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Synthesis and Evaluation of BSA-Loaded PLGA—Chitosan Composite
Nanoparticles for the Protein-Based Drug Delivery System
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ABSTRACT: The purpose of this study was to synthesize composite nanoparticles (NPs)
based on poly(p,L-lactic-co-glycolic acid) (PLGA) and chitosan (CS) and evaluate their
suitability for the delivery of protein-based therapeutic molecules. Composite NPs possess a
unique property which is not exhibited by any other polymer. Unlike other polymers, only
the composite NPs lead to improved transfection efficiency and sustained release of protein. .
The composite NP were prepared by grafting CS on the surface of PLGA NPs through ‘
EDC-NHS coupling reaction. The size of bovine serum albumin (BSA)-loaded PLGA NPs

and BSA-loaded PLGA—CS composite NPs was 288 + 3 and 363 + 4 nm, respectively. The
zeta potential of PLGA NPs is —18 + 0.23, and that of composite particles is 19 + 0.40, = o
thus confirming the successful addition of CS on the surface of PLGA NPs. Composite NPs & = mm»
were characterized using dynamic light scattering, scanning/transmission electron -
microscopy, Fourier transform infrared spectroscopy, X-ray diffraction, release profile, and -
gel electrophoresis. The encapsulation efficiency of PLGA NPs was 88%. These composite
NPs were easily uptaken by the AS549 cell line with no or minimal cytotoxicity. The present study emphasizes that the composite
NPs are suitable for delivery of BSA into the cells with no cytotoxicity or very little cytotoxicity, while maintaining the integrity of the
encapsulated BSA.

Integrity of Entropped Protein

Bl INTRODUCTION

The nanotechnology-based carrier is an emerging platform for
the delivery of therapeutic molecules. The main focus of
researchers remains to increase the efficacy of delivery without
harmful effects. Different nanocarriers have been extensively
investigated for delivering therapeutic molecules, which are
biocompatible and biodegradable and do not impart any
adverse effect.” The poly(p,L-lactic-co-glycolic acid) (PLGA)

possesses a positive charge due to the presence of amine
groups (—NH,) and exhibits non-toxic, biodegradable, and
biocompatible properties.” CS is electrostatically or covalently
coated on the surface of negatively charged PLGA NPs, which
improves the Dbioavailability and sustained release of
therapeutic molecules. CS offers good transfection efficiency
in comparison to PLGA. Hence, the composite NPs based on
PLGA and CS offer a blend of properties of polymers for good

polymer-based delivery systems for being biocompatible and
biodegradable have extensively been evaluated for the delivery
of proteins and peptides. PLGA is approved by the United
States Food and Drug Administration (US FDA) for
therapeutic applications.” PLGA is a synthetic polyester
made up of copolymers of poly-lactic acid and poly-glycolic
acid. PLGA hydrolyzes in the presence of water into lactic acid
and glycolic acid, which are hydrophilic, diffusible, and further
eliminated into carbon dioxide and water by normal metabolic
pathways.

Conversely, there are certain disadvantages such as a high
negative charge that limits PLGA nanoparticle (NP)-associated
therapeutic molecule delivery into the cell and drug burst
release, which hampers sustained release.” The initial burst
release is associated with many factors such as the ratio of
composition of lactic acid and glycolic acid, particle size,
porosity, and polymer molecular weight. Chitosan (CS) is a
linear polysaccharide derived from chitin made up of repeating
units of N-acetyl-p-glucosamine and bp-glucosamine. It
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transfection efficiency and with less negative charge, which
facilitate easier uptake by the cells. The positive charge on the
surface of composite NPs improves the stability and prolonged
release of biomolecules.®

Several therapeutic biomolecules and drugs are loaded into
nanocarriers such as protein, peptide, aptamer, antibodies,
DNA, and RNA (miRNA and siRNA).® The diverse functional
aspect of protein in general cannot be mimicked by a simple
chemical entity. The proteins also do not interfere with the
other biochemical reactions and do not produce any adverse
effects or elicit any immune response due to having their
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natural entity and, hence, are considered as better delivery
candidates.”

In the present study, bovine serum albumin (BSA) was used
as a model protein to evaluate its delivery into the cell using a
PLGA—CS-based composite NP system. BSA (66.5 kDa) is a
stable protein and composed of charged amino acids; hence, its
hydrophilic nature helps remain associated with the core part
of PLGA NPs. Many researchers have used BSA as a model
protein for the evaluation of different delivery systems. In
polymeric NPs, protein encapsulation is critical and has
immense potential in the development of a suitable vehicle for
the delivery of protein.”

B RESULTS

Characterization of Composite NPs. Composite NPs
were characterized for their optimal activity. These particles
were characterized by different parameters such as size, charge,
polydispersity index (PDI), surface morphology, and so forth.
The size of blank NPs and PLGA—CS composite NPs was
analyzed by dynamic light scattering-based equipment, and it
was found to be 282 + 2 and 345 + 2 nm, respectively. The
size of NPs was increased with the loading of BSA to become
288 + 3 nm and composite NPs 363 + 4 nm, respectively
Table 1. The sizes of blank and BSA-loaded NPs do not

Table 1. Size, PDI, and Zeta Potential of Blank, BSA-loaded
NPs, Blank Composite NPs, and BSA-loaded Composite
NPs“

S. Z-average (nm) Zeta potential (mV)
No. NPs (average + SD) PDI (average + SD)
1 blank NPs 283 +£2 0.12 —-14 + 0.7
2 BSA loaded NPs 288 +3 0.14 —18 £ 0.2
3 blank composite 345 £2 0.22 24 +12
NPs
4 BSA-loaded 363 + 4 0.18 19 + 04

composite NPs

“The values are shown here as the means + standard deviation (n =

3).

change significantly; however, the sizes of composite NPs
increased significantly either as blank or BSA loaded. The PDI
of NPs did not change significantly between blank or BSA-
loaded NPs or composite NPs, and it was found in the range of
uniform size distribution of NPs. The zeta potential of blank
NPs and blank composite NPs was —14 + 0.7 and 24 + 1.2
mV, respectively. Change in zeta potential confirms the
conjugation of CS on the surface of NPs. The zeta potential
difference was also observed in BSA-loaded NPs and BSA-
loaded composite NPs, and it was found to be —17 + 0.2 and
19 + 0.4 mV, respectively. The size, zeta potential, and PDI of
NPs are shown in Table 1.

NP Morphology. The NP morphology and size of PLGA—
CS NPs were characterized by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) imaging
(Figure 1). The surface morphology of PLGA NPs and
PLGA—-CS NPs was found to be spherical with a smooth
surface and uniform size distribution in the SEM (Figure
1A,B). The TEM image of BSA-loaded PLGA NPs showed
spherical morphology with smooth surfaces with a size range of
approximately 200—450 nm (Figure 1C). NPs showed a
spherical dense structure, while PLGA—CS NPs showed two
distinct layers: the inner is a solid dense polymeric core of

PLGA and the outer with a distinct layer evenly surrounded by
CS.

Composite NP Characterization. The composite nature
of NPs was characterized by different techniques. The
composite nature of NPs was characterized by the zeta
potential which increased significantly in comparison to PLGA
NPs. We also characterized the composite nature of PLGA—
CS NPs by TEM study. Figure 1D clearly suggests two distinct
layers of polymers in the TEM image in which PLGA on the
core is light, and CS is dark on the outer surface of NPs.

The composite NPs were also confirmed by Fourier-
transform infrared (FTIR) spectra analysis. The FTIR spectra
of all formulations and the polymers of PLGA and CS have
been shown in Figure 2. The FTIR spectra of PLGA polymer
were observed with characteristic peaks at 1,751 cm™" (for C=
O stretch of carbonyl group), 3,000—2,850 cm™ (for C—H
stretching vibration of —CH, CH,, and CH; group), and 3,502
ecm™ (for —OH stretch). In CS, intense peaks were exhibited
at 3,410 cm™' (for N—H stretch overlapped with O—H
stretch) and 1,628 cm™" (for N—H bending of primary amine).
Blank PLGA NPs, blank PLGA—CS NPs, BSA-loaded PLGA
NPs, and BSA PLGA—CS NPs have represented similar peaks
around 3,502 and 1,751 cm™, as presented on PLGA polymer.
In comparison to PLGA NPs, PLGA—CS composite NPs have
clearly shown stretching (around 3,500—3,000 cm™Y),
indicating the successful conjugation of CS over PLGA NPs.
The covalent conjugation of CS to the —COOH end group of
PLGA by the formation of the amide bond was confirmed by
the presence of a peak of amide I at 1,688 cm™'. The FTIR
spectra of BSA-loaded PLGA—CS NPs showed strong peaks at
3,503 and 1,763 cm™}, which represented characteristic peaks
of PLGA pure, and the 1,686 cm™' peak of the amide bond
confirmed the conjugation of CS to PLGA, which were seen in
blank PLGA—CS NPs.

XRD Analysis. The results of the X-ray diffraction (XRD)
analysis of BSA-loaded NPs and BSA-loaded PLGA—CS NPs
are shown in Figure 3. The PLGA and CS polymers (Figure
3A,B) show a broad peak that represents their amorphous
nature, while PLGA NPs (Figure 3C) show many sharp peaks
and one intense peak at 20.50° that represents their crystalline
nature with 65.96% crystallinity, indicating the successful
synthesis of PLGA NPs. In comparison to PLGA NPs, blank
PLGA—CS NPs (Figure 3D) show more intense peaks at
14.62, 18.78, and 23.41° with 87.33% crystallinity. The XRD
pattern of BSA-loaded PLGA NPs shows more strong peaks
(20 values) at 20.38 and 23.41° with 83.56% crystallinity. The
XRD pattern of BSA-loaded PLGA—CS NPs shows more
intense peaks than the BSA PLGA NPs at 15.00, 19.21, 21.37,
and 28.31° with 92.51% crystallinity. The PLGA—CS NPs
show a higher crystalline structure in comparison to PLGA
NPs.

Encapsulation Efficiency and Protein Loading. The
encapsulation efficiency of BSA into NPs was estimated by
an indirect method, and it was found to be 88%. The BSA
loading into NPs was estimated by dissolving NPs, and it was
estimated to be 24%.

Integrity Assessment. The integrity of encapsulated BSA
into NPs was analyzed by running extracted BSA on SDS-
PAGE and native PAGE gel electrophoresis. As shown in
Figure 4A, SDS-PAGE, the band of BSA protein in wells C and
D was intact and stable when we compared it with standard
BSA protein in well A. The SDS-PAGE analysis of BSA
encapsulated either with NPs or composite NPs shows that
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Figure 1. Micrographs of NPs and composite NPs. (A,B) NP morphology of PLGA NPs and PLGA—CS composite NPs by SEM; whereas, (C,D)

are by TEM.

they are all stable (Figure 4A). The size of the BSA protein was
also confirmed with a molecular weight marker at 66.5 kDa. In
Figure 4B, the native gel was run with native BSA protein and
extracted protein from three different formulations. As
compared to the control, all the formulations show character-
istics of a similar band movement, which shows that proteins
retain their charge mass and structure without change during
the process of encapsulation into NPs. In both studies, it was
confirmed that the BSA loaded into NPs and composite NPs
have not compromised their structural integrity.

Release Profile. The release profile of BSA from NPs and
composite NPs was studied at a physiological pH of 7.4 over
96 h. In Figure S, it was found that initially, NPs show burst
release, where just in 4 h, it releases 50% of BSA and after that
sustained and controlled release up to 96 h was found and
release up to 96%. Composite NPs show improvement in burst
release of BSA. Here, only about 32% release was observed in
the initial 4 h followed by the sustained and controlled release
of up to 78% in 96 h. CS-conjugated PLGA NPs show a
moderate percentage drug release in comparison to PLGA
NDPs.

Uptake Study. The in vitro cellular uptake studies were
performed to evaluate the efliciency of the uptake of PLGA
NPs into A549 cell lines (adenocarcinoma human alveolar
basal epithelial cells). Recently, the A549 cell line was used to
analyze the internalization of dye-loaded polymeric NPs.” In
current studies, fluorescein isothiocyanate (FITC) dye-loaded
polymeric NPs were formulated and optimized for in vitro
cellular uptake.'’ The flow cytometry analysis of FITC-loaded
PLGA NPs and FITC-loaded PLGA—CS composite NPs were
carried out to assess their intracellular uptake in AS49 cells
with incubation for about 4 h. With the observed gating and
green color signal, the FITC uptake was observed to be
enhanced in the viable cells (Figure 6). In Figure 6A, blank
PLGA NPs show negligible uptake. In Figure 6B,C, FITC-
loaded PLGA—CS composite NPs observed significantly

increased intracellular uptake in 4 h in comparison to FITC
PLGA NPs. The percentage of cellular uptake was found
40.34% in PLGA NPs and 56.12% in PLGA—CS NPs.

Cell Cytotoxicity Assay. Cell cytotoxicity assay was
performed on A549 cells. AS49 cells were exposed to NPs at
different times. In Figure 7, cells exposed with an equal amount
of BSA solution showed 92.45% cell viability, BSA-loaded NPs
showed 95.02%, and BSA-loaded composite NPs showed
88.49% cell viability.

B DISCUSSION

In this study, we synthesized composite NPs based on PLGA
NP surface modification using EDS-NHS activation and CS
grafting on the surface. Composite NPs offer unique properties
that are not possessed by either CS or PLGA. These unique
attributes include improved controlled release of payload,
intensified percentage of crystallinity, and enhanced cellular
uptake of the nanocarrier.

The primary aim of the study was to design a hybrid NP,
which can efficiently deliver BSA inside the cells. Composite
NPs were developed for efficient delivery of therapeutic
proteins into the epithelial cells, which are present on the lung
surface.'’ The stable PLGA NP formulation was successfully
prepared in the same range of nanometer size confirmed by the
PDI value. The encapsulation of BSA into NPs showed no
significant difference in its size. The zeta potential of BSA-
loaded NPs was found to have more negative charge,
representing electrostatic charge interaction between polymers
and payloads. BSA has an overall negative char%e and, hence,
the zeta potential increased more negatively.'” The PLGA
resomer has an acid end group (—COOH) at the terminal side
of molecules, so it provides a negative charge to PLGA NPs.
This —COOH group was used to graft CS on the surface of
PLGA NPs. The change in zeta potential is a crucial indicator
of the surface modification of the NPs. The surface charge
represents the properties of the nanocarrier and the stability of

https://doi.org/10.1021/acsomega.3c00738
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Figure 2. FTIR spectra of (A) PLGA powder, (B) CS powder, (C) blank NPs, (D) blank PLGA—CS NPs, (E) BSA-loaded PLGA NPs, and (F)

BSA-loaded PLGA—CS NPs.

the drug delivery systems in the solution. A different approach
can be used for surface modification, such as adsorption,
incorporation, copolymerization, or covalent bonding, to
modify PLGA NPs with CS." In this study, we used covalent
modification over other modifications and carried out an EDC-
NHS coupling reaction. The carboxylic acid groups of PLGA
NPs were activated with the EDC, which formed a stable
intermediate with CS through amide bond formation. The
successful surface modification of PLGA NPs was confirmed
by the increase in the size of composite NPs as compared to
PLGA NPs.'* The zeta potential of composite NPs was
changed from negative to positive charge that represented the
successful grafting of CS on the surface of composite NPs. The
zeta potential of BSA-loaded composite NPs had less positive
charge in comparison to blank composite NPs because the
BSA is negatively charged. The PDI represents the uniformity
in the size distribution of NPs population, and its range varies
between 0.0 and 1, where 0 represents the perfect uniform
distribution of particle size and 1 represents high polydispersity
with multiple particle size populations. For a polymeric NP,

18754

PDI values of 0.2 and below are reported most considerably in
exercise.'”'® The PDI values were 0.12, 0.14, 0.22, and 0.18,
representing a relatively narrow particle size distribution.
These data indicated that the PDI value of our particles lies in
the uniform size range.

The surface morphology of the composite NPs was
confirmed by SEM and observed as smooth, spherical in
shape, and homogenous (Figure 1A,B). In TEM imaging, the
composite nature of NPs was confirmed by two distinct layers
within the particles (Figure 1D). The TEM imaging of
composite NP clearly showed demarcations as two distinct
internal and external layers, the core as PLGA, the outer layer
as CS, and the center whitish part as the central blank part of
PLGA NPs.'”'*

The FTIR studies also confirm that the chemical
conjugation of CS to PLGA NPs and BSA efficiently loaded
into the NPs. In FTIR spectra (Figure 2), polymers were
shown their characteristic peaks of stretching and bending,
which confirms the presence of both polymers in the NPs.'* In
PLGA NP spectra (Figure 2C), peak intensities were

https://doi.org/10.1021/acsomega.3c00738
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Figure 3. XRD analysis of (A) CS powder, (B) PLGA powder, (C)
blank PLGA NPs, (D) blank PLGA—CS NPs, (E) BSA-loaded PLGA
NPs, and (F) BSA-loaded PLGA—CS NPs, respectively.

magnified, which represented the successful preparation of
NPs. The peaks of C=O and O—H stretching have been
increased due to the presence of these functional groups on the
surface of NPs. In BSA-loaded NP and PLGA—CS composite
NP spectra (Figure 2E,F), the main peaks of the amide I and
amide II of BSA at 1670.1 and 1540.3 cm ™" were prominently
masked by polymer bands. This confirmed the successful
encapsulation of BSA into the PLGA matrix.'” In spectra
(Figure 2D,F), a new peak was observed at 1,688 and 1,686
cm™!, which indicated the amide I bond (—CONH-) formed
by the chemical conjugation of CS onto PLGA NPs through
coupling reaction.”” Peak broadening (Figure 2D,F) was
observed, which shows the coating of CS over PLGA NPs.
Due to the lack of no additional peaks, the FTIR analysis
suggests the absence of interactions either between polymers
or between protein and polymer.
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Figure S. Percentage of BSA release from NPs (black) and PLGA—
CS NPs (red) over 0—96 h at pH 7.4. Values are expressed as mean +
SD, * denoting significance at p < 0.05 value.

The XRD pattern of PLGA and CS was not showing any
distinct peaks (Figure 3), which indicated their amorphous
nature.”"””” The observed, distinct peaks of PLGA NPs (Figure
3C) represent their crystalline nature and successful
fabrication.”® After BSA encapsulation, the crystallinity of
NPs increased, which indicates that BSA enhanced the
crystallinity of the nanocarrier. It was also found that
conjugation of CS to the NPs increased the crystallinity of
the NPs via crosslinking reaction; however, non-conjugated
PLGA NPs improved crystalline structure and arrangement of
polymers as an entity.”* The pattern of the XRD peaks of BSA-
loaded composite NPs retained the characteristic peaks with
reduced relative peak intensities with a slight shift in
comparison to the BSA-loaded NPs, thus indicating the
successful conjugation of CS onto the surface of PLGA
NPs 2526
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Figure 7. Cell cytotoxicity induced by composite NPs after exposure
for (A) 24 h (hallow bar) and (B) 48 h (dotted bar) in the AS49 cell

line.

The SDS PAGE and native PAGE analysis were used to
access whether the structural integrity of BSA might be
compromised during NPs synthesis. Jin et al. prepared BSA-
loaded NPs with different amounts of protein using the
ultrasonication method. In this study, they found that the
integrity of BSA was not compromised.”””” In SDS-PAGE gel
electrophoresis, no degradation of BSA bands was observed in
comparison to the loaded NPs. Furthermore, in native PAGE
gel electrophoresis also, no degradation was observed (Figure
4). Results obtained in the gel electrophoresis study confirmed
that the integrity of encapsulated BSA is retained during NP
synthesis, which is very crucial to preserve the activity of
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protein during the encapsulation process; otherwise, it will
hamper the efficacy of the therapeutic molecules.

The release of BSA from NPs is crucial for the development
of successful therapy. It is essential for the therapeutic
molecules to be released for a long time in a controlled
manner. There are many factors that affect the release kinetics
of PLGA NPs, some of them being the molecular weight and
ratio of monomer lactic acid and glycolic acid can control drug
release from the NPs. A high molecular weight of 50—150 kDa
and a 50:50 ratio of monomer are suitable for the development
of sustained drug-release formulations.”” In a different study, it
was reported that the end group of PLGA affects the
degradation rate and increased water uptake.”” PLGA NPs
initially showed the burst release followed by the sustained
release in PBS buffer, whereas in the case of PLGA—CS NPs,
the burst phase was shorter, followed by prolonged release
kinetics, and, hence, it acted better (Figure S). CS grafting
impaired net positive charge over negative charged PLGA NPs
that improved mucoadhesive properties and sustained release
of drugs as reported by a different research group in their
study.”’ In our cellular uptake study, it was confirmed that the
composite NPs were easily uptaken by the A549 cell line and
that might be due to the improved interaction between cell and
composite NPs in comparison to NPs (Figure 6). Hence, it
may be assumed that the higher cellular uptake for protein-
loaded composite NPs can be achieved by using BSA-loaded
PLGA—CS NPs, where these particles also show improved
sustained release of BSA. Here, it is observed that the cellular
uptake of PLGA NPs was enhanced when their particle size
was controlled below the sub-micron range.32

The compatibility of composite NPs was studied using
resazurin assay. We quantified the number of live cells after
exposure to different formulations and compared it with an
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equivalent amount of BSA, BSA loaded into NPs, and BSA-
loaded composite NPs exposed to the AS49 cells. In all the
cases, no significant cytotoxicity was observed. We also
exposed cells to different amounts of NPs and found that
cytotoxicity is dose-dependent, where more than 92% of cells
were healthy after exposure to the highest amount of
composite NPs (Figure 7). In this study, we found that our
PLGA—CS composite NPs are also biocompatible and
observed no toxicity after exposure to the cells.*®

B CONCLUSIONS

Our results showed that the protein-loaded PLGA NPs can be
used for composite NPs synthesis by EDC NHS reaction
without compromising the integrity of encapsulated protein
into NPs. These composite NPs are efficiently taken by cells
and show no significant level of cytotoxicity in the in vitro
study on AS549 cells. Composite NPs improved crystallinity
and reduced burst release in comparison to BSA-loaded PLGA
NPs. Hence, the study concludes that in comparison to PLGA
NPs, the composite NPs can efficiently deliver the BSA into
cells with better transfection efliciency. The CS PLGA
composite NPs deliver the therapeutic protein into cells
more effectively and show better promise for protein delivery
systems for various purposes.

B MATERIALS AND METHODS

Chemicals. Acid-terminated PLGA Resomer (lactide/
glycolide copolymer, ratio M/M %:50/50, MW 24,000—
38,000) and CS (from shrimp shells >75% degree of
deacetylation) were purchased from Sigma Aldrich, USA.
Dichloromethane (DCM) was purchased from Merck Life
Science, India. Polyvinyl alcohol (PVA) and Resazurin dye
were purchased from Merck, USA. EDC (N-(3-dimethylami-
nopropyl)-N'-ethylcarbodiimide hydrochloride), NHS (N-
hydroxysuccinimide), and FITC (fluorescein-S-isothiocyanate)
were purchased from Sigma-Aldrich, USA. Acetic acid glacial
was purchased from Thermo Fisher Scientific, India. BSA was
purchased from HiMedia Laboratories, India. Trehalose was
purchased from Tokyo Chemical Industry, Japan. Distilled
water was filtered by Merck Millipore dual filtration system,
India. All other chemicals were of analytical grade and
purchased from various vendors.

Methods. Preparation of PLGA and PLGA—CS Composite
NPs. PLGA NPs were prepared by the double emulsion solvent
evaporation method. In brief, PLGA was dissolved into DCM
with the ratio of 2.9% w/v, and 200 uL of water was added into
the PLGA solution and sonicated for 30 s at an output level of
1 to form the primary emulsion (water-in-oil) (w/o) in ice to
avoid high temperature, which damages protein. The primary
emulsion was added dropwise into 2.5% PVA solution under
homogenization for 15 min at 14,500 rpm on ice to form a
secondary (water-in-oil-in-water) emulsion. This emulsion was
poured into 2.5% PVA and put on a magnetic starrier to stir
overnight at ambient temperature to allow for DCM
evaporation. NPs were collected by the centrifugation method
after diluting with water at 24,000 rpm for 45 min at 4 °C. The
pellet was redispersed into water (Milli-Q) and washed three
times to remove all residues of PVA. Trehalose was added as a
cryoprotectant and stored overnight at freezing conditions and
then lyophilized. The BSA-loaded PLGA NPs were prepared
by adding 200 4L BSA (1 mg/mL) solution in place of 200 uL
1x PBS.

Composite NPs were synthesized by functionalization of the
carboxylic acid (—COOH) group present on the surface of
PLGA NPs by EDC NHS reaction. In brief, 25 mg of PLGA
NPs was resuspended into 1 mL dH,O and added dropwise
into S mL of 1x PBS buffer (pH 7.4) on a magnetic stirrer.
Thereafter, 40 mg of EDC and 20 mg NHS were added into
the buffer to react at room temperature for 15 min. Now
activated PLGA NPs were added into 20 mL of 0.1% CS
solution dropwise and kept overnight for stirring on the
magnetic stirrer. NPs were collected by centrifugation at
22,000 rpm at 4 °C for 45 min and washed three times with
water to remove excess coupling reagent.

Characterization of CS PLGA Composite NPs. The PLGA
NPs and CS PLGA composite NPs were characterized based
on size, charge, encapsulation efficiency, PDI, FTIR, surface
morphology, the efficacy of protein loading, the integrity of the
encapsulated protein, uptake by cells, and in-vitro release of
protein as per standard procedure mentioned below.

Size, Zeta Potential, and PDI. The size, zeta potential,
and PDI of protein-loaded composite NPs were determined by
a dynamic light scattering-based zetasizer (Nano ZS-90,
Malvern Instruments, UK). NPs were suspended in water
and used for size recording in triplicate. The zeta potential of
composite NPs was measured using a specific cuvette by
Zetasizer (Malvern Instruments, UK). The zeta potential of
PLGA NPs and composite NPs was recorded in a triplicate
manner with loaded with BSA and without BSA.

Encapsulation Efficiency. The encapsulation efficiency of
BSA loaded into composite NPs was determined by an indirect
method. In this study, the BSA amount was estimated into
supernatants after collecting NPs by centrifugation. The
amount of BSA was calculated by Lowry’s method.
Encapsulation efliciency was calculated by the following
equation:

EE (%) = (total amount of therapeutic protein added
— free therapeutic protein in the supernatant)
/(total amount of therapeutic protein added)
X 100

Protein Loading. The protein loading was estimated in NPs.
In brief, 5 mg of BSA composite NPs was dispersed into 100
uL of DCM and vortexed for 30 min, and then 100 uL of PBS
buffer (pH = 7.4) was added and vortexed again for 30 min.
NPs were centrifuged at 12,000 rpm for 15 min at 4 °C and
collected in the middle aqueous part of the tube. The collected
part was analyzed for protein estimation by Lowry’s method.
The percentage of protein loading was calculated using the
following formula:

protein loading (%)

weight of the drug in nanoparticles
= X 100
weight of the nanoparticles

Integrity of Encapsulated Protein. The integrity of the
encapsulated protein into composite NPs was characterized by
running on SDS-PAGE gel electrophoresis and native gel
electrophoresis. In brief, in SDS-PAGE electrophoresis, 3 mg
of NPs was taken to extract protein as per the method
mentioned in the protein loading section. The extracted BSA
protein from NPs was loaded on gel, and electrophoresis was
performed at a constant current. For native gel electrophoresis,
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3 mg of the protein-loaded NPs was dissolved into 100 uL of
DCM and vortexed for 30 min and then 100 uL of PBS buffer
(pH = 7.4) was added and vortexed again. Subsequently, the
mixture was centrifuged to collect the aqueous phase, and this
was mixed with 4X loading dye and loaded into the well of
native gel. The electrophoresis was performed at a constant
current.

Scanning Electron Microscope. The morphology of
composite NPs was analyzed by SEM. In brief, lyophilized NPs
were mounted on the stub with the help of double-sided
adhesive carbon tape. The surface of NPs was made conductive
by coating them with a thin layer of gold. The gold-coated
samples were examined under a vacuum by a scanning electron
microscope (Field emission scanning electron microscope
NOVA NANOSEM 450, Thermo Fisher, Netherlands).

Transmission Electron Microscope. The actual size and
uniformity of NPs were studied by TEM (FEI-Tecnai G2 12
Twin TEM, Thermo Fisher, Netherlands). The NP sample for
TEM analysis was prepared by positioning a drop of sample
suspension on a carbon-coated copper grid. The grid was dried
in a desiccator under vacuum at room temperature and
examined under TEM at an accelerating voltage of 120 kV.

FTIR Analysis. To confirm the composite nature of NPs
and encapsulation of BSA into NPs, FT-IR spectra of NPs were
obtained. A lyophilized NP was used in this study. In brief, 2
mg of NPs was mixed with the dry potassium bromide (KBr)
by grinding. A uniform sheet was made by a tablet press as a
background. With air as the background, the wavenumber
range was set to 400—4,000 cm™!, and the resolution was set to
2 cm™ recorded by Perkin Elmer Spectrum 2.

X-rays Diffraction Study. XRD analysis was done to
analyze the crystallinity of the NPs. XRD patterns were
obtained at room temperature using a very high-resolution Cu
Ka radiation diffraction system (PAN analytical XRD system)
operating at a voltage of 40 kV and current of 30 mA. The
XRD pattern of each sample was measured from 10 to 70° 26
using a step increment of 0.002 2-theta degrees and a scan size
of 2°/min.

In Vitro Release Profiles. The release profile of the BSA-
loaded nanocomposite was analyzed in a PBS buffer of pH 7.4
over 96 h. 40 mL of PBS buffer was taken into 50 mL of a
standing falcon, and 1 mL of NP was taken and kept in an
incubator at 37 °C and 80 rpm for incubation. 1 mL of the
sample was taken out at the predetermined time, and fixed
volume was maintained by adding 1 mL of PBS buffer from
outside at each time point and stored at —20 °C for further
analysis. The release of protein from NPs was quantified by
Lowry’s assay. This experiment was performed in triplicate,
and the average value with standard deviation was plotted at
different time points.

Uptake of Composite NPs. The uptake of composite NPs
was studied in cell line A549. In this study, FITC dye-loaded
NPs were used. In brief, 1 X 10° cells/well were seeded into
the 24-well culture plate and incubated to reach up to 70%
confluence. Cells were exposed to 100 pg/mL blank NPs,
FITC-loaded PLGA NPs, or FITC dye-loaded PLGA—-CS
composite NPs for 4 h. At the end of the incubation time,
extracellular NPs were removed by washing with PBS buffer.
Cells were analyzed on a flow cytometer (FACS Calibre, BD
Biosciences, USA). During analysis, 10,000 cells were acquired.
The FL-1 detector was used to collect the fluorescence of
FITC dye. The setting of equipment was done by using the
cells incubated with blank NPs. The gating was done for high

fluorescence intensity of cells, and blank NP-incubated cells
were used as negative control in this experiment.

Cytotoxicity of Composite NPs. Evaluation of the
compatibility of composite NPs was performed in in vitro
studies. A549 cells were exposed to composite NPs, and
cytotoxicity was measured based on a resazurin assay.”* In
brief, 1 X 10* cells per well were seeded into a sterile 96-well
cell culture plate with DMEM media to reach up to 70%
confluency. Cells were exposed with 100 ug/mL of NPs for 24
and 48 h. Resazurin dye was added to each well at the end of
incubation time and incubated for 4 h in dark. The cell viability
was measured at wavelength (excitation 4 530 nm, emission A
590 nm) by multimode plate reader (Synergy HTX, BioTek,
USA). The results were analyzed as the percentage of
reduction in cell growth/viability compared to untreated
control wells as a negative control.

Statistical Analysis. The data were recorded in triplicates
and expressed as mean + standard deviation. The value of p <
0.05 was regarded as statistically significant and marked as *
data presented in the article. Data analysis was performed in
MS office excel program by t-test analysis (two sample
assuming equal variances) with a preferred alpha range of 0.0S.
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