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Abstract

Chemotherapy and immunotherapy are two important modalities in cancer management. However, due to multiple rea-
sons, a monotherapy is only partially effective. Hence, if used concurrently in targeted and stimuli-responsive manner, it
could have been superior therapeutically. To facilitate co-delivery of chemotherapeutic and immunotherapeutic agent to
the target cancer cells, engineered nanoparticles, i.e., a pH-responsive polymer PLGA-coated magnetic silica nanopar-
ticles (Fe;0,-SiO,-PLGA-PDA-PTX-siRNA NPs) encapsulating paclitaxel (PTX) and siRNA against programmed cell
death ligand-1 (PD-L1) are synthesized and characterized. Developed nanoparticles demonstrated pH-sensitive sustained
drug release up to 10 days. In vitro 4T1 cell line studies showed efficient cellular uptake, PD-L1 gene downregulation,
and apoptosis. Further, in vivo efficacy studies carried out in the mice model demonstrated a significant reduction of
tumor growth following treatment with dual-Fe;0,-Si0,-PLGA-PDA-PTX-siRNA NPs as compared with monotherapy
with Fe;0,-Si0,-PLGA-PDA-PTX NPs. The high therapeutic efficacy observed with dual-Fe;0,-SiO,-PLGA-PDA-PTX-
siRNA NPs was mainly due to the cytotoxic effect of PTX combined with targeted silencing of the gene of interest, i.e.,
PD-L1, which in turn improve CD8" T cell-mediated cancer cell death as evident with increased proliferation of CD8* T
cells in co-culture experiments. Thereby, dual-Fe;0,-Si0,-PLGA-PDA-PTX-siRNA NPs may have a promising anti-cancer
treatment potential against breast cancer; however, the beneficial effects of dual loading of PTX +PD-L1 siRNA may be
corroborated against other cancer models such as lung and colorectal cancer models as well as in clinical trials.
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Introduction

An improvement in our understanding of genomics and
cell biology led to the advancement of various therapeutic
modalities for cancer treatment. The arsenals to treat can-
cers are chemotherapies, radiotherapies, surgery, hormonal
therapy, cell-based therapies, and immunotherapies. The
cytotoxic anti-cancer drugs, inhibit DNA/RNA synthesis,
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induce DNA strand break, and/or interfere with tubulin/
microtubule network [1]. Paclitaxel (PTX), a chemother-
apeutic agent, has extensively used for the treatment of
breast cancer, non-small cell lung cancer, ovarian cancer,
malignant tumor, and a variety of solid tumors. However,
drug-resistance, low water solubility, and significant tox-
icities such as peripheral neuropathy and myelosuppression
limited its effectiveness [2]. In order to overcome these
limitations, various nano-based drug delivery systems such
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as nanoparticle albumin-bound paclitaxel (Nab-PTX), poly-
meric micelles encapsulating paclitaxel, polymer-paclitaxel
conjugates, liposomal paclitaxel, and many more have been
developed [3].

Killing cancer cells using a single chemotherapeutic agent
may often lead to the emergence of drug resistance or relapse
of tumor. Consequently, immunotherapy has advanced can-
cer treatment regimen, displaying high therapeutic potential.
Several oligonucleotide-based immunotherapies have been
explored alone or in combination with chemotherapeutic
agents [4-6]. Of note, DNAzymes have inspired the research
fraternity due to its multiple advantages including higher
targeting ability, higher stability, easy and cheaper to synthe-
size. However, presence of metal co-factors, target substrate
chain length, and presence of other enzymes in the solu-
tion can influence the DNAzymes catalytic rate and limit its
therapeutic use [7]. Thereby, the siRNA-based gene silenc-
ing strategy has widely been explored and has shown its
promise in preclinical and clinical studies. Recently, immu-
notherapies directed at immune check point inhibitors PD-1/
PD-L1 (programmed cell death protein-1/programmed cell
death-ligand1) interactions have been exploited to prevent
immune escape mechanisms of cancer cells. Over expression
of immune checkpoint inhibitor PD-L1 (a ligand of PD-1)
on tumor cells inhibits the activation of T cells upon bind-
ing to its receptor PD-1 (programmed cell death protein-1)
[8]. Thereby, small-interfering RNA (siRNA) mediated post-
transcriptional gene silencing of PD-L1 has demonstrated
anti-cancer therapeutic potential, However, systemic deliv-
ery of PD-L1 siRNA also suffers with the limitations of
degradation by nucleases; presenting a very short half-life of
15 min to 1 h in circulation, off-target effects, and reduced
cancer cell uptake [9, 10].

Furthermore, to overcome the limitations associated with
siRNA use, delivery systems, i.e., viral vector and polymeric
nanoparticles were used. However, due to various advan-
tages associated with polymeric nanoparticles specifically,
the enhanced half-life of siRNA in blood, better targeting
due to enhanced permeation and retention (EPR) effect,
improved pharmacokinetics, its non-immunogenic nature
compared to viral vectors, and superior safety profile have
had made nanoparticle-based gene delivery as the preferred
choice for cancer therapy [11-13].

It is generally acknowledged that cancer cannot be treated
effectively with one therapeutic modality [1, 14, 15]. There-
fore, potentiating tumor-specific immune response along
with chemotherapy may ablate the tumor effectively. The
combined use of paclitaxel and PD-L1 siRNA for the treat-
ment of cancer has not been explored too much because
of targeting and delivery concerns. For the purpose of co-
delivering chemotherapeutic drug and siRNA to tumor cells,
active/passive tumor targeting strategies via nanoparticles
have been explored with increased cellular uptake, specific

tumor homing, and retention with high intracellular concen-
tration of cargo molecule [16, 17]. Thiramanas et al. have
developed silica core-shell nanocapsules (~ 240 nm in size),
carrying PD-L1 siRNA to knockdown PD-L1 expression in
T cells and demonstrated a decrease in PD-L1 protein and
mRNA level leading to enhanced T cell survival [18]. Wu
et al. have synthesized lipid-coated calcium phosphate nan-
oparticles encapsulating siRNA against PD-1 and PD-L1,
which resulted in an increase in tumor-infiltrating lympho-
cyte (TIL)-mediated cytotoxicity to cancer cells [19]. Simi-
larly, iron oxide nanoparticles (Fe;O, or y-Fe,05) [20-22],
core-shell structural magnetic mesoporous nanoparticles
(Fe;0,4-Si0,) [23], iron oxide coated with three polymeric
shells have also shown great potential in delivering LCS-1
(a pyridazin-3-one derivative, a well-known inhibitor of
superoxide dismutase 1) [24], and niclosamide [25] with
promising anti-cancer efficacy.

Surface-modified iron oxide silica nanoparticles
have garnered special attention owing to iron-mediated
superparamagnetic, magnetic targeting, optical detectability,
easy synthesis, and separation properties, whereas silica
nanoparticles offered mesoporous structure enabling high
loading efficiency, external surface functionalization, and
high dispersibility. Organic polymers such as poly (D,L-
lactic-co-glycolic acid) (PLGA) are well-known drug
delivery polymers, conveying efficient drug encapsulation,
sustained/controlled drug release, biocompatible, and
biodegradable properties.

Hence, we posit the fabrication of engineered nanoparti-
cles, i.e., Fe;0,-Si0,-PLGA-PDA NPs that have the attrib-
utes of targeting via external magnetic navigation to the
tumor and releasing the therapeutics PTX and PD-L1 siRNA
“on-demand” in a spatio-temporally controlled fashion in
tumor cells, minimizing off-target effects and may exert
combined/synergistic anti-cancer effect. This combined
treatment approach may lead to decreased proliferation and
reduction in survival of cancer cells by exerting paclitaxel
mediated cancer cell killing along with siRNA-mediated
programmed death ligand-1 receptor (PD-L1) downregula-
tion which is overexpressed by tumor cells.

Material and methods
Chemicals, reagents, and antibodies

Paclitaxel (PTX) (CAS number 33069-62-4), tetraethyl
orthosilicate (TEOS), sodium hydroxide (NaOH), and
dopamine hydrochloride (dopamine HCIl) were pur-
chased from Sisco Research Laboratories Pvt. Ltd. India.
Polyvinyl alcohol (PVA, 30-70 kDa), dimethyl sulfoxide
(cell culture grade), and esiRNA targeting mouse Cd274
(esiRNA1)/PDL1 gene (EMU046161) were purchased
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from Sigma-Aldrich/Merck, USA. Iron (III) chloride
hexahydrate (FeCl;.6H,0), iron (II) chloride tetrahydrate
(FeCl,.4H,0), 3-aminopropyl triethoxysilane (APTES),
ethanol, and dichloromethane were procured from Merck,
India. Poly (p,L-lactic-co-glycolic acid) (50:50) was pro-
cured from Purac Biochem, Holland. Tris hydrochloride
was procured from Amresco, USA. CyQUANT MTT cell
viability assay kit, Lipofectamine 2000 transfection reagent,
CD274 (PD-L1, B7-H1) monoclonal Antibody (MIHS5),
PE, eBioscience” (Cat #12-5982-82); CD3 monoclo-
nal antibody (17A2), eFluor'" 450, eBioscience " (Cat #
48-0032-82), CD8a monoclonal antibody (53-6.7), APC,
eBioscience " (Cat # 17-0081-82), and Cell Trace™ CFSE
cell proliferation kit (Cat # C34554) were purchased from
Thermo Fisher Scientific. RPMI-1640, fetal calf serum and
TEM grids, and 6-Coumarin were purchased from Himedia
laboratories, India, and Polysciences, USA respectively.

Synthesis of pH-responsive PLGA-coated core-shell
magnetic silica nanoparticles

Dopamine-capped PLGA-tethered magnetic silica nanopar-
ticles (Fe;0,4-Si0,-PLGA-PDA NPs) were synthesized in
four steps. In brief, iron oxide nanoparticles (Fe;O, NPs)
were prepared in first step by co-precipitation of iron (II) and
iron (III) salts under basic conditions using 2M NaOH [26].
Then, Fe;O, NPs were coated with silica using the modified
sol-gel homogenous co-precipitation process to synthesize
core-shell magnetic silica nanoparticles (Fe;0,-SiO, NPs)
and amine functionalized [27]. In the third step, these nano-
particles were coated with polymer PLGA to encapsulate
paclitaxel and/or PD-L1 siRNA using a double emulsion
solvent evaporation method, and Fe;0,-SiO,-PLGA NPs
were synthesized [28].

In order to load cargo molecule and prepare paclitaxel-
loaded nanoparticles (Fe;O0,4-SiO,-PLGA-PDA-PTX NPs),
13 mg PTX and 50 mg of polymer PLGA were dissolved in
1 ml and 4 ml of dichloromethane (DCM) respectively and
mixed. Fifty milligrams of Fe;0,-SiO, NPs were dispersed
in 0.5 ml of 1% PVA solution and added to PLGA solution

with probe sonication (30% amplitude, 20 duty cycles, 2
min) to form primary emulsion (W,/O). Thus, formed W,/O
emulsion was then added to 30 ml of 2% PVA solution with
sonication (30% amplitude, 20 duty cycles, 3 min) to form a
double emulsion (W,/O/W,) and continuously stirred for 5
h to evaporate DCM. After 5 h, PLGA-coated nanoparticles
designated as Fe;0,-Si0,-PLGA-PTX NPs were collected
using external magnet and coated with PDA.

Likewise, to prepare PD-L1 siRNA-loaded nanoparti-
cles (Fe;0,-Si0,-PLGA-PDA-siRNA NPs), siRNA stock
solution was prepared in nuclease-free water as per man-
ufacturer’s instructions. The theoretical load of siRNA
was 0.6 pg/mg of NPs. Thereby, to prepare 10 mg of
Fe;0,4-Si0,-PLGA-PDA-siRNA NPs, 6 pg of siRNA was
mixed with 0.25 ml of 5 mg of Fe;O,-SiO, NPs and PLGA
(5 mg) was dissolved in 2.5 ml DCM. Then, W,/O emulsion
was prepared by adding siRNA-Fe;0,-SiO, NPs to PLGA
solution with probe sonication. Thus, prepared primary
emulsion was then added to 10 ml of 2% PVA solution with
solution and magnetically stirred for 5 h to evaporate DCM.
Thus, obtained siRNA-loaded NPs were collected, washed,
and coated with polydopamine, lyophilized, and stored
at—20 °C. Similarly, dual-PTX and PD-L1 siRNA-loaded
nanoparticles were prepared.

Polydopamine (PDA) [29], a pH-responsive gate-
keeper with open-close transformation [30], was capped
on these nanoparticles to fabricate pH-responsive sys-
tem designated as Fe;0,4-SiO,-PLGA-PDA-PTX NPs,
Fe;0,-Si0,-PLGA-PDA-siRNA NPs, and dual-Fe;0,-SiO,-
PLGA-PDA-PTX-siRNA NPs [9]. Figure 1 shows the com-
plete synthetic procedure and the detailed synthetic proce-
dure is mentioned in Supplementary methods.

Characterization of nanoparticles

The nanoparticles were characterized at each step by Fou-
rier transform infrared (FT-IR) spectroscopy, UV-Vis spec-
troscopy, transmission electron microscopy (TEM), and
Malvern zeta sizer. FT-IR spectra of nanoparticles were
recorded in the range of 4000400 cm™! using Thermo

(a) Dopamine
hydrochloride

(a) TEOS, NaOH (b) Tris-HCI buffer (1)
a , NaOH, (pH 8.5)
FeCl..6H,O 2M NaOH (b) room temp. PLGA (c) room temp. !.
'1'3. z —— ‘ O —— — f ..
70°C (a) APTES w,/o/w, method Polyd i [
FeCl,.4H,0 N 1/O/W, ydopamine
2772 (b) reflux at 70°C (PDA) capping
| 1l 1} v

Fe304 Fe304'si°2

Fe;0,-Si0,-PLGA Fe;0,-SiO,-PLGA-PDA NPs

Fig. 1 Step-wise synthesis of layer-by-layer PDA-capped Fe;0,-SiO,-PLGA NPs
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Scientific Nicolet iS5 spectrometer with KBr pellet tech-
nique. UV-Vis absorption spectra were reported in the wave-
length range of 185-900 nm using UV-Vis spectrophotom-
eter (UV-2600i, Shimadzu Corporation, Japan). The mean
hydrodynamic diameter, size distribution, and zeta potential
of nanoparticles were determined in distilled water using
Malvern zeta sizer (Zeta sizer Nano series, Malvern Instru-
ments Ltd., UK) at a wavelength of 633 nm with a scat-
tering angle of 90°. The morphology, size, and coating of
PLGA on Fe;0,-Si0,-PLGA-PDA NPs were observed using
transmission electron microscopy (TEM) (Technai TEM G2,
Holland). The samples for TEM analysis were prepared on
carbon-coated copper grids.

Loading and encapsulation efficiency

To determine PTX loading, 5 mg of dual-Fe;0,-Si0,-PLGA-
PDA-PTX-siRNA NPs was dissolved in DCM followed by
addition of methanol. The mixture was centrifuged at 15,000
g for 20 min, supernatant was collected, vacuum dried, and
reconstituted in methanol. The amount of drug was esti-
mated using UV-Vis spectroscopy at a Amax of 230 nm.

To calculate siRNA loading and encapsulation efficiency,
5 mg of dual-Fe;0,-SiO,-PLGA-PDA-PTX-siRNA NPs was
dissolved in 200 pl of chloroform followed by the addition of
1 ml of Tris-EDTA (TE) buffer and gently mixed. Then, the
mixture was centrifuged at 15,000 g for 20 min to collect aque-
ous phase. PD-L1 siRNA concentration in the aqueous phase
was determined using Nano Drop at a Amax of 260 nm. Load-
ing capacity and encapsulation efficiency of PTX and PD-L1
siRNA were calculated using Egs. (1) and (2) respectively.

. . Amount of drug/siRNA in nanoparticles
loading capacity =

Total amount of nanoparticles

ey

maintained. Absorbance and drug content were measured
using UV-visible spectroscopy at a Amax of 230 nm and
% cumulative drug release vs. time graph was plotted to
determine the pH-sensitive PTX release profile.

Cell line and cell culture

4T1 cells (breast cancer cell line derived from the mam-
mary gland tissue of a mouse BALB/c) were generously
provided by Dr. Avinash Bajaj (Regional Centre for Bio-
technology, Faridabad, India). Cells were cultured in
RPMI-1640 medium containing 10% fetal bovine serum
in a CO, incubator maintained at 37 °C in an atmosphere
containing 5% CO,.

Intracellular uptake of particles

The cellular uptake of the FITC-BSA-loaded
Fe;0,-Si0,-PLGA-PDA NPs was demonstrated by flow
cytometry (BD-FACS Calibur). In brief, 4T1 cells (1 X 10%)
were seeded in 6-well plate and allowed to grow for 12 h in
a CO, incubator at 37 °C. Then, fluorescent nanoparticles
containing trace amount of dye (FITC-BSA) was added at
a concentration of 25 and 50 pg/ml and incubated for 3 h.
Cells were washed with PBS to remove the unbound NPs
and collected with the help of cell scraper. After collection,
cells were centrifuged at 1200 rpm for 5 min and resus-
pended in 400 pl of PBS. Flow cytometry analysis was car-
ried out employing an FL-2 detector and the results were
expressed as shift in histogram toward higher intensity
side. Trypan blue dye was added in the cell’s suspension
before analysis by flow cytometry to quench the fluores-
cence associated with membrane interacting nanoparticles
and dead cells.

% encapsulation efficiency =

Total amount of drug /siRNA — Amount of free drug/siRNA y
Total amount ofdrug [ siRNA

100 @)

pH-mediated paclitaxel release
from PTX-loaded nanoparticles

To observe pH-sensitive release properties, PTX
release studies were performed in 10 mM phos-
phate-buffered saline (PBS) using PDA-coated
Fe;0,4-Si0,-PLGA-PDA-PTX NPs and uncoated
Fe;0,-Si0,-PLGA-PTX NPs at pH 7.4 (blood pH) and 6.0
(tumor pH). Approximately 15 mg NPs were suspended in
1 ml of PBS and packed in dialysis tubes with a molecular
weight cutoff of 12 kDa. The dialysis bag was placed in 50
ml of the release media (PBS). Samples were withdrawn
at regular intervals for 10 days and sink conditions were

Endonuclease protection assay

In order to observe the siRNA-loaded nanoparticles mediated
protection of PD-L1 siRNA from endonuclease digestion,
RNase A protection assay was performed. Briefly, soluble
PD-L1 siRNA and PD-L1 siRNA NPs containing equiva-
lent amount of siRNA were incubated with RNase A (30 pg/
ml) for 4 h at 37 °C. After incubation, PD-L1 siRNA was
extracted from NPs. To extract siRNA, NPs were dissolved in
chloroform and TE buffer was added. The aqueous phase was
removed by centrifugation and 2% agarose gel electrophore-
sis was run using ethidium bromide staining. PD-L1 siRNA
without RNase A treatment was used as experimental control.
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In vitro silencing of PD-L1 gene using PD-L1
siRNA-loaded nanoparticles

PD-L1 siRNA NP-mediated knockdown of PD-L1 gene
was observed by flow cytometry and quantitative real-time
PCR (qRT-PCR) analysis. Initially, 4T1 cells were seeded
in 6-well plate at a density of 1x 10° cells per well. After 24
h, cells were treated with lipofectamine/PD-L1 siRNA (100

absorbance of each sample — absorbance of negative control

for 5 min, and supernatant was collected. The supernatant
was analyzed by UV-visible spectroscopy at Amax of 540
nm and % hemolysis was calculated using Eq. (3). RBCs
incubated with 0.1% triton X-100 and sterile PBS were
taken as positive and negative control, respectively. The
experiments were performed in triplicate and data are rep-
resented as mean + standard deviation of three independent
sets of experiments.

% hemolysis =

x 100 3

absorbance of positive control — absorbance of negative control

nM) and PD-L1 siRNA NPs for 6 h (n=23). Extracellular
NPs were removed by washing with PBS and incubated for
additional 16 h. For flow cytometry, cells were fixed with
4% paraformaldehyde, permeabilized with 0.25% Triton
X-100 at 37 °C for 15 min, and washed with PBS. The cells
were then incubated with anti-mouse D274 (PD-L1, B7-H1)
monoclonal antibody (MIHS), PE (dilution 1:50), overnight
at 4 °C, washed, and resuspended in 0.5 ml PBS. After that,
cells were analyzed by flow cytometry, and untreated cells
were taken as experimental control.

To perform qRT-PCR analysis, following 48 h of treat-
ment (n=3), total RNA was harvested by the TRIzol (Invitro-
gen) method. cDNA was prepared from 0.5 pg of total RNA
using one iScript cDNA synthesis kit (Bio Rad, USA) as
per manufacturer’s instructions. Target gene PD-L1 expres-
sion level was analyzed using gene-specific primers (forward
5'-GGAATTGTCTCAGAATGGTC-3' and reverse 5-GTA
GTTGCTTCTAGGAAGGAG-3') at a specific condition of
50 °C (2 min) and 94 °C (10 min) followed by 40 cycles of 95
°C (15 s) and 56 °C (60 s) using ABI QuantStudio5 (Applied
Biosystems). GAPDH was taken as internal control for each
experiment (forward 5'-CAAGATCATCAGCAATGCCT-3'
and reverse 5'-GCCATCACGCCACAGTTTCC-3'). Thresh-
old cycle (Ct value) was calculated and mRNA expression of
PD-L1 gene was quantified using the 2722 method where
AAC,=AC, target gene — AC, GAPDH.

Hemocompatibility study

Hemocompatibility assay was performed to investigate
the biocompatibility of nanoparticles with circulating
blood cells. The blood was collected from healthy mice
with the approval of Institutional Animal Ethics Com-
mittee (IAEC#500/19) and red blood cells (RBCs) was
separated from blood by centrifugation at 2000 rpm for
5 min. RBCs were washed, resuspended in sterile PBS,
and then incubated with NPs at different concentrations
of 25, 50, 100, and 200 pg/ml at 37 °C for 4 h. After 4 h
of incubation, the samples were centrifuged at 2500 rpm

@ Springer

Cytotoxicity assay

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay was performed to determine the
killing efficacy of Fe;0,-Si0,-PLGA-PDA-PTX NPs vs.
PTX solution against 4T1 cells. Briefly, cells were seeded
in a 96-well culture plate (5 X 103 cells/well), treated with
PTX solution and Fe;0,-Si0,-PLGA-PDA-PTX NPs with
or without PD-L1 siRNA for 48 h. Cells were washed
with PBS to remove extracellular NPs. MTT solution
(1:10 dilution of 5 mg/ml in PBS) was added to each well
and incubated at 37 °C for 4 h. The medium was then
removed and 150 pl of dimethyl sulfoxide (DMSO) was
added to dissolve the formazan crystals and incubated for
10 min. Absorbance was recorded at the wavelength of
590 nm and 639 nm using a 96-well plate reader (Micro
titer plate reader BioTek synergy 2, Finland) and % cell
viability and half-maximal inhibitory concentration (ICs)
was calculated.

Annexin V-FITC apoptosis assay

4T1 cells (1 x10° cells/well) were seeded in 6-well
and allowed to grow. Cells were treated with PTX
drug solution, Fe;0,4-SiO,-PLGA-PDA-siRNA NPs,
Fe;0,-Si0,-PLGA-PDA-PTX NPs, and dual-Fe;0,-Si0,-
PLGA-PDA-PTX NPs at 1 pg/ml concentration. DMSO and
bare NPs served as experimental control. After 24 h of treat-
ment, cells were collected with cell scraper, centrifuged, and
resuspended in 100 pl of binding buffer. Annexin V-FITC
(5pl) and propidium iodide (PI, 1 pl of 100 pg/ml) stain-
ing was performed as per manufacturer’s protocol and cells
were analyzed using flow cytometry using CELLQuest 3.0
software. Where viable cells showed no staining (Annexin
V~, PI"), while early apoptotic cells, late apoptotic cells and
necrotic cells were observed as Annexin V positive (Annexin
V*, PIN), positive for both dyes (Annexin V*, PIT), and PI
positive only (Annexin V~, PIY), respectively.
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Effect of PD-L1 knockdown on CD8" T cell proliferation

To assess the effect of PD-L1 knockdown on CD8* T cell
proliferation, 4 T1 cells and CFSE-labeled splenocytes co-
culture studies were performed using flow cytometry. Ini-
tially, BALB/c mice were immunized with 4T1 cell lysate;
splenocytes were isolated from the spleen and CFSE labeled.
Then, CFSE-labeled splenocytes were co-cultured with 4
T1 cells treated with nanoparticles. The detailed procedure
is given below:

Animal immunization for T cell priming

Initially, 4T1 cell lysate was prepared by the freeze—thaw
method using 1 x 10° cells and stored at— 70 °C till further
use. BALB/c mice were immunized with 50 pl of 4T1 cells
lysate per mouse on day O and day 7. All the animals were
sacrificed on day 14th and spleens were collected. Spleens
were gently triturated with the thumb head of sterile syringe
plunger and filtered using 70pM cells strainer under the
laminar air flow to prepare single-cell suspension. Cell pellet
was collected by centrifugation at 1500 rpm for 5 min and
RBCs were lysed by resuspending cells in ice-cold ACK
lysing buffer and incubating on ice for 5 min. The spleno-
cytes were collected by centrifugation at 1500 rpm for 5
min, counted by hemocytometer, and cultured in RPMI-1640
media containing10% FBS.

CFSE labeling and analysis using flow cytometry

Cell Trace™ CFSE stock solution (5 mM) was prepared
by dissolving 1 vial in 18 pl of anhydrous DMSO as per
manufacturer instructions. Then, 1 pl of stock solution was
added to 1 ml of splenocytes suspension (2 x 10° cells/ml)
for a final working concentration of 5 pM, and incubated
in dark for 20 min at room temperature. After incubation,
splenocytes were centrifuged at 1500 rpm for 5 min at 4 °C,
supernatant was removed, and excess dye was removed by
washing cells two times with complete RPMI-1640 media.

Co-culture of CFSE-labeled splenocytes with 4T1 cells

PD-L1 receptors were knockdown in the 4T1 cells
for the assessment of T cell response in a co-culture
of 4T1 tumor cells and splenocytes primed against
tumor cells. In brief, 4T1 cells were seeded in a 96-well
plate at a density of 0.4 x 10> cells per well. After 12 h,
cells were treated with Fe;0,-Si0,-PLGA-PDA-NPs,
Fe;0,-Si0,-PLGA-PDA-siRNA NPs, and dual-Fe;0O,-
Si0,-PLGA-PDA-PTX-siRNA NPs for 6 h. Extracellular
NPs were removed by washing with PBS and incubated for
additional 6 h. After incubation, cells were washed and used
for cancer cells-T cells co-culture assay. In the next step,

0.4 10° 4T1 cells were co-cultured with 1x 10° splenocytes
in the RPMI-1640 media supplemented with 10% FBS at
37 °C in humidified CO, cell culture incubator. After 48 h
of incubation, cells were labeled with fluorochrome-tagged
antibodies: CD3 monoclonal antibody (17A2), eFluor' 450,
eBioscience' ", and CD8a monoclonal antibody (53-6.7),
APC, eBioscience  antibodies as per the manufacturer’s
instructions, centrifuged, resuspended in PBS, and T cells
proliferation was analyzed using CytoFlex flow cytometer
(Backman coulter).

Tumor inhibition and animal survival studies

Female BALB/c mice at 6—8 weeks of age were obtained
from the Institutional animal facility and allowed to adapt
for 1 week and had access to food and water ad libitum. All
the animal experiments were performed with the approval
of IAEC of National Institute of Immunology, New Delhi,
India (TAEC#500/19). In brief, the tumor was developed
in female BALB/c mice by a single injection of 0.5 x 10°
4T1 cells into left mammary fat pad and tumor growth
was monitored. When the tumor was palpable and reached
a size of > 100 mm?, animals were randomly divided into
different groups of five animals each: saline, PTX drug
solution, Fe;0,-Si0,-PLGA-PDA-PTX NPs, dual-Fe;0,-
Si0,-PLGA-PDA-PTX-siRNA NPs, and bare NPs. For
therapeutic studies, 8 mg/kg of paclitaxel was given by
intraperitoneal injection after 72 h either as drug solutions
or as Fe;0,-Si0,-PLGA-PDA-PTX NPs and dual-Fe;0,-
S10,-PLGA-PDA-PTX-siRNA NPs repeatedly for 15 days.
Tumor growth inhibition was monitored by calculating the
tumor volume, changes in mice body weight during treat-
ment period, and animal survival. The tumor volume (mm?)
was calculated using Eq. (4):

3 (width of tumor X length of tumor)*
tumour volume (mm’) = 2

“

Results and discussion
Synthesis of nanoparticles and characterization

Synthesis of nanoparticles was carried out in four steps cap-
tivating the three-layered approach (Fig. 1), where each layer
aided additional advantage to the engineered nanocarrier.
Magnetic core material (Fe;O, NPs) served advantage of
magnetic separation during synthesis and removal of chemi-
cal contaminants. Furthermore, iron oxide-mediated mag-
netic targeting properties and hyperthermia media cancer
cell killing can be explored later to increase the therapeutic
efficacy [31]. The magnetic nanoparticles (Fe;O,) prepared
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Fig.2 Characterization of Fe;O, NPs following coating with silica, PLGA, and PDA at each step by A FT-IR spectroscopy, B particle size dis-

tribution, C zeta potential, and D transmission electron microscopy

in this study were 8—10 nm in size as observed by transmis-
sion electron microscopy and zeta sizer and allowed easy
separation with external magnet during synthesis (Fig. 2).
In the second step, core-shell magnetic silica nanoparticles
were prepared using tetra ethyl ortho silicate (TEOS) and
(3-aminopropyl) triethoxysilane (APTES) as precursors.
The size of magnetic silica nanoparticles (Fe;0,-SiO, NPs)
was measured as 135.33 +7.41 nm with zeta sizer. Amine
functionalized silica layer assisted in improving the dispers-
ibility of Fe;O, NPs.

In the third step, the second layer of polymer PLGA facil-
itated PTX drug encapsulation, sustained PTX release up to
8 days (Fig. 3), and improved biocompatibility and biodegra-
dability of nanoparticles. PLGA is FDA-approved polymer,

Fig.3 Paclitaxel release
studies: A schematic illus-
tration showing PTX

release from PDA-coated
(Fe;0,-Si0,-PLGA-PDA-PTX
NPs) and -uncoated
Fe,0,-Si0,-PLGA-PTX NPs
at physiological and tumor pH,
B pH-triggered PTX release by
Fe,0,-Si0,-PLGA-PDA-PTX
NPs and sustained release
profile up to 10 days. Data is
represented as mean + standard
deviation, n=23)

(A)

(physiological pH 7.4)

i '.: c —
Fe;0,-Si0,-PLGA-PTX NPs
(physiological pH 7.4)
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most commonly used for drug delivery applications because
of excellent biocompatible and biodegradable properties,
providing controlled drug release [32]. In the fourth step,
Fe;0,-Si0,-PLGA NPs were capped with polydopamine
(PDA) to develop a pH-sensitive targeted delivery system. In
the basic conditions, dopamine gets oxidized and polymer-
ized to form a dense shell of PDA on the surface of NPs, thus
fabricating a pH-controlled drug delivery system [33]. The
three-layer coating on iron oxide was monitored by changes
in FT-IR spectra, particle size, zeta potential, and trans-
mission electron microscopy. Figure 2A shows the FT-IR
spectra, where iron oxide showed the characteristic peak
at 589 cm™!. Silica coating was observed as the presence
of additional peaks at 952 and 1020 cm™! corresponding

(B o pH 7.4 (Fe304-Si0,-PLGA-PDA-PTX NPs)
- pH 6.0 (Fe30,-Si0,-PLGA-PDA-PTX NPs)
110+ = PH7.4 (Fe;04-Si0,PLGA- PTX NPs)

100+

- pH 6.0 (Fe30,-Si0,-PLGA-PTX NPs)

(tumor pH 6.0)

.‘, .

% cumulative drug release

(tumor pH 6.0)

0 24 48 72 96 120144168192216240
Time (h)



Drug Delivery and Translational Research (2024) 14:2712-2726

2719

to asymmetric stretching of Si-O-Si with Fe;O,-SiO, NPs.
The second layer of PLGA was confirmed in infrared spec-
troscopy with the presence of small peaks in the range of
2800-3200 cm™! assigned to asymmetric and symmetric
stretching vibrations of -CH, due to long alkyl chain of gly-
colic and lactic acid units of PLGA structure. The third layer
of PDA on Fe;0,-Si0,-PLGA-PDA NPs was confirmed
with the presence of N-H (secondary amine) stretching and
bending vibrations at 3480 cm™! and 1604 cm™'. The peak
at 3791 cm™! was detected due to -OH group of adsorbed
water molecules.

Coating leads to increase in hydrodynamic diameter
of nanoparticles. Thereby, particle size analysis (Fig. 2B)
showed the increase in size of nanoparticles with the
silica, PLGA, and PDA coating on Fe;O, NPs. Dynamic
light scattering analysis reported the number distribution
particle size of Fe;0,, Fe;0,-Si0O,, Fe;0,-Si0,-PLGA,
and Fe;0,-SiO,-PLGA-PDA NPs as 8.0+3.0 nm,
135.33+7.41 nm, 153.66+10.08 nm, and 225.33 +9.84
nm, respectively, which supported the three-layer coat-
ing on Fe;0, NPs. While intensity distribution analysis of
Fe;0,-Si0,-PLGA-PDA NPs showed the particle size as
262.1 nm with a polydispersity index of 0.26 which suggests
that the particles were homogeneous in nature.

Changes in zeta potential also advocates the modifica-
tion of Fe;O, NPs, initially magnetic nanoparticles showed
the negative zeta potential of —25.63 +2.08 mV due to
presence of the abundant surface hydroxyl group. Further
silica coating and PLGA coating led to a change in zeta
potential to —16.38 +1.23 mV, and —22.36 + 1.45 mV
respectively. Finally, Fe;0,-Si0,-PLGA-PDA NPs reported
the zeta potential values as —8.19+0.20 mV due to pres-
ence of positively charged amine groups on the NPs sur-
face (Fig. 2C). Finally, Fe;0,-SiO,-PLGA-PDA-PTX NPs,
Fe;0,-Si0,-PLGA-PDA-siRNA NPs, and dual-Fe;0,-
Si0,-PLGA-PDA-PTX-siRNA NPs displayed the size as
232.33+8.16 nm, 239.67 +4.92 nm, 239.0+5.71 nm, and
negative zeta potential value as —8.04+0.72,-8.41+0.57,
and —8.24 +0.35 mV, respectively.

UV spectrum changes were also suggested the mag-
netic nanoparticles coating with silica, PLGA, and PDA
(Supplementary Fig. S1), where Fe;O, showed a broad absorb-
ance spectrum in the wavelength range of 200-500 nm. Silica
and PLGA coating led to a decrease in the absorbance of iron
oxide. Coating with PDA showed the characteristic peak of
dopamine at 282 nm, which confirmed the PDA attachment
to the outer surface of Fe;0,-Si0,-PLGA NPs.

Drug loading and release behavior
Paclitaxel loading capacity and encapsulation efficiency

of Fe;0,-Si0,-PLGA-PDA-PTX NPs were calculated
and estimated as 91.88 +1.2 pg/mg and 79.86 +1.04%,

respectively with UV-Vis spectroscopy. The % encapsula-
tion efficiency of Fe;0,-Si0,-PLGA-PDA-siRNA NPs was
33.83 £ 1.04%, with a siRNA loading capacity of 203 +6.24
ng/mg of NPs. To study the effect of PDA coating on pH-
sensitive release, PTX release was compared using PDA-
coated Fe;0,-Si0,-PLGA-PDA-PTX NPs and uncoated
Fe;0,-Si0,-PLGA-PTX NPs at pH 6.0 and pH 7.0.

Figure 3A shows the schematic release from PDA-coated
and -uncoated particles. At pH 7.4, PDA prevents the leak-
age of cargo molecule in release media and likely in systemic
circulation also, whereas uncoated Fe;0,-Si0,-PLGA-PTX
NPs continue to release in systemic circulation at pH 7.4,
thus may induce some side effects. Figure 3B shows %
cumulative PTX release vs. time graph. Release studies car-
ried out at pH 6.0 and 7.4 demonstrated only a slight change
in drug release at pH 6.0 as compared to pH 7.4 by unlocking
the channels at acidic pH by Fe;0,-Si0,-PLGA-PDA-PTX
NPs. Only slight change in the drug release profile at two
different pH by PDA-coated NPs could be due to thin coat-
ing at NPs surface. After 96 h, % cumulative drug release
was observed as 52% and 41% at pH 6.0 and 7.4 respec-
tively. Fe;0,-Si0,-PLGA-PDA-PTX NPs also minimized
drug leakage during systemic circulation, thus more suitable
for preventing PTX-mediated off-target effects. Uncoated
particles also displayed pH-dependent release because
of faster polymer degradation at acidic pH. However,
Fe;0,-Si0,-PLGA-PDA-PTX NPs exhibited more sustained
PTX release (98% drug release in 9 days) as compared to
uncoated Fe;0,4-Si0,-PLGA-PTX NPs (98% drug release
in 8 days) because of additional layer of PDA, resulting in
increase in polymer swelling time and degradation rate.

Intracellular uptake

Cellular uptake of NPs was investigated by flow cytometry
analysis (Fig. 4A). Treatment of 4T1 cells with fluorescent
particles (FITC-loaded NPs) at a concentration of 25 and 50
pg/ml resulted in a shift in fluorescent intensity to higher
side with 94% and 99% cells positive, respectively. These
results suggested that these NPs were efficiently internalized
by 4T1 cells within 3 h of treatment. Untreated 4T1 cells
were taken as control of autofluorescence. These results
suggested that dual-Fe;04-Si0,-PLGA-PDA-PTX-siRNA NPs
are able to efficiently deliver PTX and PD-L1 siRNA intra-
cellularly within cancer cells and remarkably reduce the
PTX-mediated side effects on normal cells due to cancer
cell targeting.

Protection of PD-L1 siRNA from endonuclease
Figure 4 E shows the results of RNase protection assay where

there is no band for naked siRNA incubated with RNase-A
specifying complete degradation of naked siRNA by nuclease
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Fig.4 A Cellular uptake studies, B dual-Fe304-SiO2-PLGA-PDA-
PTX-siRNA NPs and PD-L1 siRNA-.mediated silencing of PD-L1
gene in 4T1 cells, C quantitative analysis showing significant
decrease in mean fluorescent intensity of PD-L1 (n=3) (p** <0.001),
D gRT-PCR analysis showing significant reduction in relative mRNA

(lane 3), while a band for PD-L1 siRNA was observed
with dual-Fe;0,-Si0,-PLGA-PDA-PTX-siRNA NPs incu-
bated with RNase-A (lane 2). These results signify that
Fe;0,-Si0,-PLGA-PDA-PTX-siRNA NPs protect PD-L1
against enzymatic digestion by RNase-A. PD-L1 siRNA
without RNase treatment served as experimental control.

PD-L1 siRNA-loaded NP-mediated silencing of PD-L1
genein 4T1 cells

Knockdown efficiency of dual-Fe;0,-SiO,-PLGA-PDA-PTX-
siRNA NPs in 4T1 cells were observed by flow cytometry
and qRT-PCR analysis. Figure 4B shows the comparative
knockdown analysis where dual-Fe;0,-SiO,-PLGA-PDA-
PTX-siRNA NPs significantly reduced the expression
of PD-L1 receptor (p** <0.001) with an equivalent effi-
ciency to that of lipofectamine/PD-L1 siRNA. The mean
fluorescent intensity of PD-L.1 was observed as 643 +46.29
for control cells, 342.66+10.06, and 335.33+41.86
for cells treated with PD-L1 siRNA/lipofectamine and
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expression of PD-L1 (n=3) (p**<0.001), and E endonuclease pro-
tection assay. Data is represented as mean =+ standard deviation. Sta-
tistical analysis was performed using one-way ANOVA followed by
Bonferroni’s post hoc comparison test

dual-Fe;0,-Si0,-PLGA-PDA-PTX-siRNA NPs respectively
(Fig. 4C). Quantitative RT-PCR results (Fig. 4D) also sup-
ported the flow cytometry observations where 4T1 cells treated
with PD-L1 siRNA/lipofectamine and dual-Fe;0,-SiO,-
PLGA-PDA-PTX-siRNA NPs showed significant reduction
in PD-L1 level (p** <0.001) as compared to untreated cells.

Hemocompatibility study

In order to observe the biocompatibility of Fe;0,-Si0,-
PLGA-PDA-PTX-siRNA NPs with red blood cells, hemoly-
sis assay was performed. Hemolysis study results showed
that NPs at different concentrations from 25 to 200 pg/ml
did not induce hemolysis similar to untreated RBCs, whereas
RBCs incubated with 0.1% triton x-100 presented maximum
RBC:s lysis and served as a positive control (Fig. 5A). These
results displayed that formulated nanoparticles did not show
any significant toxicity towards RBCs, thereby these can be
used safely for invivo therapeutic applications.
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Fig.5 A Hemolysis assay, RBCs incubated with dual-PTX+PD-
L1siRNA, and dual-Fe;0,-SiO,-PLGA-PDA-PTX-siRNA NPs at
25, 50, 100, and 200 pg/ml concentrations and 0.1% Triton X-100
(positive control). B MTT assay showing cytotoxic effect of PTX,
Fe;0,-Si0,-PLGA-PDA-PTX NPs, dual-PTX+PD-L1siRNA, and
dual-Fe;0,-Si0,-PLGA-PDA-PTX-siRNA NPs. Data is represented
as mean + standard deviation (n=3)

In vitro cytotoxicity of PTX and PD-L1
siRNA-loaded nanoparticles

MTT assay was performed to determine the cytotoxicity
of PTX, Fe;0,-Si0,-PLGA-PDA-PTX NPs, PTX +PD-L1
siRNA in solution, and dual-Fe;0,-SiO,-PLGA-PDA-
PTX-siRNA NPs towards 4T1 cells (Fig. 5B). As expected,
Fe;0,4-Si0,-PLGA-PDA-PTX NPs and PTX +PD-L1
siRNA in solution as well as dual-Fe;0,-Si0,-PLGA-
PDA-PTX-siRNA NPs presented dose-dependent kill-
ing of 4T1 cells following 48 h of treatment. Moreover,
half-maximal inhibitory concentration (ICs,) was calcu-
lated as 1.159 pg/ml for PTX solution and 0.5898 pg/ml
for Fe;0,-Si0,-PLGA-PDA-PTX NPs, showing increased
anti-cancer efficacy with NPs as compared to soluble PTX.
PD-L1 siRNA did not itself show any significant cytotoxic
effect on 4T1 cells, thereby PTX 4+ PD-L1 siRNA in solu-
tion demonstrated almost similar efficacy as that of PTX
solution and was found to be 1.120 pg/ml. The inclusion
of siRNA in nanoparticles in combination to paclitaxel,

i.e., dual-Fe;0,-Si0,-PLGA-PDA-PTX-siRNA NPs have
shown slight improvement in 4T1 cytotoxicity as compared
to Fe;0,-Si0,-PLGA-PDA-PTX NPs with an ICs, values
calculated as 0.4705 pg/ml. It is known that downregulation
of PD-L1 receptor in cancer cells helps in T cell-mediated
tumor inhibition; hence, as expected, dual-Fe;0,-SiO,-
PLGA-PDA-PTX-siRNA NPs do not show any significant
improvement over Fe;0,-SiO,-PLGA-PDA-PTX NPs in the
MTT assay in the absence of T cells.

Annexin V-FITC apoptosis assay

Figure 6 shows the apoptosis-inducing effect of PTX and
Fe;0,-S10,-PLGA-PDA-PTX NPs on 4T1 cells after 24 h
of treatment. Unstained and stained healthy cells were taken
as experimental control (Supplementary Fig. S2). Treat-
ment with Fe;0,-Si0,-PLGA-PDA-PTX NPs and PTX
solution showed 17.8 and 48.6% necrotic cells (Annexin
V-FITC™, PI*, QI cells), respectively, while bare NPs
maintained 92% cells viability (Annexin V-FITC~, PI,
Q3 cells), only 3% of cells was observed as dead cells
(Fig. 6). These results clearly demonstrated that the necro-
sis effect observed with Fe;0,-SiO,-PLGA-PDA-PTX NPs
was mainly due to cytotoxic effect of drug. However, the
Fe;0,-Si0,-PLGA-PDA-PTX NPs showed less necrotic
effect as compared to PTX-free drug solution after 24 h of
treatment; this could be due to lesser availability of free
drug with NPs because of sustained drug release effect with
NPs as compared to drug solution. These results are sup-
ported by drug release data (Fig. 3), where only 20% of drug
release was observed with Fe;0,-SiO,-PLGA-PDA-PTX
NPs in 24 h. Further, it could be anticipated that at later
time points, higher efficacy may be observed with
Fe;0,4-Si0,-PLGA-PDA-PTX NPs, as drug release
from over a period of time will get increased as consist-
ent with MTT data, where Fe;0,-Si0,-PLGA-PDA-PTX
NPs showed higher cytotoxicity as compared to free
drug after 48 h of treatment (Fig. 5). PTX acts as anti-
microtubule agents, thereby induces cell death mainly
by inducing apoptosis pathway by activating caspase and
cleaving poly (ADP-ribose) polymerase (PARP) [34].
Fe;0,-Si0,-PLGA-PDA-siRNA NPs itself do not induce
cell death (Fig. 6E), thereby the results are similar to con-
trol cells. However, treatment of cells with dual-Fe;0,-Si0,-
PLGA-PDA-PTX-siRNA NPs results in the activation of
the apoptosis pathway with 8.1% cells (early apoptosis) and
11.7% necrotic cells (Fig. 6F), mainly due to PTX-induced
apoptotic cell death.

Effect of PD-L1 knockdown on CD8" T cell proliferation

PD-1/PD-L1 pathway plays an important role in cancer
immune escape by controlling and maintaining immune
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Fig. 6 Scatter plots of cells stained with annexin V/PI A control cells, cells treated with B PTX drug solution, C Fe;0,-SiO,-PLGA-PDA-PTX
NPs, D bare NPs, E Fe;0,4-Si0,-PLGA-PDA-siRNA NPs, F dual-Fe;04-Si0,-PLGA-PDA-PTX-siRNA NPs at 1 pg/ml concentration

tolerance within tumor microenvironment. Tumor-infiltrat-
ing T lymphocytes including cytotoxic CD8* T cells highly
express the PD-1 receptor on the surface. Interaction of
PD-1 receptor present on T cells with PD-L1 ligand present
on tumor cells has been known to inhibit the T cell activation
and suppresses the cytotoxic effect of CD8" T cells against
cancer cells [35-37]. In this study, 4T1 cancer cells and sple-
nocytes co-culture assay, it was observed that CD3*CD8*
T cells show higher proliferation following treatment of
4T1 cancer cells with Fe;0,-Si0,-PLGA-PDA-siRNA
NPs and dual-Fe;0,-Si0,-PLGA-PDA-PTX-siRNA NPs
as compared to untreated 4T1 cells. As compared to con-
trol cells, 9.87% CD3*CD8" T cells showed proliferation,
which was observed as decrease in CFSE-associated fluo-
rescence with the appearance of small intensity peaks when
the PD-L1 receptor were downregulated on 4T1 cells using
Fe;0,-Si0,-PLGA-PDA-siRNA NPs (Fig. 7D). Similarly,
10.72% CD3*CDS8™" T cells were proliferative when the
PD-L1 receptor were downregulated on 4T1 cells treated
with dual-Fe;0,-SiO,-PLGA-PDA-PTX-siRNA NPs
(Fig. 7E). These observations suggested that PD-L.1 down-
regulation on cancer cells has prevented the PD-1/PD-L1
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interaction, and thus, cytotoxic CD8" T cells were able to
proliferate more effectively in case of co-culture experiments
with 4T1 cells treated with dual-Fe;0,-Si0,-PLGA-PDA-
PTX-siRNA NPs.

Tumor growth inhibition studies

Therapeutic efficacy of tumor-targeted combined chemo-
and immunotherapy (dual-Fe;0,-SiO0,-PLGA-PDA-PTX-
siRNA NPs) was evaluated in tumor-bearing mice. Tumor
growth inhibition was monitored by calculating the tumor
volume, where PTX and dual-Fe;0,-SiO,-PLGA-PDA-
PTX-siRNA NPs led to tumor regression as compared to
untreated mice and mice treated with bare NPs. Moreover,
dual-Fe;0,-S10,-PLGA-PDA-PTX-siRNA NPs were sig-
nificantly more effective than Fe;O,-Si0,-PLGA-PDA-PTX
NPs in inhibiting tumor growth (Fig. 8A). Bare NPs did
not show any therapeutic effect. These results concluded
that a combined treatment strategy via dual-Fe;0,-SiO,-
PLGA-PDA-PTX-siRNA NPs has remarkable anti-cancer
therapeutic potential as compared to chemotherapy with
Fe;0,-Si0,-PLGA-PDA-PTX NPs alone.
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Mechanistic explanation of increased therapeutic efficacy
observed with dual-Fe;0,-SiO,-PLGA-PDA-PTX-siRNA
NPs against breast cancer is given here. PTX leads to cancer
cell death by inducing microtubule stabilization. Thereby,
Fe;0,-Si0,-PLGA-PDA-PTX NPs guarantee sustained
availability of PTX within the cells for a sufficient longer
period of time in a pH-dependent manner, and demonstrate
increased cancer cell killing and reduced PTX-mediated
side effects as compared to PTX drug solution. Later, these
necrotic and late apoptotic cancer cells release cancer-
specific antigen, that are presented to cytotoxic T cells
through MHC-I and II pathway by antigen-presenting cells
(APCs), which results in generation of cancer antigen-spe-
cific cytotoxic T cells. These antigenic cytotoxic T cells are
capable to kill cancer cells upon recognizing the cognate
antigen present on tumor cells; however, higher expres-
sion of PD-L1 protein on the cancer cells engages the PD-1
receptor present on cancer antigen-specific cytotoxic T cells
and converts them to tolerogenic T cells. As a consequence,
these tolerogenic T cells lost the capability of cancer cell
killing and generate an immunosuppressive environment. In
such case, downregulating PD-L1 receptor on cancer cells
emerged as a promising treatment approach to potentiate
PTX-mediated cancer cell death.

Thereby, in this report, co-delivery of anti-PD-L1 siRNA
using dual-Fe;0,-Si0,-PLGA-PDA-PTX-siRNA NPs has
demonstrated increased cancer cell killing efficacy com-
pared to Fe;0,-Si0,-PLGA-PDA-PTX NPs. Dual-Fe;0,-
Si0,-PLGA-PDA-PTX-siRNA NPs not only significantly
inhibited the tumor growth (mean tumor volume), but also
significantly improved the animal survival (Fig. 8A and B).
In addition, dual-Fe;0,-SiO,-PLGA-PDA-PTX-siRNA NPs
have improved the animal weight (non-significant) as com-
pared to PTX alone (Fig. 8C). Bare NPs neither improved
the animal survival nor body weight. Hence, co-delivery of
PTX and PD-L1 siRNA using pH-triggered polymer PLGA-
coated core—shell magnetic silica nanoparticles may have
a promising anti-cancer treatment potential, where PTX
directly kills the cancer cells, and PD-L1 siRNA maintains
the functional potential of cytotoxic T cells.

Conclusion and future perspectives

Combined chemotherapy along with immunotherapy via
dual-Fe;0,-Si0,-PLGA-PDA-PTX-siRNA NPs leads to
PTX-mediated cell death along with increased sensitiv-
ity of cancer cells towards cytotoxic T cells via PD-L1
knockdown and inhibition of immune escape mecha-
nism. Thus, developed dual-PTX +PD-L1 siRNA-loaded
Fe;0,-S10,-PLGA-PDA-PTX-siRNA NPs were ~ 230 nm
in size, spherical in shape, suitable for cancer cell target-
ing by enhanced permeability and retention (EPR) effect.
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PTX-loaded NPs showed sustained PTX release up to 10
days. Flow cytometry results presented efficient internaliza-
tion of nanoparticles by 4 T1 cells and PD-L1 gene down-
regulation. The nanoparticles were also capable to provide
endonuclease protection to entrapped PD-L1 siRNA. Fur-
thermore, dual-Fe;0,-SiO0,-PLGA-PDA-PTX-siRNA NPs
presented excellent hemocompatibility. Tumor regression
studies conducted in vivo reported significant inhibition
of tumor growth in animals treated with dual-Fe;0,-SiO,-
PLGA-PDA-PTX-siRNA NPs as compared to animals
treated with Fe;0,-Si0,-PLGA-PDA-PTX NPs. Thus,
the selective gene silencing of PD-L1 siRNA along with
paclitaxel chemotherapy via three-layered nanosystem:
first, core-shell iron oxide silica; second, polymer PLGA
functionalization; and third, pH-stimuli based “on demand”
drug release, i.e., PDA capping may emerge as therapeutic
opportunity to treat cancer displaying abnormal expression
of PD-L1 gene with high anti-cancer efficacy. Furthermore,
the synergy observed between chemotherapy and immuno-
therapeutic exploited for enhancing anti-tumor response may
open the way to develop other advanced combination thera-
pies employing targeted delivery systems. Furthermore, tak-
ing advantage of inorganic core materials, multimodal thera-
pies can be explored. In one such example, nitric oxide and
doxorubicin delivery using sodium alginate microspheres
(BND-MSs) in combination of photothermal therapy were
attempted which resulted in suppression of tumor growth
[38]. Likewise, the developed nanosystem dual-Fe;0,-Si0,-
PLGA-PDA-PTX-siRNA NPs can be exploited in future,
where magnetic core (Fe;O,4)-induced magnetic hyperther-
mia-mediated cancer cell death [39] can be exploited in
with combined chemo-immunotherapy. Furthermore, some
experiments related to alteration in magnetic field mediated
nanoparticle targeting and drug release may be performed
to enhance anti-cancer therapeutic efficacy.

Supplementary methods

Synthesis of pH-responsive PLGA-coated core-shell
magnetic silica nanoparticle

In brief, iron oxide nanoparticles (Fe;O,) were prepared by
co-precipitation of iron (II) and iron (IIT) chloride salts under
N2 atmosphere using 2M NaOH [26]. Initially, the iron salts
were dissolved in the 50 ml of water in the molar ratio of 2:1,
then NaOH was added slowly and the reaction temperature
was raised to 70 °C. After 3h, the reaction was cooled down
and the Fe;O, was collected with the help of magnet and
vacuum dried.

In the second step, core-shell magnetic silica nanopar-
ticles were prepared by modified sol-gel homogenous co-
precipitation process [27]. Fe;0, NPs were dispersed in a
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mixture of ethanol and water (80:20). Tetra ethyl ortho sili-
cate (TEOS), 0.1 ml (0.1% w/v) was added to the magnetic
nanoparticles and stirred for 10 min at room temperature.
Then, 2M NaOH (1 ml) was added slowly and reaction mix-
ture was stirred for 6 h at room temperature. The core-shell
magnetic silica nanoparticles (Fe;0,-SiO, NPs) were sepa-
rated using an external magnet, washed with deoxygenated
distilled water and vacuum dried. To achieve amine func-
tionalization, Fe;0,-SiO, NPs were dispersed in pure etha-
nol and 2 mmol, 3-aminopropyl triethoxysilane (APTES)
was added to it, refluxed at 70 °C, washed with ethanol two-
three times and vacuum dried.

In the third step, PLGA-coated Fe;0,-Si0, nanoparti-
cles were prepared by double emulsion solvent evapora-
tion method [28]. Poly lactic co-glycolic acid (PLGA) was
dissolved in dichloromethane (DCM). Fe;0,-SiO, NPs
were dispersed in 0.5 ml of 1% PVA solution and added
to PLGA solution with probe sonication (30% amplitude,
20 duty cycles, 2 min) to form primary emulsion (W,/O).
The ratio of Fe;0,-SiO, nanoparticles to PLGA was opti-
mized as 1:1. Thus formed primary emulsion was then
added to 30 ml of 2% PVA solution with sonication (30%
amplitude, 20 duty cycles, 3 min) to form double emulsion
(W,/O/W,) and continuously stirred for 5 h to evaporate
DCM. After 5 h, PLGA-coated nanoparticles designated as
Fe;0,4-S10,-PLGA were collected using external magnet,
washed and dried.

In the fourth step, in order to fabricate pH-sensitive
release system, PLGA-coated Fe;0,-SiO, nanoparticles
(100 mg) were dispersed in 10 ml of dopamine hydrochlo-
ride solution in Tris-HCI buffer (10 mmol/L, pH 8.5) and
continuous stirred for 6 h at room temperature [29]. After
6 h, poly dopamine (PDA) capped nanoparticles designated
as Fe;0,-SiO,-PLGA-PDA NPs/bare NPs were separated
with magnet, washed with water, lyophilized and stored for
further use.
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