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DOXORUBICIN-PLGA NANOPARTICLES ARE
IMMUNOMODULATORY ANTITUMOR
THERAPEUTICS WITH DUAL CYTOTOXIC

AND IMMUNE-STIMULATORY EFFECTS

Aim. The aim of this study is to investigate the immunomodulatory and antitumor effects of doxorubicin-loaded
poly(lactic-co-glycolic acid) nanoparticles (DOX-PLGA NPs) designed as a dual-function nano-immunotherapeutic
system. Methods. DOX-PLGA NPs were synthesized by the emulsion-solvent evaporation method and characterized
for particle size, zeta potential, morphology (TEM), drug loading, and release behavior. The cytotoxicity of free DOX
and DOX-PLGA NPs was evaluated in MCF-7 and HCT116 cancer cell lines using the MTT assay. «Peripheral blood
mononuclear cell (PBMC) — tumor» co-cultures were analyzed for cytokine secretion (IFN-y, IL-2, TNF-a, and IL-10)
and immune cell subsets (CD8" T-cells, NK cells, and macrophage polarization). The therapeutic efficacy was further
examined in CT26 tumor-bearing mice. Results. The DOX-PLGA NPs exhibited a mean size of approximately 145 nm
(PDI 0.18, £ =22 mV), with a drug loading efficiency of 12.5% and encapsulation efficiency of 78%. In comparison to
free DOX, the nano-formulation lowered cell viability to a greater extent (p < 0.01) and stimulated greater release of
IFN-y, IL-2, and TNF-a, while IL-10 levels decreased. Flow cytometric analysis shows increases in the populations of
CD8* T and NK cells and a congruent macrophage reversal to the M1 macrophage phenotype. Tumor growth was
markedly suppressed, survival was extended, and DOX-PLGA NPs produced insignificant systemic toxicity in the in
vivo setting. Conclusions. The immuno-nanoparticles demonstrate controlled release of DOX-PLGA NPs while
maintaining powerful immune stimulation due to the dual cytotoxic and immunostimulatory effects they exhibit. Their
application as a novel platform for nano-immunotherapy in the treatment of cancer is justified.
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Nano-immunotherapy using DOX-NPs

Introduction

Cancer is still one of the major health problems
around the world, with millions of deaths every
year, even with major improvements in diagnosis
and treatment [1]. Standard treatments like che-
motherapy and radiotherapy are limited by tumor
heterogeneity, the development of drug resistance,
and significant systemic toxicity [2]. Immunothe-
rapy has captured the attention of the medical
community. In recent years, increasing attention
has been directed toward harnessing the immune
system to develop new and more effective ap-
proaches for cancer treatment [3]. Still, poorly
controlled tumor immune evasion and the elabo-
rate immunosuppressive tumor microenviron-
ment (TME) create significant challenges to the
efficacy of immunotherapy [4].

Nanotechnology offers a way to surpass these
shortcomings. Nanoparticle-based drug delivery
systems (NP-DDS) can improve the pharmacoki-
netic profile of drugs, extend their circulation time,
increase their accumulation in tumor tissues, and
reduce systemic toxicity [5]. NP-DDS can also act
beyond passive carriers, as far as immune response
is concerned, by augmenting antigen presentation,
activating CTLs and NK cells, and switching mac-
rophages to a pro-inflammatory state [6, 7].

The integration of nanotechnology with immu-
notherapy has given rise to innovations with the
development of nano-immunotherapy, an inte-
grated approach that utilizes nanomaterials to en-
hance antitumor immunity and address the limi-
tations of traditional immunotherapy [8—10].
While advances have been made, there is a need to
fully comprehend the interplay of nanoparticles,
the immune system, and the tumor microenviron-
ment to refine the design of nanoparticles for the
greatest therapeutic impact [11, 12]. The current
study aims to expand existing knowledge about
the immunomodulatory and anti-tumor potential
of DOX-PLGA NPs, with particular emphasis on
how they stimulate anti-tumor immune responses
and exert therapeutic effects in both in vitro and
in vivo models.

Materials and Methods

Chemicals and Reagents

Doxorubicin hydrochloride (DOX), polyvinyl al-
cohol (PVA; 87—89% hydrolyzed), dichlorometh-
ane (DCM; 299.9%), dimethyl sulfoxide (DMSO;
>99.9%), and phosphate-buffered saline (PBS;
pH 7.4) were all purchased from Sigma-Aldrich
(St. Louis, MO, USA). Poly(lactic-co-glycolic acid)
(PLGA; 50:50, MW = 30,000—60,000 Da) was ob-
tained from the same supplier. All solutions and
preparations were carried out using ultrapure wa-
ter (resistivity = 18.2 MQ x cm) obtained from a
Milli-Q purification system.

Nanoparticle Preparation

DOX-loaded PLGA nanoparticles (DOX-PLGA
NPs ) were prepared using a modified emulsion-
solvent evaporation method [13]. PLGA (poly
lactic-co-glycolic acid); 50:50, MW 30,000—
60,000 Da; Sigma-Aldrich) was used as the biode-
gradable polymeric matrix for nanoparticle for-
mulation. PLGA (10 mg/mL) and doxorubicin
hydrochloride were co-dissolved in dichlorome-
thane (organic phase) at a polymer-to-drug mass
ratio of 10:1, unless otherwise specified. The or-
ganic phase was added dropwise into a 2% (w/v)
polyvinyl alcohol (PVA) aqueous solution (volume
ratio 1:10) under probe sonication (40% ampli-
tude, 2 x 60 s) in an ice bath to obtain a stable
emulsion. The emulsion was magnetically stirred
overnight at room temperature to allow complete
solvent evaporation. The nanoparticles were then
collected by centrifugation at 15,000 rpm for
20 min at 4 °C, washed three times with deionized
water, and lyophilized (-55 °C, 0.05 mbar) in the
presence of 5% mannitol as a cryoprotectant. Mac-
roscopically, the formulations displayed distinct
appearances (Fig. 1): the free DOX solution ap-
peared bright red and transparent, blank PLGA
nanoparticles formed a nearly colorless milky sus-
pension, whereas the DOX-PLGA NPs produced a
turbid reddish suspension, confirming efficient
drug encapsulation within the polymer matrix.
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Physicochemical Characterization

Morphology: Transmission electron microscopy
(TEM; JEOL JEM-2100, Japan) operating at 200 kV
was used to analyze the nanoparticles’ morphology
and surface features. To visualize particle shape and
dispersion uniformity, a drop of the nanoparticle
suspension was placed on a carbon-coated copper
grid, negatively stained with 2% (w/v) uranyl ace-
tate, air-dried, and then imaged.

Drug Loading and Encapsulation Efficiency:
DOX quantification involved UV-visible spectro-
photometry (Shimadzu UV-1800, Japan) at the ab-
sorption spectrum peak of 480 nm. Using a stan-
dard series of DOX solutions (R? = 0.999), con-
structed calibration curves, and correcting the ab-
sorbance values for blank PLGA nanoparticles al-
lowed for proper calculations. Subsequently, using
standard equations for the total and incorporated
DOX content, the drugloading (DL %) and encap-
sulation efficiency (EE% %) for the formulated
PLGA nanoparticles were evaluated.

Fourier-Transform Infrared (FTIR) and X-Ray
Diffraction (XRD) Analyses: FTIR spectra were
recorded using a Bruker Tensor-27 spectrometer
within the range of 4000—500 cm™ to characterize
the potential interactions between the functional
groups of DOX and PLGA. For the purpose of eva-
luating the crystalline or amorphous nature of
DOX before and after encapsulation, X-ray dif-
fraction patterns were made using a PANalytical
X’Pert PRO diffractometer with Cu-Ka radiation
(A = 1.5406 A) at 26 = 5—60°.

In Vitro Drug Release Study: The release be-
havior of DOX from nanoparticles was evaluated
using a dialysis method. A defined quantity of
DOX-PLGA NPs (equivalent to 2 mg DOX) was
placed in a dialysis bag (MWCO = 10 kDa) and
immersed in 50 mL of PBS (pH 7.4) containing
0.1% Tween-80 at 37 °C under gentle stirring
(100 rpm). At predetermined time intervals up to
72 h, aliquots were withdrawn and replaced with
equal volumes of fresh buffer. The concentration of
released DOX was determined spectrophotomet-
rically at 480 nm, and the cumulative percentage

release was calculated relative to the total drug
content obtained after nanoparticle lysis in DMSO.

Cell Lines and Culture Conditions

Human breast adenocarcinoma (MCF-7) and colo-
rectal carcinoma (HCT116) cell lines were obtained
from the American Type Culture Collection
(ATCC, USA). The cells were maintained in Dul-
beccos Modified Eagle Medium (DMEM; Gibco,
USA) supplemented with 10% (v/v) heat-inactiva-
ted fetal bovine serum (FBS; Sigma-Aldrich),
100 U/mL penicillin, and 100 pg/mL streptomycin.
The cultures were incubated at 37 °C in a humidi-
fied atmosphere containing 5% CO.,. The cells were
used between passages 5 and 20, verified by short
tandem repeat (STR) profiling, and routinely con-
firmed to be mycoplasma-free using a PCR-based
detection kit (tested monthly).

In Vitro Cytotoxicity (MTT Assay)

Cell viability was assessed using the MTT colorimet-
ric assay. Briefly, MCF-7 and HCT116 cells were
seeded in 96-well plates at a density of 1 x 10* cells
per well in 100 pL of complete medium and allowed
to adhere for 24 h. The cells were then treated with
vehicle control, free DOX, blank PLGA nanoparti-
cles, or DOX-loaded PLGA nanoparticles (DOX-
PLGA NPs) at concentrations equivalent to 0.1—
100 pg/mL of DOX. DOX and DOX-PLGA nano-
particles were used at different concentrations of 0.1
to 100 pg/mL. Nonlinear regression of dose response
curves was used to determine IC, values, which were
used in determine doses of treatment where appro-
priate. After 48 h of exposure, 20 uL of MTT solution
(5 mg/mL in PBS) was added to each well and incu-
bated for 4 h at 37 °C. The medium was carefully re-
moved, and the resulting formazan crystals were dis-
solved in 150 pL of DMSO. Absorbance was mea-
sured at 570 nm with a reference wavelength of
630 nm using a Bio-Rad microplate reader. Cell via-
bility (%) was calculated according to the equation:

A {treated} /A {control} x 100
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The half-maximal inhibitory concentration
(IC,,) values were determined by nonlinear four-
parameter logistic regression using GraphPad
Prism 8 software. All experiments were performed
independently three times, with each treatment
condition tested in six replicate wells (n = 6).

Immunological Assays

Isolation and Co-culture of PBMCs: Perip-
heral blood mononuclear cells (PBMCs) were
obtained from healthy adult volunteers by den-
sity gradient centrifugation using Ficoll-Paque
PLUS (GE Healthcare, Sweden). Tumor cells
(MCE-7 and HCT116) were pretreated for 24 h
with free DOX, blank PLGA nanoparticles, or
DOX-loaded PLGA nanoparticles (DOX-PLGA
NPs). After treatment, the cells were thorough-
ly washed with PBS and co-cultured with fresh-
ly isolated PBMCs in complete RPMI-1640 me-
dium supplemented with 10% FBS at an effec-
tor-to-target (E: T) ratio of 10:1. This was done
with MCF-7 and HCT116 cells (24 h) at con-
centrations of 0.1—100 pg/ml DOX control,
blank PLGA nanoparticles, or DOX-PLGA na-
noparticles and then washed and resuspended
to co-culture. Tumor cells were co-incubated
with PBMCs at 37 °C in a humidified incubator

with 5% CO2 at a density of 1 x 10° cells/well in
a 24-well plate.

Cytokine Quantification (ELISA): The con-
centrations of IFN-y, IL-2, TNF-qa, and IL-10 in
culture supernatants were quantified using com-
mercially available ELISA kits (R&D Systems,
USA) according to the manufacturer’s instruc-
tions. Standard curves were generated in duplicate
for each cytokine on every assay plate. The results
were expressed as mean + SEM of triplicate inde-
pendent experiments.

Flow Cytometric Analysis of Immune Sub-
sets: Immune cell phenotyping was performed
using fluorochrome-conjugated monoclonal anti-
bodies specific for CD3, CD4, CD8, CD56, and
CD11b (BD Biosciences, USA; detailed in Tab-
le 1). Data acquisition was carried out on a BD
FACSCalibur flow cytometer equipped with ap-
propriate compensation and fluorescence-minus-
one (FMO) controls. A minimum of 30,000 events
were recorded for each sample. Data analysis was
performed in FlowJo v10 (Tree Star, USA) using
a predefined gating strategy by an independent,
blinded analyst.

Amount per test: The amount of antibody ap-
plied tol x 10° cells in 100 pL of staining buffer
(unless indicated otherwise by the manufacturer).
Staining conditions: Staining was done in the

Table 1. Flow cytometric immune phenotyping monoclonal antibodies

Marker Immune cell subset Clone Fluorochrome Manufacturer Catalog Host/ | Amount
No. Isotype | per test*
CD3 Total T lymphocytes UCHT1 FITC BD Biosciences (USA) | 555332 | Mouse | 5pL
IgGlx
CD4 Helper T cells RPA-T4 PE BD Biosciences (USA) | 555347 | Mouse 5uL
IgGlx
CD8 Cytotoxic T cells RPA-TS8 PerCP-Cy5.5 | BD Biosciences (USA) | 560662 | Mouse 5uL
IgGlx
CD56 | Natural killer (NK) NCAM16.2 APC BD Biosciences (USA) | 555518 | Mouse 5uL
cells IgG1 x
CD11b |Myeloid cells / ICRF44 PE BD Biosciences (USA) | 557743 | Mouse 5uL
Monocytes IgGl k
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dark for 20 min at 4 °C. Gating was done using
fluorescence-minus-one (FMO) controls.

In Vivo Tumor Model

Female BALB/c mice (6—8 weeks old, 20—25 g)
were obtained from the institutional animal facili-
ty and maintained under specific pathogen-free
(SPF) conditions (temperature 22 + 2 °C, relative
humidity 55 + 10%, 12 h light/dark cycle) with free
access to standard food and water. All experimen-
tal procedures were conducted in accordance with
institutional ethical guidelines for the care and use
of laboratory animals.

To establish the tumor model, each mouse was
subcutaneously injected in the right flank with
1 x 10° CT26 murine colon carcinoma cells sus-
pended in 100 pL of sterile PBS. When tumors
reached approximately 100 mm’, animals were
randomly assigned using computer-generated
block randomization into four groups (6 per
group, total 24) assigned the following: 1) saline
control, 2) free DOX, 3) blank PLGA nanopartic-
les, and 4) DOX-loaded PLGA nanoparticles
(DOX-PLGA NPs). Each treatment was given by
IV with a DOX-equivalent of 5 mg/kg every three
days for a total of three weeks. Tumor size was
assessed with digital calipers three times a week,
and the volume (V) was derived from the equa-
tion: volume V = (length x width?) / 2.

Monitoring for systemic toxicity was done by
observing body weight and appearance. All tumor
size and histopathology assessments were done by
blinded, independent evaluators who were una-
ware of the treatment groups. Animals with hu-
mane endpoints (tumor ulceration, >215% body
weight loss, or tumor volume >1500 mm®) were
humanely euthanized.

Histopathology and Immunohistochemistry

The excised tumors were fixed in 10% neutral buf-
fered formalin for 24 hours, then dehydrated in
gradated ethanol, and embedded in paraffin wax
as follows. With a rotary microtome, 5 um-thick

sections were made and placed on glass slides. For
the general histological evaluation, the tumors
with associated necrotic regions were assessed
with the standard Hematoxylin and Eosin (H&E)
staining to obtain the morphology.

For the immunohistochemical (IHC) assays, the
sections underwent a series of deparaffinization,
rehydration, and antigen retrieval in a citrate buf-
fer (pH 6.0) for 20 min at 95 °C. Quenching of the
endogenous peroxidase activity was done with 3%
hydrogen peroxide for 10 min. The sections were
blocked and then incubated overnight at 4 °C with
primary antibodies against CD8 (1:200 dilution)
and NKp46 (1:150 dilution) for cytotoxic T lym-
phocytes and natural killer cells, respectively. After
washing, the slides were incubated with horsera-
dish peroxidase (HRP)-conjugated secondary an-
tibodies, and then the cells were visualized with
3,3’-diaminobenzidine (DAB) chromogen. Hema-
toxylin was used to counterstain the nuclei. The
quantification of the positive immune cells was
done in a random selection of five high-power
fields (HPF, 400x) per section using the Image]
software (v1.54, NIH, USA), and the results were
expressed as the mean of positive cells per HPE.

Statistical Analysis

All values are expressed as mean + standard devia-
tion (SD), unless otherwise stated. Normality was
examined using the Shapiro-Wilk test. Compari-
sons of mean differences among multiple groups
were performed using one-way analysis of vari-
ance (ANOVA), accompanied by Tukey’s post hoc
test for endpoint analyses. Longitudinal tumor
growth data were assessed using two-way repeated
measures ANOVA with the Greenhouse-Geisser
correction. Non-parametric data were assessed
using the Kruskal-Wallis test with Dunn’s multiple
comparisons correction. Exact values of p are re-
ported for all analyses, with significance set at
p < 0.05. All statistical analyses were performed,
and all graphs were made using GraphPad Prism,
version 8.0 (GraphPad Software, USA). Technical
replicates are described within each assay, whereas
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Fig. 1. Physicochemical characterization of DOX-PLGA NPs. a — Various formulations’ appearances: free DOX (red), blank
PLGA nanoparticles (milky white), DOX-PLGA nanoparticles (turbid reddish), and control solvent (clear). b — Transmission
electron micrograph (TEM) of spherical DOX-PLGA NPs with smooth surfaces (scale bar = 100 nm). ¢ — UV-Vis absorption
spectra of free DOX (red) and DOX-PLGA NPs (blue), showing encapsulation-induced red-shift of DOX peak (~480 nm).
d — FTIR spectra of free DOX, PLGA, and DOX-PLGA NPs. Discrimination of key PLGA (1755 cm™, 1095 cm™) and DOX
(1610 cm™, 1285 cm™) bands indicates drug-polymer interaction. e — X-ray diffraction (XRD) patterns of free DOX, PLGA,
and DOX-PLGA NPs; disappearance of DOX crystalline peaks suggests polymer matrix drug dispersion (amorphous). f —
In vitro cumulative DOX release profile from DOX-PLGA NPs in PBS (pH 7.4, 37 °C) showing biphasic release (sustained
release of ~25% during 12h burst) to 72h. Data presented as mean + SD (n = 3); R? > 0.999
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biological replicates-referring to independent ex-
periments or individual animals are described as
the sample size (n).

Ethics Statement

All experiments involving animals were conducted
according to the national regulations related care
and use of laboratory animals in Iraq, as well as the
International Guidelines for the ethical use of ani-
mals in research. When this study was conducted,
Al-Karkh University of Science did not yet have an
Institutional Animal Ethics Committee. However, as
noted in the text, this did not mean that the research
had no regard for the animals. Procedures were de-
signed to safeguard the well-being of the animals
and, for ethical reasons, an adequate, though not ex-
cessive, number of animals was used to derive statis-
tically valid conclusions. Research involving human
peripheral blood mononuclear cells (PBMCs) was
conducted in accordance to the ethical guidelines of
the Declaration of Helsinki (2013 revision). Written
informed consent was obtained from all healthy
adult donors before blood collection, and, in accor-
dance with ethical standards, identifiers were re-
moved to protect the confidentiality of the subjects.

Results and Discussion
Nanoparticle Preparation
and Characterization

The DOX-PLGA NPs were created using the emul-
sion-solvent evaporation method, exhibiting posi-

tive attributes all around, avoiding negative func-
tional. When treated, the formulations were suc-
cessful: while free DOX was observed as a red solu-
tion, blank PLGA NPs were a milky suspension.
The DOX-PLGA NPs were a turbid reddish sus-
pension (Fig. 1a). The surfaces of the suspended
NPs were smooth and spherical with 100—200 nm
as revealed with TEM analysis (Fig. 1b). This is ide-
al for tumor accumulation due to the EPR effect
(enhanced permeability and retention effect). UV-
Vis was performed determined that free DOX had
an absorption peak around 480 nm, while blank
NPs were around 0. The red shift and broadened
peak as observed in the DOX-PLGA NPs (Fig. 1¢)
determined that DOX was retained in the polymer-
ic matrix as the peak. The loading capacity and en-
capsulation efficiency were 12.5 + 1.3% and 78 £ 4%
(respectively; n = 3, R* > 0.999). FTIR spectra dis-
played attenuated DOX-specific peaks (1610 and
1285 cm™) together with distinct PLGA bands
(1755 and 1095 cm™), verifying non-covalent
drug-polymer interactions (Fig. 1d). XRD patterns
of free DOX exhibited sharp crystalline reflections,
whereas DOX-PLGA NPs showed an amorphous
halo similar to blank PLGA NPs (Fig. 1e), indica-
ting molecular-level dispersion and improved
physical stability [4]. The in vitro release profile
exhibited an initial burst release of =25% within
12 h, followed by sustained release reaching =~80%
after 72 h (Fig. 1f). Such controlled release ensures
prolonged therapeutic action with reduced syste-
mic toxicity [16]. Collectively, these results confirm
that DOX-PLGA NPs possess optimal particle size,

Table 2. 1C, and cell viability (%) of MCF-7 and HCT116 cells, 48 h after treatment with free DOX and DOX-PLGA NPs

Treatment group

IC 50, MCF-7, (pg/ml)

IC 50, HCT116, (ug/ml)

Cell viability at 10, pg/ml (%)

Free DOX 74+£05
DOX-NPs 31+0.2
Blank NPs

Control -

6.7+ 0. 45+ 4
2.8+0.1 282
~100

- 100

Note: Values represent mean + standard deviation (n = 3). IC_ values were calculated from nonlinear regression of dose-response
curves using GraphPad Prism v9. Statistical analysis: one-way ANOVA followed by Tukey’s post-hoc test (*p < 0.05 considered

significant).
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morphology, and encapsulation efficiency for con-
trolled anticancer drug delivery [14—17].

In Vitro Cytotoxicity

The cytotoxic ability of DOX-PLGA NPs was eva-
luated in human breast (MCF-7) and colorectal
(HCT116) cancer cells using the MTT assay
(Fig. 2). Both free DOX and DOX-PLGA NPs ex-
hibited a dose-dependent reduction in viability
across tested concentrations (0.1—100 pg/mL).
DOX-PLGA NPs showed greater cytotoxicity than
free DOX, likely due to increased cell uptake and
sustained drug release. After 48 hours, cell viability
in the DOX-PLGA NPs group was 28 + 3%, com-
pared to 45 + 5% in the free DOX group (p < 0.01).
Blank PLGA NPs caused less than 5% reduction in
viability, confirming their biocompatibility (Tab-
le 2). This demonstrates the enhanced antiprolife-
rative activity of DOX, along with reduced cyto-
toxic effects due to PLGA encapsulation.

Interestingly, the calculated ICs, values further
confirmed the enhanced potency of DOX-PLGA
NPs compared with free DOX in both cell lines.
The IC, of DOX-PLGA NPs was 3.1 + 0.2 ug/mL
in MCF-7 and 2.8 + 0.1 ug/mL in HCT116, where-
as free DOX exhibited significantly higher IC_; va-
lues of 7.4 + 0.5 ug/mL and 6.7 + 0.3 pg/mL, res-
pectively. This improvement in cytotoxic efficiency
is due to enhanced intracellular absorption and
extended drug release from the nanoparticle mat-
rix, both of which help to overcome efflux-media-
ted drug resistance that was previously observed
for conventional DOX formulations [17, 18].

Cytokine production

ELISA analysis showed that DOX-PLGA NPs sig-
nificantly increased the secretion of pro-inflamma-
tory cytokines when compared to free DOX (Fig. 3,
Table 3). In particular, DOX-PLGA NPs reduced
the level of the immunosuppressive cytokine IL-10
by over 35% while increasing IFN-y production by
around 3.2—8 times, IL-2 by 2.5—5 times, and
TNF-a by roughly two times. These results indicate

100F —e— Free DOX (MCF-7)
—=— DOX-NPs (MCEF-7)
—«— Free DOX (HCT116)
80 —+— DOX-NPs (HCT116)
N
o
= 60t
<
=
& 40t
20+
0 1 | I 1 | I 1 | I

10° 10' 102
Log concentration, pg/mL

Fig. 2. DOX cytotoxicity and DOX-PLGA NPs after 48 h
incubation on MCF-7 and HCT116 at each of the concen-
trations (0.1—100 ug/mL). The same was also done using
blank PLGA nanoparticles. The data are reported as mean
SD (n = 3). One-way ANOVA and post-hoc test (p < 0.05)
in the form of statistical analysis were used

that DOX-PLGA NPs not only preserve the cyto-
toxicity of DOX but also potentiate Th1-type im-
mune activation within the tumor-immune micro-
environment (p < 0.01 versus free DOX).

Taken together, these findings indicate that
the mechanism of action of DOX-PLGA NPs is
dual in nature: (i) a direct cytotoxic effect on tu-
mor cells, leading to growth inhibition and apop-
tosis, and (ii) an indirect immunomodulatory ef-
fect through reprogramming the tumor-immune

Table 3. The concentration of cytokines (pg/mL)
in PBMC-tumor co-cultures following 48 h treatment
with free DOX and DOX-PLGA NPs (mean + SEM, n = 3)

Cytokine Control Free DOX | DOX-PLGA NPs
IFN-y 50+5 120 £ 10 380 £ 20
IL-2 25%3 60£6 150 £ 12
TNF-a 30+4 75%7 160 * 15
IL-10 40+ 4 35+3 26+3

Note: Data are mean + SEM (n = 3). Cytokine levels determined
by ELISA in PBMC-tumor co-culture supernatants. p < 0.01
was considered significant versus free DOX.
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Fig. 3. a — Cytokine release profile (IFN-vy, IL-2, TNF-a, and IL-10) in PBMC-tumor co-cultures after 48 h of treatment.
b — Flow cytometric analysis of immune cell with control, free DOX, and DOX-PLGA NPs (mean + SEM, n = 3 cyto-
metric analysis of immune cell subsets 48 h post-treatment, displaying exemplary gating and quantification of the popu-
lations of M1 and M2 macrophages, CD8 T cells, and NK cells in the various treatment groups. Data are presented as
mean + SEM (n = 3). Statistical analysis was performed using one-way ANOVA followed by Tukey’s post-hoc test (* —
p <0.05,** — p <0.01, ** — p < 0.001 vs. control)
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microenvironment toward a pro-inflammatory, an-
titumor phenotype. This immune reprogramming
is characterized by enhanced secretion of Th1-type
cytokines (IFN-vy, IL-2, TNF-a) and reduced levels
of the immunosuppressive cytokine IL-10, which
collectively promote activation of cytotoxic CD8"
T cells, NK cells, and M1 macrophages. Similar
immune-potentiating effects of nanoparticle based
drug delivery systems have been documented in
recent nano-immunotherapy studies [19, 20]. As
for the immune activation evident in the results of
this study, it is probably the result of direct and in-
direct mechanisms. DOX-PLGA NPs directly en-
gage immune cells and trigger the activation of
pattern recognition receptors and M1 polariza-
tion. Indirectly, however, through nanoparticle-
mediated tumor cell apoptosis, DAMPs such as
HMGBI1 and ATP can fuel the recruitment of
CD8" T cells and NK cells in the tumor microenvi-
ronment. The coordinated action of these path-
ways explains the simultaneous chemotherapeutic
and immunomodulatory effect [21, 22].

Immune Cell Activation (Flow Cytometry).
Flow cytometry analysis

Flow cytometric profiling revealed that immune
cell responses were significantly enhanced follo-
wing treatment with DOX-PLGA NPs compared
with the free DOX and control groups. In particu-
lar, the percentage of CD56" natural killer (NK)
cells increased by over 38%, while the proportion
of CD8* cytotoxic T lymphocytes increased by
around 45% compared to the control (p < 0.01).
Additionally, macrophage polarization analysis
showed a decrease in the immunosuppressive M2
subgroup (CD206*) and a strong shift toward the
pro-inflammatory M1 phenotype (CD11b*). Tab-
le 4 summarizes these quantitative results, and
Fig. 3b provides a pictorial representation.
Antitumor immunity depends largely on the ef-
fectiveness of CD8" cytotoxic T lymphocytes and
NK cells. Classically activated M1 macrophages
also support tumor eradication through the secre-
tion of pro-inflammatory cytokines and the stimu-

lation of the adaptive immune system [23, 24]. All
of this evidence leads to the conclusion that the
DOX-PLGA NPs are dual-functional, exhibiting
strong chemotherapy and immunomodulatory
properties [25]. The interplay of these two func-
tions leads to considering them advanced thera-
peutic nano-immunotherapy tools with the ability
to provide tumor cytotoxic effects and reprogram
the immune system.

The enhancement of pro-inflammatory cytokines
in the presence of doxorubicin, which has intrinsic
cytostatic properties, relates to the nanoparticle-
mediated delivery system that alters the pharmaco-
dynamics of the drug. PLGA encapsulation of DOX
softens the acute cytotoxicity of the drug on im-
mune cells by reducing the intracellular concentra-
tion, allowing sufficient immune cell viability for
cytokine secretion. In addition, the sustained re-
lease of the drug and phagocytosis of nanoparticles
by antigen-presenting cells are likely to be positive
contributors to ICD of tumor cells and secondary
activation of effector lymphocytes. [21, 22].

In Vivo Antitumor Efficacy

The therapeutic efficacy of DOX-PLGA NPs was
evaluated in a CT26 murine colon carcinoma
model. Tumor growth analysis demonstrated that
DOX-PLGA NPs exerted a markedly stronger

Table 4. Flow cytometry of immune cytokine activation
of PBMC-tumor co-cultures 48 h post-treatment.
The data are presented as mean + SEM (n = 3)

F DOX-
Cell type/marker Control| ¢ | PLGA

DOX

NPs

CD8* T cells (%) 12 25+3 | 45+4
NK cells (CD56%, %) 8§+1|18+2|38+3
M1 macrophages (CD11b*, %) | 10+2 | 15£2 | 32+ 3
M2 macrophages (CD206%, %) | 20+3 |16 £2 | 91

Note: Values represent mean + SEM (n = 3). Statistical analysis
was performed using one-way ANOVA followed by Tukey’s
post-hoc test.
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Fig. 4. Representative histological sections of tumor tissues. a — Control showing dense tumor cells with minimal im-
mune infiltration. b — Free DOX showing scattered CD8* T lymphocytes (black arrows). c — DOX-PLGA NPs showing
marked NK cell infiltration (red arrows), highlighted by brown immunostaining. Scale bar: 50 pm

inhibitory effect on tumor progression compared
with both free DOX and saline-treated controls
(p < 0.01). After 21 days of treatment, the mean
tumor volume in the DOX-PLGA NP group was
also 320 + 25 mm’, considerably less than the free
DOX group (680 + 40 mm?*) and the saline control
(1250 + 65 mm°®) (Fig. 4a).

There were also no significant changes in body
weight or overt signs of systemic toxicity in mice

treated with DOX-PLGA NPs. The Physician en-
sured and recorded biocompatibility and tolerabi-
lity (Fig. 4b). The control and free DOX groups had
malignant tumors with histopathologic and H&E
stains showing necrotic cells, and tumor-free DOX
and control groups had viable malignant regions.
Moreover, immunohistochemical analysis showed
pronounced infiltration of CD8" T lymphocytes
and NK cells within the tumor microenvironment
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of DOX-PLGA NP-treated mice (Fig. 4c). These in
vivo observations are consistent with the in vitro
immunological findings and further confirm the

dual chemotherapeutic and immunomodulatory
nature of the DOX-PLGA NPs [26, 27].

Conclusions

DOX-conjugated PLGA nanoparticles demonstrated
dual antitumor functionality by integrating controlled
chemotherapeutic delivery with potentimmunomod-
ulatory activity. Compared with free DOX, the nano-
formulation significantly enhanced the secretion of
pro-inflammatory cytokines, increased CD8* T lym-
phocytes and NK cell populations, and repolarized
macrophages toward the M1 phenotype. A significant
decrease in tumor growth and increased immune cell
penetration into the tumor microenvironment in vivo
was observed along with these immunological effects.
All of these results emphasize the potential of this na-
no-immunotherapeutic approach for direct cell-kill-
ing and immune system activation simultaneously.
Further research should incorporate complete profi-
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HAHOYACTMHKHN «TOKCOPYBIIMH-PLGA» — IMYHOMOIY/IIOIOYI
[IPOTUITYXJIMHHI TEPATIEBTUYHI 3ACOBM 3 ITOJIBIMTHOIO IUTOTOKCUYHOIO
TA IMYHOCTUMYVIIIOIOYOIO OIE0

Mema. lle pocmipkeHHA Majo Ha MeTi JOCHigUTH iMYHOMOAY/IIOYY Ta NPOTUIYXIMHHY [il0 HaHOYACTMHOK
1o/ (JTaKTH/-KO-T/IiKO/IeBOI KMCIOTH), 3aBaHTaXeHUX fokcopybinmHom (DOX-PLGA NPs), po3pobieHnx sk HaHOi-
MYHOTepaIeBTMYHA CHCTeMa 3 NOABiltHOW dyHKIieto. Memoou. Hanouactuaknu DOX-PLGA 6ynu cuHTe30BaHi MeToO-
ZIOM BUAIIAPOBYBaHHsA €MY/bCii-PO3UMHHIKA Ta OXapaKTePU30BaHi 3a pO3MipOM YaCTUHOK, Ji3€Ta-IIOTEHIIia/IoM, MOp-
¢ornoriero (TEM), 3aBaHTa>KeHHM JIIKapCHKOT0 3aco0y Ta MOBeNiHKOI BUBiIbHEHH:. I[UTOTOKCHYHICTD BUIBHUX Ha-
HouacTuHOK DOX Ta HanoyactuHok DOX-PLGA 6yra onjinena B miHisx pakoux kaitua MCF-7 ra HCT116 sa gomo-
mororo MTT-ananisy. Ko-kynbrypu «MoHOHYK/IeapHi Kiituan nepudepudnoi kposi (PBMC) — nyxmnua» 6ynu mpo-
aHami3oBaHi Ha cekpenio uToKiHiB (IFN-y, IL-2, TNF-a Ta IL-10) Ta cybmonymsuii imyHHux Knitis (CD8+ T-knitunn,
NK-xritnan Ta nonspusanis Makpodaris). TepaneBTudHy edeKTUBHICTb 6y/I0 HOFATKOBO MOCIIHKEHO Ha MMIIAX
3 myxymHamn CT26. Pesynvmamu. Hanosactuaku DOX-PLGA manu cepepuiit posmip mpubmusHo 145 um (PDI 0,18,
{ -22 MB), 3 edekTHBHICTIO 3aBaHTaXeHHsI TIperapary 12,5% Ta edexruBHicTio iHKancysnii 78%. [TopiBHsHO 3 Bib-
M DOX, HaHODOPMY/Ia SHIDKYBA/IA XXUTTE3AATHICTD KIITUH y 6inbit Mipi (p < 0,01) Ta crumynoBaa 6ijblie BY-
BinbHeHHA IFN-y, IL-2 Ta TNF-q, Topi sk piBenp IL-10 sHmxyBaBcs. [IpoTouyHMit IMTOMETPUYHMIT aHAI3 TIOKA3aB
36inpiuenHs nonymaniit CD8+ T- Ta NK-K/IiTHH Ta KOHTpyeHTHe IlepeTBOpeHHs Makpodaris Ha ¢penorun MI1. Pict
HOyX/IMHY OYB 3HAYHO MPUTHIUEHUIT, BYKMBAHHA OYy/I0 MOA0BXeHO, @ HaHo9acTUHKN DOX-PLGA BuK/IMKaau He3Ha-
YHY CMCT€MHY TOKCMYHICTb B yMOBaX in vivo. Buctosxu. IMyHOHaHOYaCTUHKY IEMOHCTPYIOTh KOHTPO/IbOBaHE BUBi/Ib-
HeHHs HaHOYacTMHOK DOX-PLGA, 36epiraioun mpy 1bOMY HOTY>KHY iIMyHOCTUMYIIALIO 3aBAAKN HOABIMHIN LUTO-
TOKCHUYHIl Ta IMyHOCTUMYy/TIOK0Yiil Ail. [XHe 3acTocyBaHHA AK HOBOI WIaTGOPMM /ISl HAHOIMYHOTepAILii B TiKyBaHHi
PaKy € BUIIPaBIAHUM.

Kntouosi cnosa: nanouactuaku PLGA, 3aBanTakeni DOX; PLGA; HaHOIMyHOTepanmis; [UTOKiHM; iMyHHa aKTUBallif;
Tepalis paxy.
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