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Abstract: In this paper, a new pH-responsive nanosystem based on mesoporous silica nanoparticles
(MSNs) was developed for cancer therapy. Poly(2-(diethylamino) ethyl methacrylate) (PDEAEMA)
was grafted on their outer surface and acts as a gatekeeper, followed by subsequent modifica-
tion of the polymer by cysteine (MSN-PDEAEMA-Cys) and poly(oligo(ethylene glycol) methyl
ether methacrylate) (MSN-PDEAEMA-Cys-POEGMEMA). The physicochemical properties of these
nanocarriers were characterized using scanning and transmission electron microscopies (SEM and
TEM), Fourier-transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), and
dynamic light scattering (DLS). The synthesized nanoparticles were well-dispersed with a diameter
of ca. 200 nm. The obtained XPS results confirm the successful modification of MSN-PDEAEMA
with Cys and POEGMEMA by increasing the peak intensity of C-O and C=0O groups at 286.5 and
288.5 eV, respectively. An anti-cancer drug, doxorubicin (DOX), was encapsulated into the fabricated
nanoplatform. The DOX release amount at physiological pH of 7.4 was limited (10%), while an
accumulation drug release of ca. 35% was accomplished after 30 h in acidic media. The MTT cell line
was used to assess the cytotoxicity of the unloaded and DOX-loaded fabricated nanoplatforms. Upon
loading of DOX on these nanomaterials, they showed significant toxicity to human liver cancer cells.
These results suggest that the prepared nano-structured materials showed good biocompatibility as
well, and they can serve as nanocarriers for the delivery of anti-cancer drugs.

Keywords: hybrid mesoporous silica nanoparticles; pH-responsive polymer brushes; surface modifi-
cation; anti-cancer drug; drug delivery nanosystem

1. Introduction

Cancer is considered to be the second leading cause of death worldwide, accounting
for an estimation of over 10 million deaths in 2020 [1]. Cancer can proliferate indefinitely
and migrate easily to normal tissues. The excessive metabolite accumulation of the bio-
logical microenvironment in cancerous tissues is different from normal tissues, leading to
acidic and hypoxic features [2,3]. Multi-sensitive drug delivery systems (DDSs) have been
designed and developed to selectively release drug molecules in the microenvironment
of diseased tissues and significantly enhance anti-cancer activity [4-6]. However, the psy-
chological effects of complex environments, such as prolonged blood circulation, tumor
tissue penetration, and cellular internalization, may hinder the drug-loaded nanocarriers
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from accessing the desired sites of tumor cells [7-9]. Thus, the ideal drug delivery system
should have the ability to release the therapeutic agent in the right dose and at the right
site within an acceptable period of time [10].

Mesoporous silica nanoparticles (MSNs) have attracted much research attention as
drug carriers for their potential biomedical applications [11-15]. Silica is generally rec-
ognized as safe by the Food and Drug Administration (FDA) [11]. MSNs offer several
unique properties and advantageous structures, such as high surface area and pore volume,
uniform pore size, stable mesostructure [16], modifiable morphology [17], and excellent bio-
compatibility [18]. Despite the potential advantages of MSN's for drug delivery applications,
pure MSNs tend to aggregate when directly exposed to biological environments, leading to
uncontrolled drug release patterns [19,20]. These drawbacks could be minimized by using
biocompatible polymers to coat the surface of silica nanoparticles in order to form different
structures such as yolk—shell [21], core—shell [22], and brushes [23]. The combination of
such polymers and silica nanoparticles not only addresses the aforementioned limitations
but can also endow these particles with encapsulated guest molecules and subsequently
release them at a later stage in an optimal way [24]. Polymeric nanostructures could remain
stable in biological environments and minimize the side effects and the toxicity of DDSs,
followed by a high-speed release rate of the drug in the diseased tissues [25-29]. Tincu et al.
demonstrated successful encapsulation and controlled release of two hydrophobic drugs,
natural curcumin (Cur) and synthetic 5-fluorouracil (5-FU), loaded in smart polymeric
micelles (PMs) of a well-defined pH-sensitive poly(2-vinyl pyridine)-b-poly(ethylene oxide)
(P2VP90-b-PEO398) block copolymer as nanocarriers [30].

Various stimuli-responsive drug-loaded systems have been developed during recent
years [31-34]. pH-responsive polymers are one of the most utilized stimuli-responsive
strategies for targeting tumor tissues due to the difference in the pH values between
normal tissues and cancerous tissues (i.e., tumors (pH ~5.0)) [35]. The structure of pH-
responsive polymers changes when pH values change. For instance, base polymers, such
as poly(N,N diethylaminoethyl methacrylate), poly(N,N-dimethylaminoethyl methacry-
late), and poly(b-amino ester), undergo structural changes when the amine groups be-
come protonated. Protonation of the tertiary amino groups of poly(2-(diethylamino)ethyl
methacrylate) (PDEAEMA) in an acidic medium triggered the swelling of the polymer
due to the phase change from hydrophobic to hydrophilic with decreasing the environ-
mental pH [22]. Alswieleh et al. successfully incorporated poly(2-(tert-butylamino)ethyl
methacrylate) brushes into mesoporous silica nanoparticles via surface-initiated atom
transfer radical polymerization (SI-ATRP). The results showed that the polymer brushes
were highly swollen when they became protonated at a low pH value and collapsed when
deprotonated at pH above 7.5 [23]. Beagan et al. modified the surface of hollow meso-
porous silica nanoparticles with glucosamine-poly(2-(diethylamino) ethyl methacrylate)
brushes. The acquired results showed an increase in the particle size from ca. 500 to
ca. 980 nm when the pH decreased from 9 to 6.5, leading to the release of doxorubicin
(DOX) from the nanosystem with a controlled manner [22]. Alswieleh et al. synthesized
a diblock copolymer consisting of poly(ethylene glycol) methyl ether methacrylate and
2-(tert-butylamino)ethyl methacrylate grafted into the outer surface of MSNs via the atom
transfer radical polymerization method. The nanoparticles exhibited a drug release ef-
ficiency of about 60% at pH < 6.5 [36]. More recently, the modification of PDEAEMA
brushes’ surface with folic acid-coated magnetic nanoparticles was reported by Alswieleh
and co-workers. The results suggested that DOX release from the fabricated nanosystem
was ca. 20% in acidic media, compared to less than 5% in basic media [37].

The incorporation of poly(ethylene glycol) (PEG) into silica-based drug delivery
systems can improve their therapeutic potential by enhancing the retention time of the
therapeutics via increasing water solubility and protecting them from various enzymatic
degradations inside a tissue or cell [38,39]. Yang et al. prepared a co-micellization of
the diblock polymers poly(ethylene glycol)-PDEAEMA and poly(ethylene glycol) methyl
ether-b-polycaprolactone (MPEG-PCL), which showed a well-controlled release rate ability
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for DOX [40]. However, the synthesized nanomaterial exhibits relatively low stability
and slight leakage of DOX in neutral conditions as a result of the high value of critical
micellar concentration (CMC). Feng et al. designed amphiphilic block copolymers of
poly(N,N-diethylaminoethyl methacrylate) and poly(poly(ethylene glycol) methyl ether
methacrylate) as a platform for paclitaxel delivery [41]. The results showed a pH-triggered
release behavior of paclitaxel in the intracellular environment with pH 5, in which 55% of
paclitaxel was released. Kang et al. prepared mixed-block polymeric micelles composed of
poly(ethylene glycol)-block-poly(L-lactide) (PEG-PLLA) and poly(ethylene glycol)-block-
poly(D-lactide) (PEG-PDLA). The micelles exhibited better performance than either of the
polymers alone [42]. PEGylation of MSNs’ surface is used to improve their diffusion into
tumor tissues and enhance colloidal stability. It was found that PEG-functionalized MSNs,
compared to the non-modified surface, provide a significant improvement in drug diffusion
and increase the penetration of fluorophore into the mucosal layer to reach epithelial
cells [43]. Studies showed that protein corona formation on MSNs leads to opsonization,
and this was overcome by coating them with PEG chains at a specific density and molecular
weight. The non-coated MSNSs, in contrast, presented negative zeta potentials as a result
of forming protein corona on their surface [44]. A steric stabilization can be obtained
after using PEGylation that prevents recognition by opsonins and decreases cleavage by
proteases [6].

In this present work, a new pH-responsive system based on a polyelectrolyte poly-
mer grafted into mesoporous silica nanoparticles (MSNs) was developed for biomedical
applications. Poly(2-(diethylamino) ethyl methacrylate) (PDEAEMA) was grown on the
outer surface of MSNs using surface-initiated activators regenerated by electron trans-
fer atom transfer radical polymerization (SI-ARGET-ATRP). The surface of PDEAEMA
brushes was modified with cysteine (Cys) and subsequently functionalized with molecules
of poly(oligo(ethylene glycol) methyl ether methacrylate) (POEGMEMA) via the thiol-
Michael addition click reaction. The anti-cancer drug DOX was used as a model drug
and encapsulated into the prepared nanoplatforms. The properties of these nanocarriers
were characterized using a variety of techniques such as dynamic light scattering (DLS),
X-ray photoelectron spectroscopy (XPS), Fourier-transform infrared spectroscopy (FTIR),
scanning electron microscopy (SEM), and transmission electron microscopy (TEM).

2. Materials and Methods
2.1. Materials

The water used in this study was deionized water with a purity of 15 M()-cm obtained
using an Elga Pure Nanopore system (Lane End, United Kingdom). Hexadecyltrimethylam-
monium bromide (CTAB, 98%), ammonia aqueous (28 wt%), tetraethyl orthosilicate (TEOS,
98%), ethanol (99.8%), methanol (99.8%), (3-aminopropyl) triethoxysilane (APTES, >98%),
pyridine (analytical grade), dimethylformamide (99.9%), poly(oligo(ethylene glycol) methyl
ether methacrylate) (POEGMEMA), acetone, dichloromethane (DCM), 2,2’-Bipyridine
(bipy, 99%), 2-(diethylamino)ethyl methacrylate (DEAEMA) (99%), triphenylphosphine
(PPh3, 99%), and 2-bromo-2-methylpropionylbromide (BIBB, 98%) were obtained from
Sigma-Aldrich (Taufkirchen, Germany). Cupric bromide (CuBr,, 98%) was purchased
from BDH (British Drug Houses, London, UK). Triethylamine (TEA, 99%) and sodium
azide (NaN3,99%) were obtained from Loba Chemie. N-hydroxysuccinimide (NHS), N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC), succinic anhydride,
and doxorubicin hydrochloride (DOX) were purchased from Tokyo Chemical Industry
(Tokyo, Japan). Tetrahydrofuran (THF) was obtained from Nexgen Chemicals. L-ascorbic
acid (98%) was obtained from Riedel-de Haén. Ammonium nitrate (NH4NOj3, 99%) was
purchased from Winlab (Harborough, UK). Potassium chloride, sodium chloride, sodium
carbonate, potassium dihydrogen phosphate, and disodium hydrogen phosphate were
purchased from Alfa Aesar (Lancashire, UK). All chemicals and reagents were utilized as
supplied, without further purification.
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2.2. Methods
2.2.1. Synthesis of Mesoporous Silica Nanoparticles

Briefly, a solution containing 160 mL deionized water (160 mL), 1.0 g CTAB, and 7.0 mL
concentrated ammonium hydroxide was placed in a 250 mL three-neck round-bottom flask
and stirred until a clear solution was formed. Next, a mixture solution of TEOS (5 mL) and
N-hexane (20 mL) were added dropwise into the above solution under continuous stirring.
The solution was gradually turned to a milky slurry in 5 min under continuous stirring
(200 rpm) at 35 °C. After further stirring for 10 h, silica nanoparticles were washed with
ethanol and water by centrifugation. Finally, the collected sample was dried at 100 °C for
two hours.

2.2.2. The Modification of Mesoporous Silica Nanoparticles with an Amine Group
(MSN-NH;)

Modification of the silica surface with amino group was performed as follows: 1 g of
silica nanoparticles was dispersed in a solution containing 50 mL methanol and 0.5 mL
APTES. The mixture was refluxed at 80 °C for 12 h. Finally, the particles were collected by
centrifugation and washed several times with ethanol to remove the residual organics.

2.2.3. Immobilization of BIBB Initiator on MSNs (MSN-Br) and Channel Formation

The synthesized MSN-NH; (1 g) was dispersed in a solution containing 25 mL
dichloromethane and 0.5 mL TEA (3.6 mmol). Next, a mixture containing 0.25 mL 2-
bromo-2-methylpropionyl bromide (2.02 mmol) and 5 mL DCM was dropwise added to the
suspension. The reaction was allowed to react under ambient temperature for 48 h. Finally,
the modified silica nanoparticles (MSN-Br) were centrifuged and thoroughly washed with
ethanol and DCM [19].

The organic surfactant was extracted by adding the initiated MSNs (1 g) into a solution
containing ammonium nitrate (0.3 g) and ethanol (30 mL) at 75 °C overnight under stirring.
The solid particles were collected and thoroughly washed with ethanol and then dried for
3hat60 °C.

2.2.4. The Modification of MSNss with Poly(2-(diethylamino) ethyl methacrylate) Brushes
(MSN-PDEAEMA)

MSN-PDEAEMA was prepared as follows: a mixture containing 0.4 g MSN-Br,
3 mL deionized (DI) water, and 12 mL ethanol was placed in a 25 mL round-bottom
flask and degassed with nitrogen gas for 0.5 h under stirring. Then, 2-Diethylaminoethyl
methacrylate (2 mL), 0.0009 g of CuBr,, and 0.0067 g of bipy were added to the mixture.
Finally, ascorbic acid (7.6 mg) was added to the mixture under nitrogen and allowed to stir
at ambient temperature for two hours. The solid particles were collected and thoroughly
washed with an acidic aqueous solution followed by washing with ethanol and then dried
in an oven at 60 °C.

2.2.5. Coating the MSNs Surface with Amine Groups (MSN-PDEAEMA-NH,;)

MSN-PDEAEMA (200 mg) was homogeneously dispersed in 10 mL of degassed DMF
under nitrogen in a 25 mL round-bottom flask. A separated flask contained well-degassed
solution of 0.2 M NaNj3 in 5 mL DMF. The saturated solution of sodium azide was then
added to MSN-PDEAEMA under N, and the solution was heated for 18 h at 65 °C. Finally,
the solid nanoparticles were collected by centrifugation and thoroughly washed with DMFE.

The collected nanoparticles were then homogeneously dispersed in 10 mL of degassed
DMF under nitrogen in a 25 mL round-bottom flask. A separated flask contained well-
degassed solution of 0.2 M PPhz in 5 mL DMF. The saturated solution of triphenylphosphine
was then added to MSN-PDEAEMA under N, and the solution was heated for 18 h at
65 °C. Finally, the solid nanoparticles were collected by centrifugation and thoroughly
washed with DMEFE water, and ethanol. The washed sample was added into a H,O/THF
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mixture and stirred under nitrogen atmosphere at 40 °C overnight. The solid nanoparticles
were collected by centrifugation and thoroughly washed with ethanol.

2.2.6. Immobilization of Cysteine on the Surface of MSNs (MSN-PDEAEMA—-Cys)

To functionalize the nanoparticles with carboxylic groups, 100 mg of MSN-PDEAEMA-
NH?2 was added to a 10 mL solution of pyridine:DCM (1:1). Then, the solution was
sonicated for 20 min. Briefly, 0.3 g of succinic anhydride was added to the reaction mixture
and the solution was further sonicated for 0.5 h. After 18 h, the solid was centrifuged and
washed with DMFE.

The solid nanoparticles (100 mg) were dispersed in 10 mL DMF solvent under sonica-
tion for 20 min and then EDC (200 mg) and NHS (200 mg) were added to the mixture and
sonicated for another 20 min. After 18 h, the nanoparticles were separated by centrifugation
and washed with DMF.

To obtain MSN-PDEAEMA-Cys, 100 mg of MSN-PDEAEMA-NHS was added to
DMF (10 mL) solution and placed in an ultrasonic bath for 25 min followed by the addition
of cysteine (10 mg) and TEA (1 mL). The reaction mixture was then stirred for 18 h at room
temperature. The nanomaterials were centrifuged and washed with DMF and DI water.

2.2.7. Immobilization of POEGMEMA on the Surface of MSN-PDEAEMA
(MSN-PDEAEMA-Cys-POEGMEMA)

To modify the nanoplatform with POEGMEMA, 100 mg of MSN-PDEAEMA-Cys was
added to 20 mL solution of acetone:TEA (1:1) and sonicated for 10 min followed by the
addition of 1 mL POEGMEMA and further sonication for 10 min. The reaction mixture
was then stirred for 48 h at 25 °C. The sample was centrifuged and thoroughly washed
with acetone, deionized water, and ethanol.

2.3. Measurement and Characterization

The mesostructure and the morphology of the nanoparticles were demonstrated
using transmission electron microscopy (TEM, Tokyo, Japan). TEM images were obtained
on a JEOL JEM-1400 microscope with an accelerating voltage of 100 kV. SEM images
were obtained using a JEOL JSM-7610F microscope at 5 kV (Tokyo, Japan). Infrared (IR)
spectra were recorded using potassium bromide pellets in the region of 4000-400 cm !
with a resolution of 4 cm ™!, using a PerkinElmer Spectrum BX FTIR spectrophotometer
(Beaconsfield, UK). The X-ray photoelectron spectroscopy measurements were performed
with a JEOL JPS-9030 Photoelectron Spectrometer 9 (Tokyo, Japan). Particle size was
measured using DLS Malvern instruments (Zetasizer Nano ZS, Malvern, UK) at different
pH values. UV /Vis spectra were recorded on a SpectraMax Plus 384 microplate reader.
Thermogravimetric analysis (TGA) was conducted using a PerkinElmer Pyris instrument
(Beaconsfield, IA, USA) with a temperature up to 800 °C at 10 °C/min heating rate.

2.4. Drug Loading and Release

The drug loading and release were conducted in accordance with the method of Bilalis
et al. [45]. Briefly, 1 mg of the fabricated nanoparticles was suspended in 1 mL buffer
solution followed by the addition of DOX solution (1 mL). Next, the solution’s pH was
adjusted to 3 using 0.1 M hydrochloric acid and stirred for a day under dark conditions at
room temperature. Then, the pH of the mixture was adjusted to 8 using aqueous solution
of 0.1 M sodium hydroxide and stirred for another 2 h. Supernatants were taken gently
after centrifugation to determine the concentration of unloaded drug by means of a UV-Vis
spectrophotometer at wavelength of 480 nm.

The loading capacity (LC) and entrapment efficiency (EE) for DOX were calculated
using the following Equations:

EE = (the amount of drug on the nanoparticles/initial amount of drug) x 100 (1)

LC = [weight of DOX/(weight of nanoparticles + weight of DOX)] x 100 (2)
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The process of drug release was performed by adding 1 mg of DOX@MSN-PDEAEMA,
DOX@MSN-PDEAEMA-Cys, or DOX@MSN-PDEAEMA-Cys-POEGMEMA into 1 mL
phosphate-buffered saline (PBS) with different pH values, ranging from 5 to 8, under
constant shaking at 37 °C. The solution was collected from the dispersion at different time
intervals, and the amount of drug released was identified using UV-Vis spectroscopy. The
volume of buffer was kept constant via the addition of fresh medium (1 mL) after each
collection. The cumulative percent release of the drug was calculated using the formula
given below:

LC = [weight of DOX/(weight of nanoparticles + weight of DOX)] x 100 (©)]

2.5. Cell Culture and Exposure Protocol

HepG2 cells (American Type Culture Collection (ATCC), Manassas, VA, USA) were
cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Invitrogen, Carlsbad, CA, USA)
with 10% Fetal Bovine Serum (FBS) and antibiotics (100 pg/mL streptomycin + 100 U/mL
penicillin). Cells were maintained in a humidified incubator under control conditions (37 °C
and 5% CO,). Nanomaterials were suspended in culture medium (DMEM + 10% FBS) and
diluted to the desired concentration (1-100 ug/mL). Different dilutions of nanoparticles
were further sonicated utilizing a sonicator bath at room temperature for 10 min at 40 W to
avoid agglomeration of nanoparticles before exposure to cells. Cells without nanoparticles
served as control in each experiment.

MTT Cell Viability Assay

MTT assay [46] with some specific changes [47] was applied to examine the cytotoxicity
of various types of MSNis. In brief, 20,000 cells/well were seeded in a 96-well plate and
allowed to attach on the plate’s surface for 24 h. Then, cells were treated for 24 h with
different concentrations of MSNs (1-100 pg/mL). After that, culture media were aspirated
from each well and replaced with a new culture medium containing MTT solution. The
plate was incubated for 3 h at 37 °C until a purple-color formazan product appeared. The
formazan was dissolved in acidified isopropanol. Then, 100 uL solution was transferred to
another 96-well plate. Absorbance of the solution was recorded at 570 nm with a microplate
reader (Synergy-HT, BioTek, Winooski, VT, USA).

3. Results and Discussion

As illustrated in Scheme 1, hybrid mesoporous silica nanoparticles were synthesized
in multiple steps. APTES was conveniently attached to MSNs followed by the reaction of
the amino groups with BIBB before the extraction of the organic surfactant (CTAB). CTAB
was extracted using the solvent extraction method to keep the internal pore surface free to
incubate guest molecules. PDEAEMA brushes were grown on the outer surface of MSNs
via SI-ARGET-ATRP. The halogen atoms at the end of the PDEAMA chains were substituted
to amines, using NaN3 and PPhj3, followed by the reaction with succinic anhydride. NHS
and EDC were utilized to activate the carboxylic groups to allow the reaction with amine
groups in cysteine molecules. Then, POEGMEMA was used to cap the surface via the
thiol-Michael addition click reaction in the presence of TEA.
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Scheme 1. Synthesis procedure for poly(2-(diethylamino) ethyl methacrylate) (PDEAEMA) brushes capped with
poly(oligo(ethylene glycol) methyl ether methacrylate) (POEGMEMA) on mesoporous silica nanoparticle (MSN) surfaces
via surface-initiated activators regenerated by electron transfer atom transfer radical polymerization (SIFARGET-ATRP).

The size and shape of the fabricated nanoparticles were studied using scanning
electron microscopy (SEM) and transmission electron microscopy (TEM). SEM images of
the unmodified MSNs and MSN-PDEAEMA are shown in Figure 1. The first image shows
that the as-made MSN samples were spherical, with an average diameter of ca. 220 nm
(Figure 1A), whereas the average particle size was increased by 10% after the attachment
of PDEAEMA to the surface of the MSNs, as shown in Figure 1B. TEM was also utilized
for studying the morphology of the MSNs and MSN-PDEAEMA. As can be seen from
the images, the as-made MSNs exhibit dispersed particles with an average particle size
of 240 nm and a clear pore structure (Figure 1C). After being coated with PDEAEMA,
a continuous layer, which illustrates an increase in darkness in compared to the bright
inner core, can be clearly observed on the outer shell of the silica nanoparticles (Figure 1D).
The dry thickness of this polymer layer was estimated to be ca. 15 nm.
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Figure 1. SEM and TEM images of fabricated mesoporous silica nanoparticles: (A) SEM image of unmodified MSNs,
(B) SEM image of PDEAEMA-attached MSNs, (C) TEM image of as-made silica nanoparticles, and (D) TEM image of
PDEAEMA-coated silica nanoparticles.

FTIR spectra were obtained for as-made MSNs, CTAB-free MSNs, MSN-Br, MSN-
PDEAEMA-Cys, and MSN-PDEAEMA-Cys-POEGMEMA to verify the molecules attached
to the surface, as shown in Figure 2. A wide band at 1240-1030 cm ™! was observed, which
was attributed to Si-O-5i band stretching of the condensed silica network, as well as
a peak at 799 cm~! for the stretching vibration of Si-O. The successful removal of the
organic template was confirmed by the disappearance of the C-H stretching vibration at
2850 cm~!. After the initiation step, the C—H bending vibration of the methyl group was
observed at 1450 and 1384 cm 1. A strong absorption peak at 1730 cm ! was observed in
all polymer-coated MSN samples which was associated with -C=0 stretching vibrations,
indicting the successful polymerization process.

The surface investigations were also conducted using thermogravimetric analysis
(TGA), as shown in Figure 3. The obtained results demonstrate that the weight loss of
MSN-Br was ca. 25% at ~600 °C. After polymerization, the amount loss of organic layer
was approximately 40%. The weight loss was ~45% when the surface of PDEAEMA
brushes was modified with cysteine. A further reduction in weight was observed for
MSN-PDEAEMA-Cys-POEGMEMA, indicating the successful attachment of POEGMEMA
on the surface.
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Figure 2. FTIR spectra of the modified silica nanoparticles: (A) as-made MSNs, (B) hexadecyltrimethy-
lammonium bromide (CTAB)-free MSNs, (C) MSN-Br, (D) MSN-PDEAEMA, (E) MSN-PDEAEMA-
cysteine (Cys), and (F) MSN-PDEAEMA-Cys-POEGMEMA.
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Figure 3. Thermogravimetric analysis (TGA) of the modified silica nanoparticles: (a) MSN-Br,
(b) MSN-PDEAEMA, (c) MSN-PDEAEMA-Cys, and (d) MSN-PDEAEMA-Cys-POEGMEMA.

To confirm the successful reactions of Cys and POEGMEMA with the surface of the
polymer brushes, XPS was used in the analysis of MSN-PDEAEMA, MSN-PDEAEMA-Cys,
and MSN-PDEAEMA-Cys-POEGMEMA (Figure 4). Three components were fitted in the
Cl1s spectra for MSN-PDEAEMA, as illustrated in Figure 4a. The binding energies of the
fitted peaks were 284.9, 286, and 288.5 eV, which were assigned to C-H, C-N/C-O, and
O=C, respectively. The peak area ratios between the three aforementioned components are
similar to the theoretical peak area ratios of the polymer composition. It was observed that
the peak intensity of C=0O was increased for MSN-PDEAEMA-Cys due to the successful
attachment of both succinic acid and cysteine on the polymer outer surface, as shown in
Figure 4b. Due to the repeated C-O units in POEGMEMA molecules, the intensity of C-O
peaks in the Cls region was expected to increase. As expected, there was an increase in the
intensity of the peak at 286.5 eV after the immobilization of POEGMEMA, which confirms
the successful attachment of these polymeric molecules (Figure 4c).
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Figure 4. X-ray photoelectron spectra at the Cls region for (a) MSN-PDEAEMA, (b) MSN-PDEAEMA-Cys, and (c) MSN-
PDEAEMA-Cys-POEGMEMA.

In order to examine the effect of the solution pH on the size of the designed nanocar-
riers, DLS measurements were performed in PBS at different pH values (Figure 5A). The
results indicate that with decreasing the pH value, the size of MSN-PDEAEMA increased
due to the protonation process of polymer amino groups. When the pH of the solution
was increased, the particle size decreased, caused by the deprotonation of polymer amino
groups. Figure 5B shows the zeta potential of the designed materials at different pH values.
MSN-PDEAEMA exhibited a positively charged surface at pH below 7, with an average of
25 mV. At pH above 7.5, the surface charge was ca. —5 mV, resulting from the deprotona-
tion process. However, MSN-PDEAEMA-Cys and MSN-PDEAEMA-Cys-POEGMEMA
showed a negative surface charge with an average of —15 mV when the samples were
exposed to a pH value above 7 due to the presence of carboxylic groups at the surfaces.
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Figure 5. (A) The average particle size of MSN-PDEAEMA at different pH levels at 25 °C. (B) The sur-
face zeta potential MSN-PDEAEMA, MSN-PDEAEMA-Cys, and MSN-PDEAEMA-Cys-POEGMEMA
at different pH levels at 25 °C.

The drug-loading capacity of the MSN-PDEAEMA, MSN-PDEAEMA-Cys, and MSN-
PDEAEMA-Cys-POEGMEMA nanosystems with DOX was found to be similar at ca. 69%.
FTIR spectra confirmed the DOX loading into the nanocarriers via the clear appearance of
two peaks at 1405 and 1576 cm~! which were assigned to C-C stretches in the aromatic
ring of the DOX molecule (Figure S1). Furthermore, a significant increase in the peak at
1620 cm ™! was observed, which is assigned to N-H stretching mode [48,49]. The average
particle size and zeta potential of DOX-loaded MSN-PDEAEMA were found to be similar
to unloaded DOX (Figure S2). DLS data indicate that the size of MSN-PDEAEMA increased
with decreasing the pH value and reached ca. 600 nm at pH = 5. In basic medium, the
particle size was decreased due to the deprotonation of polymer amino groups.

The DOX release from these prepared nanocarriers was assessed at pH =5, 6.5, 7.4, and
8 (PBS buffer). As shown in Figure 6, the drug release rate for all fabricated nanosystems
was faster in mild acidic solutions compared to basic media. The highest cumulative
drug release rate was observed when the particles were exposed to the solution with
pH = 5. In acidic media, almost 50% of the loaded DOX was released from initiated
nanoparticles within the initial 4 h and the accelerated drug release from these nanocarriers
was ca. 55% after 8 h. In basic media, DOX was released from MSN-Br with an accelerated
drug release of ca. 35% after 10 h due to the deprotonation process of DOX. However,
approximately 30% of the loaded DOX was released from polymer-coated nanoparticles
within the initial 5 h. After 10 h, the accelerated drug release from these nanocarriers was
ca. 35%. This fast drug release was attributed to the protonation of the amino group present
in the PDEAEMA, which resulted in an accelerated drug release. There was no significant
difference in the DOX release profiles for all three nanosystems, indicating that the cysteine
and POEGMEMA molecules that capped MSN-PDEAEMA did not affect the drug release.
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Figure 6. Drug release profiles of doxorubicin (DOX) loaded in (A) MSN-Br, (B) MSN-PDEAEMA, (C) MSN-PDEAEMA-Cys,
and (D) MSN-PDEAEMA-Cys-POEGMEMA nanocarriers with different pH values at 37 °C.

The cytotoxicity /biocompatibility of the prepared nano-scale materials was deter-
mined in human liver cancer (HePG2) cells by MTT assay. Cells were exposed for 24 h
to different concentrations (1-100 pg/mL) of MSN-PDEAEMA, MSN-PDEAEMA-Cys,
and MSN-PDEAEMA-Cys-POEGMEMA-Cys. Figure 7A demonstrates that these different
nanosystems did not induce cytotoxicity to HepG2 cells. These results suggest that the
prepared nanocarriers have good biocompatibility and can be utilized as drug nanocarriers.
Upon loading of DOX on these nanomaterials, they showed significant toxicity to human
liver cancer cells (Figure 7B). These results suggest that the prepared nano-structured
materials show good biocompatibility and can serve as nanocarriers for the delivery of
anti-cancer drugs.
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Figure 7. Cell viability of human liver cancer (HepG2) cells after exposure to MSN-PDEAEMA, MSN-
PDEAEMA-Cys, and MSN-PDEAEMA-Cys-POEGMEMA. Cells were exposed for 24 h to different
concentrations (1-100 ug/mL) of these materials and cell viability was measured through MTT assay.
(A) PDEAEMA-MSNs, MSN-PDEAEMA-Cys, and MSN-PDEAEMA-Cys- POEGMEMA without
drugs and (B) PDEAEMA-MSNs, MSN-PDEAEMA-Cys, and MSN-PDEAEMA-Cys-POEGMEMA
with drugs.

4. Conclusions

In summary, MSNs were successfully modified by PDEAEMA via SI-ARGET-ATRP,
followed by the sequential addition of cysteine and POEGMEMA at the end of polymeric
chains. Such nanomaterials were characterized by different techniques including DLS,
surface zeta potential, XPS, FTIR, SEM, and TEM. The three designed nanocarriers exhibited
a similar drug encapsulation efficiency of 69%. The drug release profiles for all nanosystems
showed that the polymer swelling at low pH greatly accelerated the drug diffusion into
aqueous solution. Furthermore, the anti-cancer activity of DOX-loaded MSN-PDEAEMA,
MSN-PDEAEMA-Cys, and MSN-PDEAEMA-POEGMEMA was investigated. The in vitro
cytotoxicity test showed that all three nanosystems exhibited excellent biocompatible
properties. MSN-PDEAEMA-POEGMEMA loaded with DOX showed a stronger ability to
kill the cancer cells compared to MSN-PDEAEMA and MSN-PDEAEMA-Cys and could be
a potential effective agent in the treatment of cancer.
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Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2073-436
0/13/5/823/s1, Figure S1: FTIR spectra of DOX loaded MSN-PDEAEMA, Figure S2: The average
particle size of DOX loaded in MSN-PDEAEMA at different pH levels and the surface zeta potential
DOX loaded in MSN-PDEAEMA.
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