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ABSTRACT: Glioma is a malignant form of brain cancer that is
challenging to treat due to the progressive growth of glial cells. To
target overexpressed folate receptors in glioma brain tumors, we
designed and investigated doxorubicin−gefitinib nanoparticles
(Dox-Gefit NPs) and folate conjugated Dox-Gefit NPs (Dox-
Gefit NPs-F). Dox-Gefit NPs and Dox-Gefit NPs-F were
characterized by multiple techniques including Fourier transform
infrared spectroscopy (FT-IR), X-ray diffraction (XRD), differ-
ential scanning calorimetry (DSC), proton nuclear magnetic
resonance (1H NMR), and transmission electron microscopy
(TEM). In vitro release profiles were measured at both
physiological and tumor endosomal pH. The cytotoxicity of the
Dox-Gefit NP formulations was measured against C6 and U87
glioma cell lines. A hemolysis assay was performed to investigate biocompatibility of the formulations, and distribution of the drugs
in different organs was also estimated. The Dox-Gefit NPs and Dox-Gefit NPs-F were 109.45 ± 7.26 and 120.35 ± 3.65 nm in size
and had surface charges of −18.0 ± 3.27 and −20.0 ± 8.23 mV, respectively. Dox-Gefit NPs and Dox-Gefit NPs-F significantly
reduced the growth of U87 cells, with IC50 values of 9.9 and 3.2 μM. Similarly, growth of the C6 cell line was significantly reduced,
with IC50 values of 8.43 and 3.31 μM after a 24 h incubation, in Dox-Gefit NPs and Dox-Gefit NPs-F, respectively. The percentage
drug releases of Dox and Gefit from Dox-Gefit NPs at pH 7.4 were 60.87 ± 0.59 and 68.23 ± 0.1%, respectively. Similarly, at pH 5.4,
Dox and Gefit releases from NPs were 70.87 ± 0.28 and 69.24 ± 0.12%, respectively. Biodistribution analysis revealed that more Dox
and Gefit were present in the brain than in the other organs. The functionalized NPs inhibited the growth of glioma cells due to high
drug concentrations in the brain. Folate conjugated NPs of Dox-Gefit could be a treatment option in glioma therapy.

■ INTRODUCTION
Although recent decades have seen significant advances in
cancer therapy, cancer is still a challenging health issue
worldwide.1 According to the American Cancer Society, 27.5
million new cases of cancer will occur by 2040. Primary brain
tumors are among the most concerning malignant tumors since
they are rarely curable and have a 5 year overall survival rate of
only 35%.2,3 Among brain diseases, brain malignancy is
devastating and inadequately treated.4 Adults with malignant
brain tumors most frequently develop gliomas, which account
for 80% of brain tumors.5 FDA-recommended treatments
include radiation therapy, surgical resection, and chemotherapy.
The chemotherapy option is limited in glioma due to the high
invasiveness and infiltrating nature of tumor cells into
surrounding cells besides the blood−brain barrier (BBB).
Tight junctions between endothelial cells and surrounding
astrocytes control the passage of drugs from the systemic
circulation into the brain. Besides the blood−brain barrier, a
number of efflux transporters (such as breast cancer-resistance

protein p-glycoprotein) are expressed in endothelial cells and
further confine drug transport into the brain.6 Considering this,
the chemotherapeutics currently available for glioblastoma
multiforme treatment have limited therapeutic efficacy and
require high doses, leading to life-threatening toxicity. Surgery is
successful for the complete removal of disease in some cases;
often, relapse still occurs.7,8 To overcome this issue, engineered
nanoparticle-mediated drug delivery systems have been
developed. These nanoparticle (NP) systems have been
promising in preclinical glioma treatment studies, to administer
single drugs or combinations via the intranasal route.9 In
particular, surface-tailored magnetic nanoparticles developed by
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Xu et al. have achieved high drug penetration and therapeutic
efficacy in glioma.10

Biobased polymers have recently gained wider attention as
nanocomposites with wide-ranging features including biode-
gradability, biocompatibility, stability, flexibility, low immuno-
genicity, renewability, and bioresorbability.11 Significant work
has established polysaccharide-based biopolymers for drug
delivery and biomedical applications, replacing synthetic
nonmaterials.12 Biopolymers can be easily broken down by
naturally occurring microorganisms and enzymes, producing
organic byproducts that are not detrimental to biological
systems.13 Biopolymer-based nanocarriers may improve drug
release and access to specific target sites over extended periods,
thus improving the bioavailability of encapsulated drugs.
Biobased polymers obtained from the bark of Cinnamomum
Zeylanicum have promising drug encapsulation efficiency, and
their surfaces may also be modified.14

The emergence of nanotechnology has made drug delivery
into the brain easier when combined with advances in drug
delivery technology and targeting.15 The development of novel
nanocarriers has allowed for the selective and targeted delivery
of therapeutic agents to specific cells, tissues, and organs while
avoiding healthy tissues.16 The surface of natural polymers can
be modified, encapsulating cargo for site-specific polymeric
delivery. Natural polymers have distinctive physicochemical
qualities that allow them to be used as drug carriers to the brain.
These properties include biodegradability, biocompatibility,
reduced toxicity, and special functionality such as a flexible
surface and plasticity.17,18

Targeted drug delivery to tumors unlocks new possibilities for
a vast number of chemotherapies.19 Tumor-targeted strategies
that have evolved recently include cell-based targeted therapies,
gene therapy, immunotherapy, and viral therapy. Active drug
targeting relies on NPs (carrying cargos) to hit targets with
limited off-target release. Targeted NPs take advantage of a
unique interaction between ligands conjugated to the NPs and
receptors expressed on the surface of tumor target cells. Versatile
NPs may improve controlled release for a desired time and
maintain drug stability. Ligated NPs may be a promising system
for precise drug delivery.20−24

The folate receptor is a cysteine-rich glycoprotein that binds
folic acid and is overexpressed in the glioma.25 The folate-
decorated nanocarrier has a high affinity to binding with the
folate receptor, which leads to cellular internalization through
the formation of endosomes via an endocytic pathway in glioma
cells. The folate-grafted nanocarrier after cell internalization
unbinds in the acidic pH of the tumor microenvironment,
followed by the receptor recycling back to the cell surface and
subsequently drug being released into the cytosol.26,27

Combinatorial therapy both diminishes the development of
cancer-resistant cells and synergistically improves the therapeu-
tic efficacy of targeted molecules.28 The simultaneous release of
Gefit (EGFR inhibitor) may increase the level of DNA damage
caused by Dox due to better sensitization.29 The simultaneous
localization of medications at an effective dose is a major factor
in achieving synergistic effects.30

Doxorubicin is one of the most frequently used chemo-
therapeutics, used to treat a variety of solid tumors including in
the brain.31 It is an anthracyclic group antibiotic used as an
antineoplastic drug.32 It works via a variety of mechanisms
including DNA intercalation, dislocation of topoisomerase II,
and free radical generation, all of which result in cellular damage.
A cumulative dose of over 550 mg/m2 Dox may cause cardiac
failure and therefore can be life-threatening at too high a dose.33

Gefit is an EGFR−tyrosine kinase inhibitor approved by the
FDA for breast and lung cancer treatment. The antitumor effects
of Gefit are increased in combination with chemotherapy.34−36

The chemical structures of Dox and Gefit are shown in Figure
1A,B. Lakkadwala and associates developed transferrin-modified
liposomes for Dox and Erlotinib for targeting into glioma cells.
In vitro profiles showed higher translocation of chemo-
therapeutics in tumors cells indicated by the in vitro brain
tumor model.37

Surface-functionalized NPs may bind more effectively with
overexpressed cell surface receptors on glioma cells, with better
cellular uptake and drug internalization in tumor cells. Here, we
develop Dox-Gefit-loaded biopolymeric NPs and folate-
decorated biopolymeric NPs via conjugation chemistry for
receptor-mediated targeting of brain cancer. We evaluated
numerous physicochemical characteristics of these formulations
in vitro, including particle size and surface charge, and evaluated
their effects on glioma cell lines, such as cytotoxicity.

■ MATERIALS AND METHODS
Gefitinib (Mw = 446 g/mole, purity ≥95%) was a gift from
Natco Pharma Pvt. Ltd. (Dehradun, India). Dox was a gift from
Neon Laboratories Pvt. Ltd. (Ghaziabad, India). Cinnamon
biopolymer was purchased from Shree Ram Overseas (New
Delhi, India). Poly(vinyl alcohol) (PVA) was from Sisco
Research Laboratory Pvt. Ltd. (Mumbai, India). The cross-
linking agents EDC [1-(3 dimethylaminopropyl)-3-ethyl
carbodiimide hydrochloride] and sulfo-NHS [N-hydroxysucci-
nimide] were from Sisco Research Laboratories Pvt. Ltd.
(Mumbai, India). The organic solvent dimethyl sulfoxide
(DMSO) was from Merck Pvt. Ltd. (Mumbai, India). Acetone,
deionized water, and HPLC-grade water were obtained from SD
Fine Chem Pvt. Ltd. (Mumbai, India). Other chemicals and
reagents were of analytical grade.

Figure 1. Structures of Dox (A) and Gefit (B).
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Cytotoxicity Studies. Materials. Culture media, penicillin
streptomycin, MTT ((4,5-dimethylthiazol-2yl)-2,5-diphenyl
tetrazolium bromide), fetal bovine serum (FBS), and
Dulbecco’s modified Eagle’s medium (DMEM) were purchased
from Himedia India (Gibco). The phosphate-buffered saline
(PBS) was obtained from Himedia, India (Gibco). The NCCS
in Pune, India, provided C6 andU87 cell lines. Cells were kept at
37 °C and 5% CO2 in a humidified CO2 incubator for
continuous growth.

Experimental Design for Formulation Optimization. To
produce an optimal formulation, the Box−Behnken exper-
imental design was used. Three distinct variables were chosen:
polymer concentration (conc.) (A), surfactant conc. (B), and
sonication time (C), with levels either low (−1), intermediate
(0), or high (+1) (Table 1). The concentration of variables

selected was based on preliminary investigation.38 One-way
ANOVA was used to calculate significant values for a model of
good fit in producing the final formulation. The optimized
composition of the formulation was produced by measuring the
particle size (minimize), PDI (minimize), and % drug release
(maximize). The point prediction technique was followed to
conclude the formulation.

■ PREPARATION OF DOX-GEFIT LOADED NPS
The Dox-Gefit loaded biopolymeric NPs were prepared using
the double-emulsion solvent evaporation technique.39 Gefit
solution was prepared in the organic phase (1 mg/mL), Dox was
added in the aqueous phase (5 μg/mL), and an aqueous
biopolymeric solution of 5 mL was used at a concentration of
21.9 mg/mL. 3 mL of aqueous PVA was used as a surfactant
solution, prepared at a concentration of 17.3 mg/mL. First, Gefit
(1 mg/mL) and Dox solution (5 μg/mL) together were
transferred slowly using an injectable needle into the
biopolymeric solution (21.9 mg/mL) and emulsified using
PVA and a probe sonicator (Hielscher ultrasonicator, Berlin,
Germany) (2 min, 30 KHz power, 50 W, one cycle). The
resulting solution formed the Dox-Gefit loaded primary
emulsion (o/w). Next, the primary emulsion was transferred
into an aqueous surfactant solution (17.3 mg/mL) slowly using
an injection needle at the rate of 0.5 mL/min and emulsified for
8.6 min using a probe sonicator (30 KHz power, 80 W, one
cycle). The resulting secondary emulsion comprised NPs.
Subsequently, the preparation was stirred magnetically at 1000
rpm for 4 h at ambient temperature to allow the evaporation of
the organic phase. Then, the preparation was kept open
overnight to harden and obtain dry NPs. Further, the NPs
were ultracentrifuged at 15,000 rpm (OptimaTE-80K Ultra-
centrifuge) for 30 min and washed thrice to obtain NPs free
from unentrapped drugs as well as free biopolymers. Next, the
Dox-Gefit loaded NPs were redispersed in water and lyophilized
to dryness for future characterization.

■ SURFACE MODIFICATION OF DOX-GEFIT NPS
The developed Dox-Gefit NPs were redispersed in Eppendorf
tubes containing water, at a concentration of 10 mg/mL. 0.1%
w/v 1-(3 dimethyl amino propyl)-3-ethyl carbodiimide hydro-
chloride (EDC.HCl) was added. It was then vortexed before
adding N-hydroxysuccinimide [Sulfo-NHS, 0.05% w/v] and
incubated in a biological shaker in the dark for 5 h to activate the
functional carboxylic group on the biopolymeric surface. During
incubation, an unstable intermediate reaction product was
formed between the NPs, with EDC.HCL as the cross-linker.
This further reacted with sulfo-NHS, resulting in a stable ester.
In the subsequent step, the surface-activated NPs were

Table 1. Nanoparticle Development Using the Box−Behnken
Response Surface Designa

levels

independent variables (factors) low (−1) intermediate (0) high (+1)

A: polymer conc. (%) 1.00 2.50 4.00
B: surfactant conc. (%) 1.00 2.00 3.00
C: sonication time (min) 5.00 10.00 15.00
dependent variables (responses) desirability constraints

R1: particle size (nm) minimize
R2: PDI minimize
R3: drug release (%) maximize

aThe table shows the levels implemented for different independent
variables and desirability constraints.

Figure 2. Schematic representation of Dox-Gefit NPs-F preparation.
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centrifuged at 15,000 rpm for 30 min and washed in PBS pH 7.4
after discarding the supernatant. Further, NPs were dried and
redispersed in 2 mL of PBS. Next, 0.1% w/v folic acid was
prepared by dissolving 10 mg of folic acid in 10 mL of sodium
hydroxide (1 mg/mL). 2 mL of folic acid was added to the NPs
and incubated at ambient temperature in a biological shaker.
Further, the folate coupled NPs (Dox-Gefit NPs-F) were
centrifuged at 15,000 rpm for 30 min, and then, the supernatant
was removed containing a fraction of free EDC, free sulfo-NHS,
and free folic acid and the Dox-Gefit NPs-F suspension was
obtained, which was washed in a buffer. Dox-Gefit NPs-F (10
mg/mL) was redispersed in deionized water. One drop of 0.25
M ethanolamine was added and then incubated for 30 min to
block unreacted sites on the NPs and washed withMilli Q water.
The Dox-Gefit NPs-F was then lyophilized for further use. The
technique for the preparation of Dox-Gefit NPs and their surface
modification with folate is shown in Figure 2.
Characterization of Dox- Gefit NPs and Dox-Gefit NPs-

F. Particle Size Analysis. The particle size distribution and
particle diameter were analyzed as a z-average in the NP
formulation using a Zetasizer 1000 HS (Malvern Instruments,
U.K.). NPs were dispersed in HPLC-grade water (0.5 mg/mL)
and bath-sonicated, and then, sizing analysis was computed in
triplicate (n = 3).

Drug Entrapment Efficiency. The amount of unentrapped
Gefit and Dox in the NP and Dox-Gefit NP-F samples was
evaluated by quantifying their concentration in the supernatant
using a UV−visible spectrophotometer at λmax values of 331 and
480 nm. The supernatant was obtained after centrifuging the
samples at a speed of 15,000 rpm, at 4 °C for 30 min (C24,
REMI Refrigerated Centrifuge, Mumbai, India). The %
entrapment efficiency of drugs in the NPs and functionalized
NPs was estimated using the following equation

=

×

% entrapment efficiency

(total drug concentration supernatant drug)

/(total amount of drug) 100

High-Resolution Transmission Electron Microscopy (HR-
TEM). The particle shape and surface morphology of the NPs
were studied by JEOL, JEM 2100 Plus (Japan), which was
operated at 80−200 kV, ultrahigh resolution (UHR). The
diluted NPs (0.5 mg/mL) were spread over a permeable film
grid and dried, and images were observed and captured at 80−
200 kV.

Fourier Transform Infrared Spectroscopy (FT-IR). FT-IR
spectra of pure Dox, Gefit, cinnamon biopolymer, PVA, Dox-
Gefit NPs, and Dox-Gefit NPs-F were taken using FT-IR
(Tensor 37, Bruker). A sample of weight 5 mg was directly
placed into the beam light path, and the spectra of different
components under study were recorded in the scanning range of
4000−400 cm−1.

Differential Scanning Calorimetry (DSC). DSC was used to
determine the melting point, the physical state of the drug Dox,
Gefit, biopolymer, PVA, Dox-Gefit NPs, and Dox-Gefit NPs-F
by using DSC (LABSYS EVO 1150 °C DSC131 EVO analyzer,
Setaram Instrumentation, France).

X-ray Diffraction (XRD). XRD analyses were performed with
a PAN analytical X’pert PRO (The Netherlands), working at 40
kV, 30 mA, and 2θ angle ranges (0−80°) applying
monochromatic CuKa radiation (k = 1.5406 Å).

Proton Nuclear Magnetic Resonance (1H NMR). The 1H
NMR spectra of Dox-Gefit NPs-F were acquired on a Bruker
Avance-II (Switzerland) at 400 MHz. Chemical shifts were
reported in ppm for structural elucidation to confirm folate
conjugation to the activated surface of the biopolymer.40

In Vitro Release Studies. The % drug release from the drug
delivery system was determined at physiological pH 7.4 and pH
5.4 (simulating intracellular endosomal pH) at the temperature
of 37 ± 0.5 °C for 48 h. 20 mg of each formulation (such as Dox-
Gefit loaded NPs and Dox) was transferred into a dialysis bag
(Mol. wt cutoff = 6−8 kDa), and the ends were tightened. The
dialysis bag was then immersed in 100 mL of PBS at either pH
7.4 or pH 5.4 and at 37 ± 0.5 °C and continuously shaken at 50
rpm. Several 2 mL samples were withdrawn at programmed
intervals of 0, 0.5, 1, 2, 4, 6, 8, 12, 16, 20, 24, 36, and 48 h, and the
same volume of sample was replaced with a buffer at pH 7.4 or
pH 5.4. The collected samples were examined at λmax values of
331 and 480 nm using a UV−visible spectrophotometer. % drug
released from NPs was obtained and fitted to various kinetic
models to screen out a model of good fit and a suggested
mechanism of drug release from the biopolymeric surface. The
% drug released from NPs was estimated using the following
equation

=

×

% drug release (amount of drug released at interval)

/(total amount of drug) 100

Hemolytic Study. The hemolysis assay was performed to
examine the compatibility of biopolymeric NPs in contact with
blood, with modifications as described by Augustine et al.41

Blood was collected in EDTA-coated tubes from adult rats and
centrifuged at 2000 rpm for 10 min to separate RBC cells.
Triton-X-100 and normal saline were positive and negative
controls in this assay, respectively. To execute the assay, placebo
NPs, Dox-Gefit NPs, or Dox-Gefit NPs-F were tested with blood
by gradually increasing their quantity, starting with 1.5, 3, and 6
mg. Each concentration of sample was dispersed in 500 μL of
saline and incubated with diluted blood at 37 ± 0.5 °C for 1 h.
Subsequently, the samples were centrifuged at 1500 rpm for 5
min. The supernatant containing released hemoglobin was
examined at 541 nm using a UV−visible spectrophotometer.
The following formula was used to determine the % hemolysis

=

×

% hemolysis (sample absorbance

negative control absorbance)

/positive control absorbance 100

Cytotoxicity Studies and Determination of the Combina-
tion Index (CI).The cytotoxicity of Dox-Gefit-NPs orDox-Gefit-
NPs-Fs was investigated with the glioma cell lines U87 (ATCC,
HTB14) and C6 (ATCC, CCL107) using a calorimetric MTT
assay that measures cell viability.42 Cell lines were added to 96-
well plates containing the DMEMmedium at a concentration of
106 cells/well and subsequently incubated overnight night at 37
°C in a humidified atmosphere and 5% v/v CO2 containing air
(5% v/v).43 After cell attachment, wells were treated with
varying concentrations of 0.2, 0.4, 0.8, 1.6, 3.2, and 6.4 μM Dox-
Gefit-NPs and Dox-Gefit-NPs-F and incubated for 24 h. After
completion of the treatment, the media was discarded carefully,
and the cells were incubated with 100 μL of MTT for 3 h.
Further, 150 μL of DMSO was transferred into each well and
incubated for 10 min, which resulted in a reduction of the yellow

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c01375
ACS Omega 2023, 8, 28165−28184

28168

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c01375?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


color MTT dye into formazan crystals (purple-colored). Next,
the optical density was estimated using a microplate reader at
570 nm. Three replicates of each experiment were carried out (n
= 3). Untreated cells were taken as the control group (100% cell
viability), and the IC50 of the cells was determined. IC50 is the
drug concentration that slows down cell growth by 50%
compared to the control. It was calculated by using regression of
the cell viability data. The combination index (CI) was
determined to measure the combination effect for codelivery
of Dox and Gefit. It is based on the IC50 value of the drugs
achieved on the MTT assay and values calculated using the
following formula. It was noted that if CI > 1, it indicates an
antagonistic effect; if CI = 1, it indicates an additive effect; and if
CI < 1, it means a synergistic effect.

The following formula was used to calculate the cell viability
(%) as mean viability (%) and standard deviation (SD) (n = 3).
Percent cell viability = OD treated/OD controlled × 100

=
+

+
+IC A B

IC A
IC A B

IC B
CI

( )
( )

( )
( )

50

50

50

50

where IC50 (A), IC50 (B), and IC50 (A + B) indicate the IC50
values of Dox, Gefit, and the combination drug obtained in the
MTT assay, respectively.

Biodistribution Studies. Animals were placed in the animal
house prior to the testing and preserved in a polymeric cage as
per the ethical guidelines of the animal. The animals were kept at
room temperature with a 12 h light/dark cycle with nourishing
water ad libitum. The protocol and procedures were approved
by the Institutional Animal Ethics Committee (IAEC) guide-
lines of DIT University, Dehradun, Uttrakhand, India (Ref no.
DITU/IAEC/21-22/07-05). A single dose each of pure Gefit,
pure Dox, Dox-Gefit-NPs, and Dox-Gefit-NPs-F were given in a
volume of 20 μL via the nose once a day for 14 days in four
groups of male Wistar rats (n = 3). The liver, kidney, heart,
blood, lungs, and brain were removed from each group (n = 3)
after 24 h of the last dose. The tissue was dried with tissue paper,
weighed, and homogenized in an ice-cold 1 mL sodium chloride
solution per gram of tissue. Thereafter, the samples were

separated and kept at −20 °C until analysis. The Dox and Gefit
contents were analyzed by HPLC.

Stability Study. Samples were kept in a stability chamber at a
temperature of 25 ± 2 °C, 65 ± 5% RH, and at 40 ± 2 °C, 75 ±
5%RH, for 90 days. Evaluations were conducted at intervals of 0,
30, 60, and 90 days.44,45

Fetal Bovine Serum (FBS) Stability of Dox-Gefit-NPs-F. The
lyophilized sample of Dox-Gefit NPs-F weighing ∼1 mg was
redispersed in a PBS of pH 7.4. To assess the nanodrug stability
of Dox-Gefit NPs-F, it was incubated with 10% fetal bovine
serum (FBS) at 37 °C to interpret the impact of serum protein in
the medium on the formation of protein layering around
functional NPs. The Dox-Gefit NPs-F dispersion was added into
10% FBS solution in the ratio of 1:1; the resulting serum
concentration was adjusted to 50% v/v using the formulation.
Thereafter, the solution mixture was incubated in a water bath
incubator at 37 °C for 24 h.46 The mean particle size (nm) and ζ
potential (mV) were measured post incubation at predeter-
mined time points (0.5, 1, 4, 6, 12, and 24 h) by withdrawing 1
mL of samples. At different intervals of 0.5, 1, 4, and 6 h, the
ultraviolet scan of the sample was performed to estimate the
variation in absorbance in relation to the incubation time using a
UV spectrophotometer.

Statistical Analysis.One-way analysis of variance (ANOVA),
with significant values of p < 0.05, was utilized for all of the
reported analysis accompanied by a Tukey−Kramer analysis
using GraphPad prism (version 7). All of the results were
provided as a mean of standard deviation, and each experiment
was carried out in triplicate.

■ RESULTS
Selection of Optimized Dox-Gefit NPs. A Box−Behnken

design was used to generate 17 experimental runs. Three factors
were used with three levels (low (−1), intermediate (0), and
high (+1)). The expert design is economic and requires less time
to optimize the formulation and, therefore, it was adopted in this
study (Version 10; Stat Ease Inc., Minneapolis, MN). The
listings of independent variables are shown in Table 1. The
various experimental runs were generated by software, based on
chosen variables such as polymer concentration (A), surfactant

Table 2. Box−Behnken Response Surface Design Produced 17 Runs for the Optimization of Manufactured Nanoparticles

factor 2 factor 1 factor 3 response 1 response 2 response 3%

A: polymer conc. B: surfactant conc. C: sonication time particle size PDI drug release

runs (% w/v) (% w/v) (min) (nm)

1 2.5 2 12.5 92 0.103 82
2 2.5 1 20 300 0.183 50
3 2.5 3 5 189 0.213 50
4 1 3 12.5 220 0.236 70
5 1 2 5 350 0.196 60
6 2.5 3 20 160 0.198 65
7 2.5 2 12.5 90 0.101 82
8 2.5 2 12.5 98 0.106 85
9 2.5 2 12.5 99 0.109 82

10 4 2 5 318 0.215 50
11 2.5 2 12.5 92 0.107 82
12 2.5 1 5 310 0.186 60
13 1 2 20 312 0.216 60
14 1 1 12.5 320 0.24 50
15 4 2 20 310 0.187 50
16 4 1 12.5 320 0.214 60
17 4 3 12.5 180 0.240 40
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concentration (B), and sonication time (C), as shown in Table
2. A diagnostic plot of NPs is shown in Figure 3, showing
properties such as normal % probability, externally studentized
residuals vs. predicted plot of particle size, PDI, and % drug
release. A three-dimensional response surface morphology is
shown in Figure 4, indicating the impact of independent
variables, viz., polymer, surfactant, and sonication time, on
dependent variables, viz., particle size, PDI, and% drug release.39

The high and low levels of independent variables were
established based on the preliminary laboratory observation
for developing formulation. A trial and error method of selecting
the excipients in the formulation assured a robust and consistent
formulation.47 The best-fitting model was found to be quadratic
with the highest estimated value of coefficient of correlation
(R2)∼1.

TheNP particle size ranged from 90 to 350 nm (Table 2). The
coefficient of correlation in a quadratic model of particle size
gave an adjusted R2 value of 0.9982 and a predicted R2 value of
0.9929. The % drug release from theNPs ranged between 40 and

85% represented by a quadratic model with an adjusted R2 value
of 0.9937 and a predicted R2 value of 0.9691. The NP PDI value
ranged from 0.101 to 0.240 with an adjusted R2 value of 0.9909
and a predicted R2 value of 0.9672. The mathematical quadratic
equations drawn from the experimental design for calculation of
particle size, PDI, and % drug release are shown below.

= + × ×
× × ×

+ × × × ×
+ × + ×
+ ×

A B

C A B
A C B C

A B
C

particle size 94.20 9.25 62.62

10.63 10.00
7.50 4.75
124.28 41.52
104.03

2 2

2

= + × + ×
× + × ×
× × × ×

+ × + × + ×

A B
C A B
A C B C
A B C

PDI 0.1052 0.0040 0.0080
0.0033 0.0075
0.0120 0.0030
0.0679 0.0594 0.03042 2 2

Figure 3.NP diagnostic plots. (A) Normal % probability plot of particle size. (B) Externally studentized residuals vs. predicted plot of particle size. (C)
Externally studentized residuals vs runs of particle size. (D) Normal % probability plot of PDI. (E) Externally studentized residuals vs predicted plot of
PDI. (F) Externally studentized residuals vs run of PDI. (G) Normal % probability plot of % drug release. (H) Externally studentized residuals vs.
predicted plot of % drug release. (I) Externally studentized residuals vs run of % drug release.
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= + × + ×

+ × × ×
+ × × ×

× ×

A B

C A B
B C A

B C

% drug release 82.60 5.00 0.6250

0.6250 10.00
6.25 14.43
13.17 13.18

2

2 2

Validation ofOptimumFormulation.Among the optimal
solutions for formulation, the validation of a few predicted
experiments was investigated, and the findings led to an
agreement with the predicted values. The optimum formulation
was finalized using numerical optimization tools, keeping the
criteria of particle size (minimize), PDI (minimize), and % drug
release (maximize). The developed optimized formula was
robust and stable with a desirability value of 0.851. The optimum
composition of the developed Dox-Gift NPs was a biopolymer
conc. of 2.19% w/v, a surfactant conc. of 1.73% w/v, and a
sonication time of 8.6min. The software-predicted values for the
dependent variables were identified as follows: particle size,
116.18 nm; PDI, 0.12; and % drug release, 78.2%. Moreover, the
experimental values for particle size were 109.45 ± 7.2 nm; PDI,
0.10; and % drug release, 70.04%.
Characterization of Dox-Gefit NPs and Dox-Gefit NPs-

F. Particle Size and ζ Potential.Themeasured particle sizes and

ζ potentials of Dox-Gift NPs and Dox-Gefit NPs-F are shown in
Figure 5A,B. The particle sizes of Dox-Gefit-NPs and Dox-Gefit-
NPs-F were 109.45 ± 7.26 and 120.35 ± 3.65 nm, respectively.
For the surface-functionalized NPs, the particle size was slightly
larger than that of bare NPs, perhaps due to ligation of folate
onto the surface of Dox-Gefit-NPs during functionalization. The
TEM images of Dox-Gefit-NPs and Dox-Gefit-NPs-F (Figure
6A,B) indicate that particles were uniform and consistent and in
agreement with the size prevailed by the Malvern Zetasizer. The
ζ potentials of Dox-Gefit NPs and Dox-Gefit NPs-F were −18.0
± 3.27 and −20.0 ± 8.23 mV, respectively, as shown in Figure
5C,D. The entrapment efficiencies of Gefit and Dox were 82 ±
4.2 and 77 ± 5.6%, respectively, for Dox-Gefit NPs and 83 ± 2.9
and 78 ± 6.67%, respectively, for Dox-Gefit NPs-F. PDI values
of Dox-Gefit NPs and Dox-Gefit NPs-F were 0.107 and 0.110,
respectively. The predicted particle size of the optimized NPs
was 116.18 nm, while the experimental value of the particle size
was determined to be 109.45 ± 7.26 nm. Further, the predicted
PDI values were 0.121 and 0.107 for the experimental and
predicted values, respectively. The predicted and experimental
values for % drug release were 78.27 and 70.04%, respectively, as
shown in Table 3.

Figure 4. 3-D response surface plots. (A−I) Comparative effective surfactant conc., polymer conc., and sonication time on particle size (A−C), PDI
(D−F), and % drug release (G−I).
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DSC Analysis. The DSC spectra of pure Dox, Gefit,
cinnamon biopolymer, PVA, Dox-Gefit NPs, and Dox-Gefit
NPs-F are shown in Figure 7A−F. The DSC thermogram of
Gefit showed a distinct endothermic peak at 194.181 °C. DSC
and Dox peaks were obtained at a melting point of 170 °C and at
222.674 °C, respectively. The cinnamon biopolymer showed a
flat endothermic peak at 90.155 °C. In Dox-Gefit NPs and Dox-
Gefit NPs-F, no endothermic peak was detected for Dox and
Gefit, indicating that the drug was encapsulated in the
biopolymeric core. Further, the endothermic peak obtained at

168.308 and 168.194 °C in the Dox-Gefit NPs and Dox-Gefit
NPs-F corresponded to mannitol.
FT-IR Spectral Analysis. The FT-IR spectra of Dox, Gefit,

cinnamon biopolymer, PVA, Dox-Gefit NPs, and Dox-Gefit
NPs-F are displayed in Figure 8A−F. The IR absorption peak
obtained at a wavenumber of 1620 cm−1 was due to C�N
stretching vibrations in Gefit, whereas absorption peaks at 1109
and 1011 cm−1 were related to C−O and C−F stretchings,
respectively. A characteristic Dox absorption peak was at 1638
cm−1. In the biopolymer, the absorption peak was around
2743.12 and 2918.33 cm−1, belonging to the carboxylic acid
group. The IR spectra of Dox-Gefit NPs and Dox-Gefit NPs-F
showed that the majority of absorption bands were weaker in
Gefit, demonstrating that the drug was entrapped in theNPs. On
the other hand, the spectrum band at 1606 cm−1 in Dox-Gefit
NPs-F was due to folate conjugation to the biopolymer surface.
Proton Nuclear Magnetic Resonance (1H NMR). The

formation of an amide bond (−CONH2) between the primary
amine group (−NH2) of folic acid and the carboxylic acid group
(−COOH) of Dox-Gefit NPs through conjugation is shown in

Figure 5.Dox-Gefit NP and Dox-Gefit NPs-F particle size and ζ potential. (A) Dox-Gefit NP size distribution. (B) Dox-Gefit NPs-F size distribution.
(C) ζ Potential of Dox-Gefit NPs. (D) ζ Potential of Dox-Gefit NPs-F.

Figure 6. Transmission electron microscopy of Dox-Erlo NPs (A) and Dox-Erlo NPs-F (B).

Table 3. Optimized Composition of Dox-Gefit NPs with
Predicted and Experimental Values

variables
optimum

composition responses
predicted

value experimental value

A 2.19%w/v R1 116.18 nm 109.45 ± 7.26 nm
B 1.73% w/v R2 0.121 0.107
C 8.6 min R3 78.27% 70.04%
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Figure 9A. The 1H NMR spectrum of amide linkage formation
in Dox-Gefit NPs-F is shown in Figure 9B. The appearance of
the 1H NMR signals at 8.3088 ppm indicates the formation of
amide bonds, which are formed via conjugation between the
activated carboxylic acid group of the biopolymeric NPs and the
primary amine group of folic acid.

X-ray Diffraction Analysis. Confirmation of the molecular
state of Dox and Gefit in the NPs was further ensured through
physicochemical characterization of the formulation using X-ray
diffraction analysis. The X-ray diffraction patterns of Dox, Gefit,
cinnamon biopolymer, Dox-Gefit NPs, and Dox-Gefit NPs-F are
illustrated in Figure 10A−E. Sharp characteristic peaks are
present for Gefit and Dox (Figure 10A,B), indicating their

Figure 7. DSC thermogram Gefit (A), Dox (B), cinnamon biopolymer (C), PVA (D), Dox-Gefit NPs (E), and Dox-Gefit NPs-F (F).
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crystalline nature. Peaks in the biopolymer (Figure 10C)
appeared less crystalline due to some low-intensity peaks.

However, the intensity of crystalline peaks was drastically
reduced in the diffraction pattern of Dox-Gefit NPs and Dox-

Figure 8. FT-IR spectra of Gefit (A), Dox (B), cinnamon polymer (C), PVA (D), Dox-Gefit NPs (E), and Dox-Gefit NPs−F (F).
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Gefit NPs-F, revealing that Gefit and Dox were in an amorphous
or molecular state in the biopolymeric core of the NPs, as shown
in Figure 10D,E.
In Vitro DrugRelease Studies. In vitro release studies were

performed to investigate the release of Gefit and Dox from Dox-
Gefit NPs and Dox-Gefit NPs-F in PBS of pH 7.4 and 5.4. The
maximal amounts of Dox released at pH 7.4 were 60.87 ± 0.59
and 68.23 ± 0.125% from Dox-Gefit NPs and Dox-Gefit NPs-F,
respectively. On the other hand, at pH 5.4, the maximum Dox
released from Dox-Gefit NPs and Dox-Gefit NPs-F was 70.87 ±
0.28 and 80.23 ± 0.095%, respectively. Further, Gefit amounts
released from Dox-Gefit NPs and Dox-Gefit NPs-F at pH 7.4
were 71.23 ± 0.1 and 80.21 ± 0.1%, respectively. Similarly, at pH
5.4, the maximum amounts of Gefit released were 69.24 ± 0.125
and 84.32 ± 0.58% as shown in Figure 11A,B.

■ KINETIC RELEASE MODELING
To understand the release mechanism of Dox and Gefit from
Dox-Gefit NPs and Dox-Gefit NPs-F, the % drug release data at
corresponding pH were fitted into multiple kinetic models.
Based on best-fitting model correlation coefficients (R2) at pH
7.4, the Korsmeyer−Peppas model was selected, with R2 values
of 0.9835 and 0.9926 for Dox release from Dox-Gefit NPs and
Dox-Gefit NPs-F (Table 4). Further, the Korsmeyer−Peppas
model was the best-fitting model for Gefit release from both
formulations, with R2 values of 0.9809 and 0.9800 at pH 7.4,
respectively.

On the other hand, at pH 5.4, among the various models, the
Korsmeyer−Peppas model was selected as the best-fitting
model, with an R2 value of 0.9834 for Dox release from Dox-
Gefit NPs. The first order for release of Dox from Dox-Gefit

Figure 9. (A) Schematic diagram of amide-bond formation in Dox-Gefit NPs-F. (B) 1H NMR spectrum of Dox-Gefit NPs-F.
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NPs-F had an R2 value of 0.9893. Gefit release from Dox-Gefit
NPs and Dox-Gefit NPs-F at pH 5.4 showed the Korsmeyer−

Peppas model of good fit with R2 values 0.9665 and 0.9737
(Table 5). These kinetic release modeling outcomes suggest that

Figure 10. XRD diffraction analyses of (A) Gefit, (B) Dox, (C) cinnamon biopolymer, (D) Dox-Gefit NPs, and (E) Dox-Gefit NPs-F.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c01375
ACS Omega 2023, 8, 28165−28184

28176

https://pubs.acs.org/doi/10.1021/acsomega.3c01375?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01375?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01375?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01375?fig=fig10&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c01375?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


simultaneous release of Dox and Gefit was caused by swelling
and hydration of the polymeric matrix, and thereby water
diffusion into polymeric NPs results in the improved release.48

■ HEMOLYSIS STUDIES
A hemolysis assay was performed to ensure that the developed
formulation would be safe in the bloodstream. A nanomaterial
used for therapeutic purposes in the systemic circulationmust be
biocompatible and unharmful to blood cells. Nano-biointer-
actions may damage erythrocytes and liberate hemoglobin.

Hemocompatibility in accordance with the Standard Practice for
Assessment of Hemolytic Properties of Materials from the
American Society for testing and Materials (ASTM756, 2000)
suggested 5% destruction of blood cells categorized as
hemolytic.

Increasing the doses of NPs led to increased hemoglobin
release from erythrocytes (Figure 12A,B). Hemolytic analysis
revealed that RBC damage was <6−8% at 1.5, 3, or 6 mg,
corresponding to placebo NPs, Dox-Gefit NPs, and Dox-Gefit
NPs-F. The nNormal saline was safe to blood, and the highest
RBS destruction was seen with triton-X-100.

■ CELL VIABILITY ASSAY AND DETERMINATION OF
THE COMBINATION INDEX (CI)

The cytotoxic activity of the formulations was found to be
concentration- and time-dependent (Figure 13A,B). The Dox-
Gefit NPs-F significantly depleted the viable cell count to 30.33
± 0.5% as compared to Dox-Gefit-NPs at 64.33 ± 0.5% and pure
Dox and pure Gefit at 86.5 ± 3.98 and 91.5 ± 4.74% in glioma
C6 cells after 24 h of incubation. In contrast, Dox-Gefit NPs-F
reduced the viable cell count to 26 ± 3.6% compared to Dox-
Gefit NPs at 66.33 ± 2.31% and pure Dox and pure Gefit at 85.2
± 1.89 and 92.0 ± 5.84% in gliomaU87 cells. The cell viability of
the selected cancer cell lines decreased in response to the
increasing pharmaceutical dose loaded in the NPs.

IC50 values for pure Dox-Gefit, Dox-Gefit NPs, and Dox-
Gefit NPs-F were 25.88, 9.9, and 3.19 μM, respectively, in the
U87 cell line. In the C6 glioma cell line, the IC50 values of pure
Dox-Gefit, Dox-Gefit NPs, and Dox-Gefit NPs-F were 26.64,
8.43, and 3.31 μM, respectively. The CI values determined for
codelivery of Dox-Gefit from Dox-Gefit NPs-F in U87 and C6
cell lines were 0.201 and 0.199, respectively. MTT assay
outcomes showed that Dox-Gefit NPs-F decreased the cell
viability based on receptor-mediated cellular entry into cancer
cells. The addition of folate decoration to the NP surface
facilitates membrane receptor binding and enables selective
internalization, leading to enriching the drug concentration in
the cancer cells.39

Biodistribution Studies. Tissue homogenates from the
heart, liver, kidney, brain, lungs, and blood were extracted in an
organic solvent and analyzed by HPLC for the presence of Dox
and Gefit. A significant amount of Dox and Gefit was measured
in the brain compared to the drug suspension (p < 0.05). The
biodistribution studies of the formulations in various organs are
shown in Figure 14.
Stability Studies. A stability study was performed as per

guidelines issued under the stability testing of pharmaceuticals
[ICH Q1A (R2)]. The Dox-Gefit NPs and Dox-Gefit NPs-F
stability experiments are summarized in Tables 6 and 7. Dox-
Gefit NPs and Dox-Gefit NPs-F particle sizes were measured to
be 122.52 ± 4.46 nm and 124.45 ± 6.37 at 25 ± 2 °C, 65 ± 5%

Figure 11. In vitro drug release of Gefit and Dox. (A) pH 5.4 and (B)
pH 7.4.

Table 4. Kinetic Release of Dox and Gefit from Dox-Gefit NPs and Dox-Gefit NPs-F at pH 7.4

Dox release fromDox-Gefit NPs
at pH 7.4

Dox release from Dox-Gefit
NPs-F at pH 7.4

Gefit release form Dox-Gefit
NPs at pH 7.4

Gefit release form Dox-Gefit
NPs-F at pH 7.4

model fitting R2 k R2 k R2 k R2 k

zero order 0.8460 1.3153 0.8718 1.4358 0.8218 1.5390 0.8419 1.7228
first order 0.9042 −0.0211 0.9395 −0.0251 0.9026 −0.0285 0.9384 −0.0368
Higuchi Matrix 0.9266 8.6267 0.9195 9.1017 0.9290 9.4093 0.9263 9.8482
Korsmeyer−Peppas 0.9835 2.4618 0.9926 2.7676 0.9809 2.7420 0.9800 2.7868
Hixon− Crowell 0.8868 0.0060 0.9203 0.0069 0.8788 0.0076 0.9129 0.0093
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RH at the end of 90 days. At an elevated temperature of 40 ± 2
°C, 75 ± 5% RH, sizes were 123.23 ± 24.68 and 126.45 ± 5.76
nm with the same duration of storage. Similarly, surface charges
on the Dox-Gefit NPs and Dox-Gefit NPs-F at temperatures of
25 ± 2 °C, 65 ± 5% RH and 40 ± 2 °C, 75 ± 5% RHwere −20.3
± 3.11, −22.4 ± 5.41 and −21.5 ± 2.23, −23.6 ± 2.55 mV,
respectively, after 90 days. The % entrapment efficiencies of Dox
fromDox-Gefit NPs and Dox-Gefit NPs-F were 75 ± 7.3 and 76
± 8.2% at 25 ± 2 °C, 65 ± 5% RH; and 74 ± 9.3 and 75 ± 6.2%
at 40 ± 2 °C, 75 ± 5% RH, respectively, after 90 days. Moreover,
the entrapment efficiencies of Gefit from Dox-Gefit NPs and
Dox-Gefit NPs-F were 73 ± 6.6 and 76 ± 8.2% at 25 ± 2 °C or
65 ± 5% RH; and 72 ± 9.6 and 74 ± 6.2% at 40 ± 2 °C, 75 ± 5%
RH after a period of 90 days.

■ FBS STABILITY OF DOX-GEFIT-NPS-F
The stability of Dox-Gefit NPs-F in 10% FBS is shown in Figure
15. UV scanning of NPs after incubation for 1 h revealed a
decrease in absorbance at the wavelength of 298 nm, as indicated
by the red line bar. Moreover, after 6 h, a higher absorbance was
recorded, exhibiting the layering of protein molecules onto the
NP surface. The variation in physicochemical properties such as
particle size of Dox-Gefit NPs-F in 10% FBS indicated that it was
increased after 1 h of incubation, and thereafter, a drop in
particle size was noticed until 24 h.

■ DISCUSSION
Intranasal drug delivery is a noninvasive alternative to
intravenous or intramuscular delivery. This route allows easy
access of active substances to the CNS, bypassing the blood−

brain barrier and first-pass metabolism. It offers a large surface
area of nasal septum that connects directly to the brain. The
porous nasal mucosa membrane has high blood flow and allows
high drug diffusion, partitioning, and access.49 The NP drug
delivery system is quickly taken up into the blood and reaches
out to the brain via the nasal route. NPs carrying therapeutics in
biopolymers, with their surface tuned with the ligand, are more
specifically taken up by cancer cell surface receptors, providing
prolonged drug release, which could be effective in glioma
therapy due to better cellular internalization of therapeutics.50,51

For decades, NPs have had potential as drug delivery vectors for
a vast number of biological and therapeutic substances. The BBB
and blood−brain tumor barrier (BBTB) are potential road-
blocks for the transport of molecules, resulting in subtherapeutic
drug effects in the CNS. Nanotechnology may improve the
capability of nanocarriers to avoid this block when treating
various brain disorders including gliomas. Nanotechnology may
help optimize particle size and sizing to around 100 nm or less
and may preferentially transport across the blood−brain barrier
to deliver the drugs to the target site.52 The present study
developed, characterized, and evaluated Dox-Gefit NPs and
folate-armored Dox-Gefit NPs-F for targeting glioma via the
nose-to-brain route.

The formulations were nanosized, with particle diameters of
109.45 ± 7.26 and 120.35 ± 3.65 nm for NPs and surface-
functionalized NPs. They exhibited a sustained release behavior
for both Dox and Gefit at physiological pH 7.4 and endosomal
pH 5.4.37 The PDI values of Dox-Gefit NPs and Dox-Gefit NPs-
F were 0.107 and 0.110, indicating the preparations were
homogeneous, monodisperse, and consistent and had narrow
particle size distributions.53,54 TEM analysis revealed that the

Table 5. Kinetic Release of Dox, Gefit from Dox-Gefit NPs, and Dox-Gefit NPs-F at pH 5.4

Dox release fromDox-Gefit NPs
at pH 5.4

Dox release from Dox-Gefit
NPs-F at pH 5.4

Gefit release form Dox-Gefit
NPs at pH 5.4

Gefit release form Dox-Gefit
NPs-F at pH 5.4

model fitting R2 k R2 k R2 k R2 k

zero order 0.8582 1.5360 0.9124 1.6531 0.8461 1.3428 0.8782 1.6858
first order 0.9248 −0.0280 0.9893 −0.0338 0.9418 −0.0234 0.9736 −0.0384
Higuchi Matrix 0.9233 9.3320 0.9161 9.7072 0.9211 8.7608 0.9128 9.8343
Korsmeyer−Peppas 0.9834 2.6574 0.9884 2.9137 0.9665 2.7818 0.9737 3.0861
Hixon−Crowell 0.9062 0.0076 0.9721 0.0087 0.9143 0.0064 0.9534 0.0095

Figure 12. Hemolysis of NPs. (A) Percentage hemolysis with placebo NPs, Dox-Gefit NPs, Dox-Gefit NPs-F, Triton-X-100, and normal saline. (B)
Tubes containing blood after exposure to NPs, normal saline, or Triton-X-100.
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NP formulations were well-dispersed, separated, uniform, and
consistent in size, in agreement with results from the Malvern
zetasizer. The ζ potential value indicated a negative surface
charge on NPs, illustrating nonagglomeration of the NPs,
probably due to their tendency to repel similar charges on
neighboring molecules, overall leading to improved stability of
the nanosized system.55

Free Dox and Gefit may show toxicity to the vital organs of the
body, especially in the brain, heart, liver, lungs, and kidneys.
However, biopolymer encapsulation may reduce these toxic side
effects after systemic administration. The biobased polymer
used in the current study was obtained from C. Zeylanicum and
employed as a drug carrier to deliver drug to the target tumor site
with reduced or no toxicity. The cytotoxicity studies showed no
toxicity of biopolymer, demonstrating its safe and biocompatible
nature.56,57

The FT-IR spectra of Dox-Gefit NPs and Dox-Gefit NPs-F
showed that the characteristic Gefit absorption band was

weaker, demonstrating that it was entrapped in the NPs and
compatible with the other excipients used in the formulation.58

In the FT-IR spectrum of Dox-Gefit NPs-F, the absorption peak
appeared at 1606 cm−1 and revealed successful ligation of folic
acid with Dox-Gefit NPs. The DSC study of Dox-Gefit NPs and
Dox-Gefit NPs-F showed no endothermic peaks, indicating that
it might be encapsulated in the biopolymeric core and remain in
the dissolved state in the NP. The molecular state of both drugs
in the polymeric matrix was confirmed by an XRD study, with
minimal or no formation of polymorphs.59

Surface functionalization of NPs with folic acid was confirmed
by 1HNMR analysis and can be compared to folate ligation with
5-fluorouracil-loaded chitosan NPs from Ullah and associates.60

In 1H NMR, the appearance of signals at 8.3088 ppm indicated
amide-bond formation through a reaction between the activated
ester group of polymeric NPs and the primary amino group of
the folic acid. Therefore, Dox-Gefit NPs-F was synthesized as
indicated by the formation of an amide bond.61

Initially, both Dox and Gefit releases from the biopolymer
were abrupt but then became controlled and sustained over a
long time. The abrupt release from the biopolymer may be due
to some drugs being embedded or adsorbed on the polymeric
surface or to the exterior layer of the biopolymer. However, the

Figure 13. Cell viability study. (A) Bar graph showing the percentage
U87 cell viability after 24 h treatment with different concentrations of
pure Dox, pure Gefit, Dox-GefitNPs, Dox-GefitNPs-F, placeboNPs, or
placebo NPs-F, and (B) showing cell viability in the C6 glioma cell line
after 24 h of the same treatment. The bar graphs show the mean ± S.D.
(n = 3). Level of significance *(p < 0.05), **(p < 0.01), ***(p < 0.001),
****(p < 0.0001) compared to pure Dox and pure Gefit.

Figure 14. Biodistribution of Dox and Gefit in the heart, liver, kidney,
brain, blood, and lungs. (A) Dox concentration from plain Dox, Dox-
Gefit NPs, and Dox-Gefit NPs-F; (B) Gefit concentration from plain
Gefit, Dox-Gefit NPs, and Dox-Gefit NPs-F.
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major part of the drugs are encapsulated in the interior layer of
the biopolymeric carrier, exhibiting a sustained release profile
over a period of 48 h. We further observed that Gefit and Dox
release was elevated at acidic intracellular endosomal pH 5.4
from Dox-Gefit NPs-F as compared to that at pH 7.4.62,63 It is
notable that the tumor microenvironment is more acidic than
physiological fluid. The higher level of drug release at acidic pH
may be attributed to protonation (H+) of the carboxyl group in
the biopolymer from (NH3

+) of Dox (pKa = 8.2) and Gefit (pKa
= 5.4−7.2), resulting in higher dissociation or dissolution of Dox
and Gefit from the polymeric complex of NPs in the acidic
environment.64 The low drug release at physiological pHmay be
ascribed to the poor protonation on the carboxyl group in the
biopolymer ensuing higher drug/polymer interaction. It is
worthy tominimize drug release from the carrier at physiological
pH in systemic circulation until the target is achieved. Further, it
was noted that folate conjugated, Dox-Gefit NPs-F showed a
higher release than Dox-Gefit NPs probably due to the longer
retention at pH 5.4. The acidic pH microenviroment of cancer
cells is favorable for drug release from polymeric carriers while
also minimizing release in nontarget areas, including the
systemic circulation. The functionalized nanodrug carrier
system provides appropriate drug concentrations in the target
after successful cell uptake, and internalization is mediated via
endosomal escape and lysosomal fusion in the cytoplasm.65 The

kinetic release results suggested that the simultaneous release of
Dox and Gefit was caused by swelling of the polymeric matrix,
dissolution, and water migration into polymeric NPs.66

The hemolysis assay showed that the concentration of
formulation tested for hemocompatibility was safe and
compatible with the biological system. The study outcomes
unveiled here are in agreement with a previous work.67 The
developed formulations were conceived to be nontoxic and
regarded as safe and compatible with blood for in vivo
administration. Further hemolysis assays suggested that
biopolymers may be nontoxic and their use might minimize
the potential hazards of cytotoxicity caused by synthetic drug
carriers or unmodified carriers.68−70

The IC50 values of the NPs were measured in the glioma
cancer cell lines U87 and C6.71 The cell-killing potency of the
formulations was dose- and time-dependent. The cell viability
decreased in response to the dose of pharmaceuticals loaded in
NPs and functionalized NPs. The MTT assay outcomes
suggested that Dox-Gefit NPs-F successfully decreased cell
viability with increasing concentration of the drug in the NPs
owing to improved drug delivery into the cells.71,72 Further, the
combination index value was investigated, which indicated the
synergistic effect of both drugs fromDox-Gefit NPs-F, and it was
verified using the Chou−Talalay method.73,74 It has been
reported that tumor cells overexpressing the folate receptor

Table 6. Stability of Dox-Gefit NPs, Related to Particle Size, ζ Potential, and % Entrapment Efficiency
particle size (nm) % ζ potential (mV) entrapment efficiency (Dox) entrapment efficiency (Gefit)

sampling
period (in

days)
(25 ± 2 °C,
65 ± 5% RH)

(40 ± 2 °C,
75 ± 5% RH)

(25 ± 2 °C,
65 ± 5% RH)

(40 ± 2 °C,
75 ± 5% RH)

(25 ± 2 °C,
65 ± 5% RH) (%)

(40 ± 2 °C,
75 ± 5% RH) (%)

(25 ± 2 °C,
65 ± 5% RH) (%)

(40 ± 2 °C,
75 ± 5% RH) (%)

0 109.45 ± 7.26 109.45 ± 7.26 −18.0 ± 3.27 −8.0 ± 3.27 82 ± 4.2 82 ± 4.2 77 ± 5.6 77 ± 5.6
30 109.99 ± 8.34 110.62 ± 9.32 −18.7 ± 7.40 −19.6 ± 4.21 79 ± 6.3 78 ± 5.3 76 ± 3.9 76 ± 8.9
60 115.32 ± 3.33 112.25 ± 16.35 −19.8 ± 3.00 −21.5 ± 3.35 77 ± 8.9 76 ± 5.4 74 ± 6.7 74 ± 3.7
90 122.52 ± 4.46 123.23 ± 24.68 −20.3 ± 3.11 −21.5 ± 2.23 75 ± 7.3 74 ± 9.3 73 ± 6.6 72 ± 9.6

Table 7. Stability of Dox-Gefit NPs-Fs, Related to Particle Size, ζ Potential, and % Entrapment Efficiency
particle size (nm) % ζ potential (mV) entrapment efficiency (Dox) entrapment efficiency (Gefit)

sampling
period (in

days)
(25 ± 2 °C,
65 ± 5% RH)

(40 ± 2 °C,
75 ± 5% RH)

(25 ± 2 °C,
65 ± 5% RH)

(40 ± 2 °C,
75 ± 5% RH)

(25 ± 2 °C,
65 ± 5% RH) (%)

(40 ± 2 °C,
75 ± 5% RH) (%)

(25 ± 2 °C,
65 ± 5% RH) (%)

(40 ± 2 °C,
75 ± 5% RH) (%)

0 120.35 ± 3.65 120.35 ± 3.65 −20.0 ± 8.23 −20.0 ± 8.23 83 ± 2.9 83 ± 2.9 78 ± 6.67 78 ± 6.67
30 121.34 ± 5.24 122.34 ± 5.23 −21.5 ± 6.35 −22.9 ± 8.33 80 ± 3.9 79 ± 3.3 77 ± 5.2 77 ± 7.2
60 122.43 ± 4.42 124.35 ± 6.36 −21.5 ± 5.30 −23.4 ± 5.66 79 ± 3.9 78 ± 7.3 76 ± 7.5 75 ± 4.2
90 124.45 ± 6.37 126.56 ± 5.76 −22.4 ± 5.41 −23.6 ± 2.55 76 ± 8.2 75 ± 6.2 75 ± 6.2 74 ± 6.2

Figure 15. Nanodrug stability in 10% FBS. UV spectrum of Dox-Gefit NPs-F incubated in 10% FBS at corresponding times of 0.5, 1, 4, and 6 h (A);
alternation in particle size (B) and ζ potential of Dox-Gefit NPs-F (C) at the end of 24 h.
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could be an easy route of access for cytotoxic drugs.55,71 In the
current study, folate ligation to Dox-Gefit NPs resulted in a
higher brain concentration compared to bare NPs, validating the
higher efficacy of Dox-Gefit NPs-F. There was also remarkable
cytotoxicity of Dox-Gefit NPs-F compared to bare NPs,
comparable to a previous study executed by Jingjing et al. and
Mondal and associates.35,75

Biodistribution studies were conducted as per the literature by
the intranasal route, followed by estimation of the drug plasma
concentration using HPLC.48 Therapeutic concentrations of
drug were achieved in the brain via overcoming the permeation
barrier. Folate functionalized NPs had the potential to cross the
barrier and reach targets in the brain. In addition, drug
concentrations were also achieved in nontargeted organs like
the blood, heart, liver, lungs, and kidney due to diffusion and the
partitioning behavior of the nanosized Dox-Gefit NPs and Dox-
Gefit NPs-F. However, the concentrations of Dox and Gefit in
the target brain tissue were significantly higher than in the other
organs of the body.72 Farheen and associates in a preceding work
designed, characterized, and evaluated folate anchored Dox-Erlo
containing biopolymeric nanoparticles (Dox-Erlo NP con-
jugates) against glioma cancer. It was found that the percentage
releases of Dox and Gefit from Dox-Gefit NPs-F were
significantly higher in PBS pH 7.4 and pH 5.4 than the Dox
and Erlo release from Dox-Erlo-NP conjugates (p < 0.05).
Moreover, the authors observed a noticeable variation in the
biodistribution of Dox in the brain from Dox-Gefit NPs-F
compared to the Dox-Erlo NP conjugates. It was noted a
significant improvement in the biodistribution of Dox in the
brain, i.e., 0.562 μg/mg of the brain tissue fromDox-Gefit NPs-F
compared to 40 ng/g of the brain tissue from Dox-Erlo NPs
conjugates, indicating the superior therapeutic efficacy of the
Dox-Gefit NPs-F over Dox-Erlo NP conjugates (p < 0.01).75

As per the experimental observation, the stability of Dox-Gefit
NPs and Dox-Gefit NPs-F was maintained because the changes
in the particle size, ζ potential, and entrapment efficiency were
insignificant after analysis of the sample at a fixed interval of time
in a storage period of 90 days (p > 0.05). This further indicates
that the in-house-developed Dox-Gefit NPs and Dox-Gefit-F
were robust, stable, and consistent, and thus, impacts on the
physicochemical stability of NPs under the storage condition for
a designated period of 90 days remain unaffected.44,45

Incubating Dox-Gefit NPs-F in FBS led to interaction with the
NP surface, making an area of nano-biointeraction probably due
to NP charge surfaces, and this interaction was witnessed for a
short time. Thereafter, reduction in the particle size was
observed may be due to the drug release over time. Moreover,
the increase and decrease in particle size after incubation of 24 h
were not significantly different (p > 0.05), demonstrating the
nanodrug stability in the biological medium. Similarly, the ζ
potential of Dox-Gefit NPs-F was also measured over the time of
the study, indicating a change in the surface charge. This change
may be due to the positive interaction of macromolecules with
the NP surface. The change in the ζ potential was measured in
between −20 and −14 mV. The study report discussed herein
was accompanied by a previous work by Palanikumar et al. in
polymeric nanoparticles for targeted drug delivery in cancer.76

■ CONCLUSIONS
Here, we successfully designed biobased polymer NPs
encapsulating Dox-Gefit by a double-emulsion solvent evapo-
ration method. The surface of the NPs was functionalized with
folic acid for receptor-based targeting in glioma. Proton (1H)

NMR studies revealed successful conjugation of the folate to the
biopolymeric surface. The optimized functionalized formulation
comprised the biopolymer at 2.19%w/v and surfactant PVA at
1.73%w/v and used a sonication time of 8.6 min for a stable and
robust preparation. The measured particle size of the function-
alized biopolymeric NPs was 109.45 nm, with a PDI of 0.107 and
a ζ potential of −20.0 ± 8.23 mV. This enabled crossing of the
blood−brain barrier to reach therapeutic drug concentrations.
The Korsmeyer−Peppas model was the best-fitted kinetic
model for drug release from the nanocarrier. It was based on
swelling and hydration of the biopolymeric matrix and
consequently improved release. DSC analysis showed Dox and
Gefit were encapsulated within the biopolymeric core. FT-IR
analysis demonstrated that the minor shift in the spectrum in
Dox-Gefit NPs-F was due to folate conjugation to the
biopolymer. The Dox-Gefit NPs-F inhibited cell growth in C6
and U87 glioma cell lines due to the enhanced transport of Dox
and Gefit, resulting in improved cytotoxicity. A hemolysis assay
showed that Dox-Gefit NPs-F are safer to systemic circulation.
Biodistribution measured a significant amount of Dox and Gefit
in the brain. The cytotoxicity studies demonstrated that the
developed Dox-Gefit NPs-F could be efficacious against U87
and C6 cell lines. Based on these findings, Dox-Gefit NPs-F
could potentially be effective in glioma cancer treatment and
may be translated into clinic.
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Evaluation of intranasal delivery route of drug administration for brain
targeting. Brain Res. Bull. 2018, 143, 155−170.
(51) Grassin, D. S.; Buenestado, A.; Naline, E.; Faisy, C.; Blouquit, L.

S.; Couderc, L-J.; Guen, M. L.; Fischler, M.; Devillier, P. Intranasal drug
delivery: An efficient and non-invasive route for systemic admin-
istration: Focus on opioids. Pharmacol. Ther. 2012, 134, 366−379.
(52) Zottel, A.; Videtic Paska, A.; Jovcěvska, I. NanotechnologyMeets
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