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ARTICLE INFO ABSTRACT

Keywords: Dual-receptor targeted (DRT) nanoparticles which contain two distinct targeting agents may exhibit higher cell
Poly(lactide-co-glycolide) acid selectivity, cellular uptake, and cytotoxicity toward cancer cells than single-ligand targeted nanoparticle systems
Docetaxel

without additional functionality. The purpose of this study is to prepare DRT poly(lactic-co-glycolic acid) (PLGA)
nanoparticles for targeting the delivery of docetaxel (DTX) to the EGFR and PD-L1 receptor positive cancer cells
such as human glioblastoma multiform (U87-MG) and human non-small cell lung cancer (A549) cell lines. Anti-
EGFR and anti-PD-L1 antibody were decorated on DTX loaded PLGA nanoparticles to prepare DRT-DTX-PLGA
via. single emulsion solvent evaporation method. Physicochemical characterizations of DRT-DTX-PLGA, such
as particle size, zeta-potential, morphology, and in vitro DTX release were also evaluated. The average particle
size of DRT-DTX-PLGA was 124.2 + 1.1 nm with spherical and smooth morphology. In the cellular uptake study,
the DRT-DTX-PLGA endocytosed by the U87-MG and A549 cells was single ligand targeting nanoparticle. From
the in vitro cell cytotoxicity, and apoptosis studies, we reported that DRT-DTX-PLGA exhibited high cytotoxicity
and enhanced the apoptotic cell compared to the single ligand-targeted nanoparticle. The dual receptor mediated
endocytosis of DRT-DTX-PLGA showed a high binding affinity effect that leads to high intracellular DTX con-
centration and exhibited high cytotoxic properties. Thus, DRT nanoparticles have the potential to improve cancer
therapy by providing selectivity over single-ligand-targeted nanoparticles.
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Nanoparticle
Affinity

1. Introduction

Tumor heterogeneity is a crucial feature of cancer biology and pre-
sents a complex and challenging hurdle to the development of effective
cancer therapy strategies [1-3]. Intertumoral heterogeneity encom-
passes diverse characteristics such as cell morphology, cell signaling,
cell surface markers, receptors, drug resistance, metabolism, prolifera-
tion, motility, drug resistance, angiogenesis, immunogenicity, and
metastatic potential, and arises from genetic and epigenetic alterations
in both cancer and tumor stromal cell [4-6]. Additionally, studies have
demonstrated that different receptors are frequently upregulated in
tumor cells, and drug resistance is often associated with the upregula-
tion of alternative receptors or the switching of pathways between two
receptors [7]. These factors affect the delivery efficiency of single-ligand
nanomedicines, which can result in variations in the response to

targeted therapy within a tumor and diminish drug efficacy [8,9]. These
parameters influence the effectiveness of single-ligand nanomedicine
delivery, which can lead to differences in tumor response to targeted
therapy and reduce the therapeutic efficacy.

Based on the overexpression of specific receptors in tumor cells,
active targeting strategies have been evolved to efficiently deliver active
agents to tumor cells through receptor-mediated endocytosis. However,
the efficacy of single-ligand nanoparticulate delivery systems remains
limited owing to the complexity of the tumor milieu and tumor het-
erogeneity [9].

In recent years, dual-receptor targeting (DRT) strategies with bis-
pecific antibodies have attracted considerable interest owing to their
better tissue-penetrating properties, which have the potential to
improve selectivity in tumor-targeted delivery [10]. Bispecific anti-
bodies represent a novel approach in which two different ligands are
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attached to a delivery system in order to target respective receptors that
are overexpressed on one type of cell or different cells [11,12]. They
employed Fab or scFv fragments from two different monoclonal anti-
bodies (mAbs) connected by a peptide linker to retain the binding ac-
tivity of each antibody when assembled [13]. Recently, the food drug
administration (FDA) has approved three bispecific antibodies for can-
cer treatment: blinatumomab (Blincyto) for acute lymphoblastic leuke-
mia, amivantamab-vmjw (Rybrevant) for non-small cell lung cancer,
and tebentafusp-tebn (Kimmtrak) for uveal melanoma [14,15]. Bispe-
cific antibodies improve binding, selectivity, and efficacy by simulta-
neously inhibiting two receptors or cytokines [16,17].

With the rapid increase in the use of nanotechnology for cancer
management, the development of nanomedicine-based bispecific ther-
apies could prove to be a powerful approach for increasing the selec-
tivity and cellular uptake of tumor cells [14,18]. Nanoparticles such as
poly(lactide-co-glycolide) acid (PLGA) offer flexible surface modifica-
tion capabilities, providing a platform for surface conjugation with
bivalent, multivalent, or multi-type antibodies that engage different
targets with unique antibodies [19,20]. The use of bispecific antibodies
in conjunction with nanoparticles can overcome potential instability
and nonspecific binding of antibody-nanoparticle conjugates. Nano-
platforms incorporating bispecific antibodies exhibit strong binding to
specific targets in addition to their small dimensions [20].

Furthermore, when two different nanoparticles and their corre-
sponding antibodies were physically mixed, they exhibited behavior
similar to that of bispecific antibody nanomedicines. However, DRT
were specifically designed to have an equivalent concentration of anti-
bodies as a single ligand-targeting nanoparticle. Such nanoparticle
decorated with a single ligand promotes the accumulation of anticancer
drugs to the tumor site via enhanced permeability and retention effect
and can enhance cellular uptake of the nanoparticle. However, The
interaction of single-ligand-targeted nanoparticles is limited due to the
saturation phenomenon, attributed to the limited number of receptors
on the target cell membrane. Furthermore, increasing the ligand ratio on
the nanoparticle surface does not necessarily increase the intracellular
accumulation of nanoparticles [21-23]. To overcome this limitation and
encourage nanoparticle internalization, DRT nanoparticle have been
developed to enhance tumor-targeting selectivity [24,25]. In addition,
such systems can result in higher avidity and affinity than the corre-
sponding monospecific systems [26]. The underlying idea is that the
simultaneous binding of the bispecific nanoplatform to both antigens on
the surface of the same cell can limit escape mechanisms and improve
target selectivity through a strong avidity effect [16,26-29].

DRT nanoplatforms have been shown to differentially enrich cell
surface proteins, including epidermal growth factor receptor (EGFR),
programmed death-ligandl (PD-L1), and human epidermal growth
factor receptor 2 (HER2), depending on the subtype. Recently, PD-L1
expression has been shown in more than 88% of glioblastoma multi-
forme (GBM) [30,31], and 24-60% of non-small cell lung cancer
(NSCLC) [32,33]. Furthermore, 36-40% of GBMs [34,35] and 40-89%
of NSCLC exhibit EGFR gene amplification [36].

In this study, we aimed to investigate and compare the anti-cancer
effects of DRT nanoplaform and compared with single antibody target-
ing nanoplatform. Here, we constructed a dual-targeted approach by
utilizing functionalized PLGA nanoparticles with two different anti-
bodies such as anti-EGFR antibody (panitumumab, Pmab) and anti-PD-
L1 antibody and encapsulated with docetaxel (DTX), to form DRT-DTX-
PLGA. Further, we developed DTX loaded PLGA (DTX-PLGA), single
receptor-targeted nanoparticles such as Pmab-conjugated DTX-PLGA
(Pmab-DTX-PLGA) or anti-PD-L1 conjugated DTX-PLGA (anti-PD-L1-
DTX-PLGA), and a physical mixture of Pmab-DTX-PLGA and anti-PD-L1-
DTX-PLGA (physical mixture (1:1)). Ligand-targeted nanoparticles have
shown high targeting selectivity towards cells with overexpressed sur-
face receptors. Bispecific antibody nanomedicines can further enhance
the selectivity of targeting by simultaneously binding to two overex-
pressed receptors. DRT-DTX-PLGA, through its simultaneous binding to
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the two antigens, can cause cell death via synergistic signaling
mechanisms.

2. Experimental section
2.1. Materials and methods

Resomer RG 502H poly(lactide-co-glycolide) acid (PLGA 50:50,
Molecular weight (MW):54 kDa), acetone, 4,6 diamidino-2-
phenylindole (DAPI), polyvinyl alcohol (PVA), and coumarin-6 (C6),
bovine serum albumin (BSA) were obtained from Sigma-Aldrich (St.
Louis, MO, USA). Docetaxel (DTX) was obtained from MedChemExpress
(Monmouth Junction, NJ, USA). Anti-PD-L1 antibody was purchased
from BioX Cell (Lebanon, NH, USA). Pmab was acquired from Amgen
Inc. (Thousand Oaks, Cambridge, USA). N-hydroxysulfosuccinimide
(NHS) and 1-Ethyl-3-(3-dimethyl aminopropyl) carbodiimide hydro-
chloride (EDC) were acquired from TCI Co. Ltd. (Tokyo, Chuo, Japan).
Pierce™ 660 nm protein assay, alexa fluor 594 anti-human IgG, and
alexa fluor 488 anti-rat IgG were obtained from Thermo Scientific
(Rockford, Illinois, USA). Phosphate buffer saline (PBS), RPMI 1640
medium, 10% fetal bovine serum (FBS), and streptomycin were pur-
chased from Gibco-Invitrogen (Grand Island, NY, USA). Cy5.5-N-
succinimidyl ester (Cy5.5) was obtained from Lumiprobe (Hunt Val-
ley, Maryland, USA), and the cell counting kit (CCK-8) was obtained
from Dojindo (Kumamoto, Kyushu, Japan). Calcein acetoxymethyl
(calcein AM) and ethidium homodimer-1 (EthD-1) were purchased from
Invitrogen (Carlsbad, CA, USA), while Vectashield mounting medium
(VMM) was obtained from Vector Laboratories, Inc. (Burlingame, CA,
USA). The FITC-annexin V apoptosis kit was purchased from BD Bio-
sciences (San Diego, CA, USA). All other chemicals were of reagent
grade and were used without further purification.

2.2. Cancer cell lines

The U87-MG human glioblastoma and A549 human non-small cell
lung cancer (NSCLC) cell lines were obtained from the Korean Cell Line
Bank (Seoul, South Korea). To cultivate the cell lines, RPMI 1640 me-
dium supplemented with 10% FBS, 100 U/mL of penicillin, and 100 ug
of streptomycin was used, and they were maintained in a 5% CO- at-
mosphere at 37 °C.

2.3. Synthesis and characterization of DTX-PLGA

DTX-PLGA was prepared with a single emulsion solvent evaporation
technique. Initially, PLGA and DTX were dissolved in acetone as organic
solvents for 3 h. Subsequently, the solution of drug-polymer was intro-
duced dropwise to an aqueous solution of PVA (0.5%), and the mixture
was subjected to probe-sonication at 5 amplitudes for 60 s to produce an
O/W emulsion. The O/W emulsion was stirred using a magnetic stirrer
for 4 h at 25 °C until the organic phase had evaporated completely to
produce nanoparticles. DTX-PLGA was collected through centrifugation
at 10,000 rpm for 15 min, after which it was resuspended, washed with
water, and freeze-dried [37]. Further blank PLGA was synthesized with
same method as DTX-PLGA, but without DTX.

2.4. Synthesis of Pmab and anti-PD-L1 conjugated PLGA (DRT-PLGA)

To covalently attach the antibody onto the PLGA surface, the
lyophilized drug containing blank PLGA was dispersed in a buffer of 0.1
M NaHCOs, pH 8.5. A freshly prepared 2 mM aqueous solution of EDC
was reacted to the PLGA solution with continuous stirring using a
magnetic stirrer, followed by the addition of 5 mM freshly prepared NHS
solution after 15 min. The mixture was then stirred magnetically for 20
min. Subsequently, the activated PLGA was treated with 300 ug (7.50
uM) of anti-PD-L1 antibody or 300 ug (2.04 uM) of Pmab to prepare anti-
PD-L1-conjugated PLGA (anti-PD-L1-PLGA) and Pmab conjugated PLGA
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(Pmab-PLGA), respectively. Pmab and anti-PD-L1 conjugated PLGA
(DRT-PLGA) conjugates were synthesized by incubating 300 ug anti-PD-
L1 antibody and Pmab (1:1) with PLGA (200 uM) at the same time. In
contrast, physical mixture (1:1) was prepared by treating PLGA (200
uM) with Pmab (1.02 pM) and PLGA (200 uM) with anti-PD-L1 anti-
bodies (3.75 uM). The reaction mixture was gently stirred for 4 h at room
temperature. Ultrafiltration was used to separate excess linking reagents
and soluble by-products. Finally, Pmab-PLGA, anti-PD-L1-PLGA, phys-
ical mixture (1:1), and DRT-PLGA were recovered by centrifugation at
15,000 rpm for 10 min, washed twice with distilled water, and sus-
pended in PBS at pH 7.5 [38].

The freeze-dried blank PLGA, Pmab-PLGA, anti-PD-L1-PLGA, phys-
ical mixture (1:1), and DRT-PLGA were dispersed in distilled water (1
mg/mL). The mean nanoparticle size, polydispersity index (PDI), and
zeta potential of blank PLGA, Pmab-PLGA, anti-PD-L1-PLGA, physical
mixture (1:1), DRT-PLGA was determined with dynamic light scattering
(DLS, Brookhaven Instruments Corp., NY, USA) equipped with a 633 nm
laser and 173° backscattering angle with 15° detections angle. The laser
Doppler velocimetry (electrophoretic light scattering) was used to
measure zeta potential of the nanoparticles with the same instrument.
Further, transmission electron microscopy (TEM; JEOL 2011, JEOL Ltd.,
Tokyo) was used to analyze the size and surface morphology of all for-
mulations. To perform TEM measurements, 5 uL of each formulation was
deposited onto a copper-coated grid (Ted Pella, Inc., Redding, CA, USA)
separately and dried.

Additionally, the storage stability of blank PLGA, Pmab-PLGA, anti-
PD-L1-PLGA, physical mixture (1:1), and DRT-PLGA conjugates was
compared using DLS. All formulations were purified by ultrafiltration
and suspended in distilled water and PBS (pH 7.4) for 0, 12, and 24 h.
Aggregation was evaluated by determining the hydrodynamic diameter
of PLGA using DLS. Then, the average particle size of each formulation
was measured.

2.5. Determination of drug loading and encapsulation efficiency

The drug loading (DL) and encapsulation efficiency (EE) of nano-
particles were assessed by dissolving 10 mg of nanoparticles in 1 mL
DMSO, and then diluting the solution to obtain a detectable concen-
tration within the linear calibration range (0, 0.01, 0.1, 0.25, 0.5, 1, 5,
10, 25, and 50 pg/mL). The UV absorbance of the solution was measured
at 275 nm using a microplate reader. To estimate the mass of DTX loaded
into PLGA, the mass of DTX used in the DTX-PLGA formulation was
subtracted from the mass of DTX in the supernatant. The DL and EE of
the active agents were calculated using the following equations:

EE(%) =

Total DTX mass —unloaded DTX < 100
Total DTX mass

Total DTX mass — unloaded DTX
DL(%) = 100
(%) ( Total PLGA mass ) X

2.6. Determination of surface chemistry of DTX-PLGA

The surface structural characteristics of DTX-PLGA in the solid state
were analyzed by fourier-transform infrared spectroscopy (FT-IR,
Nicolet iS10; Thermo Scientific Inc., Waltham, MA, USA). Samples of
freeze-dried PLGA, DTX, DTX-PLGA, and a physical mixture of PLGA
together with DTX powder were scanned in the infrared range of
400-4000 cm ! to obtain spectra.

2.7. Evaluation of in vitro drug release

The in vitro release of DTX from DTX-PLGA was performed following
previously described protocols [37,39]. Briefly, freeze-dried DTX-PLGA
(5 mg) was dispersed in a centrifuge tube containing 10 mL of PBS
(containing 0.1% v/v Tween 80, pH 7.4, and pH 5.5). The tube was then
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placed into an orbital shaker incubator at 120 rpm at 37 °C. At fixed
time intervals, the tubes were removed and centrifuged for 10 min at 15,
000 rpm. The supernatant was collected and transferred to a test tube for
UV absorbance measurements. The remaining pellet was re-dispersed in
fresh PBS and returned to the shaker for subsequent measurements.
Quantification was performed using a calibration curve of DTX in the
corresponding buffer solutions.

2.8. Evaluation of conjugation efficiency of antibodies on PLGA

The conjugation efficiency (CE) of Pmab and the anti-PD-L1 antibody
to PLGA was investigated using a standard protein assay kit. To achieve
this, Pierce™ reagent (150 uL) was mixed to 1 uL of the Pmab-PLGA,
anti-PD-L1-PLGA, physical mixture (1:1), or DRT-PLGA dispersion and
incubated for 10 min at a dark place. Then, microplate reader (Infinite™
M200 PRO, Tecan, Msing Inf, Switzerland) was used to measure the UV
absorbance at 660 nm. The results were compared to a standard cali-
bration curve of BSA solution in the concentration range of 0, 125, 250,
500, 750, 1000, 1500, and 2000 ng/mL. The absorbance of cetuximab
was measured at 280 nm. The mass of the PLGA-conjugated antibody
was estimated by subtracting the mass of the antibody used in the
formulation from that of the supernatant. The total antibody CE% on the
PLGA was calculated as follows:

CE%Z( Mass of antibody conjugated on PLGA >>< 100

Mass of antibody used in this formulation

2.9. Evaluation of EGFR and PD-L1 receptor expression

The expression of EGFR and PD-L1 receptors in U87-MG and A549
cells was measured using flow cytometry (FACS). Firstly, U87-MG and
A549 cells were seeded at a density of 2 x 10° cells/well in 6-well plates
and allowed to grow overnight. The cells were then trypsinized, blocked
with 2% FBS and 0.5% BSA in PBS, and incubated with either anti-PD-L1
antibodies or Pmab for 2 h at 25 °C. After rinsing with PBS, the cells
were incubated with 8 pug/mL of Alexa Fluor 488 anti-rat IgG and Alexa
Fluor 594 anti-human IgG at 4 °C for 1 h. Then the cells were dispersed
in a FACS staining buffer (PBS containing 0.05% sodium azide and 0.1%
BSA) and analyzed by FACS. The relative median fluorescence in-
tensities (RMFI) of the cells were evaluated and compared with those of
the controls. The RMFI for each cell line was calculated by the formula
[40]:

Median fluorescence intensity (Pmab) or (anti — PD — L1 Ab)
Median fluorescence intensity(control)

RMFI(%) =

The expression of EGFR and PD-L1 was determined using confocal
laser scanning microscopy (CLSM, Carl Zeiss LSM5; Carl Zeiss Inc.,
Germany)). U87-MG and A549 cells (5 x 10° cells/well) were seeded on
cover glass slips in 6-well plates and cultured overnight at 37 °C. The
cells were further incubated with 10 pg/mL of Pmab and anti-PD-L1
antibodies for 2 h. Subsequently, cells were fixed with 4% para-
formaldehyde, rinsed, and incubated with 8 pg/mL of Alexa Fluor 488
anti-rat IgG to bind to Pmab, Alexa Fluor 594 anti-human IgG to bind to
anti-PD-L1 antibody. Cells were incubated with DAPI (10 pg/mL) for
15 min to stain the nuclei. Then, VMM was used to mount the slides and
sealed. Finally, images of cells were obtained using a CLSM.

2.10. Immunoreactivity assay

Briefly, 2 x 10° U87-MG and A549 cells were cultured in 6-well
plates. Following the trypsinization, the cells were blocked with 2%
FBS and 0.5% BSA in PBS. Subsequently, they were incubated with NT-
PLGA, Pmab-PLGA, anti-PD-L1-PLGA, physical mixture (1:1), or DRT-
PLGA at 4 °C for 4 h. After washing with PBS, cells were incubated
with 8 pg/mL of Alexa Fluor 488 anti-rat IgG and Alexa Fluor 594 anti-
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human IgG at 4 °C for 1 h, rinsed, and dispersed in FACS staining buffer
and analyzed by FACS. To compare the immunoreactivities of NT-PLGA,
Pmab-PLGA, anti-PD-L1-PLGA, physical mixture (1:1), and DRT-PLGA,
CLSM was also used. U87-MG and A549 cells (5 x 10° cells/well)
were plated on cover glass slips in 6-well plates and cultured overnight
at 37 °C. The cells were then further incubated with NT-PLGA, Pmab-
PLGA, PD-L1-PLGA, physical mixture (1:1), or DRT-PLGA 4 °C for 4 h.
Finally, cells were fixed with 4% paraformaldehyde, washed, and then
stained with DAPI (10 pg/mL). The slides were mounted in VMM and
sealed. Finally, CLSM was used to obtain the image of cells.

2.11. Cellular uptake of DRT-PLGA

To evaluate the cellular uptake of various types of nanoparticles
loaded with C6, U87-MG and A549 cells (5 x 10° cells/well) were
seeded in 6-well plates and cultured overnight at 37 °C. After removing
the medium, the cells were incubated for 6 h with non targeted C6
loaded PLGA nanoparticles (NT-C6-PLGA), Pmab- conjugated C6-PLGA
(Pmab-C6-PLGA), anti-PD-L1 conjugated C6-PLGA (anti-PD-L1-C6-
PLGA), physical mixture of Pmab-C6-PLGA and anti-PD-L1-C6-PLGA
(physical mixture (1:1)), or Pmab and anti-PD-L1 conjugated C6-PLGA
(DRT-C6-PLGA) (equivalent concentration of C6, 4 ug/mL of an
aqueous solution of PLGA). The cells were then trypsinized, rinsed three
times with PBS, and analyzed using FACS to quantify cellular uptake.

Moreover, the qualitative analysis of cellular uptake was determined
using CLSM. Briefly, U87-MG and A549 cells (5 x 10° cells/well) were
seeded on cover glass slips in 6-well plates and cultured overnight for
24 h at 37 °C. After removing the medium, the cells were then incubated
for 6 h with NT-C6-PLGA, Pmab-C6-PLGA, anti-PD-L1-C6-PLGA, phys-
ical mixture (1:1), or DRT-C6-PLGA (equivalent concentration of C6,
4 pg/mL of an aqueous solution of PLGA). The cells were subsequently
rinsed with PBS, fixed with 4% paraformaldehyde, and incubated with
DAPI (10 pg/mL) to stain the nuclei. Finally, the slides were mounted in
VMM and sealed, and images were captured using CLSM [41].

2.12. In vitro cytotoxicity assay

The ICso value of DTX was evaluated using a CCK-8 assay. Specif-
ically, U87-MG and A549 cells (1 x 10* cells/well) were seeded in a 96-
well plate and incubated overnight at 37 °C. The cells were incubated
with DTX (0, 0.01, 0.1, 0.5, 1, 2.5, 10, or 25 pg/mL of DTX) for 8 h. After
incubation, the cells were washed with PBS and incubated for an addi-
tional 24 h. Finally, 10 pL of CCK-8 solution was added to each well, and
the cells were incubated at 37 °C for 4 h. The absorbance of formazan
was measured at 450 nm using an Infinite M200 PRO microplate reader
(Tecan, Msing Inc., Switzerland).

In addition, to assess the in vitro cytotoxicity, U87-MG and A549 cells
(1 x 10* cells/well) were seeded in a 96-well plate and incubated
overnight at 37 °C. Then, cells were incubated with DTX, NT-DTX-PLGA,
Pmab-DTX-PLGA, anti-PD-L1-DTX-PLGA, physical mixture (1:1), or
DRT-DTX-PLGA at equivalent concentrations of DTX (0.5- ug/mL) for
8 h. After incubation, the cells were washed with PBS and incubated for
an additional 24 h. Finally, CCK-8 solution (10 uL) was added to each
well, and the cells were incubated at 37 °C for 4 h. The absorbance of
formazan at 450 nm was determined using an Infinite M200 PRO
microplate reader.

To evaluate membrane integrity, calcein-AM, and EthD-1 were used.
Briefly, 2 x 10° U87-MG and A549 cells were cultured in a 12-well plate
and incubated overnight. Then, DTX, NT-DTX-PLGA, Pmab-DTX-PLGA,
anti-PD-L1-DTX-PLGA, physical mixture (1:1), or DRT-DTX-PLGA
(concentration equivalent 0.5 pg/ mL of DTX) was added to the cells.
After 24 h incubation, calcein-AM (2 pM) and EthD-1 (4 uM) were used
to stain live and dead, respectively, and incubated for 30 min. Cells were
subsequently rinsed with PBS and added fresh media. Finally, images
were captured using a fluorescence microscope (IX71, Olympus Tokyo,
Japan).
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2.13. Apoptosis assay

To evaluate the apoptotic effects of DRT-DTX-PLGA on U87-MG and
A549 cells, a FITC-Annexin V apoptosis kit was used. Initially, U87-MG
and A549 cells (2 x 10° cells/well) were seeded in 12-well plates and
incubated at 37 °C overnight. Subsequently, the cells were treated with
different formulations, including DTX, NT-DTX-PLGA, Pmab-DTX-
PLGA, anti-PD-L1-DTX-PLGA, physical mixture (1:1), or DRT-DTX-PLGA
(concentration equivalent 0.5 pg/mL of DTX). Following a 24 h incu-
bation, the cells were rinsed with PBS, trypsinized the cells from the well
surfaces, and redispersed in 500 pL annexin V binding buffer. Then, the
cells were incubated with 5 uL of FITC-annexin and propidium iodide
(PI) for 30 min to determine apoptotic cell death. Lastly, the cells were
distributed in an annexin V-binding buffer and analyzed by FACS.

2.14. Statistical analysis

Unpaired Student’s t-tests were performed for intergroup compari-
sons. Data were expressed as means + SD for triplicates. The level of
statistical significance differences was set as P values of * **p < 0.001,
*¥p < 0.01, and *p < 0.05.

3. Results
3.1. Preparation and characterization of DRT-DTX-PLGA

We utilized the single-emulsion solvent evaporation method to
develop DTX-PLGA and DRT-DTX-PLGA (Fig. 1A and 1B, respectively).
The mean particle sizes of blank PLGA, Pmab-PLGA, anti-PD-L1-PLGA,
physical mixture (1:1), and DRT-PLGA were 108.2 + 2.3, 123.3 £ 1.5,
122.1 +1.7, 122.2 + 1.6 and 124.2 &+ 1.1 nm, respectively (Fig. 2A)
with PDI values of 0.11 + 0.02, 0.14 + 0.02, 0.16 + 0.02, 0.20 + 0.02,
and 0.18 £ 0.02, respectively (Fig. 2A). Furthermore, the surface charge
of blank PLGA-NPs, Pmab-PLGA, anti-PD-L1-PLGA, physical mixture
(1:1), and DRT-PLGA were — 38.7 + 2.1, — 28.9 + 1.8, — 27.4 + 2.4,
— 28.1 £ 2.7, and — 24.6 + 3.1 mV respectively (Fig. 2B). TEM images
confirmed that blank PLGA showed a spherical morphology, and the
conjugation of Pmab and anti-PD-L1 to the PLGA surface was further
verified (Fig. 2C). A thin outer layer on PLGA coated with Pmab and
anti-PD-L1 was observed in TEM images (Fig. 2C). The DL% and EE% of
DTX were 2.5 + 0.8%. 71.9 + 1.2%. The optimal DTX concentration of
10 mg/mL was used in subsequent experiments.

To assess the physical stability of blank PLGA, Pmab-PLGA, anti-PD-
L1-PLGA, physical mixture (1:1), and DRT-PLGA, we observed the par-
ticle size of the freeze-dried form of the formulations at storage tem-
peratures of 4 °C over 0, 12 and 24 h (Fig. 2D). The hydrodynamic
diameter particle sizes of all formulations showed excellent physical
stability, with no significant difference in particle size up to 24 h.

To characterize the chemical functionalization of DTX-PLGA, FT-IR
spectra were compared with those of the individual ingredients used in
the preparation of DTX-PLGA and the physical mixture of DTX and PLGA
(Fig. 2E). PLGA showed a major characteristic peak at 1752 em !
(COOH vibration) [19,42]. The major peaks at 1752 (C=0) and 1170
(C-0) em™ are characteristic stretching vibrations and bonds of PLGA.
The spectrum of free DTX showed two characteristic absorption peaks at
3464 (0O-H), 1704 (C=0) of ester, 1494 (benzene ring), and 1370 (C-H
stretch) cm™. This result is consistent with those reported by Li and Zuo
[43] and Kulhari et al. [44]. In the study reported by Li and Zuo [43],
FT-IR spectra of DTX were obtained at 3462 (O-H stretch), 1465 (ben-
zene ring), and 1344 (C-H stretch) cm ™. The major peaks of DTX-PLGA
appeared at 2880 (C-H stretch), 1762 (C=O stretch), 1468 (benzene
ring), 1341 (O-H stretch), and 1097 (C-O stretch) cm™!. The C=0
stretching shifted from 1704 (DTX) to 1762 cm™! (DTX-PLGA). The
benzene ring stretching shifted from 1494 (DTX) to 1468 em™!
(DTX-PLGA). The C-H stretching shifted from 1370 (DTX) to 1341 cm!
(DTX-PLGA). These peak shifts indicated interactions between DTX and
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Fig. 1. Schematic illustration of synthesis of DTX-PLGA and DRT-DTX-PLGA. (A) DTX-PLGA were synthesized by the single emulsion solvent evaporation method,
(B) DRT-DTX-PLGA were developed by conjugating anti-PD-L1 and Pmab on surface of DTX-PLGA via EDC/NHS coupling chemistry.

the polymer in the PLGA formulations. The spectrum of the physical
mixture of DTX and PLGA showed the major peaks of PLGA and DTX,
although some superposition occurred.

Fig. 2F demonstrated that the desired CE% was achieved by conju-
gating Pmab (150 ug/mL) and anti-PD-L1 (150 ug/mL) onto the surface
of PLGA to produce Pmab-PLGA, anti-PD-L1-PLGA, physical mixture
(1:1), and DRT-PLGA. The maximum CE% of DRT-PLGA was 76.2 + 6.2
%. Additionally, as illustrated in Fig. 2G, the concentration of conju-
gated antibodies on PLGA for DRT-PLGA was found to be 3.3 + 0.8 pg/
mL (Pmab) and 3.4 + 0.6 pg/mL (anti-PD-L1) in 1 mg of PLGA.

3.2. Invitro drug release study

We determined the in vitro release profile of DTX in DTX-PLGA for up
to 144 h in two physiological media: PBS with basic pH 7.4 and acidic
pH 5.5. The patterns of drug release from PLGA were evaluated at basic
pH (mimicking physiological conditions) to compare the release pat-
terns under acidic pH (mimicking tumor microenvironment). As shown
in Fig. 2H, the cumulative release of DTX from DTX-PLGA in acidic
media was 60.5 + 6.5% and 30 + 7.5%, respectively, after 144 h.
Furthermore, PLGA is easily dissolved in acidic media, resulting in high
drug release in the acidic environment of the tumor site compared to the
physiological pH, leading to increased anti-tumor efficacy and reduced
adverse effects on healthy tissue.

3.3. Characterization of cellular expression of EGFR and PD-L1 receptors

Quantitative analysis of cellular expression of EGFR and PD-L1 re-
ceptors on U87-MG and A549 was analyzed by FACS (Fig. 3A). U87-MG

cells exhibited a 2.2- fold higher fluorescence signal for PD-L1 than that
of the A549 cell line. Conversely, A549 cells displayed a 21.1- fold
higher fluorescence signal for EGFR than that of U87-MG cells.
Furthermore, the qualitative data obtained using CLSM supported the
quantitative data of receptor expression in U87-MG and A549 cell lines
(Fig. 3B). Green fluorescence represents EGFR expression and red fluo-
rescence represents PD-L1 expression. U87-MG and A549 cell lines
showed high levels of PD-L1 and EGFR receptors, respectively.

3.4. Immunoreactivity of DRT-PLGA

The immunoreactivity of DRT-PLGA was evaluated in U87-MG and
A5649 cell lines by FACS and compared with that of Pmab-PLGA and
anti-PD-L1-PLGA (Figs. 4A and 5B), respectively. In U87-MG cell line
(Fig. 4A), the RMFI of DRT-PLGA and Pmab-PLGA were significantly
similar (***p < 0.001). Similarly, in A549 cells (Fig. 4B), the RMFI of
DRT-PLGA was similar to that of anti-PD-L1-PLGA (***p < 0.001). The
quantitative analysis of immunoreactivity was further supported by a
qualitative analysis performed using CLSM.

In Fig. 4C and 4D, green fluorescence represents the immunogenic
properties of Pmab, whereas red fluorescence represents the immuno-
genic properties of anti-PD-L1. The intensity of green fluorescence in the
Pmab-PLGA-treated U87-MG (Fig. 4C) and A549 (Fig. 4D) cell lines was
similar to that of DRT-PLGA. Similarly, the red fluorescence intensity in
anti-PD-L1-PLGA treated U87-MG (Fig. 4C) and A549 (Fig. 4D) cell lines
was similar to that of the DRT-PLGA. These results suggest that the
immunoreactivity of Pmab and anti-PD-L1 was retained in the DRT-
PLGA formulation.
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Fig. 2. Characterization of DRT-DTX-PLGA. (A) Determination of average particle size and PDI of blank PLGA, Pmab-PLGA, anti-PD-L1-PLGA, physical mixture (1:1),
and DRT-PLGA using DLS. (B) Zeta potential of blank PLGA, Pmab-PLGA, anti-PD-L1-PLGA, physical mixture (1:1), and DRT-PLGA. (C) TEM image of blank PLGA,
Pmab-PLGA, anti-PD-L1-PLGA, and Pmab-PLGA-PD-L1 conjugate reacted with 5-nm-gold labeled IgG. (D) Stability of PLGA, Pmab-PLGA, anti-PD-L1-PLGA, physical
mixture (1:1), and DRT-PLGA incubated with PBS at 4°C using DLS measurement. (E) FT-IR spectrum of DTX, PLGA, DTX-PLGA, and physical mixture of DTX and
PLGA powder. (F) Antibody conjugation efficiency of Pmab-PLGA, anti-PD-L1-PLGA, physical mixture (1:1), and DRT-PLGA. (G) Determination of antibodies

concentration on the surface of PLGA. (H) In vitro DTX release from DTX-PLGA in PBS, pH 7.4 and pH 5.5.
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Fig. 3. Expression of EGFR and PD-L1. (A) FACS results for the fluorescence of Pmab and anti-PD-L1 antibodies associated with U87-MG and A549 cells. (B) CLSM
images of U87-MG and A549 cells treated with Pmab and anti-PD-L1 antibodies. Cells were incubated with Alexa Fluor 488-anti human IgG (green) and Alexa Fluor
594-anti rat IgG (red), which visualize Pmab and anti-PD-L1 antibodies, respectively. Cell nuclei were stained with DAPI (blue). Scale bar: 25 um.

3.5. Cellular uptake of DRT-PLGA

A quantitative analysis was conducted to evaluate the intracellular
uptake of DRT-C6-PLGA in U87-MG and A549 cells using FACS (Fig. 5A
and B). As illustrated in the Fig. 5A, the C6 fluorescence intensities of
U87-MG cells treated with DRT-C6-PLGA were significantly increased
by 9.2-fold (***p < 0.01), 2.4-fold (***p<0.001), 3.1-fold
(***p < 0.001), and 1.6-fold (**p < 0.001) compared to NT-C6-PLGA,
Pmab-C6-PLGA, anti-PD-L1-C6-PLGA, and physical mixture (1:1),
respectively. Similarly, in Fig. 5B, the C6 fluorescence intensities of
A549 cells treated with DRT-C6-PLGA were also significantly increased
by 12.0-fold (***p <0.01), 2.7-fold (***p < 0.001), 3.5-fold
(***p < 0.001), and 1.9-fold (**p < 0.001) compared to NT-C6-PLGA,
Pmab-C6-PLGA, anti-PD-L1-C6-PLGA, and physical mixture (1:1),
respectively.

The CLSM was employed to perform a qualitative analysis of DRT-
C6-PLGA internalization in U87-MG (Fig. 5C) and A549 cell lines
(Fig. 5D). The U87-MG cell line exhibited the highest fluorescence in-
tensity for C6 in the DRT-C6-PLGA treated group, followed by the
physical mixture (1:1). Single receptor-targeted nanoparticles (Pmab-
C6-PLGA and anti-PD-L1-C6-PLGA) showed greater uptake than the NT-
C6-PLGA treated group, and this was supported by receptor-mediated
endocytosis. Similarly, in the A549 cell line, higher cellular internali-
zation of nanoparticles was observed in DRT-C6-PLGA, followed by the
physical mixture (1:1), Pmab-C6-PLGA, and anti-PD-L1-C6-PLGA.
However, the Pmab-C6-PLGA treated A549 cell line showed a higher
fluorescence intensity of C6 than the Pmab-C6-PLGA treated U87-MG
cell line, due to the higher expression of EGFR in A549 cells compared
to the U87-MG cells. Moreover, the anti-PD-L1-C6-PLGA treated U87-
MG cell line showed a higher fluorescence intensity of C6 than the
anti-PD-L1-C6-PLGA treated A549 cell line, because of the higher
expression of PD-L1 in U87-MG cells compared to A549 cells.

3.6. In vitro cytotoxicity assay

The cell cytotoxicity assay was conducted on U87-MG and A549 cell
lines by incubating with various concentrations of DTX (0, 0.01, 0.1, 0.5,
1, 2.5, 10, or 25 ug/mL of DTX) for 8 h. We observed that the ICs( values
of the inhibitors were markedly affected by highly dependent on DTX
concentration in both cell lines. As depicted in the Fig. 6A and 6B, the
ICsp values of free DTX were 0.5 ug/mL for U87-MG and A549 cells.
Furthermore, we assessed the cytotoxicity of DTX, NT-DTX-PLGA,

Pmab-DTX-PLGA, anti-PD-L1-DTX-PLGA, physical mixture (1:1), and
DRT-DTX-PLGA at 24 h in both U87-MG (Fig. 6C) and A549 (Fig. 6D)
cells. The NT-DTX-PLGA at an equivalent concentration of 0.5 ug/mL
reduced the cell viability in both U87-MG (55.6 + 5.2%) and A549
(88.4 & 4.9%) cell lines. The cell viability after the treatment of Pmab-
DTX-PLGA, anti-PD-L1-DTX-PLGA, and physical mixture (1:1) in the
U87-MG cell line was 70.1 + 7.8%, 70.3 & 6.1%, and 44.6 + 3.4%,
respectively. Similarly, the cell viability after the treatment of Pmab-
DTX-PLGA, anti-PD-L1-DTX-PLGA, and physical mixture (1:1) in the
A549 cell line was 60.3 +5.9%, 83.3 +8.2%, and 40.6 + 7.3%,
respectively. Moreover, a notable reduction in cell viability was
observed when U87-MG (25.1 + 5.3%) and A549 (20.6 + 7.8%) cells
were treated with DRT-DTX-PLGA compared to other formulations. The
viability of U87-MG cells treated with DRT-DTX-PLGA was significantly
diminished by 2.2-fold (**p < 0.01), 2.7-fold (***p < 0.001), 2.8-fold
(***p < 0.001), and 1.7-fold (**p < 0.001) compared to DTX, Pmab-
DTX-PLGA, anti-PD-L1-DTX-PLGA, and physical mixture (1:1), respec-
tively. Similarly, the viability of the A549 cell line treated with DRT-
DTX-PLGA was significantly diminished by 4.2-fold (**p < 0.01), 2.9-
fold (**p < 0.001), 4.1-fold (***p < 0.001), and 1.9-fold (**p < 0.001)
compared to DTX, Pmab-DTX-PLGA, anti-PD-L1-DTX-PLGA, and phys-
ical mixture (1:1), respectively. These results suggest that in both cell
lines, the cytotoxic effects of DRT-DTX-PLGA were significantly higher
than NT-DTX-PLGA and free DTX.

The cellular cytotoxicity was qualitatively evaluated using a live-
dead assay (Fig. 6E and 6F). Incubation with NT-DTX-PLGA reduced
the number of live cells, as evidenced by the decrease in green fluores-
cence, and increased the number of dead cells, as shown by the red color
in both U87-MG (Fig. 6E) and A549 (Fig. 6F) cell lines. Additionally,
incubation with Pmab-DTX-PLGA and anti-PD-L1-DTX-PLGA increased
the number of dead cells while decreasing the number of viable cells in
both cell lines. Importantly, DRT-DTX-PLGA exhibited a significant
cytotoxicity effect with less viable cells, which could be attributed to its
bispecific targeting property in both U87-MG and A549 cell lines,
resulting in superior therapeutic effect compared to Pmab-DTX-PLGA
and anti-PD-L1-DTX-PLGA.

3.7. Apoptosis assay

The apoptotic effects of various formulations, including DTX, NT-
DTX-PLGA, Pmab-DTX-PLGA, anti-PD-L1-DTX-PLGA, the physical
mixture (1:1), and DRT-DTX-PLGA were assessed using an annexin V/PI
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Fig. 4. Immunoreactivity of DRT-PLGA in U87-MG cells. FACS results for the fluorescence of Pmab-PLGA, anti-PD-L1-PLGA, physical mixture (1:1), and DRT-PLGA
associated with (A) U87-MG cells and (B) A549 cells. CLSM images of (C) U87-MG cells and (D) A549 cells treated with Pmab-PLGA, anti-PD-L1-PLGA, physical
mixture (1:1), and DRT-PLGA. Cells were incubated with Alexa Fluor 488-anti human IgG (green) and Alexa Fluor 594-anti rat IgG (red), which visualize Pmab and
anti-PD-L1 antibodies, respectively. DAPI (blue) was used to stain cell nuclei. Scale bar: 25 um.

kit in both cell line U87-MG (Fig. 7A) and A549 (Fig. 7B). The results
indicated that free DTX induced apoptosis in both U87-MG (31.6
+ 4.3% apoptosis) and A549 (31.4 + 2.3% apoptosis) cell lines.
Furthermore, Pmab-DTX-PLGA and anti-PD-L1-DTX-PLGA treatments
resulted in enhanced apoptotic cell death in both U87-MG (21.9 + 5.1%,
and 21.0 + 3.1%, respectively) and A549 (30.6 + 3.6% and 14.5
+ 2.7% respectively) cell lines. Physical mixture (1:1) treated cells
showed higher apoptotic cell percentages in both U87-MG (32.3
+2.9%) and A549 (32.3 +4.3%) cell lines. The percentages of

apoptotic cells in U87-MG and A549 cell lines after DRT-DTX-PLGA
treatment were significantly higher (72.0 +£ 6.1% and 78.7 + 4.6%,
respectively) than in other formulations. Statistically, after DRT-DTX-
PLGA treatment, the apoptotic cells percentage of U87-MG was signifi-
cantly increased by 2.2-fold (**p < 0.01), 3.1-fold (***p < 0.001), 3.4-
fold (***p < 0.001), and 2.2-fold (**p < 0.001) after DRT-DTX-PLGA
treatment, compared to DTX, Pmab-DTX-PLGA, anti-PD-L1-DTX-PLGA,
and physical mixture (1:1), respectively. Similarly, after treatment with
DRT-DTX-PLGA, the apoptotic cells percentage of A549 was also
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significantly increased by 2.5-fold (**p < 0.01), 2.5-fold (***p < 0.001), physical mixture (1:1), respectively.

5.4-fold (***p < 0.001), and 2.4-fold (**p < 0.001) compared to Sta-

tistically, the apoptotic percentage of U87-MG cell was significantly 4. Discussion

increased by 2.2-fold (**p < 0.01), 3.1-fold (***p < 0.001), 3.4-fold

(***p < 0.001), and 2.2-fold (**p < 0.001) after DRT-DTX-PLGA treat- PLGA nanoparticles have been widely utilized for the delivery of
ment, compared to DTX, Pmab-DTX-PLGA, anti-PD-L1-DTX-PLGA, and cytotoxic drugs to tumors using the enhanced permeability retention
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Fig. 6. Determination of in vitro cell viability. (A) U87-MG and (B) A549 cells were transfected to different concentrations of DTX (0, 0.01, 0.1, 0.5, 1, 2.5, 10, and
25 pg/mL) for 24 h. In vitro viability of (C) U87-MG and (D) A549 cells exposed to DTX, NT-DTX-PLGA, Pmab-DTX-PLGA, anti-PD-L1-DTX-PLGA, physical mixture
(1:1), and DRT-DTX-PLGA (1 pg/mL). Results are expressed as means + SD (n = 4). Live/dead staining assay results of different formulations on (E) U87-MG and (F)
A549 cells. Calcein-AM (green) and EthD (red) was used to stain live cells, and dead cells, respectively. Scale bar: 60 pm.

10

Downloaded for Anonymous User (n/a) at Keimyung University Dongsan Medical Center from ClinicalKey.com by Elsevier on
December 27, 2023. For personal use only. No other uses without permission. Copyright ©2023. Elsevier Inc. All rights reserved.



F. Emami et al.

Biomedicine & Pharmacotherapy 165 (2023) 115023

(A) (B)
* % * %
| % % %k 1 I * % % 1
! *kk | I vk |
120- * % 120+ I *% |
S 1004 S 100+
)
o 804 o 807
© ©
= T
S 609 o 604
:
8 40 8 401
8 20+ 8 204
0- 0=
J F X F X N X s & X o N X
& $ N N N QO NS & $ N N N O N
o R R b3 @ b3 © R R R & R
o & & & & & ¥ & ul S &
< < < S < < < N £
Q Q Q < Q Q Q Q S Q
& 0 & A & 0 N & )
S 2 v N <& < @ v > 3
N &
& <& Y'Q Q¢
HEl Viable cell B Apoptotic cell El Viable cell B Apoptotic cell
Pmab-DTX- Anti-PD-L1-  Physical mixture
Control DTX NT-DTX-PLGA PLGA DTX-PLGA (1:1) DRT-DTX-PLGA
«»°.00% | 0.00% °® ,°0.01% 19.0% ' ,°0.00% 0.00%® . 9:06% 20.1%* ,®00% 11.7%"° ,°0.06% 22.73% " ,°9.00% 4.01%
o o < o < < <
5| T 9956% 044% ¢ © 92.36%g. . 7.64% 779 | 1.88% ~ 78.09  9.37% °
: | 1 o '\g' . y . (AT » |
- T e : é ; ¥ : - :
[ o R R - e e P
2
2
&g «0.00% 0.00% °° «°9.00% 29.8% 7 «°0.00% | 0.26% «0°00% 30.0%° «0°00% 5.98% " «¢00% 28.0% * «°0.00% 3.84%
§ 98.72%  1.28% 68.58%  1.62% 92.48% {: 7.26%  69.02% ~ 0.66%  84.33% .. .9.69% ss.sw.; T 4.36%
v | . ‘ . A . ‘ . 2 . J
B e ® ?‘5:9, e * e ! % e = = :*;"?, e

Intensity (Annexin V-FITC)

Fig. 7. Invitro evaluations of apoptosis. FACS analysis showed apoptosis (%) of (A) U87-MG and (B) A549 cells treated with DTX, NT-DTX-PLGA, Pmab-DTX-PLGA,

anti-PD-L1-DTX-PLGA, physical mixture (1:1), and DRT-DTX-PLGA.

effect [45]. However, active targeting of these nanoparticles has led to
further improvements in anti-tumor activity and therapeutic efficacy
with reduced toxicity [21]. Nevertheless, the target receptor is solely
overexpressed in tumor cells rather than being expressed at variable
levels in healthy tissues, resulting in non-selective targeting and sys-
tematic toxicity. Moreover, due to the limited number of receptors on
the target cell membrane, cellular uptake of single-ligand-modified NPs
is restricted [46]. Even when the dose is increased, all biological re-
sponses reach a saturation point, and the cellular uptake is no longer
increased, resulting in a saturated response [47]. To overcome
non-selective targeting, the design of an effective dual-target drug de-
livery system enhances the cellular internalization of nanoparticles and
also improves the binding affinity and avidity between the receptor and
ligand [47].

In this study, EGFR and PD-L1 were selected as targeting receptors
because SW480 cancer cells expressed high levels of these receptors. It
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has been reported that anti-EGFR and anti-PD-L1 antibodies can
recognize their respective receptors and be attached to PLGA nano-
particles for effective drug delivery to target sites. Thus, we attached
Pmab and anti-PD-L1 antibodies to the DTX-PLGA nanoparticles to
create a single-ligand system (Pmab-DTX-PLGA and anti-PD-L1-DTX-
PLGA). Furthermore, we prepared a DRT-DTX-PLGA, by attaching
both Pmab and ani-PD-L1 to the surface of DTX-PLGA.

We first synthesized and analyzed Pmab-PLGA and anti-PD-L1-PLGA
and then fabricated and characterized DRT-PLGA. The morphology and
structure of DRT-PLGA were explored using TEM, which revealed that
the gray coating was on the PLGA surface. These gray shell structures
may indicate the existence of Pmab and anti-PD-L1 ligands. Surface
morphology is important in determining nanoparticle uniformity and
stability [48]. Pmab-PLGA, anti-PD-L1-PLGA, physical mixture (1:1),
and DRT-PLGA had a larger particle size than blank PLGA, indicating the
covalent linkage of antibodies on the PLGA’s surface. The negative
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surface charge below —20 mV suggested the presence of negatively
charged carboxyl groups on the surface of the PLGA nanoparticle [49].
Furthermore, the surface charge of Pmab-PLGA, anti-PD-L1-PLGA,
physical mixture (1:1), and DRT-PLGA were less negative compared to
the blank PLGA that can be explained by the presence of antibodies on
the PLGA nanoparticle surface. The less negative charge on the surface
of Pmab-PLGA, anti-PD-L1-PLGA, physical mixture (1:1), and
DRT-PLGA further improve the binding of formulation to the high
negative charge cell membrane that result in increment of cellular up-
take. Moreover, cationic nanoparticles are eliminated rapidly followed
by anionic nanoparticle. However, slightly negative nanoparticles like
Pmab-PLGA, anti-PD-L1-PLGA, physical mixture (1:1), and DRT-PLGA
have the longest half-life in circulation [50]. In addition, nanoparticles
with less negative charge are more stable in suspension and play a sig-
nificant role in their initial adsorption of nanoparticles onto the cell
membrane. After adsorption, the endocytosis uptake rate depend on the
particle size and interaction of ligand with respective receptor of cell
membrane [51]. Furthermore, the particle size remained unchanged for
up to 24 h, verifying the stability of PLGA and other PLGA formulations.
In our previous study, PLGA was found to be stable for up to 72 h [52].

The interactions between drugs and polymers were investigated
using infrared spectroscopy. FT-IR analysis is a useful tool for exploring
intermolecular interactions by examining shifts or broadening of spec-
tral bands [53]. In this study, lyophilized PLGA was characterized by
FT-IR and compared with blank PLGA and the pure drug. FT-IR analysis
is essential for identifying chemical groups present in the drug and
carrier and can provide useful information on intermolecular in-
teractions, such as hydrogen bonds, by detecting changes in spectral
peaks [54]. As shown in Fig. 2E, the spectra of the blank PLGA and
DTX-PLGA were nearly identical, implying that the peaks associated
with DTX were not visible. This could be attributed to the dispersion of
DTX encapsulated in the molecular solution rather than the crystalline
dispersion caused by the chemical interaction between the carboxylic
acid of PLGA and the ester group of DTX [55-57].

The sustained-release property of nanocarriers is crucial for targeted
drug delivery [58]. The more sustained DTX release behavior from
DTX-PLGA can be attributed to the influence of the pH of the tumor
microenvironment influencing the release properties of the nanoparticle
system [59]. The slow degradation of the PLGA polymer and the strong
interaction between the drug and the polymer may account for the
sustained release behavior [60,61]. The initial fast release could be
caused by the migration of drug molecules more quickly from the pe-
riphery and the surface of PLGA. Then slow and sustained release of drug
from PLGA was observed through diffusion or time-dependent degra-
dation of the polymeric matrix as well as progressive release of drug
through the thicker drug depleted layer [62]. In acidic PBS (pH 5.5), the
release of drug from PLGA was higher possibly due to the faster degra-
dation rate of the polymer matrix at low pH, which concurs with a
previous report suggesting faster degradation of PLGA under low pH
conditions [19,63]. Moreover, the administration of DTX-PLGA can
enhance drug pharmacokinetics in the body after drug maintenance,
whether administered orally or parenterally. Furthermore, FACS and
CLSM analyses of DRT-PLGA immunoreactivity assays in U87-MG and
A549 cells demonstrated that the immunoreactive properties of Pmab
and anti-PD-L1 were preserved after conjugation to PLGA.

Based on receptor expression analysis, we concluded that U87-MG
cells express high levels of PD-L1 receptors and low levels of EGFR
compared to A549 cells. Then, we evaluated the cellular uptake of DRT-
C6-PLGA for dual receptor-mediated endocytosis and incubated them
with U87-MG and A549 cells. The internalization of nanoparticles
through non-specific binding is indicated by the spread of green fluo-
rescence throughout the cell [64]. The single-ligand system such as
Pmab-C6-PLGA and anti-PD-L1-C6-PLGA showed only a minor effect on
the cellular uptake of nanoparticles, even in cells expressing EGFR and
PD-L1, as shown in Fig. 5. These findings accomplished the notion that a
specific ligand can facilitate nanoparticle internalization on the surface
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of the target cell but cannot significantly impact the cellular uptake of
PLGA nanoparticles. The suppression of cellular uptake may be attrib-
uted to receptor saturation and low binding affinity, as suggested in
previous studies [21,47]. Therefore, dual-targeting system was
employed to enhance cell selectivity, binding affinity, therapeutic effi-
cacy, and avidity [65,66]. The DRT system demonstrated a greater
ability to bind to cells, leading to increased nanoparticle internalization
compared to that of a single ligand or physical mixture [67]. In the case
of a dual-targeting system with two different types of ligands, if two
target receptors share the same uptake route, the specificity and affinity
of the dual-targeting system for the target cells are believed to be
enhanced [68]. Consequently, cellular uptake is expected to increase.
Furthermore, a physical mixture of two different nanoparticles with
different antibodies could increase the number of antibodies that hinder
the binding of antigens to the ligands of the nanoparticles [16]. Thus, the
magnitude of the uptake-mediated effect was low compared to the
dual-target nanoparticles; however, it was higher than that of the
single-target nanoparticles. In contrast, dual-targeted nanoparticles
were designed such way that the number of each antibody was half that
of the antibody number on single antibody-targeted nanoparticles.
Therefore, due to the lower antibody number, steric hindrance, which
limits the ligand-antigen interaction, is likely to be low for dual-targeted
nanoparticles, potentially increasing the binding of nanoparticles with
cells through enhanced avidity in a non-static environment [16]. Ac-
cording to Laginha et al., dual-targeted liposomes showed higher bind-
ing effect and uptake than that of single-targeted liposomes and showed
additivity [16].

Furthermore, the limited number of receptors and endocytic recy-
cling could hinder the effectiveness of a single ligand in enhancing
nanoparticle internalization, thus restricting the number of nano-
particles available for cellular uptake [69]. However, the specific
interaction between DRT-PLGA and EGFR and PD-L1 receptors enabled
the nanoparticles to approach the cell surface closely and participate in
electrostatic interactions, ultimately enhancing cellular uptake of
DRT-PLGA [21,70].

To evaluate the cytotoxicity of DRT-DTX-PLGA in U87-MG and A549
cells, we used a CCK-8 assay. The interaction between the DRT nano-
particles and cell surface receptors determines the efficacy of DTX-
loaded formulation. The CCK-8 assay showed that the sensitivities of
U87-MG and A549 cells to DTX were not significantly different.
Nevertheless, DRT-DTX-PLGA showed greater cytotoxic effects than
DTX, NT-DTX-PLGA, Pmab-DTX-PLGA, anti-PD-L1-DTX-PLGA, and
physical mixture (1:1). The cytotoxic effects of the DTX-loaded formu-
lations were further validated using the live/dead assay (Fig. 6E and 6F)
and Annexin V/PI-based apoptosis assay (Fig. 7). The data revealed that
treatment with DRT-DTX-PLGA and physical mixture (1:1) led to
decrease in viable cells and an increase in apoptotic cell death compared
to treatment with DTX, NT-DTX-PLGA, Pmab-DTX-PLGA, and anti-PD-
L1-DTX-PLGA. This can be attributed to the surface functionalization
of PLGA and the intracellular accumulation of the drug concentration
[71,72]. For free drug, internalization mainly occurs via molecular
diffusion, and the drug concentration increases until saturation [73,74].
However, nanocarriers with and without surface modification with li-
gands are primarily internalized via endocytosis and then release the
encapsulated drug into the cytoplasm in a sustained manner.

Furthermore, high-affinity binding to the desired target is crucial for
improving detection limits and increasing therapeutic efficacy [67,75].
The receptor-antibody interaction of DRT-DTX-PLGA exhibits high
binding affinity, resulting in increased intracellular DTX concentrations.
This interaction enhances cytotoxicity, reduces viable cells, and in-
creases apoptotic cells in both U87-MG and A549 cells. For example,
dual-antibody-conjugated liposomes loaded with doxorubicin- were
tested for the treatment of B-cell lymphoma by targeting CD20 and
CD19. This liposome with dual-antibody enhanced the lifespan of mice
by approximately 50% compared to doxorubicin-containing liposomes
functionalizing with either anti-CD19 or anti-CD20 [76]. In another
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study, Zhang et al. used dual-ligand liposomes for gene delivery for the
treatment of lung cancer [77]. In their research, they used hyaluronic
acid and transferrin to modify fusogenic liposomes surface that targeted
lung adenocarcinoma cells, which usually express high levels of trans-
ferrin and CD44 receptors. In vivo study reported that the transfection
efficiency of the gene was enhanced by 15% in dual-ligand lip-
osomes-treated lung adenocarcinoma-bearing mice compared to the li-
posomes with single-ligand. Moreover, Liginha et al. demonstrated that
dual-targeting liposomes loaded with DTX had increased cytotoxicity
compared to 1:1 mixtures of liposomes targeted individually [16].

Therefore, all the data demonstrated that DRT nanoparticle showed a
significant decrease in cell proliferation compared to the others, indi-
cating the dominance of DRT-DTX-PLGA in the inhibition of cell pro-
liferation and promotes U87-MG and A549 cell apoptosis. Hence, DRT-
DTX-PLGA exhibits superior results in triggering cell death by increasing
the accumulation of nanoparticle in targeted site.

5. Conclusion

In summary, Pmab and anti-PD-L1-containing ligands were synthe-
sized and used to decorate PLGA carriers loaded with DTX. The resulting
DRT-DTX-PLGA system was developed as an efficient and safe drug
delivery system. In vitro studies showed that the dual-ligand-decorated
DRT-DTX-PLGA system exhibited high cytotoxicity and enhanced drug
internalization. In contrast, a single-ligand system with either Pmab or
anti-PD-L1 motif was not sufficient to trigger a cytotoxic effect, whereas
the dual-ligand nanosystem synergistically enhanced cellular internali-
zation and played a key role in DTX delivery to the tumor site.

Thus, we developed a dual-ligand system to enhance the selectivity
of targeted nanocarriers for better cellular uptake and cytotoxicity. This
approach does not require the identification of unique ligand-receptor
pairs, and its application may ultimately allow the tailoring of ligand-
targeted nanocarriers to fit the profile of a particular target (tumor)
system, enabling patient-specific treatments. Further experiments are
necessary to determine the binding force or binding affinity between
ligands of single-targeted nanoparticles and dual-targeting nano-
particles with the respective receptors of targeting cells to support the
internalization of nanoparticles. Moreover, our proposed protocol an-
ticipates future in vivo applications in tumor-bearing animals.
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