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Abstract

This article presents silica nanoparticles for the sustained release of AMACR
antibody-conjugated and free doxorubicin (DOX) for the inhibition of prostate cancer
cell growth. Inorganic MCM-41 silica nanoparticles were synthesized, functionalized
with phenylboronic acid groups (MCM-B), and capped with dextran (MCM-B-D). The
nanoparticles were then characterized using Fourier-transform infrared spectroscopy,
scanning electron microscopy, transmission electron microscopy, zeta potential anal-
ysis, nitrogen sorption, X-ray diffraction, and thermogravimetric analysis, before
exploring their potential for drug loading and controlled drug release. This was done
using a model prostate cancer drug, DOX, and a targeted prostate cancer drug,
a-Methyl Acyl-CoA racemase (AMACR) antibody-conjugated DOX, which attaches
specifically to AMACR proteins that are overexpressed on the surfaces of prostate
cancer cells. The kinetics of sustained drug release over 30 days was then studied
using zeroth order, first order, second order, Higuchi, and the Korsmeyer-Peppas
models, while the thermodynamics of drug release was elucidated by determining the
entropy and enthalpy changes. The flux of the released DOX was also simulated
using the COMSOL Multiphysics software package. Generally, the AMACR antibody-
conjugated DOX drug-loaded nanoparticles were more effective than the free DOX
drug-loaded formulations in inhibiting the growth of prostate cancer cells in vitro
over a 96 h period. The implications of the results are then discussed for the develop-
ment of drug-eluting structures for the localized and targeted treatment of prostate

cancer.
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1 | INTRODUCTION

Prostate cancer (PC) is the most frequently diagnosed cancer second
most common type of cancer in men.>? It was also the fifth major
cause of cancer death in 2020, with about 1.4 million new cases and
375,000 deaths worldwide. Unfortunately, the pathogenesis of PC is
not well understood,® although age, family history of PC patients, and
certain genetic mutations (e.g.,, BRCA1 and BRCA2) are known risk
factors.! The highest incidence rates of PC are found in men of
African descent that are also known to be highly susceptible to high
risks of PC.1~3 However, PC is most likely to develop in men during
the later stages of life.)™ Commonly used PC treatment methods
include minimally invasive ablation therapies*™®; radiation therapy’;
surgery, such as radical prostatectomy’®; hormone therapy’;
cryotherapy,'® and chemotherapy.!?

In the case of bulk chemotherapy, significant side effects (erectile
dysfunction, low libido, obesity, and bone mass loss) are often associ-
ated with the administration of relatively high concentrations of can-
cer drugs that need to diffuse through the blood vessels, capillaries,
and pores to reach the intended cancer sites.}? Furthermore, only a
small fraction of the injected drugs reaches the intended tumor sites
to induce the desired killing and shrinkage of prostate tumors. This
makes the conventional bulk chemotherapy of PC difficult to achieve
in practice.

There is, therefore, a need for improved methods for the localized
delivery of cancer drugs to prostate tumor sites. This can be achieved
by the combined use of localized drug delivery methods, and the sus-
tained targeted delivery of cancer drugs with molecular recognition
units that can interact directly with receptors that are overexpressed
on the surfaces of PC cells. This need has stimulated several studies in
which nanotechnology and targeted drugs have been used to develop
novel methods for the detection and treatment of PC.13-1¢

Mesoporous silica nanoparticles have been widely studied as sus-
tained release cancer drug nanocarriers to inhibit cancer cell
growth.r” 2! This is due to their unique properties, such as high total
specific surface area, high pore volume, large loading capacity, bio-
compatibility, and easy surface modification.?*

Alpha-methylacyl-CoA racemase (AMACR) is a mitochondrial and
peroxisomal enzyme involved in the beta-oxidation of dietary-
branched fatty acids and C-27 bile acid intermediates.?? Analyses of
22 studies involving 4385 participants concluded that AMACR pro-
teins are overexpressed in PCs compared to lower expression in nor-
mal and benign prostatic tissue.?? A recent study found that AMACR
knockdown in PC cells resulted in decreased cell proliferation and
increased apoptosis, suggesting that AMACR has an oncogenic role in
PC.%® Thus, AMACR proteins could be used as a biomarker for PC
treatment??242> and could also be targeted by AMACR antibodies to
increase the uptake of anticancer drugs, such as doxorubicin (DOX),
through receptor-mediated endocytosis to specifically kill PC cells.2®

The possibility of developing localized drug delivery structures for
inhibiting the growth of PC cells will be explored in the current work
using silica nanoparticles in which a model free cancer drug (DOX)

and a model targeted cancer drug (AMACR antibody-conjugated

DOX, DOX-A) will be released locally to target overexpressed AMACR
proteins on the surfaces of PC cells. The localized and targeted release
will be used to reduce the viability of PC cells under in vitro condi-
tions. The thermodynamics and kinetics of drug release will also be
discussed, along with the implications of the results for the develop-
ment of sustained-release drug delivery systems for the targeted and
localized treatment of PC.

In this study, we will test the hypotheses that reducing the pore
sizes of the silica nanoparticles will slow down the in vitro release of
the drugs (DOX and DOX-A), while capping the drug-loaded nanopar-
ticles with dextran will further slowdown and prolong drug release to
inhibit PC cell growth in vitro. Hence, mesoporous silica nanoparticles
will be synthesized and functionalized with phenylboronic acid groups
to reduce their pore sizes. The nanoparticles will then be loaded with
the model cancer drugs (DOX and DOX-A) and capped with dextran
to produce different drug-loaded nanoparticle formulations. Thus, in
this work, we exploit the binding of AMACR antibodies (to which
DOX is conjugated) to the AMACR proteins (antigens) overexpressed
on PC cells to specifically target the cells and increase drug uptake for

improved therapeutic effect.

2 | MATERIALS AND METHODS

21 | Materials

Tetraethyl orthosilicate (TEOS, 99%), N-cetyltrimethylammonium
bromide (CTAB), 4-carboxyphenylboronic acid (CPBA), 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), N-hy-
droxysuccinimide (NHS), dextran and ethanol were purchased from
Sigma-Aldrich, St. Louis, MO, United States. AMACR antibody (rab-
bit monoclonal, product code: BSB 5057) was procured from Bio SB,
Santa Barbara, CA, United States. Sodium hydrophosphite hydrated
LR, sodium hydrogen orthophosphate dehydrate, succinic anhydride,
N,N-dimethylformamide (DMF), paraffin liquid heavy, and sodium
hydroxide flakes were purchased from Fisher Scientific, Waltham,
MA, United States. Dextran from Leuconostoc mesenteroides
(MW ~50 kDa), was purchased from Sigma Aldrich. 3-Aminopropyl
triethoxysilane (APTES) was obtained from Alfa Aesar, Haverhill,
MA, United States, whereas DOX hydrochloride salt was supplied by
LC Laboratories, Woburn, MA, United States. Toluene and hydro-
chloric acid were purchased from Merck, Darmstadt, Germany. All
chemicals were used as received. All cell culture reagents were pro-

cured from Thermo Fisher Scientific, unless otherwise stated.

2.2 | Synthesis of MCM-41 silica nanoparticles

MCM-41 (Mobil Composition of Matter No.41) silica nanoparticles
were synthesized according to the method reported by the Mobil
group.?” Briefly, 1.0 g of N-cetyltrimethylammonium bromide (CTAB)
and 0.28 g of sodium hydroxide (NaOH) were both dissolved in
480 ml of Millipore water under continuous stirring at 600 rpm at
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FIGURE 1 A schematic showing the steps of silanizing the silica nanoparticles (MCM-41) with amino groups (MCM-N) and followed by
phenylboronic acid functionalization (MCM-B) before loading them with cancer drugs (DOX and DOX-A) and then capping the MCM-B

nanoparticles with dextran. MCM, Mobil Composition of Matter

80°C in a glass bath containing paraffin and a magnetic bead to ensure
homogeneity in the heating process. Next, 5 ml of tetraethyl orthosili-
cate (TEOS) solution was added dropwise to the CTAB/NaOH solu-
tion. After 2 h of stirring, the white solution formed was centrifuged
at 12000 rpm for 5 min and the white precipitate was washed with
Millipore water and ethanol and dried in oven at 60°C overnight. To
knockoff the CTAB surfactant, 50 ml of ethanol was added to the
white substance and the pH was adjusted to 1 with concentrated
hydrochloric acid. Then, the mixture was refluxed for 6 h and washed
with ethanol three times to obtain MCM-41 silica nanoparticles,
which were dried in a vacuum oven at 60°C for 6 h. The dried sample
was ground with a mortar and pestle to obtain a white powdered

product.

2.3 | Synthesis of phenylboronic acid-
functionalized MCM-41 silica nanoparticles

First, silanization of the silica nanoparticles was done by adding 1.0 ml
of 3-aminopropyl triethoxysilane (APTES) to 1.0 g of the synthesized
MCM-41 in a nitrogen gas environment, followed by the addition of
80 ml of anhydrous toluene and refluxing under stirring for 24 h to
introduce amino groups to the nanoparticles. Afterwards, the resulting
mixture was centrifuged at 12,000 rpm for 5 min and the pellet
washed extensively with toluene, hexane and ethanol, and dried in a

vacuum oven at 80°C for 6 h. The amount of amino groups in 1.0 mg

of the silanized MCM-41 nanoparticles (referred to as MCM-N), was
estimated by the ninhydrin test?®2? to be ~30.27 wt %.

Subsequently, phenylboronic acid groups were attached to the
MCM-N nanoparticles through the amino groups. First, 0.4 g of
EDC and 0.2 g of NHS were dissolved in 10 ml of dry DMF in nitro-
gen gas inert environment, followed by the addition of 0.3 g of
4-carboxyphenylboronic acid (CPBA) under continuous stirring at
500 rpm at room temperature (RT) for 15 min. Afterwards, a dis-
persion of MCM-N in 40 ml of dry DMF was added to the mixture
and stirred for another 24 h to tether the phenylboronic acid
groups from CPBA to the amine groups attached to the MCM-N
nanoparticles.

The functionalization process is illustrated in Figure 1. The result-
ing mixture was centrifuged at 12,000 rpm for 5 min. The pellet was
washed with DMF, Millipore water and ethanol, and dried at 60°C in a
vacuum oven for 6 h to obtain the phenylboronic acid -functionalized
MCM-41silica nanoparticles (herein referred to as MCM-B in this
article).

24 | Conjugation of DOX with AMACR antibody

The conjugation was done by weighing 1.0 mg of DOX and adding
it to 0.5 ml of dimethyl sulfoxide (DMSO) and 88.2 pl of 2 mg/ml
EDC in 0.1 M MES buffer (pH 6.0) under vigorous stirring for
40 min in the dark. 105.9 pl of 2 mg/ml NHS in 0.1 M MES buffer
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(pH 6.0) was then added to the reaction mixture under stirring for
20 min. AMACR antibody solution was prepared by adding 15 pl
AMACR antibody to 1.2 ml of a 0.1 M NaP0,4/0.15 M NaCl solution
with a pH of 7.5. The AMACR antibody solution was added to the
reaction mixture in the dark. Then, 0.4 ml of DMSO: Water
(7.5: 2.5) was added to the reaction under gradual stirring in ice for
5 h to complete the conjugation process. Excess AMACR antibody
was removed from the conjugated DOX solution using a combina-
tion of 3 kDa Amicon Ultra-4 Centrifugal Filters Units, and Amicon

Pro Purification System.

2.5 | Preparation of drug-loaded silica
nanoparticles

The free DOX and AMACR antibody-conjugated DOX (DOX-A) drugs
were loaded into the bare (MCM-41) and phenylboronic acid-
functionalized (MCM-B) silica nanoparticles. This was done by adding
1 ml solutions of 2 mg/ml (in terms of their DOX content only) of
DOX or DOX-A (in PBS pH 7.40) to 10 mg of the different nanoparti-
cles, stirring for 24 h at RT, and centrifuging at 4000 rpm for 5 min.
The pellet was then frozen at —80°C for 2 h and lyophilized at
—105°C for 48 h using a VirTis SP Scientific BenchTop Pro Lyophi-
lizer. The DOX-loaded MCM-41 and MCM-B nanoparticles were des-
ignated as MCM-41-DOX and MCM-B-DOX, respectively. On the
other hand, their DOX-A-loaded counterparts were designated as
MCM-41-DOX-A and MCM-B-DOX-A, respectively. Prior to drug
loading, the concentration of DOX in DOX-A was estimated through
UV-Vis measurements at 484 nm (UV-1900, Shimadzu, Tokyo,
Japan).

Some of the drug-loaded MCM-B nanoparticles were capped
with dextran to slow down the release of drugs from the silica nano-
particle pores after loading with drugs, as illustrated in Figure 1. The
capping was done by adding 20% dextran (MW ~50 kDa) (in PBS
pH 7.4) to the drug-loaded MCM-B nanoparticles and homogenizing
with an Ultra Turrax T10 basic homogenizer at 30,000 rpm for 30 s.
After centrifuging at 1000 rpm for 5 min, excess dextran solution was
removed, and the pellet was lyophilized for 48 h. The dextran-capped
MCM-B, MCM-B-DOX, and MCM-B-DOX-A nanoparticles were des-
ignated as MCM-B-D, MCM-B-D-DOX, and MCM-B-D-DOX-A,
respectively. The amount of drug effectively loaded into each nano-
particle formulation was estimated through UV-Vis measurements at
484 nm (UV-1900, Shimadzu, Tokyo, Japan) to determine the concen-
trations of the stock drug suspension before and after drug loading.
The encapsulation efficiency (EE) was then determined from

Equation (1).

C-C

EE= x 100 (1)

where C; is the concentration of the stock drug suspension before
loading and C is the concentration of the stock drug suspension after

loading.

2.6 | Characterization of the nanoparticles
Fourier-transform infrared spectroscopy (FTIR) was used to deter-
mine the chemical bonds/functional groups that were associated
with the drug-loaded and unloaded silica nanoparticles. FTIR spec-
tra of the lyophilized samples were obtained from an FTIR spec-
trometer (IRSpirit, Shimadzu, Kyoto, Japan) from an average of
128 scans at a resolution of 2 cm™? over a wavenumber range of
400-4000 cm ™,

Thermogravimetric analysis (TGA) was used to characterize the
thermal stability of the nanoparticles. Thermograms of the lyophilized
samples were obtained from a TG 209 F1 Libra thermogravimetric
analyzer (NETZSCH Instruments, Selb, Germany) in the temperature
range of RT—900°C at a heating rate of 10°C/min in a nitrogen atmo-
sphere with a 20 ml/min flow rate.

Nitrogen sorption analysis was carried out on the nanoparti-
cles to determine their specific surface areas using Brunauer-
Emmett-Teller (BET) theory, and their pore diameters and pore
volumes using the Barrett-Joyner-Halenda (BJH) method. To this
effect, 40 mg of the nanoparticles were weighed and degassed for
6 h under vacuum at 105°C. The degassed samples were then
placed in sample tubes for nitrogen adsorption-desorption
measurements at different relative pressures (P/P,) using the
Quantachrome Autosorb iQ gas sorption analyzer. Nitrogen
adsorption-desorption isotherms were obtained at 77 K and the
BET theory and BJH method were used to estimate the specific
surface area and pore distribution, respectively.

X-ray diffraction (XRD) analysis was carried out on the samples
using a Rigaku D/max-3A diffractometer (Rigaku Corporation, Tokyo,
Japan). XRD diffractograms were obtained using a using Cu Ka radia-
tion (1 = 1.54 A). The samples were scanned over a range of 20 angles
between 1° and 10° at a step size of 0.05° and scan speed of 1.0 s
per step.

The morphologies of the nanoparticles were examined using
field emission scanning electron microscopy (FE-SEM) and trans-
mission electron microscopy (TEM). For FE-SEM analysis, the
nanoparticles were suspended in deionized water (1 mg/ml), soni-
cated for 30 min, and deposited on a freshly cleaved mica surface
to dry. After drying, the samples were coated with gold/palladium
and loaded into an FE-SEM microscope (Zeiss Gemini SEM
560, Jena, Germany) equipped with energy dispersive X-ray spec-
troscope (EDS) to visualize the surface morphology of the nano-
particles before and after functionalization and to determine the
elemental composition of the nanoparticles. In the case of TEM
analysis, the nanoparticles were dispersed in ethanol and left over-
night to dry before being collected with lacey carbon films and
deposited on TEM grids. Detailed morphologies of the nanoparti-
cles were then visualized using a JEOL 4000EX high-resolution
TEM microscope (JEOL, Tokyo, Japan).

Zeta potential measurements were carried out on the nanoparti-
cles to determine their surface charge. Samples were prepared by dis-
persing 3 mg of the nanoparticles in 1 ml of deionized water under

sonication for 30 min. Two hundred microliters of the suspensions
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were loaded into folded capillary zeta cells (DTS1070, Malvern Instru-
ments, Malvern, United Kingdom) and run in a Zetasizer Nano ZS ana-

lyzer (Malvern Instruments).

2.7 | Invitro drug release

In vitro drug release studies were used to characterize the release
profiles of DOX and DOX-A and to determine the kinetics and
thermodynamics of sustained drug release from the silica nanopar-
ticles. For each drug-loaded nanoparticle formulation, 5 mg of the
lyophilized DOX- and DOX-A-loaded nanoparticles (MCM-41 and
MCM-B) were suspended in a centrifuge tube containing 5 ml PBS
buffer (at pH 6.50 and 7.40). This was used to replicate the tumor
microenvironment, which is usually acidic at about pH 6.50, and the
physiological condition of the body at pH 7.40.3° The samples were
prepared in triplicates. The centrifuge tubes were placed on orbital
shakers within an incubator shaker (Innova 44 Incubator, Console Incu-
bator Shaker, New Brunswick, NJ, United States) that was operated at
60 rpm at temperatures of 37, 41, and 44°C. After 3, 6, 12 and then
subsequently at 24-h intervals over 30 days, 750 pl aliquots were taken
out of the tubes after centrifuging them for 5 min at 4000 rpm. The
tubes were replenished with 750 pl of fresh PBS, before returning them
to the incubator shaker to continue the drug release studies. The absor-
bance values of the released drugs (DOX or DOX-A) in the aliquots
were measured using a UV-Vis spectrophotometer (UV-1900,
Shimadzu, Tokyo, Japan) at a wavelength of 484 nm. The concentra-
tions of the released drugs (DOX or DOX-A) from the drug-loaded silica
nanoparticle formulations were then interpolated from their respective

standard curves.

2.8 | Modeling of drug release

2.8.1 | Invitro drug release kinetics

To understand the drug release kinetics, various mathematical models
were used to fit the in vitro drug release data. These included: the
zeroth order, first order, second order, Higuchi, and Korsmeyer-

Peppas models®*3?

that are described briefly in this section.

Zeroth order release describes the release of drugs from a mate-
rial medium that does not disintegrate with time. It also takes time for
the medium to elute its content under equilibrium conditions.>>3* The

zeroth-order model can be expressed as:

Ci =Co+kot (2)

where C; represents the amount of active agent released in time t, Co
is the initial concentration of the active agent released and kg is the
zero-order constant.>33°

The first order model, describes the rate at which active agents
gets used up or the rate of release of the agent from a biomate-

rial.3232 First order kinetics can be represented by:

Y sk WILEY-L__®

dcC
—=—k.C 3
=k 3)
Hence, the rate of change in concentration with respect to change in
time is dependent only on concentration, where k4 is the first order
release constant.>®
Second order kinetics model, on the other hand, can be repre-

sented by the following expression®23437:

ézcioJrth 4)
where k, represents the second order rate constant, Co and C; repre-
sents the initial and the final concentration of the drug at time t.
Furthermore, the Higuchi model describes the release of active
agents from a solid and/or a semi-solid matrix under conditions in
which the active agent is less soluble or very soluble in the matrix.
Hence, the amount of drug released (e.g., concentration) is propor-

tional to the square root of time.3%3>38 This is given by:
Ci=knVt (5)

In cases in which there is a change in concentration from Cq to C; and
ku, the Higuchi release constant, then the Higuchi model can be

expressed as:
Ce=Co+kuvt (6)

Finally, the Korsmeyer-Peppas model describes the rate at which a
polymeric material elutes its content. This model is also called the
power law model, which provides a relationship between the release
of the active agent (from the drug formulation) and the time taken for

the release 333741

Skt (7)

where, My, M;, t, k, and n represent the amount of drug released at
equilibrium, the quantity of drug release in time t, period of drug
release, release rate constant and release exponent, respectively. The
above equation can also be represented in terms of concentration,
where C; is the concentration of the active agent at time t and C, rep-
resents the as shown below.

g—t:kt" (8)

Hence, by taking the natural logarithm of both sides of Equation (8),
we obtain Equation (9)

In ((:C—i):lnk—s-nlnt (9)

The mechanism of drug release from the various silica nanoparticle
formulations was examined by fitting the drug release results to the
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five kinetic models presented above. The R? values closest to 1 were
used to identify the models with the best fit.3?

2.8.2 | Invitro drug release thermodynamics

This section presents the theoretical framework that was used to
determine the thermodynamic parameters associated with controlled
drug release from the silica nanoparticles. These include: the activa-
tion energy (E.)*%; the enthalpy change (AH); the sum of the internal
energy change and the change in the product of the pressure and vol-
ume of a thermodynamic system*3; the Gibbs free energy change
(AG)** and the change in entropy (AS).** These were determined
using methods described in detail in prior studies.*? The Arrhenius
equation (Equation 10) was used to determine the activation energy

(E,) from the slope of the plot of In k; versus 1/T.
ke =Dye (10)

E.1
Ink; = InDf ——= =
ne=ntr—p T
The Eyring equation (Equation 12) was used to calculate the enthalpy
change (AH) (from the slope) and the entropy change (AS) (from the
intercept) of the plot of In k¢ versus 1/T

ki AH1 kg AS

The change in Gibbs free energy (AG) was obtained from the follow-
ing expression:

AG=AH-TAS (13)

where R is the universal gas constant 8.314 Jmol *K™?, T is the abso-
lute temperature in Kelvin, k; is the thermodynamic equilibrium con-
stant, E, is the activation energy, AS is the change in entropy, AH is
the change in enthalpy, « is the transmission coefficient, kg represents
the Boltzmann constant, 1.38065 x 10 2m2kgs—2K~! and h repre-
sents the Planck's constant, 6.626 x 10734Js.

2.9 | Invitro cell viability

The in vitro viability of the PC cells with or without treatment with
the DOX and DOX-A drug-loaded nanoparticles were determined
using alamar blue assay to assess the cell metabolic activities,
expressed as the percentage alamar blue reduction, as described pre-
viously.32%5 A larger percentage alamar blue reduction indicates that
the cells are growing faster and, as a result, are more viable. Human
PC cells (PC-3 cell line, ATCC-CRL-1435) was obtained from American
Type Culture Collection (ATCC), Manassas, VA, United States, and
grown in a complete culture medium consisting of Kaighn's

modification of Ham's medium (F-12K) supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin. The cells were
maintained in a humidified incubator at 37°C and 5% CO,. Cells were
harvested at 70%-80% confluence using 0.25% trypsin-EDTA solu-
tion and subcultured in fresh T75 flasks.

At passages 5-7, ~10* cells/well were seeded in 24-well plates
(n = 3) and incubated overnight at 37°C and 5% CO,. Subsequently,
the culture medium in each well was replaced with 1 ml of culture
medium containing 1.0 mg/ml of the drug-loaded nanoparticles. The
amount of drugs contained in 1 mg of each drug-loaded nanoparticle
formulation is summarized in Table S1. The cells were also treated with
1 ml of 15 pM free DOX, 1 ml of 15 uM DOX-A and 1 ml of 1.0 mg/
ml bare nanoparticles (MCM-41, MCM-B, and MCM-B-D) as controls.
The nanoparticles and drugs were exposed to UV light for 3 h to ster-
ilize them prior to adding them to the cells in the well plates.

At predetermined time intervals (0, 6, 24, 48, 72, and 96 h) after
treating the cells, the culture medium was replaced with culture
medium containing 10% alamar blue reagent. After incubating for 3 h
at 37°C and 5% CO,, 100 pl aliquots were transferred into black opa-
que 96-well plates for fluorescence intensity measurements (excita-
tion/emission: 544/590nm) using a 1420 Victor3 multilabel plate
reader (Perkin Elmer, Waltham, MA, United States). The percentage
alamar blue reduction was calculated using Equation (14).

Flsample - FIlO%AB % 100 (14)
Flioozr — Fliozas

% Alamar blue reduction =
where Flsample, Fliozas, and Fliggyr represent the fluorescence inten-
sity of treated cells, fluorescence intensity of 10% alamar blue, and

fluorescence intensity of 100% reduced alamar blue, respectively.

210 |
proteins

Immunofluorescence staining of AMACR

Immunofluorescence (IF) staining was used to study the distribution
of AMACR proteins on the surfaces of the PC-3 PC cell lines. IF stain-
ing of the AMACR proteins on the PC-3 cancer cell lines were carried

d*>4¢ with modifications. Briefly, 1 x 10°

out as previously reporte
PC-3 cells were cultured on sterile coverslips (CELLTREAT, Pepperell,
MA, United States) in 60 x 15mm cell culture Petri dishes
(CELLTREAT) containing 2 ml of culture medium. After incubating
them in a humidified incubator at 37°C and 5% CO, until 70%-80%
confluence, the cells were washed twice with 10% PBS solution and
fixed with 4% paraformaldehyde for 15 min. The cells were then incu-
bated with 0.1% Triton X-100 for 15 min to permeabilize them, fol-
lowed by blocking with 5% normal goat serum (in PBS) for 1 h at RT
(25°C). The cells were further incubated with the anti-AMACR (pri-
mary) antibody (Bio SB) for 3 h at RT and rinsed with 10% PBS solu-
tion. This was followed by incubation with the secondary antibody
(Goat anti-Mouse IgG [H + L] Superclonal, Alexa Fluor 488 conjugate)
for 1 h at RT and rinsing again thrice with 10% PBS solution. Finally,
the nuclei were counterstained with 1 pg/ml of DAPI (in PBS) for
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10 min and rinsed again four times with 10% PBS solution. The cover-
slips were then mounted with mounting medium on glass slides and
sealed with nail polish. The stained cells were then visualized with a
Leica SP5 Point Scanning Confocal Microscope (Leica, Buffalo Grove,
IL, United States) to obtain representative fluorescence images of the
nuclei (blue color) and AMACR proteins on the surface of the PC-3

cells (green color).

211 | Drugrelease simulations

The flux of drugs from the porous nanoparticle structures was mod-
eled using the COMSOL 5.5 Multiphysics software package. Porous
structures with different pore orientations were considered in the

models in which simplified homogeneity was assumed with appropri-

ate transport across the porous surfaces.®!
That gives:
dc
— (=D = 1
&x+ V.(-DVc)=0 (15)

where c represents concentration in mol/m® and the diffusivity D is
given in m? /s of the solute. The use of the correct initial and boundary
conditions is critical in fluid exchange and diffusion studies.*” Three
boundary conditions were chosen based on the initial entry point of
the fluid into the nanoparticle either from the left, right, upper part or
the lower part of the geometry, with the flux exit point being the
point directly opposite the entry point in a 2D geometry and the insu-
lating boundary, while the diffusion process is ongoing.®* In the first
phase of this simulation, the boundary conditions would be set based
on some defining equations.

The first boundary condition corresponds to the fluid entry
boundary, and it is set as the concentration boundary. This was

expressed as>148;

c=co (16)

where ¢ is the initial concentration of the drug.
The second boundary condition represents the flux exit bound-

ary.>2*8 This was represented as:

(=DV¢).n=km(c—c1) (17)

Qutside the porous nanoparticle, ¢; is the concentration in the
bulk solution and kn, represents the mass transfer coefficient in m/s.

The third boundary condition
47,49

represents the insulating

boundaries, as show below.

(-DV¢).n=0 (18)

The initial condition is represented by an exponential function as

shown below
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FIGURE 2 (A) Fourier-transform infrared spectroscopy (FTIR)
spectra of the nanoparticles. (B) Thermogravimetric analysis (TGA) of
the nanoparticles

c(to) =coexp (—ax?) (19)

The second phase of this simulation uses a homogenous model which
is in one dimension. It uses the effective properties for the modeling
of fluid transport and as a result, the model equation becomes similar
to the inhibited nano bubble transported through a porous

medium.*”-%0

g%+ v.(_DeﬁvC) =0 (20)

where ¢ and D represent the average porosity and the effective dif-

fusion coefficient, respectively.
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212 | Statistical analysis

The results are presented as mean + SD for three independent trials
(n = 3), unless otherwise indicated. One-way analysis of variance
(ANOVA) was used to analyze the differences in drug release from the
various nanoparticle formulations, whereas two-way ANOVA was
used to analyze the differences in cell viability after treatment with
the nanoparticle formulations. Post hoc Tukey tests were used to
identify the statistically significant groups, where p values <.05 were
considered statistically significant. The analyses were carried out using
the SPSS package (v28).

3 | RESULTS

3.1 | Physicochemical properties of the silica
nanoparticles

To confirm the silanization and functionalization of the silica nanopar-
ticles, the FTIR spectra of the MCM-41, MCM-N, MCM-B, and MCM-
B-D are compared in Figure 2. The spectra confirmed the existence of
the amino groups, the O—H group and the presence of phenylboronic
acid on the silica nanoparticles.’® The characteristic peaks for silica
were observed at 798, 960, and 1079 cm ™! due to Si—O—Si symmet-
ric stretching, Si—OH stretching, Si—O—Si asymmetric stretching
vibrations, respectively, in all the nanoparticles. After grafting amino
groups, obvious changes occurred in their spectra. The distinct bands
appeared at 3364, 2930, and 1559.8 cm~! owing to vibrations of the
—NH, and N—H* while the Si—OH band at 960 cm™? was attenuated,
suggesting that most of surface silanols were reacted with aminosi-
lane.>* The formation of MCM-B and attachment of phenylboronic acid
can also be seen (Figure 2A). A sharp band of an amine group is present
at 3440 cm™! in MCM-N nanoparticles, which disappears in the
MCM-B nanoparticles and a broad peak appears at 3453 cm™, indicat-
ing hydroxyl groups of phenylboronic acid.>? The C—H stretching vibra-
tions are also present at 3042 cm™ .

Amide bond formation of 4-carboxy phenylboronic acid with
MCM-N and carbonyl at 1627 and 1654 cm™2, respectively, confirm
the formation of MCM-B.>3>* The signals corresponding to the C=0O
and C—N stretches of the formed APTES linkages between the silica
and the phenylboronic acid functionality in compound silica at
1654 cm™! may be merged with the band of surface hydroxyl groups
of silica and Si—O—Si band, respectively.”®>>

The characteristic peaks of both dextran and MCM-B are seen in
Figure 2A where the spectrum for the dextran-capped MCM-B-D is
shown. In this, the distinctive vibration bands at 3453 cm™? aligns with
the classical signal of the polysaccharide dextran.>¢>” We also observed
bands at 942 and 800 cm™! representing the pyranose ring and a-p-glu-
cose, respectively.’” The thermal stability of the nanoparticles was
tested before functionalization, and after functionalization, using TGA.
From Figure 2B, the percentage weight loss due to decomposition of
the nanoparticles; MCM-41, MCM-N, MCM-B, and MCM-B-D were
determined to be ~15%, 20%, 27.5%, and 30%, respectively. These
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FIGURE 3 Nitrogen sorption analysis of the nanoparticles,
showing the (A) nitrogen adsorption and desorption isotherms and
(B) the Barret-Joyner-Halenda pore size distribution curves of the
nanoparticles

imply that functionalizing the silica nanoparticles increased the rate of
decomposition owing to the decomposition of the additional groups like
the amine group (—NH,) in MCM-N, phenylboronic acid group (B—O) in
MCM-B, and dextran, (C¢H100¢)n, in MCM-B-D nanoparticles.

The results of the nitrogen sorption analysis®® are also presented
in this section and summarized in Figure 3. The synthesized MCM-41
nanoparticles had a specific surface area, pore volume and pore diam-
eter of 1123.335 m? g~%, 1.701 m® g%, and 2.342 nm, respectively.
The BJH pore diameter was between 2 and 50 nm, indicating that the
synthesized MCM-41 silica nanoparticles were mesoporous, accord-
ing to the IUPAC nomenclature.®” The silanized nanoparticle,
MCM-N, had lower specific surface area, pore volume and pore diam-
eter values of 712.773 m? gfl, 1.175 m® g’l, and 2.0842 nm, respec-
tively, than the MCM-41 nanoparticles.
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Figure 5 presents the surface morphologies and elemental analy-
sis from representative FE-SEM images and EDS spectra of the syn-
thesized MCM-B and MCM-B-D nanoparticles. Figure 5A shows that
the particles are spherical as reported in the literature.>*¢? The EDS
spectrum (Figure 5C) reveals the presence of silica (19.77 wt %), con-
firming that the material is silica based; oxygen (52.21 wt %), suggest-
ing the existence of the Si—O—Si bond; nitrogen (2.54 wt %) from the
silanization that led to the formation of MCM-N, and boron (0.54 wt
%) from the functionalization with the phenylboronic acid groups from
CPBA to form the MCM-B nanoparticles. Figure 5D presents an
FE-SEM image of MCM-B-D nanoparticles. The observed agglomera-
tion of the nanoparticles shows that the gating agent, dextran, was

High resolution TEM images are presented in Figure 6. These
reveal spherical nanoparticles. When these images were analyzed with

Image J, the average particle sizes of the nanomaterials synthesized
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FIGURE 4 The X-ray diffraction (XRD) patterns of the
nanoparticles

Further functionalization of MCM-N nanoparticle with the phe-
nylboronic acid groups to MCM-B caused further reductions in the
specific surface area, pore volume, and pore diameter to
285568 m? gt 0.869 m® g7%, and 1.781 nm, respectively. Upon
using dextran polymer to cap the pores of the MCM-B nanoparticles,
slight increases were observed for the MCM-B-D than the MCM-B
nanoparticles, such that the specific surface area and pore volume of
MCM-B-D were greater than MCM-B by 102261m? g%,
0.123 m® g~1, whereas the pore diameter was 0.178 nm less than that
of MCM-B. The increase in the specific surface area showed that
there was proper capping of the pores and the reduction in pore diam-
eter was also due to the interaction of the matrix of the functionalized
silica with the dextran that lowered the diameter.

The hexagonal symmetry of the pore ordering is shown in the
XRD pattern of MCM-41 in Figure 4, which typically has four main
reflection lines (d100, d110, d200, and d210) at low angles (26 = 10).
MCM-41 has no atomic crystallinity since it is made up of amorphous
silica.?® From the XRD spectra in Figure 4, the peak for MCM-N,
MCM-B, and MCM-B-D reduces in intensity, attributed to the func-
tionalization effects of the amino group, phenylboronic acid group,
and dextran capping, respectively. Hence, their peaks (100) occur at
~2.11°, whereas that of MCM-BD occurs at 1.57°. Furthermore,
there were two other peaks that occur at 3.62°, 4.18°, and at 5.68°,
which correspond to (110), (200), and (210), respectively. The peaks
noticed at (110) and (200) are wide for MCM-41 and gradually disap-
pear with further functionalization.

From the XRD spectra of all the nanoparticles, it is clear that sur-
face functionalization of the MCM-41 with APTES and CPBA did not
cause much alteration in the lattice of the silica. The broadening and
gradual disappearance of the secondary peak could be due to the
presence of some ligands on the pore surface of MCM-41 and or the

functional groups that occupy the MCM-41 pores.®*

(MCM-B and MCM-B-D) were found to be 72.36 + 9.06 nm and
81.97 £ 9.01 nm, respectively. The pores in the TEM images of
MCM-B were more visible than that of MCM-B-D. This is attributed
to the effects of dextran as a gating agent on the nanoparticle pores.
Hence, the level of nanoparticle agglomeration in Figure 5E is more
pronounced in MCM-B-D than in MCM-B.

The zeta potential values at pH 5.0, 6.5, and 7.4 showed that the
MCM-41 nanoparticles had a negative surface charge, as shown in
Table 1. This could be due to the ionization of silanol groups in aque-
ous solution. The surface has an acidic character, due to the possibility
of proton displacement (—Si—O— + H+).%% Upon silanizing the silica
nanoparticles with amino group (MCM-N), the surface charge
increased to positive values, which decreased with further functionali-
zation with phenylboronic acid groups (MCM-B) and capping with
dextran (MCM-B-D).

3.2 | Drugrelease from the nanoparticle
formulations

Prior to the drug release studies, the amount of drug effectively
loaded into the nanoparticles and the EEs were determined, and the
results are summarized in Table S1. The amount of drugs loaded into
the nanoparticles and the EE was generally higher for the free DOX
than the AMACR antibody-DOX conjugates.

The drug release profile of DOX and DOX conjugated with
AMACR antibody (DOX-A) was examined from the bare mesoporous
silica nanoparticles (MCM-41), the functionalized nanoparticles with
the phenylboronic acid groups (MCM-B), and the nanoparticles
capped with dextran (MCM-B-D). The drug release studies were
carried out using two different buffers of pH 6.5 and pH 7.4 at three
different temperatures of 37°C (representing physiological tempera-
ture®®), 41 and 44°C (representing hyperthermia temperature
region®¥). The following drug-loaded formulations were used:
MCM-41-DOX, MCM-41-DOX-A, MCM-B-DOX, MCM-B-DOX-A,
MCM-B-D-DOX, and MCM-B-D-DOX-A. In general, the drug release
profiles show that the highest DOX and DOX-A cumulative release
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FIGURE 5 The morphology and elemental analysis of the silica nanoparticles, showing (A), (B) the field emission scanning electron microscopy
(FE-SEM) micrographs of MCM-B nanoparticles. The presence of nitrogen and boron in the energy dispersive X-ray spectroscope (EDS) spectrum
in (C) confirms the possible functionalization of the silica nanoparticles with amino and phenylboronic acid, respectively and (D), (E) the FE-SEM
micrographs of the MCM-B-D nanoparticles. MCM, Mobil Composition of Matter

(A) (B) FIGURE 6 High-resolution
PR S : e transmission electron micrographs of
(A) MCM-B nanoparticles before capping
with dextran and (B) MCM-B-D
nanoparticles (after capping the MCM-B
nanoparticles with dextran). MCM, Mobil
Composition of Matter

TABLE 1 A summary of the zeta

pH MCM-41 (mV) MCM-N (mV) MCM-B (mV) MCM-B-D (mV) A o i
potentials of the silica nanoparticles

5.00 —14.73 +40.03 +34.5 +9.05

6.50 -30.77 +29.27 +11.4 +7.87

7.40 —34.33 +14.53 +12.57 +2.59

Abbreviation: MCM, Mobil Composition of Matter.

were obtained at pH 6.5 for all the nanoparticle formulations, which is Cumulative drug release was lower at pH 7.4, which represents
aimed at mimicking the tumor microenvironment,**%” as shown in the human physiological pH value.>?2¢37 This lower drug release was
Figure 7A-C,G-I. observed in both MCM-B and MCM-B-D but the release profile of
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FIGURE 7 Cumulative drug release from MCM-41-DOX-A, MCM-B-DOX-A, and MCM-B-D-DOX-A of DOX-A nanoparticles in a buffer of
pH 6.5 at (A) 37°C, (B) 41°C, (C) 44°C, and in a buffer of pH 7.4 at (D) 37°C, (E) 41°C, (F) 44°C. Furthermore, the cumulative drug release from
MCM-41-DOX, MCM-B-DOX, and MCM-B-D-DOX of DOX nanoparticles in a buffer of pH 6.5 at (G) 37°C, (H) 41°C, (l) 44°C, in a buffer at
pH 7.4 at (J) 37°C, (K) 41°C, (L) 44°C. MCM, Mobil Composition of Matter

the latter was lower than that of the former, as shown in Figure 7A-F
for the conjugated drug (DOX-A) and Figure 7G-L for the free drug
(DOX), meaning that capping the nanoparticle with a polymer can
slow down the release of DOX and DOX-A in silica-based nanoparti-
cle drug formulations over a period of time. In this study, the release
was sustained for a period of 30 days. Hence, the reduction in the
cumulative release is attributed to the capping of the pores by dex-

tran, as well as the increase in the acidity of the buffer. The release

profile also tends to increase beyond 50%, with MCM-41 having the
highest cumulative release and MCM-B-D having the least cumulative
release, as shown in Figure 7 for the conjugated drug and the free
drug-loaded nanoparticles. The release studies also showed that the
highest cumulative drug release was obtained at 44°C, while at 37°C
the lowest drug release was obtained, as shown in Figure 7A,D,G,J.
Five kinetic models (Zeroth order model, First order model, Sec-

ond order model, Higuchi model, and Korsmeyer-Peppas model) were
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TABLE 2 Thermodynamic parameters of MCM-41, MCM-B, and MCM-B-D nanoparticles loaded with doxorubicin (DOX) and doxorubicin

conjugated with AMACR antibody (DOX-A)

Temperature (°C/K) E, (kJ mol~?)
37/310.15

41/314.15 10.973
44/317.15

37/310.15

41/314.15 7.107
44/317.15

37/310.15

41/314.15 37.534
44/317.15

37/310.15

41/314.15 6.488
44/317.15

37/310.15

41/314.15 21.403
44/317.15

37/310.15

41/314.15 20.086
44/317.15

Formulations

MCM-41-DOX

MCM-B-DOX

MCM-B-D-DOX

MCM-41-DOX-A

MCM-B-DOX-A

MCM-B-D-DOX-A

Abbreviation: MCM, Mobil Composition of Matter.

used to characterize in vitro drug release kinetics from the silica-based
nanoparticle drug formulations.®® Table S1 shows the correlation coeffi-
cients R? obtained for the release kinetics. The release kinetics for the
various silica-based nanoparticle formulations with the highest R? correla-
tion coefficients value fits the Korsmeyer-Peppas model, as shown in
Table S2. The release exponents for the free drug-loaded formulations
MCM-41-DOX and MCM-B-DOX range from 0.43 < n <0.71 which cor-
responds to anomalous transport,®*¢® while MCM-B-D-DOX exhib-
ited anomalous transport at 37°C, quasi-Fickian diffusion at 41°C and
a Fickian diffusion at 44°C. The conjugated drug-loaded formulations,
on the other hand, predominantly exhibited quasi-Fickian diffusion.®®
This conclusion was drawn based on the standard created from drug
release from a spherical drug formulation by Peppas and Sahlin.¢®

The thermodynamic parameters computed from in vitro drug
release data are presented in Table 2. The change in Gibbs free energy
AG value for MCM-41, MCM-B and MCM-B-D were all positive, indi-
cating the nonspontaneous nature of the release of drugs from the
nanoparticles. This nonspontaneous process could be ascribed to
interactions of the loaded drugs with the nanoparticles MCM-41,
MCM-B, and MCM-B-D, which most likely aided the sustained drug
release over a period of 30 days.>? The change in the enthalpy (AE,)
was found to have a positive value, indicating that drug release from
the aforementioned nanoparticles was by an endothermic pro-
cess.*%” There was also a reduction in system disorder when the
drug dispersed in the medium tried to attain equilibrium, the very
small negative readings of the entropy change (AS) for all the nanopar-

ticle formulations clearly confirmed this. The activation energy (E,)

AG (kJ mol™?Y)
133.58
13.58 —0.3869 135.13
136.29
126.76
9.714 —0.3774 128.27
129.40
140.55
14.548 —0.4063 142.18
143.40
113.13
3.882 —0.352 114.53
115.59
114.10
18.79 —-0.307 115.33
116.25
114.08
17.479 -0.311 115.32
116.26

AH (k) mol™?) AS (kJmol~* K™Y)

indicates the amount of energy needed to transfer the drug molecule
from the silica-based drug formulation to the media (e.g., PBS or PC-3
cells). Hence, the positive value of the activation energy indicated that
the in vitro drug release was mostly due to processes relating to
anomalous transport mechanisms, super case |l or quasi Fickian

diffusion.

3.3 | Simulation of drug release
In this work, drug elution was simulated from five porous geometries

(Figure S1). The following assumptions were made in the simulations:

i. First, it was assumed that the porous structure was 2D and
formed from the agglomeration of millions of nanoparticles with
the mesopore interconnected to form the bulk material.

ii. Second, the fluid was assumed to be flowing from one boundary
of the 2D rectangular geometry to the other end while keeping
the third and fourth boundaries as insulating boundaries. After
designing the 2D geometry, the fluid in each case was assumed
to be flowing from the concentration boundary to the flux
boundary, which are always perpendicular to each other. The two
other boundaries were assumed to be insulating.

iii. The five geometries in Figure S1 were used in time-dependent
studies that were used to simulate drug elution over periods
between 10 and 30 days. The five geometries were designed

with different orientations to control the directions of flow.
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FIGURE 9 The effects of the different drug-loaded nanoparticle
formulations on the viability of prostate cancer cells treated with
them, as measured by the percentage alamar blue reduction. The
error bars represent the SDs for n = 3 independent trials. *p < .05

where L is the length of the 2D geometries that were created along
the x-axis, and it is the average concentration at the flux border. Inte-

grating according to the expression below yields the average
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FIGURE 8 (A) Average flux of the drugs through the multiple
pores of the nanomaterial over a 30-day period and (B) time-
dependent transport of diluted species from the concentration
boundary to the left down to the flux boundary to the right

For each of the geometries in Figure S1, the simulation was run
for a period of 720 h (30 days). Steady state conditions were reached
at different times, for the different geometries in Figure S1. In the
case of Figure S1A, steady state was reached between t = O h to
t =240 h.

The average flux from the 2D model can be obtained by solving
the average flux equation below

Lo

1
Naverage :L_OJ\km(Cfcl)dS (21)
0

where Lo corresponds to the length over the flux boundary. At steady
state, the average flux can be obtained from Equation (21). The effec-

tive diffusion was also obtained from.

Co —C,
Deffi( 0 L1 OUt) = Naverage (22)

Lo

1
Cout :L—chy (23)
0
0

The relationship between the free diffusion coefficient and the effec-

tive diffusion coefficient is given by:

D =p° (24)

T

where 7 represents the tortuosity in length per unit length of diffusion
through a porous medium, and the porosity of the particle is repre-
sented as e. At the end of the simulation, a relationship was estab-
lished between the 1D homogenized model and the drug release

profile as shown in Figure 8.

3.4 | Viability of PC cells

In order to use the AMACR antibody-conjugated drug-loaded nano-
particles to specifically target the PC cells, it was necessary to demon-
strate the expression of AMACR proteins on these cells. The confocal
fluorescence images in Figure S2 show that AMACR proteins (green

color) are expressed on the surfaces of the PC-3 PC cell line. Upon
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binding anti-AMACR primary antibody to the AMACR proteins on
fixed PC-3 cells and labeling them with Alexa Fluor 488-conjugated
secondary antibody, the green fluorescence of the Alexa Fluor
488 dye was seen at areas with AMACR proteins under a confocal
fluorescence microscope.

Cell metabolic activity, as measured by the percentage alamar
blue reduction, was used as an indirect measure of cell viability. Thus,
a higher percentage alamar blue reduction value corresponded to
greater cell viability. The percentage alamar blue reduction by the
PC-3 PC cells treated with the unloaded drugs (DOX and DOX-A) and
the different bare and drug (DOX and DOX-A) loaded nanoparticles
was quantified at times O, 6, 24, 48, 72, and 96 h after treatment, and
the results are shown in Figure 9. Treating the PC-3 cells with the var-
ious formulations significantly reduced (p < .05) the PC-3 cell viability
after 96 h. Also, cells exposed to the drug-free nanoparticles generally
exhibited higher cell viabilities than those treated with the drug-
loaded nanoparticles, suggesting that the drugs released from the lat-
ter exerted anti-proliferative effects on the PC-3 cancer cells.

After 96 h of treatment, the DOX-loaded nanoparticles (MCM-
41-DOX) reduced (p < .05) the PC-3 cell viability than the bare nano-
particles (MCM-41). When exposed to the DOX-A-loaded nanoparti-
cles (MCM-41-DOX-A) the PC-3 cell viability further declined
(p < .05). The PC-3 viability under treatment with MCM-B-D nanopar-
ticles displayed a similar trend as the MCM-41 nanoparticles above
(i.e., MCM-B-D-DOX-A < MCM-B-D-DOX < MCM-B-D). Both the
DOX-A-loaded MCM-41 (MCM-41-DOX-A) and MCM-B-D (MCM-B-
D-DOX-A) nanoparticles gave rise to the lowest PC-3 cell viability
after 96 h, and there was no significant difference in cell viability
between these two groups at 96 h (p > .05). On the other hand, there
was no significant difference between the cell viabilities associated
with the DOX and DOX-A-loaded MCM-B nanoparticles (MCM-B-
DOX vs. MCM-B-DOX-A) (p > .05), although these were significantly
lower than (p < .05) the bare MCM-B nanoparticles.

Finally, after 96 h of treatment, no significant differences
(b >.05) were observed between the viabilities of PC-3 cells
exposed to the unloaded drugs directly added (DOX and DOX-A),
on one hand, and the MCM-41-DOX, MCM-B-DOX, MCM-B-DOX-A,
and MCM-B-D-DOX drug-loaded nanoparticles, on the other.
However, the viability of the cells treated with MCM-DOX-A and
MCM-B-D-DOX-A drug-loaded nanoparticles were lower than
(p < .05) those treated with DOX and DOX-A alone.

4 | DISCUSSION

The main goal of this study was to design a silica nanoparticle-based
drug delivery system for the sustained release of model targeted and
free cancer drugs (AMACR antibody-conjugated and free DOX,
respectively) to inhibit the growth of PC cells. We hypothesized that
functionalizing mesoporous silica nanoparticles with phenylboronic
acid groups to reduce their pore sizes would slow down the release of
targeted or free DOX drugs loaded into their pores. We also hypothe-
sized that capping the drug-loaded phenylboronic acid-functionalized

silica nanoparticles with a polymer (dextran) would slow down the tar-
geted or free DOX drug release even further.

To test these hypotheses, MCM-41 silica nanoparticles were syn-
thesized. These were then functionalized with phenylboronic acid
groups (MCM-B) that were tethered to amino groups previously
grafted onto the MCM-41 nanoparticles. FTIR analysis (Figure 2) con-
firmed the formation of silica through the peaks for Si-O-Si symmetric
stretching, Si—OH stretching, and Si—O—Si asymmetric vibrations
observed at 798, 960, and 1079 cm™?, respectively. After grafting
amino groups onto the MCM-41 silica nanoparticles to form MCM-N,
distinct FTIR bands for amino groups were observed, which disap-
peared when the amino groups were tethered to phenylboronic acid
groups to form MCM-B. An amide bond was expected to be formed
between the amino groups of MCM-N and the display of peaks for
C=0 and C—N stretching at ~1654 and ~1627 cm~! confirmed the
formation of MCM-B nanoparticles.>>3

The FE-SEM micrographs (Figure 5) showed that the silica nano-
particles were spherical in shape. However, the MCM-B-D nanoparti-
cles were agglomerated due to the gelling effects of the dextran used
to cap the nanoparticles. The spherical shapes were more evident
when the nanoparticles were visualized at higher magnifications under
high resolution TEM (Figure 6). The TEM micrograph also revealed the
pores on the silica nanoparticles. Using Image J to analyze the TEM
images, the average diameter of the MCM-B nanoparticles was mea-
sured to be 72.36 + 9.06 nm, which increased to 81.97 + 9.01 nm
upon capping with dextran.

Nitrogen sorption analysis indicated that the MCM-41 silica
nanoparticles were mesoporous, but the pore volume and the pore
diameter decreased, as expected, upon functionalizing the MCM-41
nanoparticles with phenylboronic acid groups to form MCM-B nano-
particles. Therefore, DOX was loaded into the pores of the MCM-41
and MCM-B nanoparticles as a model PC drug.

AMACR proteins have been reported to be overexpressed on the
surfaces of PC cells.® To this end, we stained for AMACR proteins on
the PC-3 PC cell lines using immunofluorescence, and the confocal
fluorescence images captured (Figure S2) indicated that AMACR pro-
teins were expressed on the PC cells. Therefore, we conjugated
AMACR antibodies to DOX (DOX-A) that could bind to these
expressed AMACR proteins to specifically target the PC cells for kill-
ing by the attached DOX drug. On this basis, the DOX-A drug was
also loaded into the pores of the silica-based nanoparticles (MCM-41
and MCM-B).

There is a need to slow down the release of DOX-based drugs in
smaller doses due to their high toxicity so as to reduce their side
effects on healthy tissues. Thus, we capped the drug-loaded MCM-B
nanoparticles with dextran to form MCM-B-D drug-loaded nanoparti-
cles. FTIR analysis (Figure 2A) confirmed the existence of dextran
characteristic peaks at ~3453, ~942, and ~800 cm™,%7% in addition
to the silica and phenylboronic acid peaks observed earlier, suggesting
that dextran was successfully capped around the MCM-B
nanoparticles.

TGA analysis (Figure 2B) showed that there were successive

weight losses after functionalizing the MCM-41 nanoparticles with
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phenylboronic acid groups and capping them with dextran. These
excess weight losses were attributed to the decomposition of the
additional groups (amino and phenylboronic acid groups and dextran),
thus, indicating the successful grafting of phenylboronic acid groups
and dextran to the silica nanoparticles. These observations were cor-
roborated by the XRD patterns in Figure 4, which display characteris-
tic peaks for MCM-41 silica nanoparticles that gradually disappeared
with functionalization (MCM-B) and dextran capping (MCM-B-D).

We also determined the surface charges of the nanoparticles
through zeta potential measurements at pH values corresponding to
physiological conditions (pH 7.4) and the tumor microenvironment
(pH 5.0 and 6.5). The negative surface charges of the MCM-41 nano-
particles were attributed to their negatively charged silanol groups.>”
When silanized to introduce amino groups to its structure, the
MCM-N nanoparticles exhibited positive surface charges consistent
with the protonation of the —NH2 (amino) group, which confirmed
the grafting of the amino groups to the MCM-41 nanoparticles. Teth-
ering the phenylboronic acid groups to the amino groups decreased
the positive surface charges of the MCM-B nanoparticles due to the
negatively charged carboxyl groups of the phenylboronic acid, provid-
ing evidence for the successful grafting of phenylboronic acid groups
to the MCM-41 nanoparticles. Further evidence was obtained from
the EDS elemental analysis of the MCM-B nanoparticles (Figure 5C),
which revealed the presence of silica and oxygen (from the MCM-41
nanoparticles), nitrogen (from the grafted amino groups), and boron
(from the phenylboronic acid groups tethered to the MCM-41
nanoparticles).

After successfully synthesizing and characterizing the silica-based
nanoparticles and loading them with the model drugs (DOX and
DOX-A), the next part of this study was to test the hypothesis
that reducing the pore sizes of the mesoporous silica nanoparticles
(MCM-41) through functionalization with phenylboronic acid groups
(MCM-B) and capping the pores with dextran (MCM-B-D) would slow
down and prolong the release of the model drugs (DOX and DOX-A)
from the nanoparticles. The drug release studies were carried out in
phosphate-buffered saline (PBS) at pH 7.4 and pH 6.5, corresponding
to the physiological and slightly acidic tumor microenvironments,
respectively, and at physiological (37°C) and hyperthermic tempera-
tures (41 and 44°C).

It is evident from the drug release profiles (Figure 7) that there
was a higher cumulative release of drugs (DOX and DOX-A) from the
nanoparticles at pH 6.5 than at pH 7.4. This was probably the result
of the protonation of DOX and DOX-A in the acidic environment
(pH 6.5) that weakened the electrostatic interactions between the
drugs (DOX and DOX-A) and the silica nanoparticles,19 thus, releasing
more drugs into the buffer. It is, therefore, expected that these drug-
loaded silica nanoparticles would elute the drugs (DOX and DOX-A)
to the prostate tumor region when they are administered since the
tumor microenvironment is acidic.®*"¢3

As shown in Figure 7, the cumulative drug release was generally
higher for the drug-loaded MCM-41 nanoparticles. However, functio-
nalizing the MCM-41 with the phenylboronic acid groups (MCM-B)
reduced the BJH pore volume and pore diameter by ~49%

Y ook WILEY_L_%

and ~24%, respectively. The lower cumulative release from the
MCM-B nanoparticles is, therefore, attributed to the significant reduc-
tion in the pore sizes that slowed down the release of the loaded
drugs (DOX and DOX-A). Drug release was further slowed down
when the drug-loaded MCM-B nanoparticles were capped with dex-
tran (MCM-B-D). This was consistent with the reduction in the BJH
pore size distribution observed in Figure 3B for the MCM-B-D nano-
particles. The slowdown in drug release was also attributed to the
nonspontaneous nature of the release as determined from the ther-
modynamic parameters.

It must be pointed out that the weight of the DOX-A molecules
was expected to increase by ~54 kDa (the molecular weight of the
AMACR antibody), which will also increase the molecule size. As a
result, the amount of DOX-A that can be loaded into the nanoparticle
pores will decrease compared to the free DOX that has a smaller
molecular weight and size. In addition, the larger molecular weight
and size will slow down the release of DOX-A drugs from the pores.
This contributed to the lower amounts of DOX-A loaded into the
nanoparticles (Table S1) and the lower cumulative drug release pro-
files observed for the DOX-A formulations (Figure 7) than the free
DOX formulations.

In this study, it was observed that the percentage cumulative drug
released (Figure 7A-L) occurred in two phases for the DOX-loaded
nanoparticles (Figure 7A-F), with the first phase being moderate all
through to day 20, while the remaining 10 days showed that the drug
release profile was linear. In the case of DOX-A-loaded nanoparticles
(Figure 7G-L), it exhibited three phases. The first phase exhibited a
very fast cumulative drug release within the first 5 days study, for the
next 15 days the release was considerably reduced. Hence the moder-
ate slope of the curve. The last 10 days looks considerably consistent
up till day 30 with the slope being almost linear. Hence the first phase
drug release is as a result of drug burst release,®” while the second
and the last phases of DOX-A release could be as a result of steady
state drug release.”®

As a result of the initial exposure of the nanoparticles to the
phosphate-buffered saline, burst release occurs. This is followed by
the next phase in which a power-law relationship is observed
between the cumulative amount of drug released and time.”* The
presence of dextran as a gating agent could also be the cause of the
sustained DOX and DOX-A release. Thus, the presence of dextran
appears to provide physical barriers to drug transport across the nano-
particles, while limiting diffusion and erosion processes.”%”3

Next, we fitted the drug release data to the kinetic modeols to
understand the kinetics of in vitro drug (DOX and DOX-A) release
from the silica-based nanoparticle drug delivery systems developed.
The kinetic model that fitted the release data with the highest R?
value was selected as the best model. Based on this criterion, the
release of DOX and DOX-A drugs from the silica-based nanoparticles
followed the Korsmeyer-Peppas kinetics model*>71~7% (Table S2).
The initial 60% of drug release is usually best fit by this power law
model.**74 This models yields n values in the range 0.21<n<0.71.
The release exponent, n, of the Korsmeyer-Peppas model was then

used to assign the mechanism of drug release from the different
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silica-based drug formulations. Anomalous transport (non-Fickian dif-
fusion) was the mechanism driving the release of DOX from MCM-41
and MCM-B nanoparticles, while the release of DOX from MCM-B-D
nanoparticles was driven by anomalous transport (non-Fickian diffu-
sion) at 37°C, quasi-Fickian diffusion at 41°C, and Fickian diffusion at
44°C. The release mechanism of the DOX-A drug from all the silica-
based nanoparticles (MCM-41, MCM-B, and MCM-B-D) were pre-
dominantly driven by quasi-Fickian diffusion.

It is important to note that the release profile of MCM-B-D-DOX-A
in Figure 7E appears different from its counterparts in Figure 7D,F. As
noted above, the MCM-B-D-DOX-A release profile in Figure 7E fitted
a Korsmeyer-Peppas kinetic model with a quasi-Fickian drug release
mechanism (release exponent, n = 0.28 [Table S2]). This means that
DOX-A was partially diffusing into the surrounding medium through
the swollen dextran capping the nanoparticles, thereby slowing down
the amount of drug released. Although the release profile appears lin-
ear throughout, it is nonlinear for the first 2 days of release. This was
likely the result of the initial release of the DOX-A drugs trapped in
the dextran as it swelled. By the second day and over time, the fully
swollen dextran continuously trapped the drugs diffusing out of the
pores of the underlying nanoparticles and subsequently released them
into the surrounding medium via quasi-diffusion at a relatively con-
stant rate until day 30, accounting for the relatively linear profile
observed between days 2 and 30. In addition, although not within the
scope of this work, it is most likely that if the drug release duration is
extended beyond 30 days, the release profile will eventually plateau
when the dextran is degrading or has degraded and the drugs can
directly diffuse out from the nanoparticle pores into the surrounding
medium.

The diffusion coefficients obtained for the conjugated drug
(DOX-A) formulations were higher than those obtained for the uncon-
jugated drug (DOX) formulations. The diffusion coefficient (D) was in
the range of 1.84x 10722 <D<4.17x 1072m2s-1 for the unconju-
gated drug (DOX) and 1.21 x 1072 <D <4.26 x 10 ?’m2s~1 for the
conjugated drug (DOX-A). This shows that the conjugated drug dif-
fuses faster into the medium than the unconjugated drug.

The COMSOL simulation shows the average flux of the drug
through the multiple pores of the nanomaterial over a month
(Figure 8) and the time-dependent transport of diluted species from
the concentration boundary showing that a line plot can be expressed
as a 1D homogenized model which is synonymous to the cumulative
drug release profile. This shows that the assumption that the bare and
the functionalized silica nanoparticle are having pores in different
direction is a good assertion as the cumulative flux after 30 days con-
verges to a plot shown in Figure 8 that is synonymous with the cumu-
lative drug release in Figure 7.

The release of drugs (DOX and DOX-A) from the drug-loaded
nanoparticle formulations were correlated with reductions in the via-
bility of PC-3 PC cells, hence the cell growth inhibition, to investigate
whether the sustained release of DOX and DOX-A was beneficial for
killing and inhibiting PC cell growth. A decrease in cell growth is
expected to cause a reduction in cell viability. Therefore, lower per-

centage alamar blue reduction values corresponded to greater cell

growth inhibition. On that basis, it was evident from Figure 9 that the
drugs (DOX and DOX-A) released from the drug-loaded nanoparticles
exerted significant antiproliferative effects on the PC-3 cells to
cause the observed lower cell viabilities than the drug-free nano-
particles. Whereas the drug-free nanoparticles lowered cell viabil-
ity by a factor of about 1.5, the drug-loaded nanoparticles reduced
cell viability ~10-fold compared to the drug-free nanoparticles
and ~16-fold versus the untreated cells, suggesting that the drugs
released from the nanoparticles were more responsible for killing
the cancer cells than the nanoparticles themselves.

The slow release of DOX and DOX-A drugs observed from the
MCM-B and the dextran-capped MCM-B nanoparticles (Figure 7) did
not correspond to lower cell viabilities of the MCM-41 nanoparticles.
This suggests that the slowdown in drug release from the MCM-B
nanoparticles owing to their smaller pore sizes did not translate into
greater cell growth inhibition in vitro. Therefore, longer in vitro cell
viability studies beyond 96 h as well as in vivo studies are needed to
explore the effects of the prolonged drug release.

However, the slow release of AMACR antibody-conjugated drugs
(DOX-A) from the nanoparticles was generally the most potent in inhi-
biting PC-3 cell growth. We showed in this study through immunoflu-
orescence staining’> (Figure S2) that AMACR proteins were
expressed on the surfaces of the PC-3 PC cells. Additionally, we pre-
sent optical images (Figure S3) from the immunohistochemical (IHC)
staining of prostate tumors and benign prostatic hyperplasia (BPH) tis-
sues extracted from patients at the National Hospital Abuja (under
ethical clearance from the National Hospital Abuja) that reveal the
overexpression of AMACR proteins on prostate tumors and not on
the BPH tissues. Therefore, the greater cell growth inhibition associ-
ated with the sustained release of the AMACR antibody-conjugated
drugs (DOX-A) from the nanoparticles was attributed to the binding
of the AMACR antibody attached to the DOX drug to the AMACR
proteins on the PC-3 cancer cells. This had the tendency of increasing
the uptake of the drugs (DOX) by the cells through receptor-mediated
endocytosis, leading to increased cell death.

It is worth noting that, although lower doses of drugs (DOX and
DOX-A) were released from the drug-loaded nanoparticle formula-
tions, the released drugs inhibited the growth of the PC-3 PC cells at
similar levels as the directly added/unloaded drugs (DOX and DOX-A).
Furthermore, the sustained release of low doses of AMACR antibody-
conjugated DOX (DOX-A) from the silica-based drug delivery systems
inhibited the PC-3 cancer cell growth more than the higher dose
unloaded drugs (DOX and DOX-A). This suggests that by loading
DOX and DOX-A into silica-based nanoparticles, the slowed release
of the drugs can inhibit the growth of PC cells in vitro at the same
level or even better than adding the drugs (DOX and DOX-A) directly
to the cells.

Before closing, it is interesting to note that the three bare nano-
particles; MCM-41, MCM-B, and MCM-B-D supported the growth of
the PC-3 cells to some extent, as shown in Figure 9. This work dem-
onstrates that DOX and AMACR antibody-conjugated DOX can be
loaded into silica-based nanoparticles with varying pore sizes to slow

down and prolong drug release over a 30-day period. It also shows
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that AMACR antibody-conjugated drug-loaded formulations were
more effective in inhibiting the growth of the PC-3 PC cells because
of the specificity that was enabled by the conjugation of the DOX
drug with AMACR antibody. The drugs are released in lower doses
from the nanoparticles than the drugs that are directly treated to cells
but inhibit the growth of PC cells at similar levels or even better. This
is beneficial for reducing the amount of highly toxic cancer drugs, such
as DOX, in the patient and could potentially shrink/eliminate prostate
tumors in vivo while reducing side effects7. Further work is needed to

demonstrate these effects under in vivo conditions.

5 | CONCLUSIONS

This article presents the results of a combined experimental and theoreti-
cal/computational study of the targeted delivery of untargeted (DOX)
and targeted (DOX-A) cancer drugs from silica nanoparticles to PC cells.
Salient conclusions arising from the study are summarized below.

1. Silica nanoparticle structures can be engineered to have controlled
pore sizes, volumes, and surface areas. The cumulative drug
release from these structures also increases with increasing tem-
perature, for temperatures between 37 and 44°C.

2. Drug release from the conjugated drug (DOX-A)-loaded nanoparti-
cle formulations occurs predominantly by quasi-Fickian diffusion,
while that of the unconjugated drug (DOX) formulation occurs pre-
dominantly by anomalous transport diffusion.

3. The specific targeting of the PC cells is enhanced by the conjuga-
tion of DOX to AMACR antibody and loading them into the silica
nanoparticles. The sustained release of AMACR antibody-
conjugated DOX enhances the specific targeting of PC cells for
killing by the attached DOX, through the binding of the AMACR
antibody moiety to the overexpressed AMACR proteins on the
cells, thereby lowering PC cell viability.

4. Estimated drug release profiles similar to the experimental results
through a silica nanoparticle drug formulation can be obtained
through simulations following set diffusion principles and valid
assumptions based on the TEM particle size. This has been vali-
dated by the convergence of the 30-day simulation plot and the
1D homogenized plot.
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