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therapy via folate-tagged PEGylated iron oxide
nanoparticles has theronastic agent
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Abstract

Background: In an attempt to prove biological activity enhancement upon escalating the cellular uptake response
through ligand and carrier-based via nanoframework, gallic acid was chosen to be formulated into PLGA-based poly-
meric nanoparticles with iron oxide as the theranostic agent.

Results: The pre-formulation studies like FTIR, DSC, XRD, and TGA were carried out, which implies good compat-
ibility between drug and polymer. Furthermore, the nanoparticles were prepared by using a single nanoprecipitation
method, and the prepared nanoparticles were optimized using the Box-Behnken design. This design was used to
optimize the gallic acid-loaded PEGylated nanoparticles by considering the effects of three factors (X;; lipid, X,; PLGA,
and X3; drug) on the response variables Y; (EE), Y, (size), and Y; (drug release). The findings of surface response plots
are attributed to an optimized nanoparticle. The in vitro drug release followed a biphasic release profile in both tested
media, pH 4.8 and 7.4. The desirable physicochemical characteristics involved small particle size with considerable
stability, which was attained due to the anionic nature of PLGA. The in vitro cytotoxicity assay of gallic acid, GA/PLGA-
IONPs, and optimized FA-GA/PLGA-PEGylated-LIONPs were evaluated using the MTT assay, which showed an inhibi-
tion effect on MCF-7 cells to induce apoptosis. Cellular uptake and fluorescence studies show higher cellular uptake
and destruction of cells based on concentration dependence.

Conclusions: The above results show that prepared nanoparticles sustain the therapeutic concentration of the drug
on target cells by enhancing permeability through the PEGylated lipid delivery system.

Keywords: Gallic acid/PLGA nanoparticle, Folate-tagged lipid nanoparticles, PEGylation, Cytotoxicity, Cellular uptake
study, Breast cancer cells

Background maintain the activity of the loaded drugs. Specifically,

Nanotechnology is a branch of applied science and tech-
nology that deals with the development of devices and
dosage forms. Nanotechnology has enormous applica-
tion in the medical field to deliver drugs to target sites.
With the help of vectors, nanoparticles are used to
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nanotechnology entities can be used to overcome prob-
lems such as half-life, low solubility, and toxicity, which
will help to deliver conventional natural products more
efficiently to the target site with the help of vectors. (Pri-
yadarshani et al. 2021). It states that conjugates of nano-
size can penetrate deeper into tumours, are efficiently
endocytosed, and work against primary and metastatic
tumours. Nowadays, phenolic compounds have more
attraction towards cancer therapy due to their higher
antioxidant properties, for example, gallic acid, ellagic
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acid, quercetin, rutin, ferulic acid, etc. Gallic acid is a
polyphenolic compound found in plants and fruits. It is
known to have anticancer, antimicrobial, etc. Research
by Wang et al. (2014) showed that gallic acid has anti-
cancer effects on MCE-7 cells by inhibiting cancer cell
proliferation and inducing apoptosis. Nevertheless, the
benefits of the phenols were found to be largely restricted
due to multiple intrinsic properties such as the unpleas-
ant oral taste, low water solubility, and poor intestinal
bioavailability. Moreover, due to its hydrophilic nature,
it is difficult to penetrate the cell membrane. Therefore,
nanotechnology is one of the recently evidenced solu-
tions that provides superior rewards to overcome these
limitations (Attallah et al. 2020). To increase the efficacy,
the drug has been loaded with PLGA polymers (Ali sartaj
et al. 2021), which is one of the highly evidenced biopoly-
mers in carrying and shielding a drug, targeting its deliv-
ery and controlling the release rate (Nouran et al. 2022)
This could prevent dose dumping and keep the thera-
peutic on cancer cells (Hiren Kumar et al. 2011). Study
aims to prepare gallic acid/PLGA nanoparticles with iron
oxide. Here, iron oxide serves as a drug carrier for water-
soluble drugs due to its higher hydrophobicity property.
Previous studies reported that the magnetic properties
of iron oxide nanoparticles have been developed for anti-
cancer activity with functionalized drugs, but failed to
report that due to small size and higher surface volume,
the size of the nanoparticle will get aggregated and lead
to the form of a higher size, which might directly affect
the penetration rate. To overcome this, (Shah et al. 2017)
suggested that gallic acid is exerted to control the size of
the particle. The presence of a phenyl group increases
steric hindrance, thereby preventing aggregation of
IONPs through the formation of chelate as ferrous gallate
and stabilizing the size of the particle. Shah et al. (2017)
reported that surface opsonization of nanoparticles pro-
motes the removal of nanoparticles from the circulation
within sec to min through the MPS system. According
to (Denadorniani et al. 2014), gallic acid-loaded IONPs
coated with PEG have increased plasma retention time
(Abuzer Alp et al. 2020; Su et al. 2016). That PEG in NPs
often affects the encapsulation efficiency of loaded mol-
ecules and also alters their recognition ability for targeted
delivery. As the mole fraction of PEG-lipid increases, the
membrane’s permeability increases, making the encap-
sulated drug escape unfavourable for drug delivery. The
encapsulation efficiency of water-soluble drugs decreases
with an increase in the PEG-containing lipid content.
The possible reason is that PEG will occupy the volume
of NPs, and the larger the molecular weight of PEG, the
more the volume is taken. The method used to solve this
problem is the introduction of PEG into the pre-formed
NPs so that PEG is grafted on the surface of the NPs
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instead of in the core of it, reducing the volume of the
body occupied by PEG. For hydrophobic drugs encap-
sulated in the micelle core by hydrophobic interaction,
the maximum drug-loading capacity increases signifi-
cantly with the increase in the molecular weight of PEG.
The reason might be that the hydrophilic shell formed
by long-chain PEG prevents drug desorption from the
micelle core. According to (Angelo Nicosia et al. 2021;
Ramasamy Bhanumathi et al. 2018), non-specific nano-
particles cause significant systemic toxicity. This can be
overcome by the conjugation of PEG and functionalized
folic acid through hydrogen bonding. (Farran et al. 2020)
reported folate receptors have higher expression on
tumour cells, rapid receptor recirculation after cell inter-
nalization, etc., moreover as targeting ligands, improved
stability and increased stability in acidic or basic media,
and better resistance to high temperatures. (Norton et al.
2020) reported that folic acid carries no risk of toxicity
or immune reactions. Therefore, folate delivery systems
can potentially maximize therapeutic efficacy while mini-
mizing side effects (Agabeigi et al. 2020). Their results
revealed an increase in apoptotic induction via reactive
oxygen species and condensed nuclei in cancer cells.
Thus, this study proposes to assess the anti-tumour
activity of gallic acid, gallic acid-loaded iron oxide
nanoparticles, and folate-conjugated gallic acid-
loaded PEGylated lipid iron oxide nanoparticles. In
this study, gallic acid was encapsulated in PLGA to
increase the efficacy. Interestingly, the PLGA and gal-
lic acid core were coated with iron oxide to control
the size and improve the drug delivery system. As
gallic acid iron oxide nanoparticles, the size-control
effect has been exerted by gallic acid through the pres-
ence of phenyl group, which provides sufficient steric
force to minimize the aggregation of iron oxide nano-
particles (Ruben Correcher et al. 2021). A previous
study suggested that the charge and hydrophobic and
hydrophilic properties of the surface of nanoparti-
cles influence their interaction with proteins and cell
membranes. Therefore, the nanoparticles have been
cleared off by the biological system through the RES
system. However, because PEGylation coating can bind
with plasma protein and most likely retain natural
conformation, the recognition system fails to identify
the underlying nanoparticles as foreign bodies, result-
ing in increased circulation time. Despite increasing
the uptake by cancer cells, lipids are used as anchor-
ing materials to enhance the permeability and reten-
tion effect through the caveolin-mediated endocytosis
pathway (Saad Niaz et al. 2022). Due to the flexibil-
ity, the nanoparticles deform the surface membrane
and lead to engulfment. In order to specific targeting
and to reduce the side effects, folate has been used as
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a surface conjugation moiety. Through the receptor-
mediated process, it might target the cancer cells spe-
cifically and increase the cytotoxicity effect.

PLGA (poly-D, L-lactide-co-glycolide) and gal-
lic acid were procured from Sigma-Aldrich. As a gift,
iron oxide and ammonium hydroxide were obtained
as a gift sample from MEDOPHARM Pvt.Ltd. L-phos-
phatidylcholine and DSPE-PEG2k-FA were procured
from commercial companies. The MCF-7 (human
breast adenocarcinoma) cell line was procured from
NCCS (Research Institute in Pune). The list of chemi-
cals needed for the cytotoxic assay was acquired from
Greenmed lab, Thoraipakkam.

Methods

Preparation of FA-gallic acid/PLGA-PEGylated lipid 10
nanoparticles

Gallic acid is dissolved in acetonitrile and added into the
PLGA polymeric solution, and the mixture is stirred for
1 h until a clear solution is obtained. The mixture of fer-
rous chloride tetrahydrate (FeCl,4H,0) and ferric chlo-
ride hexahydrate (FeCl,6H,0) was then sonicated for 1 h
separately with 6 ml of ammonium hydroxide. Then, the
polymer and drug mixture were added into the above
mixture to get the iron oxide core. This core formation
was achieved by the interaction of gallic acid with ionic
iron at the surface of the nanocore, which increases the
reactivity and favours uniform dispersion. The mixture
was also stirred for 24 h to produce iron oxide nanopar-
ticles (Xiao Hu et al. 2016). Then, the nanoparticles were
dipped in the pre-warmed L-phosphatidylcholine/DSPE-
PEG4k-FA mixture and stirred slowly in a shaker for
3-5 h at room temperature. After completion, the solu-
tion was centrifuged to remove recalcitrant organic mol-
ecules, and the settled nanoparticles were washed and
dried. Finally, the surface-modified nanoparticles were
collected successfully.

Optimization method (Box-Behnken design)
Experimental design
Our preliminary experimental findings revealed that the
design and evaluation of nanoparticles are influenced by
three factors, namely the concentration of polymer, lipid,
and drug. Response surface methodology using Box—
Behnken design (Saba Ibrahim et al. 2021) was chosen
because it allows determination of the influence of these
factors on the nanoparticle properties with a minimum
number of experiments. A Box—Behnken design was used
to investigate the effects of three factors (X;; polymer, X,;
lipid, and X5; drug) on the response variables Y; (entrap-
ment efficiency), Y, (particle size), and Y; (drug release).
Table 1 lists the independent factors and the depend-
ent variables used in the design. The response surface of
the variables inside the experimental domain was ana-
lysed using stat Ease design expert software (version no.
10, MacOS) (Ubaidulla 2008). The statistical design pro-
vides a polynomial describing the quadratic effect (Deep-
thi et al. 2017), as well as the interactions of each study
factor on the considerable response variable. The general
model corresponds to the following equation:

Yo = bo + b1A + byB + b3C + b12AB
+ b13AC + by3BC + bysBC + by3sBC
+ by3BC + by3BC + b11Ay + by By + b33Cy

Y is the measured response associated with each fac-
tor—level combination; b, is an intercept; b;—b, are the
regression coefficients; and X;, X,, and X, are the inde-
pendent variables. The results are shown in Tables 1, 2,
and 3 and Fig. 1.

The characterization of nanoparticles

FTIR study: Fourier-transform infrared spectra of
the materials were performed over the range of 400—
4000 cm! with 4 cm® resolution, using a KBR disc
method with approximately 1% of the sample in 200 mg

Table 1 The formulation factors and responses of Box—Behnken design for gallic acid nanoparticle

Factor Name Units Level used (Low—1) Level used
(High+1)

AX Lipid conc % w/v 1 4

B:X, Polymer % w/v 0.5 1

CXy Drug Mg 5 25

Response Name Units Goal

Y Particle size Nm Minimum

Y, Entrapment efficiency % maximum

Y3 Drug release (48 h) % Maximum
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Fig. 1 Effect of responses by prepared GANPs
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C) Effect on drug release (Y;)

of spectroscopic grade potassium bromide, and the pel-
lets were pressed at 10 tons. The outcomes are shown in
Fig. 2.

XRD: The powders of samples were packed strongly
in a rectangular aluminium cell, and the samples were
exposed to the X-ray beam. The scanning region of
the diffraction angle, 2, is 5-80. At room temperature,

duplicate measurements were taken. The results are
shown in Fig. 4.

Differential scanning calorimetry (DSC): The sample
(approx. 2 mg) was sealed in a crimped aluminium cell
and heated at a speed of 10 °C/min from 50 to 300 °C
in an atmosphere of nitrogen. And finally, the data were
recorded. The results are shown in Fig. 3.
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Fig. 2 a FTIR spectrum of Gallic acid (GA), b FTIR spectrum of Polylactic glycolic acid (PLGA), C FTIR spectrum of prepared nanoparticles (GANP)
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Fig. 3 DSC thermogram of a PLGA, b NPs, ¢ GA
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Entrapment efficiency: The prepared nanoparticles
weighed 20 mg and were completely dissolved in 10 ml
of DMSO. Then, the residue was washed and diluted by
gently shaking for 24 h at 37 °C. Then, the solution was

centrifuged at 16,000 g for 15 min, and the supernatant was
collected. An aliquot of 1 ml of supernatant was diluted to
10 ml with DMSO, and adsorbance was measured in UV at
264 nm for gallic acid.
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x 100

weight of drug in nanoparticles

The weight of removed nanoparticles

% w/w drug loading content

x 100

weight of drug in nanoparticles
The initial weight of the drug fed

Entrapment efficiency (%) w/w

the grid was washed with deionized water to remove the

Scanning electron microscopy The sample was sprin-
kled on double-sided carbon tape and placed on a brass

excess suspension. The grid was visualized by TEM using
kV.

a microscope operated at 60

stub. The surface was coated with a thin layer of pal-
ladium (about 30 m) in an auto fine coater. Then, it was

Surface zeta potential measurements were measured

placed in the sample chamber of a scanning electron

The nanoparticle samples

were diluted with double distilled water (50 ml)

using the laser zeta meter

(2.5 ml)
with NaCl as the suspending electrolyte solution. The

microscope and the morphology of the complex was

observed. The results are shown in Fig. 7.

pH was adjusted to the required value. The samples were

Transmission electron microscopy (TEM) 5 ml of the
nanoparticle suspension was placed on a carbon form var-

shaken for 30 min. After shaking, the equilibrium pH
was recorded and the zeta potential of the particles was

coated grid and left to adsorb for 2 min. After adsorption,
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Fig. 6 Optimized formulation of gallic acid nanocomposite

measured. The results are revealed in Fig. 9. The analysis
was carried out at a scattering angle of 90°A at a temper-
ature of 25 °C using nanoparticles dispersed in deion-
ized distilled water. (2 mg of sample was dissolved in
5 ml of deionized water, and then, sonication was done
in a sonicator.)

TGA/DTG Thermogravimetry (TGA) and differential
thermogravimetry (DTQG) were performed in 150 L alu-
mina crucibles using a Mettler-Toledo instrument at a
heating rate of 10 degrees per minute in the range of
20-1000 °C. The results are shown in Fig. 5.

In vitro diffusion study of gallic acid nanoparticles An
in vitro release study of GANPs was conducted in the
Franz diffusion cell. The drug release profiles of gallic
acid from nanoparticles were carried out at pH 7.4 and
4.8 (Sinha et al. 2018). A 5 mL aqueous dispersion of

GA-PLGA-NPs was loaded into the cylinder and coupled
to the diffusion cell containing the receptor phase. The
dissolution medium was agitated at 25 rpm using a mag-
netic stirrer. At different time intervals, aliquots of 2 ml
were withdrawn and immediately restored with the same
volume of buffer solution pH 7.4 and 4.8. The amount of
GA released was assessed by a double-beam UV spectro-
photometer at 264 nm. The report is represented in Fig. 6.

Kinetic study

Data from in vitro dissolution experiments were ana-
lysed using kinetic equations such as zero-order,
first-order, Higuchi model, Hixson-Crowell, and
Korsmeyer—Peppas. The coefficient of correlation (r%)
and constant (k) values were calculated for the linear
curves obtained by regression analysis of the plots.
The release data obtained via the above procedure
were subjected to the R and Peppas model to devise its
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release mechanism. The percentage of drug release can
be determined by the diffusion exponent equation. The
equation is:

Mi/M = Ky,

where M, is the amount of drug released at time ¢, M
is the nominal total amount of drug released, K is the
kinetic constant, and n is the diffusion exponent that is
used to characterize the release mechanism. For nano-
particles, a value of n is 0.61, which is an indication of
non-fiction release (both diffusion and controlled drug
release).

Vibrating sample magnetometry study

10 mg of prepared iron oxide nanoparticles and FA-GA/
PLGA-PEGylated-LIONPs were weighed and placed in a
separate container, then wrapped with wax to maintain
position, and placed in a sample holding rod and kept in
between the magnetic field poles. Then, the vibration of
the samples was amplified and recorded as a magnetic
moment. The result is shown in Fig. 8.

In vitro cytotoxicity test

Gallic acid-loaded iron oxide nanoparticles, gallic acid-
loaded iron oxide nanoparticles with PEG/lipid coating,
gallic acid-loaded iron oxide with PEG/lipid coating, and
FA were prepared and sterilized by membrane filtration
before the MTT assay. The assay is used to determine the
surviving cell numbers through MTT dye reduction. Here,
the dye is reduced by live cells to purple formazan. MCE-7
cell lines were treated with samples, and plates were incu-
bated at 37 °C in a 5% CO2 atmosphere for 24 h. After incu-
bation, the test solutions in the wells were discarded, and
100 I of MTT (5 mg/10 ml of MTT in PBS) was added to
each well. The plates were incubated for 4 h at 37 °C in a 5%
CO, atmosphere. The supernatant was removed, 100 1 of
DMSO was added, and the plate was gently shaken to solu-
bilize the formed formazan. The absorbance was measured
using the following formula: The result is shown in Fig. 10.

Cell viability (%) =(OD Sample (optical density) — OD blank)
x 100

Study of cellular internalization

Each confocal dish was seeded with 1x 10° MCEF-7 cells
(20 mm in diameter, glass-bottom). For cell adhesion, cells
were cultured for an entire night. Following a 4-h incubation
with FITC at concentrations of 5 g/mL, 10 g/mL, 20 g/mL,
and 40 g/mL, the cells were fixed and permeabilized with 3.8
per cent paraformaldehyde and 0.1 per cent Triton X-100,
respectively. With DAPI, the cell nucleus was stained. Cells
were examined using DAPI, Rhodamine, and FITC filters
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under the Olympus FV3000 microscope after being washed
with PBS. As a control, cells were treated with FITC of same
concentration. The outcome is displayed in Fig. 11.

Fluorescent labelling for research of nuclear morphology
MCE-7 cells were seeded onto a coverslip of a 24-well
flat-bottom microplate (1 x 10° cells/well density) and
cultured for the night at 37 °C in a CO, incubator.
They were given the IC50 dose of FA-conjugated GA/
PLGA-PEGylated LIONPs and then incubated for 48 h
at 37 °C. The cells were then fixed with a 4 per cent par-
aformaldehyde solution for 30 min after being rinsed
twice with PBS. After 5 min of dark, room-temperature
DAPI incubation on fixed cells, the cells were washed
twice with PBS and studied under a fluorescence micro-
scope. In representative fields, the quantity of apoptotic
cells was counted, and the percentage of apoptotic cells
was calculated. The results are shown in Fig. 12.

Results

Discussion

Optimization of formulation factors of gallic acid-
loaded PLGA nanoparticles is represented in Table 1,
and the study was designed to determine the effects of
three factors: (4; X;) lipid concentration, (B; X,;) PLGA
polymer concentration, and (C; X;) gallic acid concen-
tration. The results of Y; (entrapment efficiency), Y,
(size), and Y; (drug release) are represented in Table 2.
The preparation of gallic acid-loaded PLGA nanoparti-
cles was performed using a single-step emulsification
method (Ade Arsianti et al. 2020).

Effect of the independent variables on the particle size (Y,)
The aim of the study is to minimize the particle size.
The results are displayed in Fig. 1. Here, the concen-
tration of polymers plays a significant role in the size
of the nanoparticles along with drug release from the
matrix. The average particle size of the prepared nano-
particles was found to be in the range of 154.2 nm.

The effect on particle size can be explained by the fol-
lowing quadratic equation:

Y1 =154.2 + 1.1804X; + 6.453X, — 0.976X3
4+ 10.786 X1 Xp — 0.268X7 X3 + 16.843X, X3
+ 2.894.X15 + 12.806X77 — 0.859X3; Yo
= 154.2 4+ 1.1804X; + 6.453X, — 0.976X3
4+ 10.786 X1 X5 — 0.268X1 X

A positive sign represented a synergistic effect, while
a negative sign represented an antagonistic effect. The
model was found to be significant (F-value=24.74;
P<0.001). The values for predicted (0.9654) and adjusted
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(0.9496) square values were in reasonable agreement.
The signal-to-noise ratio was found to be satisfactory, so
this model could navigate the design space.

From the equation, it is clear that factor X, (PLGA)
affected the particle size of the prepared nanoparticles.
The increase in the concentration of X, factor increased
the particle size drastically. The probable reason for an
increase in particle size could be that during the emul-
sification process, an increase in polymer concentra-
tion led to an increase in the viscosity of the organic
phase, which led to the formation of nanodroplets with
a larger size at the interface at the stirring intensity.
Herein, increased particle size has less surface area,
which shows a negative response in drug entrapment.

On the other hand, factor X; shows a positive value,
that is lipid. As the concentration of lipid increases, it sig-
nificantly increases the particle size. This could probably
be due to the solidification property of lecithin. Accord-
ing to the regression equation, particle size was directly
affected by lipid ratio. It has a significant role in particle
size. This response might be due to lipid with polymer
resulting in the desired structure and shape. In contrast,
a further increase in lipid concentration increases the
accumulation of lipid content and hence the particle size.
Moreover, from the previous studies, it was observed that
nanoparticles less than 200 nm are efficient at passing the
membrane and releasing the drug into the cytoplasm. So
it was clear from the plot that the interaction of X; and X,
synergistically affects the particle size.

Factor X; and drug concentration, showed a slight
positive value compared to X; and X, factors. Figure 1A
shows that particle size is directly proportional to drug
concentration, with concentration increasing as polymer
concentration increases. Frequency of collisions between
particles during emulsification results in the fusion of
semiformed particles, producing a collective increase in
particle size. But increasing the concentration of the drug
alone does not have much of a significant effect on the
particle size of the prepared nanoparticles.

Effect on entrapment efficiency
Polynomial equation

Yy =74.2 +1.984X; 4+ 9.153X5 4+ 0.976X3
+ 16.946 X7 X> — 0.478X71 X3
+ 12.923X3 X3 4 1.894X75 + 14.609X2;
— 0.959X37 X3 + 12.923X5 X3 + 1.894X1>
+ 14.609X7, — 0.959X3,

The model was found to be significant (F-value =24.9;
P<0.0001). The values for predicted (0.9259) and
adjusted (0.9416) R-squared values were reasonable in
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agreement. The signal-to-noise ratio was found to be sat-
isfactory, so this model could navigate the design space.

Analysing the polynomial equation, it was found that
the percentage of drug entrapment increases with an
increase in X, factor concentration, and X; factor con-
centration. The increased state of viscosity of the organic
phase due to an increase in factor X,, polymer concentra-
tion, could increase resistance to drug diffusion into the
medium, leading to the incorporation of more drugs into
the nanoparticles. Increasing the content of the drug was
found to be entrapped in nanoparticles with increased
size. This may be due to an increase in the length of the
diffusion pathway, which decreased the drug loss and
resulted in maximum entrapment efficiency.

As revealed by factor X, lipid concentration had a sig-
nificant effect on entrapment efficiency as revealed by
the positive value in the quadratic equation. The results
suggested that the EE increased rapidly as the lipid con-
centration increased probably due to the presence of
triglycerides in lipids, which provide more space to
accommodate excessive drugs as a core material. How-
ever, increasing the concentration of lipid from a regu-
lar crystal lattice under low temperature, which had an
exclusive effect on entrapment, further increases in lipid
ratio, might get saturated, promoting the expulsion of
already entrapped drug from the solid matrix, which led
to a decrease in the entrapment efficiency.

Factor X; drug concentration; an increase in the
concentration of drug may enhance the entrapment
efficiency. This could be based on the size of the nanopar-
ticles, as the increased size of NPs has more space for the
drug to be entrapped up to certain points. After that, the
increase in particle size decreases the entrapment effi-
ciency due to the saturation process, so further there will
be no space for the drug to get entrapped inside the NPs.
The remaining excess drugs tend to accumulate over the
external surface of nanoparticles and give burst release
when in contact with the medium. Furthermore, lipid
and polymer restructurement plays an important role in
the effect of drug release.

Effect on drug release
The model was found to be significant (F-value=24.2;
P<0.0001). The values for predicted (0.9179) and
adjusted (0.9286) R-squared values were in reasonable
agreement. The signal-to-noise ratio was found to be sat-
isfactory, so this model could navigate the design space.
Here, if the concentration of factor X,, polymer, and
factor X; drug concentration increases, there will be an
increase in drug entrapment. Being soluble in the organic
phase shows higher polymer interaction and gets maxi-
mum entrapment inside the polymer matrix. When com-
ing in contact with the dispersing medium, the polymer
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undergoes restructuration and provokes burst drug
release. Here, increases in the concentration of factors X,
and X, had a significant effect on drug entrapment and
drug release. But if X, and X increase with a decreased
concentration of X, there will be an increase in the parti-
cle size with less entrapment due to less surface area. This
may directly affect the release pattern of the drug in the
dispersed medium. To promote the optimized release,
the concentration of X, X,, and X, should be in the mod-
erate range. At the same time, X; and X; have a negative
impact on drug release due to their concentration level.
An increase in X and a decrease in X; may increase par-
ticle size with less entrapment, so it can delay the drug
release. At the same time, the therapeutic index of the
drug will reach a minimum range. To achieve maximum
drug release, the independent factors must be in the opti-
mal ratio. Further increasing factor X, and X; concen-
tration with optimized X; concentration may increase
entrapment efficiency and increase the drug release too.

Optimization of formulation factors

After statistical analysis and assessment of the impact
of individual factors on the response, the optimization
of the prepared formulations was done by design expert
software. Table 4, optimization, gives precise formulation
parameters to achieve the desired goals of the selected
responses.

Selected process factors with desirability (1.000).

As per the desirability, the goal of the optimization
study is to minimize particle size, maximize entrapment
efficiency, and maximize drug release. The optimum
levels of formulation factors for an optimized formula-
tion based on the Box—Behnken design were 1.5% w/v of
PLGA polymer, 2.5% w/v of lipid, and 1% w/v of gallic acid
nanoparticles, with predicted values of 154.4 4 0.4 nm for
particle size, 75.4+0.3% of EE, and 90.4% of drug release
(48 h). The optimized formulation was prepared using a
single-solvent emulsification method, and the actual val-
ues of the responses were 157.80.6 nm for particle size,
76.8+2% for EE, and 91.64% for drug release. The real
values of responses were established to be close to the
predicted values, which indicated the validity of the Box—
Behnken design.

Statistical analysis based on ANOVA for the response
surface quadratic model is presented in Table 4. The
P-value for the model is less than 0.001, which indicates
that it is a significant and desirable model. The large
model F-value might occur due to noise in the experi-
ments. The lack of fit of the F-value implies that lack of fit
is not significant relative to pure error.

The model F-value implies the model is significant.
There is only a 0.01% chance that an F-value of this large
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might occur due to noise. The P-values were less than
0.0001 and indicate model terms are significant. Values
greater than 0.1000 indicate the model conditions are not
significant. The lack of a F-value of 1.16 implies that the
lack of fit is not significant relative to the pure error. A
minor lack of fit is acceptable to fit with the model.

FTIR study

The FTIR spectrum of gallic acid, PLGA, and gallic
acid nanoparticles is represented in Fig. 2. The IR spec-
trum of GA showed characteristic peaks at 3287 cm™*
(O-H stretching), indicating the presence of carboxylic
acid, 3065.10 cm™!, 3012.39 cm (alcohol/phenol O-H
stretch), 1203.50 ¢cm-11045.48 cm™! (C-OH Stretch),
1541.18 ¢cm™Y, 1618.05 cm™), and 1702.20 cm™! (aro-
matic C-H bending, aromatic C=C bending) (Vishal
2012). The IR spectrum of PLGA showed characteristic
peaks at 3468.73 cm™! (N-H stretching), 1631.54 cm™*
(C=C stretching), and 1420.35 cm™' (CH-OH), and the
presence of alcohol (Wan Fatihah 2018). The result is
shown in Fig. 2a, b.

The FTIR spectrum of the GA nanocomposite shows
the characteristic peaks of GA, which confirms the drug
loaded on the surface of PLGA. To ensure the presence of
DSPE-PEG-FA, a strong band was absorbed at 1694 cm ™
and 1608 cm™?, respectively, indicating the presence of
the C=0 and N-H (amine) groups, which are the most
prominent groups present in the nanocomposite. The
presence of a lipid molecule (phosphatidylcholine) in
nanocomposites is confirmed by the hydroxyl stretch-
ing frequency at 3415 cm™', the C-H stretching band
of a long fatty acid chain at 2926 cm™' and 2854 cm™,
P=O stretching at 1241, P-O-C stretching at 1104,
and N (CH3)3 stretching at 973. (Abdelkader Hassani
2020) reported that the spectral band at 557 cm™! indi-
cates the presence of an iron oxide crystal lattice in the
nanoparticles. However, the FA-GA/PLGA-PEGylated
LIONPs spectrum showed the appearance of a new peak
at 2456 cm™! and a shift in the trans out-of-plane bend
of the lipid from 980 to 966 cm™!. The appearance of the
new peaks and the shift in the peaks indicate the hydro-
phobic interactions between the lipophilic art of the folic
acid and the lipophilic tail of the lecithin, as well as the
electrostatic attraction between the negatively charged
hydroxyl group of the gallic acid and the cationic surface
charge of the NPs.

DSC study

The DSC thermogram of gallic acid, PLGA, and nano-
particles is shown in Fig. 3. The drug gallic acid shows
two endothermic peaks: the first peak at 100.69 °C
and 113.17 °C, suggesting the presence of water mol-
ecules, and the second thermogram with a sharp peak,
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showing melting endotherms at 271.39 °C (Fig. 3c). The
mild endothermic peaks at 241.20 °C might be the ini-
tial decomposition stage of gallic acid, and the peak at
330.98 °C might be the saturated stage of gallic acid. So,
the melting point of gallic acid will increase from 241 to
271 °C (Radwan et al. 2020). Respectively, Fig. 3a shows
the thermogram of pure PLGA. Here, no distinct melt-
ing point was observed because PLGA is amorphous in
nature (Dorniani et al. 2016). The characteristic peak at
319.93 °C was related to the thermal decomposition of
the polymer. The similar melting transition properties of
PLGA-loaded nanoparticles remained unaffected during
encapsulation. According to Ruchi Singh et al. (2020), the
DSC thermogram of lecithin revealed a mild endother-
mic peak at 153 °C and another broad peak at 240 °C. The
first peak indicates hot movements of the phospholipid
polar chains, whereas the other peak indicates their tran-
sition from the gel form to the lipid crystal state. PEG and
FA have mild and moderate endothermic peaks, which
have been discussed in brief by Ruchi Singh et al. (2020).
As the sharp peak of gallic acid vanished, the DSC analy-
sis revealed no crystalline drug material in the FA-GA/
PLGA-PEGylated LIONPs formulation (Fig. 3b). The
absence of an endothermic peak of gallic acid in the ther-
mogram of nanoparticles indicates that the drug might
be entrapped in the PLGA matrix. Thus, the drug incor-
porated into the nanoparticles was in an amorphous or
disordered-crystalline phase of molecular dispersion or
solid solution state within the polymer matrix. However,
the strong and prominent peaks of nanoparticles could
be owed to the reorganization of the components in the
nanoparticle system in a state different from their origi-
nal molecular structures and the possible formation of
a strong complex. Such complexation could have been
facilitated via the hydrophobic attractions, hydrogen
bonds, and electrostatic interactions between the various
components of the prepared nanoparticles.

XRD study

The crystalline state of pure gallic acid is indicated by
the sharp, intense peaks at 2=16.22°, 25.36°, and 27.64°
(Fig. 4). (Wenjia Guo 2015) reported that the drug gal-
lic acid has numerous sharp peaks other than these
intense peaks, whose positions correspond to the peri-
odic spacing of atoms. But these sharp peaks are pre-
dominantly seen in pure drugs like gallic acid, which
has been observed in our results. The polymer PLGA
lacked intense peaks at 26 from 10° and 30°, displaying
a dome-shaped region due to the amorphous state. The
XRD reflection shows pure magnetite nanoparticles with
a cubic inverse structure. Further, the diffraction peak
appeared at the 2 8 values of 25°, 30°, 47°, and 63°, which
corresponds to the presence of a lattice plane (Fig. 4).
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The peaks at 21.04° and 27.11° were responsible for the
presence of the PEG moiety, and other diffraction peaks
observed at 8.02° and 16.33° were due to the presence
of folic acid in the nanoparticles (Dena Dorninni 2012).
The diffraction peak appeared at 2 0 from 18.2° due to
the presence of phosphatidylcholine (lecithin) as a coat-
ing layer of the nanoparticle. Owing to observing these
characteristic peaks in the nanoparticles, it is evident that
the coating process did not result in a phase change of
the nanoparticles.

TGA study

TGA analysis is used to determine the thermal stability
and physicochemical nature of a compound by % weight
loss. Under atmospheric conditions, the TGA study of
gallic acid, PLGA, and nanoparticles was analysed. The
TGA analysis curve for gallic acid shows the first stage of
weight loss at 87 °C (8.6%) (Baiti et al. 2015), which might
have occurred because of the removal of crystalline water.
The sharp TGA curves of gallic acid indicate the onset of
weight loss at 268 °C (41.5%)) and (22.8%) at 327 °C. Fig-
ure 5 represents the curve thermogravimetric thermo-
grams due to the coating of iron oxide. The first weight
loss at 68 °C (7.9%) corresponded to the removal of free
and chemically adsorbed water. The onset of degradation
of iron oxide and dihydroxylation of gallic acid occurred
at 227 °C, which is higher than the decomposition of pure
gallic acid. The slow mass reduction at 812 °C (26.2%) is
due to PLGA decomposition. The range of weight loss is
higher than plain drug, so these observations indicate the
presence of gallic acid in the nanoparticles.

In vitro release

The release profile of gallic acid is depicted in Fig. 6,
where the gallic acid nanoparticles released a burst of
gallic acid with a remarkably higher percentage of 40%
at pH4.8 and 27% at pH7.4 after 4 h (Fig. 6). This release
pattern may be attributed to the weak bond between
PLGA and gallic acid in acidic pH, which might also be
associated with drug desorbed upon contact with the dis-
solution medium, which is more prone to faster diffusion
(Chunhua Yang 2020). These features might offer a thera-
peutic privilege to cancer cells by escalating the release of
gallic acid. Cancer cells are continuously exposed to rapid
shifts in the acid—base balance due to the limited blood
supply, exposing them more to acidic pH. From previous
studies, it has been observed that the biphasic pattern
of drug releases might be due to the diminution content
of the drug in the polymer matrix. Hence, there was a
plateau stage that lasted for 48 h at pH 4.8 and 7.4. Fur-
thermore, (Hassani 2020) believed that the higher emul-
sification property of lipid and the restructurability of
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PLGA could provide a higher affinity of drug exchange as
an encapsulated agent. At pH 74, the solubility decreased
with an increase in particle binding properties due to the
stabilization of PLGA. These findings reveal that the pol-
ymer PLGA tended to disturb the release of drugs from
nanoparticles at different pH.

Kinetic study

This study involves in vitro drug release using zero-order,
first-order, Higuchi, and Korsmeyer—Peppas models.
The graph for the Korsmeyer—Peppas model was plotted

between log time and log percentage of drug remaining,
and the correlation coefficient was found to be 0.947 for
in vitro drug release, that is, almost unity for gallic acid
NP and release exponent value (1) of 0.61; therefore, the
best fit model for nanoparticles was the Korsmeyer—Pep-
pas model. The release exponent value (7) was above 0.5,
which suggests gallic acid release from nanoparticles fol-
lowed non-Fickian diffusion.

SEM, TEM

SEM images revealed the prepared nanoparticles are
spherical in shape, which might be attributed to the for-
mation of iron cations chelate with gallic acid, which can
lead to the formation of black ferrous or ferric gallate
(Fig. 7a). (Basharat Khan 2021) reported that the presence
of the phenyl group in gallic acid provides sufficient steric
hindrance to minimize the agglomeration of nanoparti-
cles. Moreover, the presence of a hydrophilic functional
group could serve as a potential H-bonding site for iron
oxide. These can remarkably lead to the form of a stable
nanoparticle. In addition, the shape of NPs plays a piv-
otal role in the uptake mechanism. Herein, (Chithrani
et al. 2006) revealed that the spherical shape of NPs had
higher uptake compared to the rod shape of NPs. Further,
the presence of a lipid coating over the nanoparticles was
conceded by TEM analysis. Figure 7b represents the pres-
ence of a bilayer membrane over the dark spherical nano-
particles against a light background. TEM images would
give a better understanding of the real geometric size of
the particle, and the correlation between process variables
and particle size would be seen on a qualitative basis as
well (Fig. 7c). The optical microscopic images reveal the
prepared formulation was nano in size, which was con-
firmed visually under a microscope. From the previous
studies, it was observed that prepared nanoparticles are
spherical and may enhance the cellular uptake facilities.
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VSM

Gallic acid-loaded nanoparticles (Socoliuc et al. 2020)
in Fig. 8 show hysteresis loops with saturation magneti-
zation (M), remnant magnetization (M,), and coerciv-
ity (H,) parameters. The saturation magnetization of
iron oxide nanoparticles was about 60.481 emu/g, the
value of magnetization at the applied magnetic field
(Mona Ebadi et al. 2021) enhanced with the increases
in crystallinity. The folate-conjugated gallic acid-
loaded PEGylated lipid iron oxide nanoparticles show
41.081 emu/g in Fig. 8. (Deepak Sharma et al. 2014)
reported the decrease in saturation magnetization has
been notified, and this could be the existence of coating
materials over the nanoparticle. The findings reveal the
nanoparticles have superparamagnetic performance.
This might be responsible for the hyperthermia behav-
iour of iron oxide. According to the VSM results, the
nanoparticles showed supermagnetic behaviour.

Zeta potential

The zeta potential provides information about the sta-
bility of the suspension. High values showed that there
would be strong repellent forces between particles.
The zeta potential value of prepared nanoparticles has
a negative charge due to the dissociation of the nega-
tive charge generating groups like carboxylic groups of
PLGA polymer (Brandenberger et al. 2010). Since most
cellular membranes are negatively charged, zeta poten-
tial can affect nanoparticles’ tendency to permeate
membranes, with cationic particles generally display-
ing more toxicity associated with cell wall disruption
(Fig. 9). In addition, the surface charge of nanopar-
ticles affects the uptake mechanism of nanoparticles
(Dausend et al. 2008). Here, more specifically, the inter-
nalization of negatively charged nanoparticles leads to
gelation of the membrane and is mediated through the
endocytosis pathway.

A remarkable size-control effect was exerted by
GA on functionalized IONP. This might be due to a
decrease in the magnetic dipole—dipole interaction
among the aggregates during the formation of nano-
particles (Panariti et al. 2012). This could be attributed
to strong coordination between bonding sites of gallic
acid with iron oxide (Fig. 9). In the present study, the
particle size of the nanoparticles depended on the con-
centration of lipid. As the concentration increases, the
particle size also increases (Rejman et al. 2004). Our
findings revealed the size of the prepared nanoparticles
was found to be 154.4 nm. Moreover, from the previ-
ous studies, it was found that the proposed size of the
nanoparticle is recommended for the invagination pro-
cess of cancer cells through the clathrin- or caveolin-
mediated endocytosis pathway (Ladan Rashidi 2014).
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In vitro cell line study
The in vitro cytotoxicity study of gallic acid on cancer
cells was analysed using an MTT assay. The result is
shown in Fig. 10a, b.

The MTT assay of gallic acid-loaded PLGA nanopar-
ticles showed their anticancer properties against MCF-7
cells and A54-9 cells, due to the reduction in cell viability,
which was increased by the increase in gallic acid availa-
bility in the medium culture. The drug gallic acid showed
70% of cell viability at 100 pg/ml concentration, gallic
acid-loaded iron oxide nanoparticles showed 38.8% of
viability, and gallic acid-loaded iron oxide lipid nanopar-
ticles showed 18% of viability at 100 pg/ml concentration
in MCEF-7 cells and showed 12% of viability at 100 pg/ml
concentration in A54-9 cells. From the findings, it was
observed that compared to pure gallic acid and gallic
acid-loaded iron oxide nanoparticles, gallic acid-loaded
PEGylated lipid nanoparticles with targeting vector
have a higher percentage of cytotoxicity. The above find-
ings were similar to A54-9 cells, but when compared to
MCE-7 cells, the optimized formulation demonstrated a
higher rate of inhibition due to folate overexpression on
the cancer cells. The uptake mechanism may enhance
and escalate the cytotoxic activity.

It was found that iron oxide nanoparticles are easily
taken up by cancer cells compared to normal cells due
to an increase in the need for nutrients for the angio-
genesis process, where the iron oxides are degraded
into iron ions in the lysosomal pH of cancer cells, which
might provoke interactions between nanoparticles and
the immune system. This leads to an increase in the avail-
ability of gallic acid on cancer cells to promote apoptosis.
The best part about using iron oxide in cancer therapy is
that it gets degraded and metabolized by the body and
therefore does not accumulate in the body.

Among gallic acid and gallic acid iron oxide nano-
particles, surface-functionalized PEGylated lipid NPs
has a higher cytotoxicity effect. This might be due to the
increased circulation time of nanoparticles as well as
PEGylation, which has the ability to enhance the reten-
tion time of the therapeutics on cancer cells. This could be
attributed to preventing the opsonization process because
PEGylation induces steric hindrance and can prevent
immune recognition. In addition, the presence of a nega-
tive carboxyl group increases the surface charge of nano-
particles and enhances their uptake. However, (Hea-Young
Cho 2015; Kumar Ganesan et al. 2021) reported that the
surface targeting vector (Folate) may precisely target the
drug on cancer cells, despite the fact that it retains its abil-
ity to bind to receptors after drug conjugation and attaches
to the receptors located within caveolae (Mi et al. 2011),
and it is internalized through the endocytosis pathway and
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Calculation Results
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increases the availability of the drug in the cancer cells,
which leads to a decrease in cell viability.

Cellular internalization study/Fluorescent staining

for nuclear morphology study

Fluorescent microscopy images established the inter-
nalization of folate-conjugated gallic acid-loaded
PEGylated lipid nanoparticles into MCEF-7 cells. The

cells that misplaced membrane reliability showed red
staining throughout the nucleus. GANP also increased
the number of annexin V staining cells in MCEF-7 cells
in a dose-dependent manner, as shown in Fig. 11. Gallic
acid released from the nanoparticles may induce apop-
totic cell death in MCF-7 cells, as evidenced by staining
cells. The MCEF-7 cells showed higher nuclei (blue) than
MCE-7 cells, and the cells treated with GA NPs had red
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Merge

DAPI

Rhodamine

FITC

Fig. 11 Cellular uptake study (confocal microscopic images) of optimized formulation a 5 pg/ml concentration of gallic acid nanoparticles, b
20 pg/ml concentration of gallic acid nanoparticles

Table 2 The design and response of gallic acid-loaded nanoparticles according to the Box-Behnken experimental design

Run A: X, lipid B:X, Polymer C:X;3 Drug Y, (Particle size) Y, (Entrapment Y; (Drug release)
concentration concentration concentration efficiency)
1 4 1 20 2954412 292436 408421
2 4 0.5 20 2952436 284442 428+4.1
3 4 1.5 20 2254472 581451 556462
4 4 0.75 20 1544+£4.11 754+£2.1 904441
5 2 1 20 1953+44 6891435 834144
6 2 1 20 2654452 502441 428+46
7 3 1 20 1955453 6891125 84.846.1
8 1 1 20 195.1+£72 68.94+29 829469
9 4 1 20 2253415 585435 634472
10 4 1 20 1952+69 6893452 844+64
1 4 1 20 1854+43 462+46 494471
12 4 1 20 190.6+4.2 534441 60.51+43
13 4 1 5 194.7 6.1 40.6+£6.2 40.8+5.1
14 4 1 10 160.7£5.2 736+£5.1 846452
15 4 1 15 2608+26 403+£53 559471
16 4 1 20 189.5+£29 66.7+£5.6 828+64
17 4 1 25 260.1£3.1 428+62 582475

Table 3 ANOVA for the quadratic model developed for the

optimization of gallic acid lipid nanoparticles

Source Sumofsquare Df Mean square

Fvalue Pvalue

Model 434821 9 48313
Residual 679.70 7 97.10
Lack of fit 67 3 22566
Pure error 273 4 068
Corr.total  5027.9 16 -

498 <0.0001

2.76 0.0530

Control (MCF-7 Cells)
Fig. 12 Fluorescence microscopic images of GANPs (vs) control cells

Treated with GANP
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Table 4 Similarity between experimental value and observed

value

X, X, X EXPERIMENTALVALUE Y, Y,
Y; 157.8 91.3
76.8

0952 0903 0725  Observed value (Y;) Y, Y3
754 1544 90.4

staining due to the presence of iron oxide (PS). The cells
treated with GANP (merge) showed a higher level of sub-
cellular localization (Khorsandi et al. 2020, Suraj 2020).
These findings propose that the targeting similarity of the
ligands in relation to PS drug conjugates identified for
MCE-7 cells was functional and so enhanced the subcel-
lular localization (Ramona-Daniela Pavaloiu et al. 2021)
and attentiveness uptake within these cells.

DAPI staining was assessed to distinguish the potential
nuclear changes like DNA damage, which are account-
able for the cellular inhibitory effect of FA-GA/PLGA-
PEGylated LIONPs related to the induction of cell
apoptosis. Figure 12 represents the morphology of DAPI-
stained nanoparticles treated with or without MCEF-7
cell lines (control). In control, the green point represents
the cytosol and the blue point represents the nuclei.
Respectively, the cells treated with nanoparticles exhib-
ited typical apoptotic morphology with cell shrinkage,
nuclear fragmentation, and DNA condensation (Suraj
2020). Using DAPI staining, the whole nuclear mor-
phology in the negative organized collection of cells was
experimental.

Conclusions

The gallic acid-loaded PEGylated/lipid nanoparticles
were formulated and optimized using the Box—Behnken
model. FTIR, XRD, and DSC studies revealed that drugs
and polymers do not interact. SEM and TEM results
showed the prepared nanoparticles were spherical and
round in shape with a lipid coating (bilayer). The zeta
potential and particle size results were found to possess
a negative value for nanoparticles; this indicates the sta-
bility properties of nanoparticles. The results of release
studies indicate that gallic acid-loaded PEGylated nano-
particles offer a biphasic release. Cellular uptake studies
and fluorescence imaging studies revealed that surface-
functionalized GANPs have higher uptake and cytotox-
icity activity. Overall, these findings shed light on the
importance of PEGylation and lipid as well as the target-
ing moiety, which can change the release properties and
increase the circulation time of the drug in the blood to
precisely target breast cancer via clathrin-mediated endo-
cytosis. In this process, particular ligands in an extracel-
lular fluid bind to the receptors on the surface of the cell
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membrane (CM), forming a ligand-receptor complex.
This ligand-receptor complex moves to a specialized
region of the CM where they are invaginated through the
configuration of clathrin-coated vesicles. Once inside the
cell, clathrin coatings on the peripheral of the vesicles are
excluded prior to fusion with early endosomes. The cargo
within early endosomes will ultimately reach lysosomes
via the endo-lysosomal pathway.
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