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Abstract: Despite the recent advances and development of conventional cancer therapy strategies,
treatments often lack specificity, resulting in low therapeutic efficiency, cancer recurrence, and drug
resistance. With the advent of nanotechnology, nanoparticle-based delivery systems have steadily
gained interest. The key to using any drug delivery system is its’ relative cytotoxicity, pharmacokinetics,
and downstream immunological effects that may arise upon repetitive exposure. Among the
nanoparticle systems, mesoporous silica nanoparticles (MSNSs) have received favorable attention as
potential drug delivery platforms. This study aimed to synthesize and functionalized MSNs with
chitosan and polyethyleneglycol for improved stability, efficient drug loading, and drug release. These
polymerized MSNs were physicochemically and morphologically characterized and assessed for their
dual-drug [doxorubicin (DOX)/5-fluoruracil (5-FU)] loading, drug release Kinetics, and anticancer
activity in vitro. MSNs ranged from 35-70 nm in size, with a high surface area (809.44 m#/g) and a large
pore volume (1.74 cm#/g). The DOX/5-FU co-loading produced a potent dual-drug formulation with
good pH-responsive release profiles, high percentage release, especially from PEGylated MSNs, and
significant anticancer activity the breast adenocarcinoma (MCF-7) and cervical cancer (HeLa) cells.
This combination therapy's favorable outcomes suggest an improved therapeutic strategy that warrants
investigation in an in vivo model.

Keywords: mesoporous silica nanoparticles; anticancer; doxorubicin; 5- fluorouracil; drug delivery;
drug release.
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1. Introduction

The metastatic disease of cancer is of immense concern and a challenge for researchers
and society. Studies predict formidable global increases in the number of cases, especially in
developing countries, within the next decade [1]. The drawbacks of conventional cancer
therapy, especially with chemotherapy, are a consequence of the unique heterogeneity of
cancer and the lack of multi-faceted treatment approaches. This has seen the advancement of
chemotherapeutic or radiotherapy-induced toxicities and multi-drug resistance, leading to
distant metastases, locoregional recurrences, and the recurrence of primary tumors [2]. Despite
the burgeoning development and screening of novel drugs and biomolecules that may possess
the anticancer activity and the persistent improvement to current conventional cancer
therapeutic strategies, there is an indisputable niche for the introduction of improved
therapeutic platforms that address the significant concerns of failing drug dosing and its
resultant detrimental effects [3]. There has been a favorable shift to non-viral delivery vehicles
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due to safety concerns [4], with the combination of anticancer drugs together with inorganic
nanoparticles (NPs) have piqued the interest of researchers [5]. Inorganic NPs display
advantages over organic vectors regarding their nano-size, good stability, and relative ease of
synthesis and modification [4].

Drug targeting by inorganic nanoparticles (NPs) offers advantages such as reduced drug
dosages, enhanced pharmacological effects, minimized side effects, and increased drug
stability [6]. Combination drug-targeting nanosystems promise increased efficiency, improved
therapeutic activity, and reduced side effects associated with drug-induced toxicities and
resistance. Thus, a nanocarrier can deliver combined medications in a single dose or “polypill”
formulation is attractive [7]. Nanotechnology has, to date, produced an array of NPs that may
be promising candidates for application in nanomedicine. These include gold [8-11], silver [12-
14], hydrotalcite [15,16], selenium [17-19], mesoporous silica [20-22] , iron oxides or nano
ferrites [23,24], and bimetallic NPs [5,25]. From the above plethora of drug delivery
nanocarriers available, mesoporous silica nanoparticles (MSNs) possess a thermal and
chemically stable framework with a porous honeycomb-like structure for high drug loading
controlled release functions have gained interest [22]. The tuning of the particle size and
modification of the interfacial surface are two of the most malleable properties of MSNs. These
parameters affect cellular uptake, biocompatibility, stability, and pharmacokinetic fate in vitro.

Polyethyleneglycol (PEG) coating of NPs reduces interparticle attractive forces and
provides a protective hydrophilic shield against biological components [9,26]. This increases
the nanosystem’s pharmacokinetic fate, improves its circulation half-life, and increases the
bound drug's solubility and stability [27]. The biodegradable biopolymer chitosan (CHIT)
chosen as a cationic coating agent increases the dissolution rate of poorly soluble drugs, has
favorable mucoadhesive properties, drug targeting, and low toxicity in vivo [28]. When
conjugated to an NP via ionic gelation, CHIT, a polyamine, forms a polyelectrolyte complex
(PEC), which increases intestinal absorption. This favorable combination of CHIT and PEG to
form a PEC, has been utilized for efficient drug loading and release in hydrogel and
microsphere formulations [29].

In this study, CHIT and PEG functionalized MSNs, were assessed for enhanced loading
and release of a combined DOX/5-FU formulation, with improved biocompatibility and
cytotoxicity in vitro.

2. Materials and Methods
2.1. Materials.

Tetraethyl orthosilicate (TEOS, Si(OCH2CH3)s), Triton X-100 (TX100),
cetyltrimethylammonium bromide (CTAB, 99%), polyethyleneglycolzo0 (PEG2000), chitosan
(75-85 % deacetylated), sodium tripolyphosphate (TPP), Tweens 20, ammonia solution (28-
30%), sulphuric acid, sodium carbonate (Na2COs),ES), 5-fluorouracil (5-FU), sulforhodamine
B (SRB) and deuterium oxide were all purchased from Sigma Aldrich (St Lois, USA). Eagle’s
minimum essential medium (EMEM), fetal bovine serum (FBS), penicillin/streptomycin
solution (10,000 U/mL), and trypsin—EDTA (0.25% trypsin, 0.1% EDTA) were obtained from
Lonza (Viviers, Belgium). Phosphate-buffered saline (PBS) tablets were purchased from
Calbiochem, Canada. The MTT salt (3-(4,5-dimethylthiazol-2-yl)- 2,5-diphenyltetrazolium
bromide) and trichloroacetic acid (TCA) were purchased from Merck, Darmstadt, Germany.
Human embryonic kidney (HEK293), cervical carcinoma (HelLa), breast adenocarcinoma
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(MCF-7) and colon adenocarcinoma (Caco-2) cells were obtained from the American Type
Culture Collection (Manassas, VA, USA). Corning Inc., Corning, NY, USA provided all sterile
plastic and ultrapure 18 MQ water being used in reactions.

2.2. Synthesis and functionalization of MSNs.

MSNs were synthesized by a sol-gel reaction and functionalized as previously
published by the authors [20,21]. Briefly, TEOS (500 pL), CTAB (100 mg), and 2 M NaOH
(350 pL) were mixed and incubated for 2 h, followed by centrifugation (4000 rpm), an ethanol
and water wash, and an acidic methanol removal of unreacted CTAB overnight. The pelleted
MSNs were calcined for 24 hours at 70 °C. For functionalization with CHIT, MSN (200 mg)
was added to CHIT (15 mg in 40 mL acetic acid, 10% v/v), stirred at ambient temperature for
24 h, centrifuged, washed with absolute ethanol followed by water, and dried at 60 °C for 24
h. For PEG and CHIT functionalization, CHIT (22.5 mg) and PEG2000 [179 mg (2%) or 449
mg (5%)] were added to 30 mL acetic acid (2%), followed by the addition of 15 mL TPP (7.725
mg). This was combined with MSN (300 mg), stirred for 24 h at room temperature, and
centrifuged (1000 rpm, 30 min) to obtain the final products (2% and 5% PEG-CHIT-MSN),
which were washed and dried at 60 °C for 24 h.

2.3. Formulation of drug-loaded MSNs (D-MSNSs).

The functionalized MSNs (150 mg) was added to 5 mL water containing 10 mg DOX
and 15 mg 5-FU to allow the drug molecules to absorb into the MSN framework by
hydrophobic and electrostatic interactions. At 0 and 30 hours, 1 mL of the drug solution was
extracted, centrifuged. The supernatant was analyzed by UV-vis spectroscopy at 266 and 488
nm, respectively. The precipitate was returned to the solution. The final D-MSNs were
centrifuged, washed, and calcined as previously. Drug loading was calculated as in equation 1.

Mass of drugs in MSNs
Final Mass of D — MSNs

Loading capacity (Wt%) = 1)

2.4. Characterisation of nanoparticles and nanocomplexes.
2.4.1. Fourier Transform Infra-Red Spectroscopy (FTIR).

A Bruker Alpha ATR Fourier Transform Infrared Spectroscopy (Bruker, South Africa)
was used to obtain the FTIR spectra, from 4000 cm-! to 400 cm-* at a resolution of 4 cm-1,
This served to confirm the presence of characteristic bonds and functional groups.

2.4.2. Nanoparticle Tracking Analysis (NTA).

Hydrodynamic size and zeta potential of the MSNs were analyzed using NTA
(NanoSight NS500, Malvern Instruments Ltd., Worcestershire, UK). NTA software v3.0 was
used to determine the hydrodynamic diameters (calculated from particle tracks using the
Stokes-Einstein equation) and the zeta potential using Smoluchowski approximation. Data are
presented as mode + standard error.
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2.4.3. Transmission Electron Microscopy (TEM).

Samples were placed on a carbon-coated copper grid, air dried, and viewed using a
JEOL-JEM T1010 electron microscope (JEOL, Tokyo, Japan) at an accelerating voltage of 100
kV. The resulting images were captured and analyzed using the iTEM Soft Imaging Systems
(SIS).

2.4.4. Nitrogen adsorption and desorption isotherms.

Isotherms were obtained at 77 K using a Micrometrics Tri-Star 11 3030 version 1.03
instrument. The Brunauer-Emmet-Teller (BET) equation was used to determine surface area,
the single point method to determine pore volume, the Barrett-Joyner-Halenda (BJH) model,
and the desorption branch of the isotherm to determine pore size distribution [30].

2.5. Drug release studies.

To estimate the amount of drug liberated from the D-MSN nanocomplex, 5 mg of the
D-MSNs were dispersed in 15 mL of PBS at pH 4.2 and 7.4, respectively, with stirring at 37°C.
At regular intervals over 72 hours, 0.5 mL of the MSN suspension was centrifuged and
analyzed by UV-vis spectroscopy at 266 and 488 nm, respectively. Experiments were
conducted in triplicate. Drug release was calculated using equation 2:

Ce. Vi + V5. (Cooq + Coy + -+ Cp)

% R, = VT X 100 % (2)

Where C; is the drug concentration at time interval t, C,_; + C,_, are drug concentrations
before time t (C, = 0). V; is the total volume of the drug release bath (15 mL); and V, is the
volume analysed (0.5 mL). W; is the initial weight of the D-MSNs (0.005 g), and L is the drug
loading capacity of the D-MSNs (from equation 1).

2.6. Cell viability assay.

Cell viability was evaluated using the MTT assay [31]. HEK293, Caco-2, MCF-7, and
HeLa cells were seeded at a density of 1 x 10* cells/well in 96 well plates and incubated at
37°C in 5% COz for 24 h. After that, cells were treated in triplicate with D-MSNs (20, 50, and
100 pg/mL), MSNs, and the free drugs, and incubated for 48 h, with untreated cells as the
control. After that, the medium was replaced with 10% (v/v) MTT (5 mg/mL in PBS stock) in
200 pL fresh medium, incubated at 37°C for 4 h, followed by the addition of 100 uL. of DMSO
for solubilization of the purple formazan crystals. Absorbance at 540 nm was determined in a
Mindray MR-96A microplate reader (Vacutec, Hamburg, Germany). Cell viability (%) was
calculated as in equation 3:

s Coll Survival — Asyonm Of treated cells % 100 % 3
o Cell Survival = Agyo control cells (untreated) ’ ®

2.7. Apoptosis assay.

This assay was conducted by visualizing cells stained with the vital dyes acridine
orange and ethidium bromide. Cells were seeded into a 24-well plate at a density of 1.5 x 10°
cells/well and maintained as previously. Cells were treated (50 pL/well) as in 2.5 for 48 h, in
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triplicate, with untreated cells as the control. After that, the medium was removed, cells washed
with 200 uLL PBS, followed by the addition of 12 pLL dye (AO:EB, 1:1 v/v, I mg/mL) over 5
minutes. The excess dye was then removed, cells washed with 200 uLL PBS, and viewed under
an Olympus inverted fluorescence microscope (200X magnification), fitted with a CC12
fluorescence camera (Olympus Co., Tokyo, Japan).

2.8. Cell cycle analysis.

Cells were seeded into a 24-well plate at a density of 1.5 x 10° cells/well and maintained
as previously. Cells were treated (50 uL/well) as in 2.5 for 48 h, in triplicate, with untreated
cells as the control. Following incubation, the cells were pelleted at 300 X g for 5 minutes,
washed with PBS, and resuspended in 200 pL cold ethanol (70% v/v). Cells were then
incubated at -20°C overnight, followed by centrifugation and a PBS wash. Finally, 200 uL of
Muse® Cell Cycle reagent (propidium iodide, RNase A; Merck, Darmstadt, Germany), was
added to the cells, which were incubated for 30 minutes at room temperature. Samples were
analyzed using a Muse™ Cell Analyzer (Luminex, TX, USA).

2.9. Statistical analysis.

Data are presented as meantSD (standard deviation). Statistical analyses were
performed using ANOVA (one-way analysis of variance) (GraphPad Prism version 6,
GraphPad Software Inc., USA). The Dunnett multiple comparison and Tukey honestly
significant difference (HSD) tests were used as post hoc test comparatives between groups and
a pre-set control, and across groups, respectively. P values less than 0.05 were regarded as
significant. Dissolution kinetics parameters were evaluated using Microsoft Excel 2018™ and
excel Add-in DD Solver software.

3. Results and Discussion

3.1. Synthesis and characterization (EM, NTA, FTIR, Nitrogen adsorption, and desorption).

Functionalization of the MSN surface was achieved by post-grafting producing a 2%
and a 5% PEG (w/w) formulation. These percentages are considered optimal concentrations of
PEG coatings for “stealth” NPs [9,32] to provide enhanced biodistribution and lowered
phagocytosis. All MSNs and D-MSNs presented as spherical particles (Figure 1A-D) under
TEM, with mean diameters ranging between 37- 66 nm (Table 1). The PDI range indicated a
relatively monodisperse population, while the hydrodynamic diameter (from NTA) ranged
between 12-215 nm (Table 1). The silanol rich MSNs recorded a negative zeta potential,
however upon functionalization with the amine-rich CHIT and PEG, the zeta potential
increased positively (Table 1). MSN-CHIT recorded a higher net positive charge than the
PEGylated MSNSs, possibly due to the amphiphilic PEG chains masking some of the CHIT
amine groups [27,33]. The hydration corona formed around the PEGylated MSNs, and
agglomeration of the weakly charged MSNs could account for variations in the zeta potential.
PEGylation is known to form a hydrophilic barrier or “cloud” that masks surface charges and
sterically prevents protein adsorption, reducing mono-nuclear phagocytic system (MPS)
recognition [34]. Size and zeta potential are regarded as important factors that affect the NPs
cellular uptake and its fate in an in vivo system [35].
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Figure 1. Selected TEM images of (A) MSN, (B) CHIT-MSN, (C) 5%PEG-CHIT-MSN, and (D) 2%PEG-
CHIT-MSN-drug loaded.

Table 1. Size, PDI, and zeta potential of MSN formulations from TEM and NTA studies.

Nanoparticle/Nanocomplex Mean Diameter PDI Hydrodynamic Zeta Potential

(TEM) (SD/mean)? Diameter (NTA) (mV)

(hmz SD) (nm + SD)

MSN [20,21] 36.09 +7.08 0.0385 188 + 51.6 -9.8+1
CHIT-MSN [20,21] 39.43 £7.22 0.0335 62.2+16 324+04
2%PEG-CHIT-MSN [20,21] 40.75+7.11 0.0422 12+3.3 17.0+£16.5
5%PEG-CHIT-MSN[20,21] 40.37+£7.70 0.0364 54.8+2.1 7407
2%PEG-CHIT-MSN-D 66.21 + 27.78 0.1760 214.7+£514 12.7+04
5%PEG-CHIT-MSN- D 44.45 +5.00 0.0127 49.6£11.9 6.1+28

As per IUPAC classification, the MSNs were mesoporous, displaying a typical type 1V
N2 adsorption-desorption isotherm. The adsorption-desorption isotherm had two hysteresis
lops at P/Po=0.6 — 0.75 and P/Po = 0.87 — 0.97, respectively, supporting evidence mesoporous
structure with a narrow size distribution centered at 3.5 nm (Figure 2).

Quantity Adsorbed (cm?/g STP)

400

200

— Adsorption

-+-- Desorption
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Figure 2. N, adsorption and desorption isotherm for MSN.
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The surface area was 710.36 m?/g, and the pore volume to 1.74 cm?/g. The absorption
and microscopic analyses revealed distinctive mesoporous spheres with well-defined pores for
drug loading and release. Factors contributing to the rate and magnitude of drug release include
desorption [36], diffusion [37], swelling [38], electrostatic interaction [39], size of drug
molecules relative to particle surface interactions, and template degradation [40]. These factors
can be influenced by pH, temperature, mechanical and enzymatic effects, enabling their
application as stimuli-responsive delivery systems [41,42].

The FTIR spectra (Figure 3) indicated absorption peaks at 439 cm™ for Si-O-Si
vibrations. The vibrational peak at 3309 cm™ is characteristic of a vSi—OH stretching in the
mesostructured silica particle. The N-H vibrational bands at 1413 cm™and 1547 cm™, indicated
the presence of amino groups and the presence of CHIT on the MSN surface. These peaks were
correlated to that previously reported [21,43].
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Figure 3. FTIR Spectra of f-MSNs (denoted at the top of the graph). Plain MSNs indicated by the solid yellow
line, CHIT-MSN indicated by the dark red line, 2 % PEG — CHIT-MSN indicated by the bright red line, and the
cyan line represents 5 %PEG-CHIT-MSN.

3.2. Efficiency of DOX and 5-FU Co-loading.

The cylindrical pores of the MSNs were incompletely capped with CHIT and PEG,
increasing the hydrophilicity of the MSN, and providing a temporary gated layer entrapping
the loaded drugs. DOX loading was 29.4% (0.2941 mg) and 20.41% (0.2041 mg), while 5-FU
loading was 4.7% (0.047 mg) and 2.51% (0.0251 mg) in the 5% and 2%PEG-CHIT-MSNSs,
respectively. This encapsulation efficiency by NPs was lower than that reported for single 5-
FU or DOX previously [5,8,20,21,25]. The low drug encapsulation may be attributed to the
dual-loading of electrostatically different drugs, leading to electrostatic repulsions between the
PEC superficial coating of the negatively charged MSNs, negatively charged 5-FU molecules,
and hydrophobic DOX molecules (neutral under physiological conditions). The hydrophobic
DOX molecules hence interacted with the hydrophilic PEG chains on the MSNs, and were
internalized at higher loading capacities. Comparatively, 5-FU molecules are attracted to the
positively charged amine groups of CHIT and are then internalized. CHIT may have also been
covered by a PEG brush, reducing the number of available amino groups and hence the uptake
of 5-FU.
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Furthermore, 5-FU, a smaller molecule compared to DOX, is more likely to be trapped
in the MSN's outer polymer layer, contributing to a “burst” effect during drug release. A
combined drug loading capacity of 20-30 % (w/w) was achieved for the D-MSNs. It was
reported that due to differences in the pharmacokinetics of drugs or genes used in combination
therapy can lead to low encapsulation efficiencies [44].

3.3. Drug release and kinetics.

The release of 5-FU (pKa = 8) is dependent on its interaction with MSN’s PEC layer
and the pH of the aqueous medium. As the pH changes and hydrophilic related shrinking
occurs, the entrapped drug is not easily released as it is tightly bound. At pH 7.4, the 2%PEG-
CHIT-MSN produced a higher total 5-FU and DOX release of 21% and 52% (Figure 4). An
initial burst, followed by an exponential rate release, was seen for the first 24 hours, followed
by a slow release for up to 72 hours. At pH 4.2, the accumulated 5-FU release was 29% for
2%PEG-CHIT-MSN and 59% for 5%PEG-CHIT-MSN, with DOX release being higher at 62%
for 2%PEG-CHIT-MSN and 53% for 5%PEG-CHIT-MSN. An initial exponential release in
the first 12 h was followed by a plateaued release for up to 72 h (Figure 4B). Importantly, there
was minimal release at pH 7.4, with a marked increase in the total drug released at the
endosomal/lysosomal pH of 4.2. Overall, the release of both drugs was much higher at pH 4.2.

A - 2PEGCHITMSN:SFU -==-2PEGCHITMSN:DOX B SPEGCHITMSN:5FU —— SPEGCHITMSN:DOX
——SPEGCHITMSN:5FU ——SPEGCHITMSN: DOX === IPEGCHITMSN:5-FU === JPEGCHITMSN:DOX
- 60 0 ¢
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: 50 F i 60 k emmmme- Sssssssosce
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b 7 i /
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=El : 0 ;'
30 o i /
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Figure 4. Drug release profile of D-MSNs at (A) pH 7.4. 2%PEG-CHIT-MSNSs is denoted by a dashed line, DOX
release in red and 5-FU released in yellow. 5% PEG-CHIT-MSNs release is shown as a solid line, with DOX
release in green and 5-FU release in blue; (B) pH 4.2: 2%PEG-CHIT-MSNs is denoted by a dashed line, with
DOX release in green and 5-FU in blue. 5% PEG-CHIT-MSNSs release is shown as a solid line, with DOX release
in red and 5-FU in yellow.

Using conventional mathematical kinetic models, multi-mechanistic release patterns
for these MSN formulations under in vitro conditions were proposed. The models tested were
zero order, first order, Higuchi [45], Hixson-Crowell [46], and Korsmeyer-Peppas [37]. The
diffusion and erosion contribution to the release patterns was quantified using the Kopcha [47]
model. The constants A=diffusion and B=erosion were used to illustrate which of these two
factors affected release more mathematically. According to the literature, when A/B=1,
diffusion and erosion are equal. However, when the A/B < 1, erosion dominates over diffusion,
and conversely for A/B >1, the diffusion is not affected by erosion. The best release model was
selected based on the correlation coefficient (R?) obtained, and release exponents that described
the release patterns were based on the equations below:

Zero Order model:
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Mt = MO + kot (4‘)
First Order model:
kit

logM; = log M, + 5303 (5)

Higuchi model [45]: This model assumes release from an insoluble matrix as a time-
dependent progression in which Fickian diffusion is supposed.
M; = kyVt (6)
Hixson- Crowell [46] model: This cube root model describes release by dissolution and
accounts for changes in the surface area and diameter of the particle.
My — M)'? = kye.t (7)
Korsmeyer-Peppas [37] model: Follows release from a spherical polymeric system in
which there may be diffusion or erosion.
M,
M. = kgp . t" 3)
Kopcha model [47]: is used to define the amount of diffusion and erosion and its effects
on the release rate.
M, = A.~t+Bt 9)
Where Mo, Mt and M,, Represent the amount of drug dissolved at time zero, time t, and infinite
time, respectively. The Kkinetic constants are represented by k and subscripted with their model
initial. The release exponent, n, is derived from the Korsmeyer-Peppas model and defines the
release mechanism of spherical formulations. When n=1, the release is of zero-order. When
n=0.43, the release is described as Fickian diffusion, with no relevant deformation or stresses
during drug release. Quasi-Fickian diffusion is defined when n < 0.43. When 0.43 < n < 0.85,
the release follows anomalous diffusion, with swelling or stress during drug release; which
may be due to temperature, activity, or structural dimension related fluctuations. If n > 0.85,
there is Case Il transport. The release kinetic mathematical expressions (equations 4-9) were
applied accordingly (Table 2) based on the released data.

Table 2. Correlation coefficients (R?) obtained from drug-loaded 2% PEG-CHIT-MSNs through release kinetic
models at pH 7.4 and 4.2. DOX Kinetics is shown in white blocks and 5-FU kinetics in shaded blocks. Yellow
shading depicts the calculated Korsmeyer- Peppas release exponential.

pH |  Zero-order | First-order | Higuchi’s | Hixson-Crowell’s | Korsmeyer-Peppas’s | Kopcha’s
Correlation value (R?)- 2% PEG-CHIT-MSN-D
0.85 0.77
42 | 047 0.85 0.68 045 | 0.62 | 0.62 0.72 0.47 n=0.13 =017 0.97 | 0.97
74 | 091 0.81 0.87 0.75 | 0.85 | 0.89 0.61 0.79 0.91 0.88 0.61 | 0.81

n=0.80 n=0.61

Correlation value (R?)- 5% PEG-CHIT-MSN-D

0.87 0.90
42 | 0.80 0.51 0.77 | 0.72 | 0.90 | 0.69 0.80 0.74 =027 =014 0.93 | 0.98
74 | 0.85 0.83 0.67 | 0.73 | 0.92 | 0.90 0.69 0.64 0.8 0.90 0.34 | 0.78

n=0.94 n=0.69

DOX, and 5-FU possessed distinct kinetic release mechanisms at each pH, depending
on the swelling, diffusion, erosion, and rate release effects specific to polymeric mesoporous
delivery vehicles. DOX release at pH 7.4 from 2% PEG-CHIT-MSN followed anomalous
diffusion (n = 0.61, R? = 0.90) according to Korsmeyer-Peppas. There was low erosion and
diffusion effects (A/B > B, Kopcha model R? = 0.78). 5-FU release at pH 7.4 followed zero-
order Kinetics, indicating a constant release over 72 h. According to Korsmeyer-Peppas and
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Kopcha models, the anomalous release was subject to swelling and the MSN matrix stresses.
Hence, the hydrophilic layer’s interaction with the aqueous medium (pH 7.4) may have caused
swelling resulting in a controlled release of 5-FU.

At pH 4.2, DOX and 5-FU release from the 2% PEG-CHIT-MSN followed Fickian
diffusion and had negligible erosion effects (n = 0.14; R? = 0.90 and n=0.27, R? 0.87) (Table
2). DOX release from 5%PEG-CHIT-MSN fitted the Korsmeyer-Peppas and Kopcha’s release
models (R?=0.90 and 0.98), while the release exponent (n=0.14) suggested that the release
followed Fickian diffusion with minor swelling or friction affecting drug release. Supporting
the Korsmeyer- Peppas findings, the Kopcha model defined A/B values larger than B,
indicating release through Fickian diffusion with fewer erosion effects.

DOX release at pH 7.4 followed Higuchi and Korsmeyer-Peppas models with R?=0.90
(Table 3), suggesting anomalous diffusion subject to swelling and stresses to the matrices.
Using Kopcha’s model, the A/B value was larger than the erosion of constant B. The diffusion
and erosion constants were similar and played a co-supporting role during DOX release from
the 5% PEG-CHIT-MSN. The interaction of DOX with the MSN matrix and aqueous medium,
together with the pH and the ionization of the PEC polymer coating on the MSNs may have
contributed to a slower diffusion rate. The low 5-FU release is possibly due to its entrapment
within the PEC on the MSN surface. At both pHs, FU release from 5%PEG-CHIT-MSN,
followed Higuchi’s model, with MSN swelling not affecting a release. At pH 4.2, 5-FU release
showed Fickian-diffusion, with negligible erosion affecting the release rate (A/B > B, Kopcha’s
R? = 0.93). Both polymerized MSNs seem to be favorable controlled drug release platforms.
Their selective release of the bound drug upon cellular uptake was related to a drop in pH seen
in endosomal and lysosomal vesicles, especially cancer cells, with low cytosolic pHs due to
increased anaerobic metabolism [48]. These MSNs may passively target tumor cells rather than
healthy tissue, reducing the toxicities and side-effects of conventional chemotherapeutics.

Table 3. Korsmeyer-Peppas model’s release exponent factor and corresponding Kopcha release model results.
DOX kinetics are shown in non-shaded blocks and 5-FU kinetics in shaded blocks.

pH74
Multi-drug formulation Korsmeyer- Peppas Model Kopcha Model
n - value A B A/B
2%PEG-CHIT-MSN 0.80 0.51 0.22 2.31
0.61 2.75 0.64 4.30
5%PEG-CHIT-MSN 0.94 0.47 0.25 1.88
0.69 2.61 0.31 8.41
pH 4.2
Multi-drug formulation Korsmeyer- Peppas Model Kopcha Model
n - value A B A/B
2%PEG-CHIT-MSN 0.13 12.36 1.35 9.16
0.17 23.50 2.20 10.68
5%PEG-CHIT-MSN 0.27 14.19 1.140 12.45
0.14 19.59 2.160 9.069

3.4. Cell viability.

MSNs have exhibited biocompatibility and positive pharmacokinetic behavior in
biological systems [49]. The cell viability results confirmed a dose-dependent effect. MSNs
and D-MSNSs were non-toxic to the control HEK293 cells even at high doses, with proliferation
observed at low concentrations (20-50 ug/mL) (Figure SA). HEK293 cells possessed similar
architecture, biochemical pathways, and metabolic processes as normal dividing cells and were
used as a representative model of normal healthy cells [50]. Caco-2 cells were used to simulate

the small intestinal epithelial lining [51] and showed no significant cytotoxicity compared to
https://biointerfaceresearch.com/ 11914
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the free drug (Figure 5B). In the MCF-7 and the HeLa cells (Figures 5C,D), significant
cytotoxicity was observed, indicating the drugs' cell-specific delivery by the MSNs, which is
supported by the apoptosis and cell cycle analyses.

Polymerization resulted in increased biocompatibility and lower cytotoxicity of the D-
MSNSs in normal cells, corresponding to published reports of low toxicity and immunogenicity
of MSNs in biological systems [20,21]. Supporting evidence from the drug release studies,
which proposed the slow-controlled pH-dependent release of DOX and 5-FU at higher
concentrations, with over 90% of the drug released after 48 hours, reinforced the cytotoxicity
observed in vitro.
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Figure 5. MTT assays of MSNs and D-MSNs at various concentrations (20, 50, and 100 ug/mL) in (A)
HEK?293 cells, (B) Caco-2 cells, (C) MCF-7 cells, and HelLa cells. Data are represented as mean £SD (n = 3). *
p <0.05 and ** p < 0.01 considered statistically significant.

3.5. Apoptosis and cell cycle assays.

Selected apoptosis images are reflected in Figure 6. AO/EB staining revealed many
bright orange fluorescing cells with loss of surface adherence, indicating morphological
changes such as membrane blebbing, apoptotic bodies, nuclear condensation, and
fragmentation. Overall, the Caco-2 cells showed drug-induced apoptosis at varying degrees,
with early apoptotic cells fluorescing bright yellow, while in the HeLa and MCF-7 cells, the
2%PEG-CHIT-MSN-D induced the greatest apoptosis. DNA condensation and DNA
fragmentation, suggesting early apoptosis, were also observed for the Caco-2 cells.

Cell death may be induced during mitosis, particularly during the metaphase/anaphase
transition, with apoptosis occurring due to mitotic spindle defects or a self-conserving process
that prevents aneuploidy or chromosomal deficiencies leading to oncogenesis [52,53]. Hence,
the cell cycle's transition and arrest are important in deducing DNA damage, activation of
normal cell repair mechanisms, or induction of apoptosis. The number of cells within the G1/S
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or G2/M phases is indicative of cells that have initiated the DNA damage response (DDR), and
repair pathways in response to the addition of DNA-targeting chemotropic drugs. For MCF-7
and HeL a cells, the control population was well-distributed in the G1, Gz, S, and M phases. The
increased MCF-7 cell populations in the S and G2/M phases indicated DNA damage and cell
cycle arrest and correlated to the high number of apoptotic and fragmented cells seen after dual
AOQ/EB staining and the cytotoxicity at low D-MSN dosages.

Figure 6. Fluorescent images (20 x magnification) of A) HEK293 treated with 2%PEG-CHIT-MSN, B) Caco-2
treated D-2%PEG-CHIT-MSN, C) MCF-7 treated with 5%PEG-CHIT-MSN and, D) HelLa treated with
2%PEG-CHIT-MSN.
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Figure 7. Cell cycle distribution in A) HEK293, B) Caco-2, C) MCF-7, and D) HeLa cells treated with D-
MSNs. Results are expressed as a percentage ratio of cells found in the three cell cycles after treatment.

Upon D-MSN administration, more HelLa cells were evident in the Go/G1 phases than
in the S and G2/M phases, suggesting G1 arrest in HelLa cells, the first checkpoint cells enter.
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There was an increase in the cell population within the limits of DDR-linked phases and an
increase in apoptotic and dead cells (Figure 7). No significant cell distribution changes within
the three cell cycle phases in the Caco-2 and HEK293 cells were observed, indicating that there
was no significant apoptosis.

4. Conclusions

The future of therapeutic strategies in the fight against cancer requires a novel and
integrated approach providing improved efficiency and reduced side-effects. In this study,
stable nano-sized polymeric-MSNs were successfully co-loaded with two therapeutic drugs,
producing no negative effects in normal cells but significant anticancer activity in breast and
cervical cancer cells. Overall, these drug nanoconjugates were biocompatible. The MSNs acted
synergistically with their multi-drug cargo and showed a tendency for passive uptake into the
tumor environment. Optimization and clinical translation of this nano-drug system remains to
be addressed, but these favorable results warrant investigation in an in vivo model. The
observed biological activity and the biocompatibility of these MSNs in vitro look optimistic
for cancer therapy, especially in breast and cervical cancers.
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