide MSN-10%SS-AW
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Raman Shift (cnil) Raman Shift (cm l)

Figure 3. Raman spectra of materials for different concentrations of disulfide precursor: (a) As-
synthesized MSN-SS (MSN-AS) with the CTAB surfactant and disulfide inside the pores and (b) after
wash (MSN-SS).

3.4. BET Analysis of MSN-SS

The MSN-AS and MSN-SS were characterized using nitrogen physisorption to identify
the variant with the highest surface area. The specific surface area of the nanoparticles was
measured using the Brunauer-Emmett—Teller (BET) method, and the pore size distribution
was determined using the density functional theory (DFT) method. All samples were
degassed for 16 h at 100 °C to ensure the adequate removal of surface adsorbed moisture
prior to analysis. Measurements were performed at 77.35 K in the relative pressure range
of 0.005-0.995 P /Py with a tolerance of +0.05 P/Py and an equilibration time of 60 s. All
silica nanoparticles displayed a Type IV isotherm with a peak at approximately 0.3 P /Py,
characteristic of mesoporous materials, and a high surface area of 1228.774 m? /g, as shown
in Figure 4. The surface area and pore size are summarized in Table 2, indicating that the
largest surface area was obtained using a 10% disulfide precursor. Therefore, MSN-10%SS
was selected for further experiments in this work.

Table 2. BET surface area and DFT pore size of the MSN-SSs.

Material Surface Area (m?/g) Pore Width (nm)

MSN-SS 1106.674 4.08
MSN-SS 5% 1149.435 2.88
MSN-SS 10% 1228.774 2.86
MSN-SS 15% 1029.973 3.52

The diffraction patterns for MSN-5S-AS and MSN-SS-AW are shown in Figure 5. The
XRD shows the characteristic peaks of mesoporous silica materials, with a strong peak at
2.55°, corresponding to the (100) plane, and diffraction peaks at 3.9° and 4.2°, representing
the (110, 200) planes [22]. Comparing the diffraction peaks between MSN-AS and MSN-SS,
the peaks for MSN-AS have a lower intensity due to the presence of CTAB inside the
pores (Figure 6a) and have an increase in 20 in the absence of the surfactant in MSN-AW
(Figure 6b).
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Figure 4. BET Analysis—nitrogen adsorption-desorption isotherms measured at 77.35 K.
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Figure 5. Pore size and distribution analysis of MSN-SS nanocarriers via DFT method.
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Figure 6. XRD analysis of MSN-SSs: (a) as-synthesized and (b) after wash.

3.5. Surface Morphology

TEM (Figures 7a and S2) and SEM (Figures 7b and S3) imaging confirmed the re-
tention of parallel pores and the honeycomb pore arrangement in MSN-SS. In addition,
TEM also confirmed that including disulfide bonds did not disrupt the pores in the MSN
(Figures 7a and S2). These results are consistent with those in the literature, proving the
synthesis of the reported MSN [10,12,23].

() (b)

Figure 7. MSN-SS morphology: (a) TEM image, (b) SEM image.

The zeta potential measurements of the MSN nanocarriers resulted in a less negative
zeta potential in the disulfide-modified MSN than in the pure MSN. In the pure MSN, the
zeta potential was —20.8 &= 11.8 mV; there was a slight decrease with 5% disulfide bonds
(—23.6 = 13.4 mV) and a jump to —16. £ 14.4 mV for 15% disulfide bonds, suggesting that
the presence of disulfide bonds impacted the net charge of the particle (Table S1). The pore
size of MSN-5S was approximated using Bragg’s Law (Equation (52)). Notably, the pore
size was drastically reduced after doxorubicin loading (Table S3). The effect of pore filling
on the MSN-5S pores was consistent with that reported in the literature [24].

3.6. Drug Loading

The maximum loading efficiency amount was shown in the 10% disulfide sample,
with a 39.82% loading efficiency (Table 3). The results from the BET analysis after loading
with DOX showed a transition from a Type IV isotherm to an isotherm with Type II, typical
of non-porous or macroporous material (Figure 8a). An analysis of the pore volume using
the DFT method showed a significant decrease in the pore volume from 0.8120 cc/g prior
to loading and 0.3630 cc/g after loading. In addition, the MSN-10%SS-AW diffraction
lattice parameters, analyzed through the Bragg’s Law approximation, decreased after the
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incorporation of DOX, further evidencing the successful incorporation of DOX into the
MSN pores (Figure S4a and Equation (52)) [25].

Table 3. The drug loading efficiency of DOX into MSN-SS silica network.

. Supernatant . - o
Nanocarrier Concentration (mM) Amount Loaded (mM) Loading Efficiency (%)
MSN-AW 0.66888 1.33 30.89
MSN-5%SS 0.55116 1.45 33.61
MSN-10%SS 0.28367 1.72 39.82
MSN-15%SS 1.22714 0.773 17.93
(2) 1000 (b)
—_ MSN-10%SS-AW 1000 MSN-10%SS-AW
%ﬂ MSN-10%SS-DOX MSN-10%SS-DOX
o 800 o 800 - o
T E
£ 6004 oo £ 600 i
g =0 ¢ S B
< 400- T 400 z o
: 2 3
2 200 200- B S S S S
> Pore Width (nm)
0 I T T T T T T T T T I T T T T T T T T T 0_ ' g I
0.0 0.5 1.0 0 10 20 30 40
Relative Pressure, P/P Pore Width (nm)

Figure 8. BET analysis of MSN-SS with and without DOX: (a) isotherm comparison and (b) pore
size distribution of MSN-SS with and without DOX, inset contains the pore size distribution of DOX
showing presence of macropores.

3.7. In Vitro DOX Release Profiles from MSN Silica Framework

The DOX release was measured using UV-vis spectroscopy at different time intervals
0,1,2,4,6,8, 24, and 48 h) at Anax = 480 nm corresponding to DOX absorbance. Three
experiments were conducted to (1) investigate DOX release under varying pH conditions,
(2) determine the importance of DTT in the release of DOX from MSN-SS, and (3) evaluate
the DOX release with DTT under varying pH conditions. We examined the DOX release
under different pH conditions, in conjunction with DTT as a reducing reagent that “cleaves”
the disulfide bonds. These experiments simulated the in vitro model for future in vivo
studies and how the MSN-SS structure would react inside the body. The results show that,
at pH 7.4, only a small amount of DOX was released (15%) after 48 h of vigorous stirring at
37 °C. At pH 5, the protonation of the silanol groups on the silica surface led to an increased
(65%) DOX release. A second experiment was conducted to determine the significance
of DTT for DOX release; MSN-10%SS-DOX was loaded into a suspension of 10 mM DTT.
After 48 h, the release of DOX was notably higher in the presence of DTT than in the control
group without DTT (Figure 9a). At pH 5 and in the presence of DTT, 94% of DOX was
released in 48 h. This is consistent with literature reports where the gradual cleavage of
disulfide bonds was demonstrated for solid silica synthetically modified with disulfide
bonds [24].

7
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Figure 9. (a) Cumulative release profiles of MSN-10%SS-DOX under a DTT study and (b) cumulative
release profile under two pH conditions and comparison of DTT environments.

3.8. In Vitro Cytotoxicity

The cell viabilities of MSN-10%SS-AW, MSN-10%SS-DOX, and pure DOX on HeLa
and endothelial lung cancer cells (A549-GFP) lines were evaluated using a CCK-8 assay.
The cancer cells were subjected to various concentrations of MSN-10%SS, such as (0, 0.1,
1, 10, 25, 50, 100, 150, and 200 pg/mL), and they were incubated over 24 h. The results
show high biocompatibility among both cell lines, with a cell viability of over 90%, fur-
ther demonstrating that the surfactant (CTAB) was adequately washed away and did not
cause any damage to the cellular membrane [14,26]. In addition, the cytotoxicity study of
MSN-10%SS-DOX was conducted using the same parameters and showed a decreasing cell
viability as the concentration of the loaded nanoparticles increased (Figure 10). The half-
maximum inhibitory concentration (IC50) was calculated to determine the nanoparticles’
efficacy in drug delivery [27]. The IC50 for MSN-10%SS-DOX was 15.07 ng/mL in HeLa
cells and 12.48 ug/mL in A549-GFP cells. The cytotoxicity of doxorubicin was established
as a control experiment, given that the anticancer drug is known to be toxic at low concen-
trations and to ensure the controllability of the nanoparticle. In the case of the drug alone,
the IC50 was calculated to be 9.12 ug/mL in HeLa cells and 8.84 pug/mL in A549-GFP cells.
A CCKS assay is essential for determining DOX toxicity [28,29]. The MSN-SS nanocarrier
allows for a tunable release due to the gradual reduction of the disulfide bonds within the
silica framework in the cellular environment [30].

HeLa A549-GFP
1004 MSN-10%SS MSN-DOX 100 MSN-10%SS MSN-DOX
;\? 80 ;\? 80
z =
E 60 i 3 60
g =
: 40+ : 40-
4 5]
© O
204 20
0 0-
00 01 1.0 100 250 50.0 100.0 150.0 200.0 00 01 1.0 10.0 250 50.0 100.0 150.0 200.0
Concentration of particle (ug/mL) Concentration of particle (1g/mL)
(a) (b)

Figure 10. Cytotoxicity study of MSN-10%SS, MSN- 10%SS-DOX, and pure DOX using cancer cell
lines HeLa (a) and A549-GFP (b).
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3.9. Cellular Uptake

To verify that the doxorubicin was released from MSN-10%SS into the cancer cells, the
nanocarrier was incubated in the HeLa and A549-GFP cells over 48 h. DOX is a fluorescent
molecule, enabling imaging of the MSN-10%SS-DOX uptake by cells via fluorescence
microscopy. DAPI was used as cell nuclei staining (Figure 11). The composite image
of the three channels enables a visualization of the material location in cells. The GFP
expressed in the A549-GFP cells was monitored in the green channel, and the intensity of
the doxorubicin release over time and its uptake in the cell nuclei were monitored in the
red channel. The results indicate that, as the incubation time increased, the cancer cells
actively absorbed the MSN-SSs. Additionally, the pH shift from the DMEM medium to the
cancer cells” internal environment, which contained other reducing reagents, enabled the
release of DOX. These findings align with previous literature reports [31,32]. However, in
our case, the DOX release was enhanced by the redox reaction that cleaves the disulfide
bonds. The internalized signal increased considerably from 4 to 48 h in both cell lines, with
the highest concentration of DOX in the cells at 48 h. Therefore, the fluorescence imaging
visualized the uptake of DOX within the nucleus of the cell and proved the results of the
biocompatibility studies.
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Figure 11. Cont.
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Figure 11. Confocal microscopy imaging MSN--10%SS-DOX-treated cells: (a) HeLa cells and
(b) A549-GFP cells.

4. Discussion

The successful synthesis of MSN-SSs was validated through characterization techniques,
such as FTIR, Raman, XRD, BET-DFT, SEM, and TEM. The removal of the CTAB surfactant via
methanol washing was evident through the almost complete disappearance of its characteristic
peaks in both FTIR and the Raman analysis, as shown in Figures 2b and 3b. This CTAB removal
step is critical as it has been previously demonstrated that CTAB is toxic to cells, potentially
damaging the cell membrane and causing the release of intracellular enzymes [7]. This step
is vital for cellular study, as CTAB has been shown to have toxic effects on cells due to the
chances of damaging the cell membrane and inducing a release of intracellular enzymes.
While the intensity of the Raman spectra of the disulfide peak decreased after methanol
washing (Figure 3b), the peak was still present, suggesting that (1) the use of a methanol
acid wash does not disrupt the disulfide bonds within the sample and (2) the synthesis was
successful in introducing disulfide bonds in the pore walls.

The pore size analysis was utilized based on the BET-DFT and XRD studies. The
BET-DFT analysis revealed that MSN-10%SS presented the largest surface area. The results
indicate that, following DOX loading, a significant decrease in the specific surface area
from 1228.774 to 676.244 m? /g occurred (Figure 8a). Incorporating DOX into the pores of
the MSN contributed to the decrease in the surface area due to pore filling.

Importantly, the fabrication of the material with the S-S bonds embedded in the pore
walls did not alter the typical morphology and porosity of the material, as evidenced by
the TEM images, which show parallel pores.

The choice of MSN-10%SS was further evaluated during the drug loading experiments,
as this disulfide concentration presented the highest loading capacity. The amount of drug
in the nanoparticle was determined using UV-Vis and Equation (S2) (Table 3) [33]. The
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in vitro drug release studies were conducted to establish the DOX drug release profile used
for cellular studies. The specific pH conditions were selected to validate the release in
cancer cell environments, given the acidic nature of the cancer cell. At pH 5, the protonation
of the silanol groups within the MSN-SS enabled DOX release from the pores; the use of
DTT cleaved the disulfide bonds and allowed for a more significant release of DOX. At
pH 7, a neutral environment, the drug release was significantly lower given the lack of
protonation of the silanol groups, proving the synergistic effect of DTT and acidic pH. This
study demonstrates that the release of the anticancer drug depends on the environment’s
pH and the presence of reducing reagents.

Cell studies were conducted on HeLa and A549-GFP cancer cells lines to assess the
new MSN-SS cytotoxicity and qualitatively observe the drug delivery. The cells were
incubated with various concentrations of MSN-10%SS-DOX and pure doxorubicin, and the
IC50 was determined.

5. Conclusions

This study demonstrates the usefulness of disulfide-bond-embedded walls in enhanc-
ing the drug delivery ability of MSN. Three variants of MSN-SS were fabricated using a
mixture of TEOS with a disulfide bond containing silane at 5%, 10%, or 15% as the silica
precursor. The material with the largest surface area and highest doxorubicin loading
capacity was found to be 10% (MSN-10%SS-DOX), and this was selected for the drug
delivery evaluation. UV-VIS was used to determine the drug loading capacity of MSN-SS
as 39.8%. An in vitro toxicity study using HeLa and A549-GFP cells demonstrated the
biocompatibility of the MSN-SS material (MSN-10%SS) and the ability to release doxoru-
bicin, materialized by cancer cell killing. A confocal imaging time study was employed
to visualize the loaded nanoparticles” uptake in the cells and showed that, within 48 h,
the drug was released and localized in the nucleus. The tuning of the MSN drug delivery
capability by using disulfide bonds proved feasible for the further use of this nanocarrier
for controlled-release drug delivery.
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lattice parameter analysis via XRD; Figure S5: (a) XRD analysis between MSN-AS, MSN-AW, MSN-
DOX, and MSN-DOX-DTT to show deformed structure after pore filling, and (b) FTIR analysis between
MSN-AS, MSN-AW, MSN-DOX, and MSN-DOX-DTT.
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