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Eye drops are ophthalmic formulations routinely used to treat dry eye. However, the low
ocular bioavailability is an obvious drawback of eye drops owing to short ocular retention
time and weak permeability of the cornea. Herein, to improve the ocular bioavailability of
eye drops, a cationic liposome eye drop was constructed and used to treat dry eye.
Tacrolimus liposomes exhibit a diameter of around 300 nm and a surface charge of
+30 mV. Cationic liposomes could interact with the anionic ocular surface, extending the
ocular retention time and improving tacrolimus amount into the cornea. The cationic
liposomes notably prolonged the ocular retention time of eye drops, leading to an
increased tacrolimus concentration in the ocular surface. The tacrolimus liposomes
were also demonstrated to reduce reactive oxygen species and dry eye—related
inflammation factors. The use of drug-loaded cationic liposomes is a good formulation
in the treatment of ocular disease; the improved ocular retention time and biocompatibility
give tremendous scope for application in the treatment of ocular disease, with further work
in the area recommended.

Keywords: cationic liposome, drug delivery system, tacrolimus, dry eye, ocular bioavailability

1 INTRODUCTION

Eye drops are pretty restricted by low ocular bioavailability. Despite this, many clinicians prefer
topical ophthalmic solutions to other treatment options as eye drops are accessible and noninvasive,
and this formulation accounts for nearly 90% of ophthalmic drugs (Weng et al., 2018; Jain et al,,
2019). Prolonging ocular retention time and prompting the ability to permeate into the cornea are
two primary approaches to increase ocular bioavailability. The structure of the ocular surface
comprises the adnexa, tear film, lacrimal gland, meibomian glands, cornea, conjunctiva, and eyelids
(Craig et al,, 2017). It protects the eyes from bacteria and chemicals, also becoming an obstacle to
drug permeability. The blink reflex and tear turnover rate are the main contributing factors to a short
ocular retention time (Chhonker et al., 2015). To remedy this problem, eye drops need to be
frequently used to improve the therapeutic effect. This frequent administration leads to excess eye
drops draining into the lacrimal duct and absorbed into the nasal mucosa, which may cause serious
side effects (Yuan et al., 2012; Lin et al., 2019). Besides, the requirement of multiple administrations,
in turn, may cause patients to become noncompliant.

Therefore, there have been many researchers devoted to investigating various ophthalmic drug
delivery systems (DDSs) to optimize the delivery mechanism of the drug (Dave et al,, 2021; Tsao
et al, 2021). An ideal ophthalmic DDS is expected to have properties including stimuli
responsiveness, ocular biocompatibility, and ocular biodegradability (Nguyen and Lai, 2020).

Frontiers in Pharmacology | www.frontiersin.org 4

February 2022 | Volume 13 | Article 838168


http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2022.838168&domain=pdf&date_stamp=2022-02-04
https://www.frontiersin.org/articles/10.3389/fphar.2022.838168/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.838168/full
http://creativecommons.org/licenses/by/4.0/
mailto:benwang@zju.edu.cn
mailto:xuwen2003@zju.edu.cn
https://doi.org/10.3389/fphar.2022.838168
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2022.838168

Chen et al.

Likewise, there are many diseases in ophthalmology which
require long-period administration, such as severe dry eye and
glaucoma. Ocular DDSs are promising in this field according to
recent research studies. Hollow mesoporous ceria nanoparticles
loading Y-27632 were synthesized to control high intraocular
pressure owing to its ability of sustained release (Luo et al., 2021).
The DDS of ophthalmology has also been used to improve
bioavailability. Kumari et al. (2021) developed a lipophile
carrier using cholesterol-Labrafac™ to deliver dexamethasone.
It is found that this formulation had high internalization capacity
for corneal epithelial cell and showed superior ability to reduce
inflammatory factor expression, such as TNF-a, MMP-9, and IL-
6, suggesting that it could be a viable choice to treat dry eye. Han
et al. (2022) constructed a temperature-sensitive tacrolimus
(FK506) gel to treat dry eye. It was made of monofunctional,
polyhedral, oligomeric silsesquioxane and exhibited outstanding
mucoadhesive ability. Besides, it could more effectively treat dry
eye than other FK506 formulations in a murine model.
Carbonized nano-gels showed superior antibacterial and
antioxidant effects on keratitis caused by S. aureus, attributing
to its ability of corneal penetration via opening epithelial tight
junction (Lin et al., 2021). Axitinib nano-wafer contained arrays
of nano-reservoirs loading drugs. It was proven that this ocular
DDS could realize slow release to increase pre-ocular retention
time and effective inhibition of corneal neovascularization in a
lower dosing frequency (Yuan et al., 2015).

Dry eye is a prevalent and multifactor-induced autoimmune
disease of the ocular surface. The characteristic symptoms are as
follows: discomfort, visual disturbance, and tear film instability; the
disease can damage the ocular surface (Workshop, 2007; Chen
et al,, 2020). Immunoregulation includes two parts, and they are in
homeostasis in the normal state. One is immunosuppression
including CD4" regulatory T cells (Treg) that restrict and
suppress excessive inflammation-like autoimmunity. The other
is pro-inflammatory, including Thl, Th2, and Th17. However,
in dry eye, the regulatory function of Treg is compromised (Chen
et al., 2013). More and more evidences from experiments and
clinics show that Th17-mediated pathogenesis plays a primary
role in persistent ocular surface inflammation (Chen and Dana,
2021). Continued inflammation is the primary pathogenesis
of dry eye (Wei and Asbell, 2014). Dry eye has a global
prevalence of 5%-50%, making it a widespread problem
(Stapleton et al.,, 2017). Using tear substitutes to relieve ocular
discomfort is the primary treatment of the condition. Immune
modulators such as cyclosporine A and FK506 are also
medications to treat dry eye (Valim et al, 2015). FK506 is a
potent macrolide immunosuppressant. As a hydrophobic drug, it
would penetrate the cell membrane and then interact with
FK506-binding protein-12 to regulate the activity of the
calmodulin-dependent  protein  phosphatase.  Calcineurin
inhibition could inhibit the release of cytokines by the
blockage of T cell activation and differentiation (Rusnak and
Mertz, 2000). Compared with cyclosporine A, it is more effective
and causes more minor irritation to the surrounding tissue, so
FK506 is increasingly used in the clinical setting (Siegl et al.,
2019). However, the narrow therapeutic window for FK506 raises
concerns for its use clinically.

Tacrolimus Loaded Cationic Liposomes

Lipids are the composition of the tear film and can slow
evaporation of the liquid layer, so a supplement of lipids also can
relieve the clinical manifestations of dry eye. Due to this,
nanoscale DDSs, such as liposomes, have become increasingly
of interest to ophthalmologists. Liposomes, primarily constituting
phospholipids, are a good choice of the delivery system owing to
their outstanding biocompatibility, feasibility, and tenability.
They are spherical vesicles with a hydrophilic core and lipidic
bilayers; they have also been proven to increase the solubility of
both hydrophilic and hydrophobic drugs (Kayser et al., 2005;
Lopez-Cano et al., 2021). A substantial body of studies shows that
lipid constitution, particle size, and zeta potential affect delivery
efficiency (Inokuchi et al., 2010; Schifer et al., 2010). Positively
charged or larger liposomes exhibit extended ocular residence
times in and around the injection site during subconjunctival
administration, while neutral, negatively charged, or small
liposomes are rich in the limbus (Chaw et al., 2020).

Cationic liposomes can conjunct with negatively charged sulfated
proteoglycans in the cell membrane, preventing rapid clearance and
encouraging integration (Steffes et al., 2017; Han et al., 2020b). Many
studies have demonstrated that positively charged nanoparticles can
modulate cell membrane potential. The depolarization of the cell
membrane could prompt cell drug uptake, but it is detrimental to cell
proliferation. The extent of membrane potential change is
concentration-dependent (Arvizo et al, 2010; Kim et al, 2013).
The eye is a suitable organ for cationic liposome eye drops. First,
the cornea is regarded as a relatively immuno-privileged site; this is
attributed to the absence of both blood and lymphatic vessels (Kumar
and Kumar, 2014). Second, the conjunctival sac is a small lacuna that
would not contain many liposomes. In addition, blinking helps form
a tear film on the cornea, and this efficiently redistributes free cationic
liposomes across the ocular surface. Furthermore, the ocular surface is
an anionic environment derived from a mucin layer, and this
predisposes  the surface to attract cationic liposomes
electrostatically (Lin et al, 2019; Han et al, 2020a), which
increases the pre-ocular time of liposomes. There are two main
approaches to generate liposomes with positive zeta potential (Lin
et al,, 2019). One is to utilize cationic phospholipids to prepare the
liposomes, such as (2,3-dioleoyloxy-propyl)-trimethylammonium
(DOTAP). The other is to modify the liposomes with positive
substances, such as poly-L-lysine (PLL), chitosan, and
polyethyleneimine (PEI) (Schifer et al, 2010; Chaiyasan et al,
2013; Sasaki et al,, 2013). Due to its adjuvanticity, cationic lipids
are used to carry therapeutic molecules, such as antigens, in the form
of liposomes (Farhadi et al., 2021). DOTAP is a synthetic lipid widely
used in vitro and in vivo (Firouzmand et al.,, 2013). It was reported
that liposomes containing DOTAP and 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE) could activate the immune responses
of Thl and Th2 cells in mice (Nikpoor et al., 2019).

Herein, this study aimed to develop a cationic FK506 liposome
with DOTAP, so that it would have increased interactions with
the ocular surface, improving ocular retention time. This
treatment may not only alleviate the ocular inflammatory
response to dry eyes but also prompt the bioavailability of eye
drops. It would reduce the administration time of the treatment,
reduce the risk of adverse events, and improve patient
compliance. The chemical and physical characteristics of the
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FK506 liposomes, including particle size, zeta potential, and
entrapment efficiency, were assessed. The efficacy of the
cationic liposomes for dry eye treatment was evaluated both
in vitro and in vivo.

2 MATERIALS AND METHODS

2.1 Materials

DOTAP, DOPE, cholesterol, 2,7-dichlorodi -hydrofluorescein
diacetate (DCFH-DA), fluorescein isothiocyanate (FITC), 4’,6-
diamidino-2-phenylindole (DAPI), and benzalkonium chloride
were purchased from Sigma. 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[amino(poly(ethylene  glycol))2000]
(DSPE-PEG2000) and FITC- DSPE-PEG2000 were purchased
from Yuan Ye Biological Company. FK506 was purchased from
MedChemExpress. Sodium dodecyl sulfate was purchased from
Sangon Biotech. 1X phosphate buffer solution (PBS) was
purchased from Biosharp. Commercial FK506 eye drops were
purchased from SENJU (FK506 concentration: .1%), and it was a
white turbid liquid. Hylo-COMOD was a commercial artificial
tear whose first ingredient listed .1% sodium hyaluronate, and it
was purchased from URSA PHARM Arzneimittel DmbH. The
chemicals and solvents used for mass spectrum-high-
performance liquid chromatography (MS-HPLC) and HPLC
were of HPLC grade, while the others were of analytical grade.

2.2 Synthesis of FK506 Liposome and

FITC-Labeled FK506 Liposome
The FK506 liposomes were prepared using the thin film hydrated
dispersion method. Five mg DOTAP, 5.3 mg DOPE (DOTAP:
DOPE = 1:1 in molar rate), 5mg DSPE-PEG2000, 2.77 mg
cholesterol, and 2mg FK506 were dissolved in 6ml of
trichloromethane in a round-bottom flask. A rotary evaporator
was used to remove the organic solvent in a 40°C water bath under
a .06-.08 MPa vacuum; the rotation speed was kept at a rate of
100 rpm. Then, solvent traces were removed by keeping the
solution in a 0.1-MPa vacuum for 1h at 100rpm. The
resultant dried lipid film was hydrated with 10 ml 1X PBS at
40°C for 20 min until it formed a homogenous emulsion. Last, the
final product was obtained by squeezing the liposomes through a
0.4-pm pore-size polycarbonate film (Whatman, Life Science) to
decrease the particle size at room temperature. The liposomes
were stored at 4°C until use.

The FITC-labeled FK506 liposome was synthesized following
the abovementioned steps, except using FITC-labeled DSPE-
PEG2000 to replace DSPE-PEG2000.

2.3 Particle Size and Zeta Potential of the

FK506 Liposome

Particle size, zeta potential, and polydispersity index (PDI) of the
liposomes were measured by dynamic light scattering (DLS)
conducted on a particle size analyzer (Zetasizer nano-ZSE,
Malvern). The liposomes were diluted with ultrapure water at
a ratio of 1:100 in advance. Every sample was tested three times.

Tacrolimus Loaded Cationic Liposomes

2.4 Transmission Electron Microscopy

The morphology of the liposomes was analyzed using negative
staining TEM (Tecnai G2 spirit, Thermo FEI). Ten ul of FK506
liposomes was dropped onto a 300-mesh carbon-coated copper
grid. Excess liposome solution was stained before 1ul 2%
uranium acetate was added for 60s. The uranium acetate was
then blotted, and another 1 pl drop of 2% uranium acetate was
added; this process was repeated three times. The samples were
then dried and examined at 120 kV.

2.5 Entrapment Efficiency and Loading
Level

The entrapment efficiency was determined by ultrafiltration.
Freshly prepared FK506 liposomes were added to the
ultrafiltration centrifugal tube (Merck Millipore, 10,000
NMWL) and centrifuged at 3,000g at 4°C for 60 min. The
filtered liquid, which contained free FK506, was collected, then
lyophilized for 24 h, and redissolved with .6 ml methyl alcohol.
The concentration of FK506 in the filtered liquid was determined
by HPLC. Entrapment efficiency was calculated by the following
formula:

Entrapment efficiency (%)

total mass of added FK506 — the mass of free FK506

= x100%.
total mass of added FK506

)

Product loss was not considered in the preparation process,
where the mass of free FK506 stands for the amount of FK506 in
the filtered liquid, and the total mass of added FK506 is the initial
mass of FK506 added into trichloromethane.

The FK506 loading level was calculated by the following
formula:

FK506 loading level (%)

total mass of FK506 encapsulated in liposomes
= x100%.

2

Total mass of FK506 encapsulated in liposomes equals total

mass of added FK506 minus the mass of free FK506, and the total

mass of the FK506 liposome equals 20.07 mg minus the mass of
free FK506.

total mass of FK506 liposomes

2.6 In Vitro Release Profile of FK506

Liposome

The release profile of the FK506 liposome was confirmed by
dynamic dialysis. First, FK506 liposomes were freshly synthesized
in accordance with the procedures mentioned above; following
this, PBS containing .1% sodium dodecyl sulfate (SDS) was
prepared to serve as a release medium under sink condition
(Dai et al,, 2013). Ten ml of the FK506 liposomes was pipetted
into a preprocessed dialysis bag (Biosharp, 3,500 MW); this was
placed in 30 ml of the release medium and stirred at 200 rpm at
37°C. At the pre-established time points (.5, 1,2, 4, 6, 9, 12, 24, 48,
72, 120, and 168 h), 1 ml of the release medium was taken out
before 1 ml of the new release medium was added to maintain the
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volume of the release medium. All the samples were collected in
centrifuge tubes and lyophilized for 24 h. The resulting powders
were dissolved in .4 ml of methyl alcohol and centrifuged at
10,000 g for 10 min. The supernatant was then collected, and the
final concentration of FK506 was measured by HPLC.

2.7 HPLC of FK506 Determination

The quantitative analysis of FK506 in entrapment efficiency was
determined by HPLC (Shimadzu, Japan), while the corneal
concentration was determined using MS-HPLC (Agilent
Technologies, USA). The experimental conditions of HPLC were
as follows: The mobile phase comprised acetonitrile/10 mM
ammonium formate solution (72/28, v/v). The flow rate was kept
at 1.2 ml/min, and 20 pl of the samples was injected; the absorption
was monitored at 210 nm. Chromatographic separation was carried
out on an InfinityLab Poroshell 120 SB-C18 column (50 x 4.6 mm,
2.7 um), and the column temperature was maintained at 60°C. The
retention time of FK506 on this column was approximately 1.6 min;
the peak area was calculated using the least square method, and the
standard curve of the FK506 concentration peak was pictured. The
regression equation was used to calculate the corresponding FK506
concentrations when the areas were known.

2.8 Human Corneal Epithelial Cell

Cultivation

HCECs were purchased from ATCC and cultivated at an
atmosphere of 95% air/5% CO, at 37°C. The culture medium
used was Dulbecco’s modified Eagle medium (DMEM)
(Solarbio); this was supplemented with 10% fetal bovine serum
(Life Technologies, Grand Island, NY), 4.5 mg/ml glucose, 100 U/
ml penicillin, and 100 ug/ml streptomycin.

2.9 Cytotoxicity

Cytotoxicity was measured using a cell counting kit-8 (CCK-8)
assay (Dojindo, Japan) according to the manufacturer’s protocol.
HCECs were seeded into 96-well plates at a ratio of 5,000 cells per
well with 100 pl culture medium. The plates were placed into a
cell incubator to allow them to adhere for 24 h. The cell culture
medium was removed, and the cells were washed three times. The
cells were incubated with 100 ul DMEM, blank liposomes, FK506
liposomes, and commercial FK506 eye drops for 2, 4, and 6 h.
FK506 concentration of FK506 liposomes was .2 mg/ml, as well as
that of commercial FK506 eye drops. Subsequently, 10 ul of the
CCK-8 solution was added into each well, and then the cells were
re-incubated for 2 h. The optical density values were measured at
450 nm using a microplate reader (SpectraMax M5, Molecular
Device), and cell viability was calculated. The optimum
concentration of FK506 liposomes was also determined using
CCK-8 assay. FK506 liposomes with a series of drug
concentration gradients (.0025 mg/ml, .005 mg/ml, .01 mg/ml,
.02 mg/ml, .05 mg/ml, .1 mg/ml, and .02 mg/ml) were tested,
and cell viability was calculated.

2.10 Cell Uptake
1*10° HCECs were seeded into confocal dishes and adhered to for
24 h, the culture medium was then removed, and the cells were
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washed three times. Hundred pl of FK506 liposome labeled with
FITC was co-incubated with cells for 2 h with 100 ul DMEM in
the cell incubator. The excess liposomes and DMEM were
removed, and the cells were washed three times. The nuclei of
the HCECs were stained by DAPIL Confocal microscopy (Al Ti,
Nikon) was used to show the position of FK506 liposomes in cells.

2.11 Dry Eye Cell Model
The cell models of dry eye were established as follows: HCECs

were seeded into 12-well plates at a density of 10> per well and
cultivated in the conditions mentioned above. After 24 h, the
culture medium was removed, and 200 uM of hydrogen peroxide
(H,0,) was added, and the cells were incubated for 1 h (Li et al.,
2019).

2.12 The Efficiency of Reactive Oxygen

Species Inhibition In Vitro

The HCECs were seeded at a density of 1.0 x 10° cells per well
with 100 pl culture medium. After 200 uM H,O, treatment was
carried out for 1 h, FK506 liposomes and commercial FK506 were
added into each well. After co-incubation for 2 h, the cells were
washed three times with PBS and stained with DCFH-DA for
30 min. The fluorescence intensity of intracellular ROS was
measured by flow cytometry at 484 nm (excitation) and
520 nm (emission).

2.13 Dry Eye-Related Inflammatory Factor

Determination

The processed HCECs were treated with 1 ml of TRIzol and
collected. MRNA was collected, quantified, and reverse-
transcribed in turn. Reverse transcription was performed using
the PrimeScript™ RT-PCR Kit, followed by quantitative real-time
polymerase chain reaction (QRT-PCR) using the SYBR® Premix
Ex Taq™ Kit. All the experimental procedures were in accordance
with the manufacturer’s protocols. The primer pairs were as
follows: human GAPDH, 5'-ACAACTTTGGTATCGTGGAAG
G-3'  (forward) and 5-GCCATCACGCCACAGTTTC-3'
(reverse); human interleukin-1f (IL-1B), 5'-AGCTACGAA
TCTCCGACCAC -3' (forward) and 5-CGTTATCCCATG
TGTCGAAGAA -3’ (reverse); and human interleukin-6 (IL-6),
5'- ACTCACCTCTTCAGAACGAATTG -3’ (forward) and 5'-
CCATCTTTGGAAGGTTCAGGTTG -3’ (reverse).

2.14 Animal Model

Animal experiments were carried out after ethical approval (No.
2021057) and conformed to the ethical standards of The Second
Affiliated Hospital of Zhejiang University. The animal models of
dry eye were established as follows: New Zealand rabbits
(2-2.5kg, male) were obtained from the Zhejiang province
medical science institute. They were housed in their own cages
individually in an environment where the temperature was
20-26°C and the humidity was around 40%-70%. The rabbits
were treated with 25 pl of .2% benzalkonium chloride twice a day
in the interval of 12h for 7 days according to a previously
reported study (Tan et al, 2019). C57BL/6 mice (20-25g,
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male) were purchased from Shanghai SLAC Animal Co., Ltd. The
mice were housed in pathogen-free conditions as stipulated.

2.15 In Vivo Biocompatibility

The biocompatibility of FK506 liposomes was evaluated in the aspect
of central corneal thickness (TOMEY anterior segment optical
coherence tomography, Japan), endothelial cell density (TOMEY
specular microscope EM-3000, Japan), corneal edema and
conjunctival edema, and hyperemia (slit lamp microscope).
Eighteen normal New Zealand rabbits were randomly put into
three groups: the PBS group, the FK506 liposome group, and the
artificial tear group. Each group had six rabbits. The rabbits in the
PBS group were given PBS, those in the FK506 liposome group were
treated with fresh FK506 liposome, and those in the artificial tear
group were given Hylo-COMOD eye drops. All of them were
administered twice a day (8 am. and 8 p.m.) at 50 pl. The
abovementioned indicators were rigorously observed at day 0, day
7, and day 28. The anatomical structure of the cornea and conjunctiva
was observed by H and E staining.

2.16 Ocular Irritation Test

The ocular irritation of FK506 liposomes was evaluated via the
modified Draize test (Bhatta et al, 2012). The normal rabbits
were treated with 20 pl of FK506 liposomes directly on the cornea
in the right eye and 20 pl of PBS in the left eye. All of them were
installed at 30-min interval for 6 h. Then, ophthalmological tests were
performed to observe the level of irritation, including secretions,
redness of conjunctiva, and corneal opacity and swelling. The
observations were conducted at a 12-hour interval for 72 h.

2.17 Amount of FK506 Permeating Into the

Cornea

The dry eye rabbits were treated with 50 pl of FK506 liposomes in
the right eye and 50 pl of the commercial FK506 eye drops in the
left eye. After 5, 30 min, 1, and 2 h, the rabbits were euthanized.
The cornea was excised wholly and washed gently three times
with normal saline. All samples were stored at —20°C. In addition,
the amount of FK506 in the cornea was determined by MS-
HPLC.

2.18 MS-HPLC of FK506 Determination

The experimental conditions of MS-HPLC were as follows: The
cornea was cut into pieces and placed in centrifuge tubes. One ml
of methyl alcohol was added along with 2 mm ceramic beads to
prepare the cornea homogenate. All the samples were centrifuged
at 10,000 g for 10 min, and the liquid supernatant was removed.
The FK506 concentrations were measured utilizing MS-HPLC.
The mobile phase comprised 0.1% formic acid/5 mM ammonium
acetate in water (Solvent A) and acetonitrile (Solvent B), the flow
rate was kept at 0.3 ml/min, and 20 pl of the samples was injected.
Chromatographic separation was carried out on a Zorbax SB C18
column (150 x 2.1 mm, 3.5 um). The gradient program was as
follows: 80% of B for .5 min; kept at 95% of B for 4.5 min and
finally, remained at 100% of B. MS was performed under 5 L/min
gas flow at 325°C and 11 L/min sheath gas flow at 350°C. The ion
spray voltages were 3,000 V and —3,500V in the positive and
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negative ionization modes, respectively. The integral peak area of
m/z 821.5>786.4 was used for quantitative analysis.

2.19 Retention Time in the Ocular Surface In
Vivo

The pre-ocular retention time was assessed by in vivo fluorescence
imaging. The C57BL/6 mice were anesthetized, and a drop of FITC-
labeled FK506 liposomes and commercial FK506 eye drops mixed
with FITC and FITC solutions (nearly 5 ul) was added to their eyes
according to the group. The excitation wavelength was set at 488 nm,
and the emission wavelength was 520 nm. After 5, 10, and 30 min, the
fluorescence signal was collected and analyzed.

2.20 Effect of Alleviating Dry Eye Clinical

Signs In Vivo

The 16 dry eye rabbits were assigned into four groups using a
random number table, and they were as follows: the negative
control group, positive control group, commercial FK506 eye
drop group, and FK506 liposome group. Each group had four
rabbits. The rabbits in the negative control group had no
treatment or intervention. The rabbits in the positive group
were given PBS after modeling of dry eye, commercial FK506
eye drop in the commercial FK506 eye drop group, whereas
FK506 liposome in the FK506 liposome group. All of them were
administrated twice a day (8 a.m. and 8 p.m.) at 50 plL.

To evaluate the clinical signs of dry eye, two ophthalmological
tests were carried out on day 0, day 7, and day 9, including corneal
fluorescein staining and TFBUT. Corneal fluorescein staining was
carried out as follows: sodium fluorescein strips were wetted with
a drop of normal saline and used to dye the conjunctiva of the
lower eyelid; the rabbits blinked, and then corneal staining was
observed and graded according to the SICCA OSS Group Scale.
TFBUT was measured as follows: the rabbits were helped to blink
several times to form a tear film in the ocular surface, and it
started to time until the first dark point or crack appeared, and the
abovementioned steps were repeated three times, and the average
value was counted (Valim et al.,, 2015).

2.21 Corneal Epithelial Layer Thickness

Measurement

The corneal epithelial layer thickness was measured using Image]J
software. The H and E-stained slides were photographed using a
fluorescence microscope (Nikon DM4000) at 400 times
magnification, and ten points were randomly chosen to measure
the thickness. The mean value was calculated, and the difference was
analyzed.

2.22 Enzyme-Linked Immunosorbent Assay

and Hematoxylin-Eosin Staining

The cornea and conjunctiva of rabbits were collected following
euthanasia on day 9. Part of these was fixed by 4%
paraformaldehyde, embedded, and sectioned to observe corneal
epithelial regeneration, conjunctival goblet cell density, and
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TABLE 1 | Characterization of the FK506 liposome.
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Sample Particle size Polydispersity index Zeta potential Entrapment efficiency FK506 loading
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FIGURE 1 | Physicochemical properties of FK506 liposomes. (A) Representative TEM image of FK506 liposomes (white arrow). (B) Size distribution of FK506
liposomes in PBS. (n = 3). (C) FK506 release profile in vitro in 7 days (right) and partial enlarged image (right). (n = 4).
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inflammation cell infiltration via H and E staining. The remaining
tissue was kept in liquid nitrogen before being used to determine the
level of inflammatory cytokines by ELISA. Inflammatory cytokines in
the cornea and conjunctiva were extracted. The tissue was cut into
pieces and further broken up using ultrasonication at 0°C. The
resulting homogenate was centrifuged at 2,000 rpm for 20 min to
collect the protein. The ELISA procedures were conducted according
to the manufacturer’s protocol (Jiancheng Bioengineering institute,
Nanjing, China).

2.23 Statistical Analysis
All the data in this article were reported as the mean + standard
deviation (SD). The statistical analyses performed were one-way

ANOVA to calculate the significance of experimental data, except
the analysis of FK506 concentration in the cornea and the
comparison of relative corneal fluorescein score change
between day 7 and day 9 using unpaired t-test (p < .05).

3 RESULTS

3.1 Characterization of FK506 Liposomes

The FK506 liposomes were synthesized using the classical thin-
film hydration dispersion method (Wang et al., 2021; Wu et al,,
2021; Zhong et al, 2021), as described in the Materials and
Methods. The physical and chemical properties of the liposomes
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FIGURE 2 | In vitro cytotoxicity test and efficiency evaluation on HCECs. (A) Cell viability test via CCK-8. HCECs were treated in a 0.2-mg/ml concentration of
FK506 for 2 h (n = 5). (B) Cell viability test of a gradient of FK506 concentration in liposomes. HCECs were treated for 24 h (n = 4). (C) mRNA expression level of
inflammation-related factors in the cornea and conjunctiva tissues after receiving different treatment. IL-1p is shown in the upper image (n = 3), and IL-6 is shown in the
lower image (n = 3). (D) Flow cytometry analysis of ROS level (n = 3). *p < .05, **p < .01, and **p < .001. (E) Co-localization of FK506 liposomes and HCECs. The cell
nucleus is stained blue, and the FK506 liposome is stained green.

were investigated. The particle size of the FK506 liposomes was ~ FK506 liposomes was spherical (Figure 1A), and the size
around 292 + 7 nm, while the surface zeta potential was 31.1 £  distribution of the FK506-loaded liposomes was a little smaller
0.83mV (Table 1). TEM showed that the morphology of the  in TEM than DLS. It might be attributed to the fact that DLS
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determined the hydrodynamic radius of nanoparticles. The
entrapment efficiency of the FK506 liposomes was 90.11 +
2.87%, and the FK506 loading level was around 9.07 + 0.03%.

The in vitro release profile of the FK506 liposome showed that
FK506 liposome released FK506 slowly overall (Figure 1C). This
formulation released the drug slowly in the first 48 h, and nearly
5.13 £ 0.92% FK506 was released in this period. There was an
accumulative concentration of 6.97 + 1.08% of total FK506 released
until day 7.

3.2 In Vitro Cytocompatibility

The positive charge of the liposome surface played a significant
role in adhesion; however, it was also responsible for the
cytotoxicity of cationic liposomes (Kim et al, 2013).
Therefore, to evaluate the cytocompatibility of FK506
liposomes, the cell viability was measured using CCK-8. As
shown in Figure 2A, the blank liposome group showed
85.54 + 18.31% cell viability after 2-hour co-incubation with
HCECs. In addition, there was no significant difference in
viability between the blank liposome group and the negative
control group. It suggested that the cationic liposomes did not
exhibit apparent cytotoxicity. Furthermore, at the same FK506
concentration of 0.2 mg/ml, FK506-loaded liposomes were less
detrimental to HCECs than commercial FK506 eye drops after
2 h. The cell viability was 67.17 + 0.14% in the FK506-loaded
liposome group and 4.38 + 1.21% in the commercial FK506 eye
drop group, and there was a statistically significant difference (p <
.001). This result inferred that using liposomes as the drug
delivery vehicle decreased drug toxicity.

To reduce the cytotoxicity further, a gradient of concentration test
was then performed to determine the safe concentrations of the
formulation in vitro. After 24-hour co-incubation, FK506 liposomes
with a drug concentration below 0.02 mg/ml showed good cell
viability (Figure 2B). Based on this result, .02 mg/ml FK506
concentration was chosen in the subsequent experiments in vitro.

3.3 FK506 Liposome Cellular Intake and

Co-Localization In Vitro

The ability to enter cells was a prominent characteristic of cationic
liposomes. It was important to deliver drugs (Takikawa et al., 2020).
To investigate whether FK506 liposomes could enter cells, confocal
microscopy was used. The nucleus was stained blue using DAPI,
while FK506-loaded liposomes were stained green using FITC-
labeled DSPE-PEG2000 (Figure 2E). After a 2-hour co-incubation
with HCECs, FITC-labeled FK506 liposomes were shown to adhere
to HCECs and were observed in the cytoplasm. This result implied
that HCECs will uptake FK506 liposomes, facilitating the transfer of
FK506 into cells.

3.4 The FK506 Liposome-Mediated Effect
on Inflammatory Factor Expression and
Reactive Oxygen Species Production In
Vitro

Oxidative stress was pathogenesis of dry eye and was associated
with its progression (Perez-Garmendia et al., 2020). ROS levels
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were evaluated using flow cytometry via the measurement of the
mean intracellular fluorescence intensity. In Figure 2D, the mean
ROS fluorescence intensity of the FK506 liposome group was
11.14 + .65*10% this result was significantly lower than that of the
positive control group, which scored 16.07 + .94*10* Tt indicated
that FK506 liposomes might reduce ROS generation following
H,0, stimulation. In addition, the FK506 liposome group had
significantly lower ROS levels than the commercial FK506 eye
drops group, which scored 14.52 + 1.16*10* (p < .001).

In terms of the dry eye-related expression of inflammatory
factors, the levels of IL-1f and IL-6 were assessed using qRT-PCR.
Compared to the positive control group, FK506 liposomes and
commercial FK506 eye drops both downregulated the expression
of IL-1P and IL-6. FK506 liposomes exhibited a more significant
inhibitory effect on IL-1p (p < .05) and IL-6 (p < .01) expression
than commercial eye drops. It was attributed to the fact that the
liposomal FK506 dosing method allowed the drug to enter the cell
easily, making it more efficient to decrease the expression of
inflammatory factors, which was in accordance with previous
studies (Nattika et al., 2014).

3.5 In Vivo Biocompatibility

The cornea is an extremely sensitive tissue due to dense
coverage of nerve endings within the corneal epithelium,
which protects the eyes from harmful substances and
foreign objects (Lum et al., 2019). Once stimulated, tearing,
blinking, and foreign body sensation in the eye occur; this
progresses into pain, edema, optical congestion, and increased
secretions. To assess the biocompatibility of FK506 liposomes,
central corneal thickness and endothelial cell density were
observed in vivo. The FK506 concentration in the FK506
liposome was 0.2mg/ml. Both of the central corneal
thickness and endothelial cell density remained stable after
28-day administration; there was no significant difference
among the PBS group, commercial eye drop group, and
FK506 liposome eye drops group. In addition to this, none
of the groups presented obvious clinical signs of irritation.
The cornea remained transparent throughout; there was no
evidence of conjunctival congestion, edema, or a change to eye
secretions during the observation period (Figure 3A).
Moreover, H and E staining of the cornea and conjunctiva
showed that there were no corneal epithelial defects, no
corneal stromal edema, and no evidence of inflammatory
cell infiltration (Figure 3B). Overall, it was concluded that
FK506 liposome eye drops (FK506 concentration was 0.2 mg/
ml) were compatible with the ocular surface and were safe for
ophthalmic use.

3.6 Ocular Irritation Test

It was necessary to evaluate the ocular irritation in vivo because
the surfactant is one of the materials to prepare FK506 liposomes.
To study the ocular irritation of FK506 liposomes, the ocular
irritation test was carried out. During the 72-hour observation,
there were no signs of irritation after installing FK506 liposomes
and PBS (Figure 3C). Specifically, there was no conjunctival
redness, no secretions, and no corneal swelling. Thus, it was
concluded that FK506 liposomes have no ocular irritation.
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FIGURE 3| /n vivo biocompatibility and ocular irritation evaluation of FK506 liposomes in New Zealand rabbits. (A) Upper image: anterior sesgment images observed

by a slit-lamp microscope after the four-week administration of different eye drops. Middle image: corneal thickness measured by anterior segment optical coherence
tomography after the 4-week administration of different eye drops. Lower image: H and E of the cornea (left) and conjunctiva (right) after the four-week administration of
different eye drops. (B) Quantitative analysis of central corneal thickness (left) and endothelial cell density (right). (C) 72-hour observations of the ocular irritation test.

The above-described images belonged to the FK506 liposome group, and the below images belonged to the PBS group.
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3.7 Ocular Retention Time and Amount of
FK506 Permeating Into the Cornea

To investigate whether the use of FK506 liposomes would
prolong retention time in the ocular surface, the fluorescence
intensity following eye drop treatment was compared. Ten
minutes after administration, there were similar fluorescence
intensity levels among the three following groups, which are
the FITC solution group, commercial FK506 eye drops mixed
with FITC group, and FITC-labeled FK506 liposomes group
(Figure 4A). However, only the group treated with FITC-
labeled FK506 liposomes showed an intense signal after
30 min. Following this experiment, it can be concluded that
FK506 liposomes can extend the ocular retention time.

In addition, the group treated with FK506 liposomes had a
significantly higher FK506 concentration in the corneal tissue 1h
after administration than the group treated with commercial FK506
eye drops (Figure 4B (p < .01)). The FK506 concentration of the
cornea in the FK506 liposome group was 3.59 + 1.96 ng/ml, 2.79 +
1.07 ng/ml, and 526 * 1.75ng/ml after 5 30min, and 1h,
respectively, while it was 1.20 + 43 ng/ml, .57 + .17 ng/ml, and
.93 + 43 ng/ml at the corresponding time points in the commercial
FK506 eye drop group. It was in accordance with the ocular retention
time, suggesting that the liposome was a promising drug delivery
vehicle to facilitate FK506 penetration into the cornea.

3.8 The Effect on Alleviating Signs of Dry Eye

In Vivo
As well as being a kind of macrolide antibiotic, FK506 is more
commonly used in the suppression of the immune system. In

ophthalmology, the primary use for FK506 eye drops was
conjunctivitis catarrhalis aestiva. In addition, clinicians also
prescribe FK506 for patients with severe dry eye or following
corneal transplantation surgery.

The scheme of the evaluation of the effect on alleviating signs
of dry eye in vivo is shown in Figure 5A. As shown in Figure 5D,
there was a sharp improvement to the tear film break up time
(TFBUT) of the FK506 liposome group. Dry eye would interfere
with the stability of the tear film and influence the health state of
the ocular surface. TFBUT is an indicator of the stability of the
tear film. The long TFBUT implies the stable tear film and mild
dry eye. On the contrary, the short TFBUT hints at a brittle tear
film and severe dry eye. Corneal fluorescein staining score could
evaluate the health state of the ocular surface, especially the
cornea. The appearance of fluorescein staining suggests that
the integrity of the cell is compromised. The high corneal
fluorescein score means corneal epithelial layer defect and
severe dry eye (Workshop, 2007; Wolffsohn et al, 2017).
Hence, TFBUT and corneal fluorescein staining score are
indicators used to assess the severity of dry eye.

Compared with baseline (day 7), TFBUT increased by 3.57 +
1.50s when using FK506 liposomes; this was statistically
significantly different to the 1.50 + 1.29s when using the
commercial FK506 eye drops (p < .05). Notably, TFBUT was
notably longer in the FK506 liposome group than in the positive
control group at day 9 (p < .01). It showed that liposomes
prepared as given above promote tear film stability. Similarly,
corneal fluorescein staining levels were lower at day 9 in all
groups than at day 7; the lowest levels were found in the FK506
liposome eye drop group. Statistical analysis showed a significant
difference between day 7 and 9 (p < .01). By contrast, the
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FIGURE 6 | In vivo therapeutic effect evaluations on New Zealand rabbits with dry eye. (A) Representative H and E images of the cornea (upper) and conjunctiva
(below) at day 9. (B) Quantitative analysis of corneal thickness at day 9. (C) Concentrations of inflammatory factors, including IL-1p, IL-6, and MMP-9, in the cornea and
conjunctiva tissue. *p < .05, *p < .01, and **p < .001.

commercial FK506 eye drop group showed no statistical
difference between day 7 and 9 (Figures 5B,C). It indicated
that there was a more rapid recovery of the corneal epithelial cell
layer in the FK506 liposome eye drop group. FK506 liposomes
not only cure epithelial cell injury but also prompt clinical sign
alleviation.

3.9 The Effect on Prompting Corneal

Epithelial Cell Layer Reconstruction In Vivo
Severe dry eye always has severe punctate erosions on the cornea,
and fluorescein staining could help evaluate the range of corneal
damage (Workshop, 2007). To assess the depth of corneal injury,
the thickness of the corneal epithelial layer was measured. As is
shown in Figure 6A, the reconstruction of the corneal epithelial
cell layer varied widely from group to group at day 9. The
commercial FK506 eye drop group and the FK506 liposome
group had a more significant increase in thickness than the
positive control group; in addition, the FK506 liposome group

had a more considerable increase than the commercial FK506 eye
drop group. The mean thickness of the epithelial layer was 22.31 +
1.35 um in the positive control group, 26.69 + 2.18 um in the
commercial FK506 group, 29.14 + 1.89 pm in the FK506 liposome
group, and 35.28 + 1.51um in the negative control group
(Figure 6B). There was a significant difference between the
positive control group and the FK506 liposome group (p <
.0001), as well as the commercial FK506 eye drop group (p <
.0001). Moreover, the difference between the FK506 liposome
group and the commercial FK506 eye drop group was
significant (p < .05).

3.10 The Effect on Decreasing the
Expressions of Dry Eye-Related

Inflammatory Factors In Vivo

To determine the effect of FK506 liposome eye drops on dry eye,
the expression levels of dry eye-related inflammatory factors were
determined via ELISA. As shown in Figure 6C, after treatment
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with .2% benzalkonium chloride, matrix metalloproteinase-9
(MMP-9), IL-1B, and IL-6 levels markedly increased in the
cornea and conjunctiva. Following administration with FK506
liposomes, the concentration of IL-1p decreased to 99.91 *
9.68 pg/ml, while the level in the commercial eye drops was
138.98 + 4.32 pg/ml. This difference was statistically significant
(p < .05). The level in the positive control group was 228.99 +
25.59 pg/ml. Likewise, the expression levels of IL-6 and MMP-9
were downregulated in the FK506 liposome group at 22.58 +
487 pg/ml and 4026 + 11.83pg/ml, respectively. The
concentration of IL-6 in the positive control group was
64.38 £ 17.35pg/ml (p < .01) and the MMP-9 concentration
was 95.95 + 4.23 pg/ml (p < .001).

4 DISCUSSION

To improve the ocular bioavailability of eye drops, a more efficient
ocular delivery method would be developed; due to this, nanoscale
delivery systems, such as liposomes, have become increasingly of
interest. Cationic liposomes have been demonstrated to adhere to the
anionic surface of cells and can be internalized (Steffes et al., 2017);
this property has become universally exploited as drug delivery. The
ocular surface is an ideal environment for cationic liposomes to use
due to its relative immune privilege and the ability to interact with
cationic liposomes. Hence, cationic liposomes were chosen to
encapsulate FK506 and treat dry eye. In this study, cationic
FK506 liposomes were proven to prolong ocular retention time
and increase FK506 amount in the cornea; at the same time, this
treatment alleviated the signs of dry eye and reduced the expression
of inflammatory factors in vitro and in vivo.

Landucci et al. (2021) developed a thymoquinone-loaded
liposome and found that it could reduce the toxicity at high
dose in HCEC-2 cells. Huang et al. (2017) constructed the
liposome encapsulating montmorillonite and betaxolol
hydrochloride to treat glaucoma and found that liposomal
formulation could effectively reduce cytotoxicity of betaxolol
hydrochloride. Likewise, our study showed that the FK506
liposome could improve the cytocompatibility of FK506 and
decrease the expression of inflammatory factors in vitro. It is a
limitation that a long-term systemic safety assessment is absent in
this manuscript because FK506 is an immunosuppressor and
could cause side effects.

In term of the release profile of FK506 liposomes, it released
FK506 slowly overall, which was in accordance with previous
studies and was attributed to its hydrophobic property (Dai et al.,
2013). FK506 is hydrophobic and has little solubility in water.
SDS could help increase the solubility of FK506 so that it was
added into the release medium to achieve solubility. SDS is a
tenso-active agent, which has surface activity and critical micelle
concentrations of the surfactant (Onwosi and Odibo, 2012). It
could interact with liposomes and has an influence on the release
profile (Zhang et al., 2011).

In terms of ocular bioavailability, Lin et al. (2019) found that
compared with anionic nanoparticles and a commercial formula,
drug amount in the cornea was highest in the administration
group of cationic nanoparticles. It was in accordance with our

Tacrolimus Loaded Cationic Liposomes

study. Cationic FK506 liposomes had relatively higher FK506
amount in the cornea than commercial FK506 eye drops.
According to the medication guide, commercial FK506 eye
drops mainly consist of FK506 hydrate and .01%
benzalkonium chloride. Benzalkonium chloride is a common
preservative in ophthalmic preparations. Meloni et al. (2010)
and Meloni et al. (2019) found that acute exposure of .01%
benzalkonium chloride could reduce transepithelial electrical
resistance value and increase the release of lactate
dehydrogenase after 24-hour treatment and 16-hour recovery
in vitro, but it was nontoxic after 24-hour treatment.
Transepithelial electrical resistance value is an indicator of
corneal barrier property, reflecting the epithelial thickness and
integrity of tight junction. The release of lactate dehydrogenase
correlates to the damage of the cellular membrane (Meloni et al.,
2019). The corneal barrier affects the ocular bioavailability of eye
drops. In the part of FK506 permeability into the cornea in our
studies, we administered 50 pl of the commercial FK506 eye
drops once and observed for 2h. Therefore, it was referred
that .01% benzalkonium chloride might have a tiny effect on
promoting FK506 penetration into the cornea in the commercial
FK506 eye drops. Positive charge on the surface of FK506
liposomes significantly improved permeability into the cornea.

Benzalkonium chloride is detrimental to corneal epithelium cells
and could decrease the tear film break up time, especially in the
patients with long-period administration (Meloni et al, 2019).
However, (2013) found that when
installing eye drops with .005% and .01% benzalkonium chloride,
there was no obvious change on the ocular surface after 52-week
administration. In our study, the administration time of commercial
FK506 eye drops is short. Therefore, it is inferred that the influence
of 0.01% benzalkonium chloride on the ocular surface was small.
Tong et al. (2019) studied the influence of benzalkonium chloride on
ROS production on HCECs and found that it was concentration-
dependent. Namely, higher concentration of benzalkonium chloride
induced higher level of ROS. Benzalkonium chloride at .02%
increased ROS production, while at .001% induced very little
ROS production. In our studies, based on the result of
cytotoxicity of FK506 liposomes, .02 mg/ml FK506 concentration
was chosen in the subsequent experiments in vitro. To achieve this,
commercial FK506 eye drops with 1 mg/ml FK506 concentration
were diluted. Meanwhile, the concentration of the preservative
contained in this product was diluted to .002%. Therefore,
benzalkonium chloride might have slight influence on ROS
production of HCECs.

It is also of note that FK506 liposomes work with lower
concentrations of FK506. In practice, commercial FK506 eye
drops have a .1% FK506 concentration. Patients need to use
regular drops twice a day, and this means that approximately the
patients receive a .05 mg dose of FK506 at each treatment. In this
study using FK506 liposomes, 50 uL of liposomes contained
01mg of FK506, a fourfold reduction compared to
commercial FK506 eye drops. It means that FK506 liposomes
could relieve the clinical signs of dry eye in a lower concentration
of the drug. It was attributed to the cationic charge of the
liposome and surface zeta potential. With the cationic charge
on the liposomal surface, liposomes loaded with FK506 could

Okahara and Kawazu

Frontiers in Pharmacology | www.frontiersin.org

16

February 2022 | Volume 13 | Article 838168


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Chen et al.

interact with HCECs and prolong ocular surface residence time.
Nevertheless, when using regular eye drops, FK506 would be
quickly cleared. To solve this problem, patients are required to
install eye drops frequently to alleviate the clinical signs or use
medications with high drug concentration. The FK506
concentration of commercial FK506 eye drops is higher than
that of FK506 liposomes. Hence, commercial FK506 eye drops
also alleviate the clinical signs of dry eye. In conclusion, both the
commercial FK506 eye drops and FK506 liposomes boost
epithelial cell regeneration and inhibit inflammatory reactions,
while FK506 liposomes were significantly more effective. Using
the liposome drops would increase ocular surface residence time,
resulting in effective recovery of dry eye. Likewise, Gelfuso et al.
(2020) found that liposomal formulations could enhance
voriconazole penetration into the cornea, thus prompting
recovery of fungal keratitis. Zhan et al. (2018) developed a
tetrodotoxin-and-dexmedetomidine-loaded liposome to achieve
long-acting ocular anesthesia. This liposome functionalized with
Concanavalin A, which could be conjunct with corneal glycan
moieties and prevent rapid clearance.

Above all, cationic FK506 liposomes could prolong precorneal
time, prompt drug amount in the cornea, and relieve dry eye. The
cationic liposome is a good choice of the ocular delivery system in
ophthalmology.

5 CONCLUSION

This study reports that cationic liposomes encapsulating FK506
can prolong ocular retention time and increase FK506 amount in
the cornea by interacting with the anionic ocular surface. Cationic
FK506 liposomes could reduce ROS production in the cell model
of dry eye following H,O, treatment. In addition, it could
decrease the expression of dry eye-related inflammatory
factors in vitro and in vivo, as well as alleviate the signs of dry
eye. Taken together, this study constructs a new delivery method
for FK506 eye drops that have increased ocular bioavailability
compared to standard treatments.
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The aim of the study was to design and formulate an antibody-mediated targeted,
biodegradable polymeric drug delivery system releasing drug in a controlled manner to
achieve a therapeutic goal for the effective treatment of breast cancer. Antibody-mediated
paclitaxel-loaded PLGA polymeric nanoformulations were prepared by the solvent
evaporation method using different experimental parameters and compatibility studies.
The optimized formulations were selected for in vitro and in vivo evaluation and cytotoxicity
studies. The in vitro drug release studies show a biphasic release pattern for the paclitaxel-
loaded PLGA nanoparticles showing a burst release for 24 h followed by an extended
release for 14 days; however, a more controlled and sustained release was observed for
antibody-conjugated polymeric nanoparticles. The cytotoxicity of reference drug and
paclitaxel-loaded PLGA nanoparticles with and without antibody was determined by
performing MTT assay against MCF-7 cells. Rabbits were used as experimental
animals for the assessment of various in vivo pharmacokinetic parameters of selected
formulations. The pharmacokinetic parameters such as Cpax (1.18-1.33 folds), AUCq.
(89.38-46.55 folds), MRT (10.04-12.79 folds), t1,» (3.06-4.6 folds), and V4 (6.96-8.38
folds) have been increased significantly while clearance (4.34-4.61 folds) has been
decreased significantly for the selected nanoformulations as compared to commercially
available paclitaxel formulation (Paclixil®). The surface conjugation of nanoparticles with
trastuzumab resulted in an increase in in vitro cytotoxicity as compared to plain
nanoformulations and commercially available conventional brand (Paolixi|®). The
developed PLGA-paclitaxel nanoformulations conjugated with trastuzumab have the
desired physiochemical characteristics, surface morphology, sustained release kinetics,
and enhanced targeting.
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1 INTRODUCTION

Cancer is a disease in which genes regulating the functions of
cells, ie., cell growth, division, differentiation, and cell death
losses are without any control (Liotta et al., 1991). Cancer is
developing very rapidly in the whole world, especially in the
developing countries. In women, among all the cancers
diagnosed, breast cancer accounts for one-third (Miele et al,
2009), and 18.2% of deaths are caused by breast cancer
worldwide. Breast cancer receptors are divided into two main
types, i.e., estrogen receptor (ER) negative and human epidermal
growth factor receptors (HER2) positive (Carey et al., 2006).
Breast cancer is treated nowadays by different ways,
i.e, hormone-blocking agents, chemotherapy, radiotherapy,
monoclonal antibodies, and surgery (Waks & Winer, 2019).

Main problems with concventional drug delivery systems are
fluctuations of drug concentrations in blood which in turn causes
subtherapeutic concentration or toxic effects. Lack of specificity,
multidrug resistance, toxicity of chemotherapeutic agents, side
effects, limited aqueous solubility, and poor bioavailability are
some of the limitations with available cancer therapy
(Chidambaram et al, 2011). The major target of any drug
delivery system and particularly controlled drug delivery
system is to make the therapeutically effective amount of drug
available at a desired site, at an optimum concentration, and for a
desired period of time (Win, 2006).

Nanotechnology is gaining much popularity as mortality due
to cancer continues to rise, and the advanced nanotechnology has
provided an effective approach for targeting the drug to tumor
tissues by overcoming the limitations that are associated with
conventional chemotherapeutic agents (Ferlay et al, 2015).
Nanotechnology has shown a new path for the development of
various organic and inorganic drug carriers called as
nanoparticles.

Biodegradable polymers are the first choice in nanoparticulate
drug delivery because they not only release drugs in a controlled
manner but are also compatible with tissues and cells (Fonseca
et al,, 2002). In the last 10-20 years, the polymeric biodegradable
nanoparticle drug delivery has got a lot of importance in cancer
treatments. Among these polymers, one of the biodegradable
polymers used most successfully is poly lactic co glycolic acid
(PLGA) which upon hydrolysis is metabolized to lactic and
glycolic acid and excreted quickly (Kumari et al., 2010). PLGA
has been approved by the Food and Drug Administration (FDA)
for parenteral administrations due to its biodegradability and
biocompatibility. It can be easily formulated with a variety of
hydrophilic or hydrophobic molecules, and it imparts some extra
properties to the drug molecules, i.e., protect drug from
degradation effects, control the release, and can also modify
the surface in order to interact with other biological materials
and to achieve stealth or targeted delivery of nanoparticles
(Danhier et al., 2012).

Poloxamer 407 is a cationic, tri-block copolymer containing
polyethylene oxide (hydrophilic portion) and poly propylene
oxide (hydrophobic portion). The hydrophobic end is
anchored with the nanoparticle surface, while the water loving
portion is toward the aqueous medium forming a hydrophilic

Trastuzumab-Mediated Polymeric Paclitaxel Nanoparticles

layer (Redhead et al., 2001; Stolnik et al., 2001). It is amphiphilic
in nature with bioadhesive properties and increases
solubilization of hydrophobic drugs. Poloxamer 407 has been
approved by the FDA as a bioactive ingredient for topical,
ophthalmic, suspension, injectable, and other pharmaceutical
preparations (Dumortier et al., 2006). Nanoparticles, whose
surfaces have been modified with poloxamer 407 remain in
blood circulation for a prolonged period of time, escapes the
reticuloendothelial system (Stolnik et al., 2001). Poloxamer 407
increases drug accumulation inside tumor tissue by inhibiting
the efflux transport protein system. This provides steric
stabilization by inhibiting phagocytosis and prevention of
protein adsorption (Moura et al, 2020). Poloxamer 407
enhances bioavailability by increasing drug residence time
(Moghimi & Hunter, 2000). New therapeutic strategies can
be developed using poloxamer because of its temperature-
dependent self-assembly characteristic. It can be used for
increasing the stability and solubility of drugs (Carvalho
et al,, 2021).

The HER family of receptors are of prime importance in the
pathogenesis of several cancers by regulating the cell
differentiation, growth, and survival through multiple
pathways (Romond et al., 2005). This family of receptors is
made up of four main members: HER (1, 2, 3, and 4) or Erb (B1,
B2, B3, and B4). All four HERs consist of an intracellular and
extracellular binding site (Sun et al., 2011b; Igbal & Igbal, 2014).
Monoclonal antibodies are clones of a unique parent cell and
recognize specific antigens that are located on the cancer cell
surface, thereby causing an antigen-antibody-like effect through
multiple mechanisms which include ligand-receptor binding
interference or protein expression suppression (Steichen et al.,
2013). Improved clinical efficacy and decreased toxicity
associated with conventional anticancer drugs attributed to
the significant use of monoclonal antibodies (Colzani et al,
2018). Trastuzumab, a humanized monoclonal antibody
approved by the US-FDA for breast cancer, targets
overexpressed HER2 receptors in breast cancer cells.
Combination therapy of trastuzumab with conventional
chemotherapeutics leads to increased response rates in
comparison to trastuzumab alone (Piccart-Gebhart et al,
2005; P.; Yousefpour et al,, 2011). The combination therapy
of this antibody is of prime importance, especially with drugs of
taxanes family since both the therapeutic response and survival
rate are increased (Sun et al., 2008).

The study is designed for the formulation of paclitaxel-loaded
PLGA nanoparticles conjugated with trastuzumab for the
effective  treatment of breast cancer. Physiochemical
characterization, in vitro drug release, pharmacokinetic
evaluation, and in vitro cytotoxicity studies were carried out.
The proposed formulations were found safe and effective for the
targeting of breast cancer. The developed nanoformulations have
the advantage of using polymeric stabilizers which have the
potential to improve solubility and enhance stability and
bioavailability with no issue of hypersensitivity reactions and
are also blocking the pgp efflux transport protein system. The
drug delivery in nano-size and surface decoration with the
antibody is a unique combination which will not only prevent
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the particles from being entrapped by the reticuloendothelial
systems but also help in accumulation of drug in tumor
tissues through EPR (enhanced permeability and retention)
effect. So, the therapeutic effectiveness of this drug delivery
will be very much improved, and the toxic effects will be
minimized. The use of PLGA grade (75:25) results in a more
sustained release which has not been used previously with
surface conjugation of antibody. Although surface
functionalization of paclitaxel nanoparticles has been
carried out previously by albumin, polyethylene glycol, and
folate, the promising results were obtained in this work in
terms of size, stability, drug release profile, in vitro
cytotoxicity, and pharmacokinetic parameters.

2 MATERIALS AND METHODS

2.1 Materials

Paclitaxel (>=99.9% purity) was purchased from Qilu Antibiotic
Pharmaceutical Co Ltd China. Poly lactic acid co-glycolic acid
(75:25, Resomer. RG 756 H, MW 76000-115000 Da) from
Evonik Germany, trastuzumab from Roche Pharmaceuticals
United Kingdom, poloxamer 407 and sodium lauryl sulfate
(SLS) from Sigma-Aldrich Germany, disodium hydrogen
phosphate (Na,HPO,), dialysis tubing-Dia 27/32”-21.5 mm
30M MWCO ~12,000-14,000 Da  from Sigma-Aldrich
Germany, acetonitrile (purity > 99.9%), and other solvents
used were of HPLC grade. The water used for solvent
preparation was ultrapure.

2.2 Preformulation Studies

2.2.1 Preparation of the Sample

The physical mixtures of drug (paclitaxel) and polymer were
prepared (1:1 w/w) with different excipients such as poloxamer
(0.5, 1, 1.5, and 2%) and SLS (0.5%). The samples were prepared
by simple mixing of drug, polymer, and excipients. The samples
were stored for 1 month at 40° + 2°C and 75 + 5% RH (Peca et al.,
2012). These physical samples were analyzed by FTIR for drug,
polymer, and excipients preformulation compatibilities in
comparison with nanoformulations.

2.2.2 Compatibility Studies

The interactions between drug (paclitaxel), polymer, and
excipients were carried out by preparing binary mixtures.
Drug content, physical consistency, and FTIR spectra were
examined at each sampling point for any possible
drug-excipient incompatibility. The physical interactions
among the excipients, drug, and polymer were observed by
noting changes in physical consistency.

2.2.3 Determination of the Drug Content Using a
UV-Visible Spectrophotometer

The samples containing excipients, excipients and drug, and
excipients and polymer were stored under stress conditions
and analyzed for determination of the drug content. Samples
and standard solutions were dissolved in acetonitrile (ACN) for
analysis. The drug content was measured in triplicate.

Trastuzumab-Mediated Polymeric Paclitaxel Nanoparticles

2.2.4 Fourier Transform Infrared Spectroscopy

An FTIR spectrophotometer was used to analyze the samples for
incompatibilities. The samples were prepared by the potassium
bromide (KBr) pellet method. Dried potassium bromide was
mixed with 1% w/w of the sample and grounded for 3-5 min.
The sample was pulverized and converted to a compact mass by
compression. The samples were analyzed in the region of
400-4,000 cm ™.

2.3 Formulation of Plain and

Antibody-Conjugated Nanoformulations
Paclitaxel-loaded polymeric nanoparticles were prepared using
PLGA as a polymer, poloxamer 407, and sodium lauryl sulfate
(SLS) as a stabilizer utilizing the solvent evaporation method
(Table 1). PLGA concentration was kept constant (10 mg),
while poloxamer 407, SLS, and drug were used in varying
concentrations. The developed nanoformulations
characterized for their physicochemical properties [size,
polydispersity index (PDI), and zeta potential], drug
loading, % entrapment efficiency, and stability. The
optimized nanoformulations were then decorated with
trastuzumab.

A total of two (2 ml) reconstituted freeze-dried nanoparticles
were incubated with trastuzumab at room temperature overnight
for surface decoration of antibody on the nanoparticle surface. All
the selected paclitaxel nanoformulations were negatively charged,
whereas trastuzumab was positively charged (8.457 mV) which
resulted in electrostatic attraction between oppositely charged
species and trastuzumab. The antibody was easily coated on the
surface of paclitaxel-loaded PLGA nanoformulations. The
trastuzumab-modified paclitaxel-loaded PLGA nanoparticles
were purified by centrifugation at 6,000 rpm at —4°C for 2 min,
and 50 pl of trastuzumab (10 mg/ml) was reconstituted with PBS
to make up the final volume up to 1 ml (500 pg/ml).

were

2.4 Physicochemical Characterization

2.4.1 Dynamic Light Scattering

The formulations were evaluated for size, polydispersity index
(PDI), and zeta potential by dynamic light scattering (DLS, at 90°
angle and 25°C) wusing a zetasizer (ZS-90, Malvern
Instruments and Malvern, United Kingdom). The surface
charge can be determined through zeta potential, ie., the
movements of charged particles in an electric field to predict
the stability of colloids. The sample (0.5 ml) of nanoformulation
and 1 ml of distilled water were taken, sonicated for 2 min, and
placed in cuvettes. An average of three reported values was taken
using Malvern software and analyzed statistically (Marsalek,
2014).

2.4.2 Drug Loading and Encapsulation Efficiency

Drug loading efficiency (%, w/w) and drug encapsulation
efficiency (%, w/w) of paclitaxel in nanoformulations were
determined by centrifugation (15,000 rpm at 25°C for 30 min),
followed by UV spectroscopy at 235 nm. The absorbance of the
samples was measured, and the % drug loading and %
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TABLE 1 | Formulation of paclitaxel with PLGA, 0.05% SLS, and 0.5, 1, 1.5, and 2% poloxamer 407.

S.No Code Paclitaxel PLGA Poloxamer SLS Time Temp Sonication
(mg) (mg) 407 0.05% (min) speed
(ml) (%)
01 PTX 1mg 10 mg 0.5% 5 ml 5ml 4 min 25°C 99
100
02 PTX 2mg 10 mg 0.5% 5 ml 5ml 4 min 25°C 99
101
03 PTX 3mg 10 mg 0.5% 5 ml 5ml 4 min 25°C 99
102
04 PTX 4 mg 10 mg 0.5% 5 ml 5ml 4 min 25°C 99
103
05 PTX 1mg 10 mg 1% 5 ml 5ml 4 min 25°C 99
104
06 PTX 2mg 10 mg 1% 5 ml 5ml 4 min 25°C 99
105
07 PTX 3 mg 10 mg 1% 5ml 5ml 4 min 25°C 99
106
08 PTX 4 mg 10 mg 1% 5ml 5ml 4 min 25°C 99
107
09 PTX 1mg 10 mg 1.5% 5 ml 5ml 4 min 25°C 99
108
10 PTX 2mg 10 mg 1.5% 5 ml 5ml 4 min 25°C 99
109
11 PTX 3mg 10 mg 1.5% 5 ml 5ml 4 min 25°C 99
110
12 PTX 4 mg 10 mg 1.5% 5 ml 5ml 4 min 25°C 99
111
13 PTX 1mg 10 mg 2% 5 ml 5ml 4 min 25°C 99
112
14 PTX 2mg 10 mg 2% 5 ml 5ml 4 min 25°C 99
113
15 PTX 3 mg 10 mg 2% 5ml 5ml 4 min 25°C 99
114
16 PTX 4 mg 10 mg 2% 5 ml 5ml 4 min 25°C 99

115

encapsulation were determined by the following formulae
(Huang et al., 2007):

Weight of Drug in Nanoparticles

% DL = x100; (1)

Weight of Nanoparticles

Weight of Drug in Nanoparticles

% EE =
° Weight of Drug Feed

100. 2)

2.4.3 Scanning Electron Microscopy

The morphology of the sample was determined by SEM. The sample
was prepared for SEM as per standard protocol in order to make it
conducive. The sample was then analyzed for its morphology.

2.4.4 X-Ray Diffraction Study

An X-Ray diffractometer (JDX-3532, Jeol, Japan) was used to
carry out XRD patterns of paclitaxel, PLGA, Poloxamer 407, SLS,
and paclitaxel nanoformulations. The XRD pattern was
determined for its amorphous, semicrystalline, and crystalline
nature. The pattern was taken at 3°-40° (20).

2.5 SDS-PAGE Analysis

After conjugation of antibody on the nanoparticle surface, the
structural integrity of trastuzumab on the nanoparticle surface
was compared with the native antibody by SDS-PAGE analysis.
All the gels@were run under reducing conditions using a Mini-
PROTEAN Electrophoresis system (BIO-RAD, United States).
It is a technique based on specificity of binding between protein of
interest and a probe to allow detection of protein of interest. The
protein sample is separated and subjected to a SDS
polyacrylamide = gel.  The  sample is  transferred
electrophoretically from a gel to PVDF membrane. The
remaining membrane is blocked by adding a 5% neutral
protein (BSA or milk casein) overnight. The membrane is
incubated with the primary antibody that is specific to the
target protein for 2h at room temperature. The band
containing protein of interest will bind with the antibody. The
membrane is then washed to remove the unbound antibody and
incubated with the second radioactively labeled antibody for 1 h
that binds specifically to the primary antibody-antigen complex
which can be visualized on an autoradiograph. The bond will
appear dark on the film (Pavlova et al., 2018).
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TABLE 2 | Result of the drug-excipients compatibility studly.

Time Test Sample Sample Sample Sample Sample Sample Sample Sample Sample
01 02 03 04 05 06 o7 08 09
Day 01 FTIR spectra Complies Complies Complies Complies Complies Complies Complies Complies Complies

" " " " " " " " "

Physical consistency
Day 30 FTIR spectra " " " " " " " " "
Physical consistency " " " " " " " " "

FIGURE 1 | FTIR spectra of (A) paclitaxel, (B) PLGA, (C) SLS, (D) poloxamer 407, and (E) nanoformulation.
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TABLE 3 | Result of drug content determination.

Drug content (%)

Trastuzumab-Mediated Polymeric Paclitaxel Nanoparticles

Time Standard drug Sample 06
Day 01 99.13 99.09
Day 15 99.27 99.03
Day 30 99.63 99.12

Sample 07 Sample 08 Sample 09
98.99 99.11 99.54
99.19 99.63 98.17
97.79 99.07 99.83

FIGURE 2 | SEM images of paclitaxel-loaded PLGA nanoformulations with poloxamer 407. (A) PTX 108, (B) PTX 112, (C) PTX 108ab, and (D) PTX 112ab.

2.6 In Vitro Evaluation
2.6.1 Drug Release Studies

The dialysis diffusion method was applied for release studies. The
membrane having a molecular weight 12,000-14,000 Da was cut in
such a way that it can accommodate 2ml redispersed
nanoformulations sealed at both ends. It was then dialyzed against
100 ml of PBS (pH 7.4) in a shaking water bath at 37°C and 60 rpm.
At specified time intervals (0.5, 1, 1.5, 2, 3,4, 5, 6, 7, 8, 10, 12, 24, 36,
48, 72, and 96 h), 2 ml sample was withdrawn and analyzed for drug
release. An equal volume of dialyzing media was replaced for each
sample. The drug content was determined by using a UV
spectrophotometer at 235nm in each sample. The analysis was
conducted in triplicate (Bernkop-Schniirch & Jalil, 2018).

2.6.2 Drug Release Kinetics
The drug release mechanisms were evaluated by applying various
release kinetic models (Paarakh et al., 2018).

2.6.3 In Vitro Cytotoxicity

In Vitro cytotoxicity assay of paclitaxel-loaded polymeric
nanoparticles and paclitaxel-loaded polymeric nanoparticles
conjugated with trastuzumab antibody and Taxol was conducted
by MTT [yellow tetrazolium salt, 3-(4, 5-dimethylthizol-2-yl)-2, 5, 5-
diphenyl tetrazolium bromide] assay using MCF-7 breast cancer cell
lines, a widely studied epithelial cancer cell line that has characteristics
of differentiated mammary epithelium derived from breast
adenocarcinoma (Lee et al, 2015). MCF-7 cell lines of breast

Frontiers in Pharmacology | www.frontiersin.org

25

March 2022 | Volume 13 | Article 855294


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Sakhi et al. Trastuzumab-Mediated Polymeric Paclitaxel Nanoparticles

TABLE 4 | Formulation of paclitaxel with PLGA, 0.05% SLS, and poloxamer 407.

No. Drug: PLGA (mg) Poloxamer 407 (%) Size (nm) PDI Zeta potential (mv) (%) Encapsulation efficiency (%)Drug loading

PTX 100 1:10 0.5 180 + 1.22 0.11 £ 0.01 -221 £ 15 64 6.4

PTX 101 2:10 0.5 184.6 + 1.08 0.13 £ 0.01 -20.1 £ 1.1 45 9.0

PTX 102 3:10 0.5 190 + 3.48 0.13 £ 0.03 -20.7 £ 1.8 61 18.3

PTX 103 4:10 0.5 202 + 36.17 0.3 £ 0.01 -191 £ 15 53 21.2

PTX 104 1:10 1 199 + 21.80 0.4 = 0.01 -26.85 + 0.03 77 7.7

PTX 105 2:10 1 215 + 18.72 0.6 + 0.01 -24.1 £0.15 65 0.13

PTX 106 3:10 1 304 + 12.99 0.6 £ 0.04 -26.8 £ 0.23 65 19.5

PTX 107 4:10 1 224 + 26.98 0.8 £ 0.02 -23.08 + 0.1 63 25.2

PTX 108 1:10 1.5 202.3+ 145 0.17 £ 0.03 -35.2 £ 0.12 89 8.9

PTX 109 2:10 1.5 215+ 28.3 0.2 £ 0.03 -34.5 £ 0.03 71 14.2

PTX 110 3:10 1.5 300 + 17.1 0.19 + 0.02 -30.25 + 0.25 65 19.5

PTX 111 4:10 1.5 331 £225 0.3 £ 0.01 -29.75 + 0.11 57 22.8

PTX 112 1:10 2 229 + 13.24 0.2 £ 0.01 -40.4 £ 1.6 84 8.4

PTX 113 2:10 2 312 £ 12.41 0.3 £ 0.02 -39.08 + 0.6 69 13.8

PTX 114 3:10 2 351 + 10.49 0.3 £ 0.03 -34.21 £1.7 68 20.4

PTX 115 4:10 2 408 + 11.27 0.7 £ 0.02 -28.11 £ 0.7 47 18.8

TABLE 5 | Particle size, PDI, and zeta potential of nanoformulations before and after surface modification.

Unconjugated nanoformulations Conjugated nanoformulations

No. Size PDI ZP (mv) EE (%) No. Size PDI ZP (mv) EE (%)
(nm) (nm)

PTX 108 202.3 + 145 0.17 £ 0.03 -35.2 £ 0.12 89% PTX 108ab 223 + 11.08 0.42 £ 0.04 25714 88%

PTX 112 229 + 13.24 0.2 £ 0.01 -404 £ 1.6 84% PTX 112 ab 256 + 13.52 0.32 + 0.01 -26.5 £ 0.1 84%

adenocarcinoma show moderate overexpression of HER™ and serve ~ food. The animals were excluded by killing/using chloroform
as an excellent model for in vitro cytotoxic studies (Dhiman et al,  anesthesia during the study in case of any distress. The dose at the
2004). Its hormone sensitivity through expression of estrogen receptor ~ rate of 2 mg/kg body weight was injected into the marginal ear
makes it an ideal model for in vivo and in vitro studies (Holliday &  vein of rabbits, which were divided into two groups for the
Speirs, 2011). The cells were seeded in a 96-well plate ata density of 1.0 paclitaxel test and reference formulations. At designated time
x 10* cells/well and incubated for 24 h at 37°C in 5% CO, at an 85% intervals (10 min, 30 min and 1, 2, 4, 6, 8, 12, 24, 96, and 120 h),
humidity incubator (Model NU 5700; United States). The medium  blood samples were collected in EDTA tubes and centrifuged at
was replaced after 24 h by paclitaxel-loaded polymeric nanoparticles 8,000 rpm for 10 min at 4°C. The Eppendorf tubes were used to
and paclitaxel-loaded polymeric nanoparticles conjugated with  collect and store samples at —20°C till analysis. HPLC-UV was
trastuzumab and Taxol at concentrations ranging from 0.25 pg/ml  used for the analysis of samples.
to 50 pg/ml for 24, 48, and 72 h at 37°C. At specific intervals, the Various pharmacokinetic parameters such as peak plasma
formulations were removed, and 5 mg/ml MTT was added before concentration (Cp,,y), time of peak plasma concentration (Tya)s
incubation for 4 h at 37°C. The culture solution was aspirated, and the elimination rate constant (Ky), elimination half-life (t;,,), area under
resulting formazan crystals were dissolved in 100 pl of dimethyl  the plasma concentration-versus-time curve (AUC..), clearance
sulfoxide, and the absorbance was measured at 570 nm using a (Cl), steady state volume (V), ang@l mean residence time (MRT)
microplate reader (Model FL x800; Biotek, Winooski, VA,  were determined using PK-Summit software.
United States). Cytotoxicity was expressed as percentage of cell
viability compared to untreated control cells. 2.7.2 Statistical Analysis

For the quantification of paclitaxel in samples, mean (X), SD, and
0. (3)  %RSD were applied. Comparison between means of treatments

was made at p < 0.05 using the Student ¢ test.

% Viability = Absorbance of sample

Absorbance of control

2.7 In Vivo Evaluation
2.7.1 Pharmacokinetic Studies

3 RESULTS
The New Zealand rabbits weighing 1.5-2.0 kg were purchased . .
from the NIH (National Institute of Health), for in vivo 3.1 Preformulation Studies

3.1.1 Drug-Excipients Compatibility Study
The samples were prepared using binary mixtures of the drug,
polymer, and excipients (1:1), stored for 01 months under stress

pharmacokinetics. The design and study was approved by the
Ethical Committee of Pharmacy Department, University of Swabi
(Pharm/EC/002). The rabbits were given access to water and
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FIGURE 3 | XRD spectra of (A) paclitaxel, (B) PLGA, (C) SLS, (D) poloxamer 407, and (E) nanoformulation.
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FIGURE 4 | SDS-PAGE of the antibody: lane-1: molecular weight
marker; lane 2-3: native antibody trastuzumab; lane-6: PTX 108ab; and lane-
7: PTX 112ab.

conditions, and inspected visually for any change in color and
texture. The drug, polymer, and excipients compatibility study
was performed by FTIR at day 1 and 30. The results of FTIR are
shown in Table 2 and Figure 1. The concentration of the
standard drug and samples at day 1, 15, and 30 were
evaluated as given in Table 3.

In-Vitro Release from Poloxamer 407

—o—PTX108
—o—PTX112

Cumulative release curve (%)

150
Time (hr)

300

FIGURE 5 | In vitro release profile of paclitaxel from nanoformulations of
poloxamer 407.

As shown in Figure 1A, the FTIR spectra of paclitaxel show
characteristic peaks at 3,441 cm™ (for O-H stretching), 3,309 cm™*
(for N-H stretching), aromatic C-H at 2,920-2,850 cm™ ", peaks at
1708 cm ™" for C = O stretching vibration of the ester group, peak at

Frontiers in Pharmacology | www.frontiersin.org

21 March 2022 | Volume 13 | Article 855294


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Sakhi et al.

In-Vitro Release from Poloxamer 407

~—e—PTX 108ab
—0—PTX112ab

Cumulative release curve (%)
o
2

100 150
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FIGURE 6 | In vitro release of Paclitaxel from surface-modified
nanoformulations of poloxamer 407.

1,647 cm™" for the amide bond, and peaks at 1,254 cm™" for C-N
stretching. The FTIR spectra of PLGA (75:25) showed distinct peaks

Trastuzumab-Mediated Polymeric Paclitaxel Nanoparticles

at 3,200 cm™" for -OH stretching, 2,943 cm™ for -CH stretching,
1751 cm™" for carbonyl ~C = O stretching, and at 1,072 cm™" for
C-O stretching as given in Figure 2B. The FTIR spectra of
poloxamer 407 showed characteristic peaks at 1,111 cm™ and
1,060 cm™" distinguishing of its PEO group and at 2,881 cm™" for
CH,-CH, stretching as shown in Figure 1C. The FTIR spectra of
SLS showed characteristic peaks at 1,219-1,153cm™ for S-O
stretching and at 2,850cm™' for -CH stretching as shown in
Figure 1D.

The characteristic peaks of paclitaxel was not present in the
FTIR spectrum which means that the drug is completely
encapsulated by the polymer, but the main peaks for PLGA,
poloxamer 407, and SLS remain the same indicating the absence
of any interaction between the drug, polymer, and stabilizers used
as shown in Figure 1E.

3.2 Physicochemical Characterization

PTX 108 and PTX 112 were selected for conjugation of the antibody
on the basis of particle size, polydispersity index, surface charge, zeta
potential, and encapsulation efficiency. The physicochemical
properties of the developed nanoformulations before and after
antibody conjugation were determined.

TABLE 6 | In vitro drug release kinetics of the optimized nanoformulations. Bold values are drug release from nanoformulations best fits to Higuchi model.

Formulation 1st-order Zero-order Higuchi Hixon-Crowell Korsemeyer-Peppas n*
R? R? R? R? R?
PTX 108 0.181 0.8842 0.9726 0.8847 0.114 0.5
PTX 112 0.1935 0.8639 0.9911 0.8644 0.124 0.5
PTX 108ab 0.3741 0.8588 0.9919 0.9222 0.6226 0.5
PTX 112 ab 0.3701 0.8424 0.9777 0.9213 0.636 0.5
80 30 45
24 hr 48 hr %0 72 br
70 ¥ Taxol® 70 ¥ Taxol® T sols
0 -rr.\f 108 60 ®PTX 108 38 = PTX 108
g;o x REREIGED gso ¥ PTX 108ab gso NETE10840
£ £ £
g4 % 10 % a0
£ % 30 % 15
320 V20 Ui
10 10 = 5 E
0 0 0
1 3 a s 1 2 3 a 5 1 2 3 4 3
Concentrartion pg/ml Concentrartion pg/ml Concentrartion pg/ml
30 80 45
24 hr 48 hr 72 br
70  Taxol® 7 HTaxol® 40 8 Taxol®
P WPTX112 60 @PTX112 35 “PTX112
gso WPTX112ab g 50 WPTX112ab 230 4PTX112ab
£ & PES
N :0 2
S = 30 =
%30 ;0 :) ; 15
Q20 S S0
10 10 .
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' Contentramon pg/ml ’ Concentrartion pg/ml C°“‘~'9‘“‘ amon ng/ml
FIGURE 7 | Cell viability (%) of MCF-7 cell lines by Paclixil”, paclitaxel-loaded PLGA nanoformulations PTX 108 and PTX 112, and antibody-conjugated paclitaxel-
loaded PLGA nanoformulations PTX 108ab and PTX 112ab at 0.25, 2.5, 10, 25, and 50 pg/ml concentration after 24, 42, and 72 h.
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TABLE 7 | Pharmacokinetic parameters. The p-values are made bold as it shows the significance of results.

Parameter Cmax AUC¢ AUMC.. MRT t, Vg4 CL
pgmi™ pghrmi™? mghr?ml™! Hr Hr mi mih~'kg™!
Paclixil” 3.05+0.78 4.8 £ 0.035 272 £1.27 57 +0.14 7.9 £ 0.06 9.4 £ 1.14 7.37 £ 0.5
PTX 108 3.75 + 0.09 194.9 + 1.04 12433.1 + 2141 63.8 + 1.61 312 +217 65.4 +1.98 1.7 +1.21
p-value - - - 0.001*** 0.001*** 0.003*** 0.001***
PTX 112 3.75 +£ 0.87 189.4 + 2.97 10840.2 + 411.7 57.2+1.16 242 + 3.35 745 £1.74 1.7 £ 0.69
p-value - - - 0.001*** 0.002*** 0.001*** 0.001***
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FIGURE 8 | Plasma concentration versus time profile of paclitaxel nanoformulations with poloxamer 407 and SLS.

3.2.1 Particle Size, PDI, Zeta Potential, and
Encapsulation Efficiency

The particle size was within the range of 180 + 1.22 to 202 +
36.17 nm for 0.5%, 199 + 21.80 to 224 + 26.98 nm for 1%, 202.3 +
14.5 to 224 + 26.98 nm for 1.5%, and 229 + 13.24 to 408 + 11.27 nm
for 2% poloxamer 407. The particle size, PDI, zeta potential, and
drug loading and encapsulation efficiency of paclitaxel nanoparticles
are given in Table 4. The physicochemical properties and
encapsulation efficiency of paclitaxel nanoparticles with or
without antibody conjugation are given in Table 5.

3.2.2 Surface Morphology

SEM was used for determining surface morphology of simple
paclitaxel  nanoparticles and  conjugated paclitaxel
nanoparticles as shown in Figures 2A,B and Figures 2C,D,
respectively.

3.2.3 XRD Studies

The XRD patterns of paclitaxel, PLGA, Poloxamer 407, SLS, and
paclitaxel nanoformulations are shown in Figure 3A, in which
paclitaxel exhibits several peaks at 20 value of 5.4°, 8.8°, and 12.25°
which shows the crystalline nature of paclitaxel, while no peaks were
observed for PLGA which depicts the amorphous nature of the

polymer as shown in Figure 3B. The diffractogram of SLS shows two
distinct peaks at 20 value of 20.3° and 21.65° demonstrating the
crystalline nature of SLS (Figure 3C), while poloxamer 407 exhibits
peaks in the 20 range at 19.05" and 23.2° as shown in Figure 3D). The
XRD pattern of paclitaxel-loaded PLGA nanoformulations exhibits
no discrete peaks at any position (Figure 3E).

3.3 SDS-PAGE Studies

The structural integrity of trastuzumab after conjugation of the
antibody on the nanoparticle surface was confirmed. Under
reducing conditions, trastuzumab is detected as two bands of
molecular weight 50 KDa and 25 KDa representing heavy and light
chains, respectively (Mohamed et al., 2018). An SDS-gel (10%) was
ran under reducing conditions as follows: molecular weight marker in
lane-1, native antibody in lane-2 and 3, and antibody-conjugated
nanoformulations PTX 84ab, PTX 86ab, PTX 108ab, and PTX 112ab
in lanes 4,5,6, and 7, respectively, as shown in Figure 4.

3.4 In Vitro Evaluation
3.4.1 Drug Release Studies
The in vitro release profile of paclitaxel nanoformulations and
surface-modified nanoformulations was determined. At specified
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time intervals (0.5, 1, 2, 4, 6, 8, 10, 12, 24, 36, 48, 72, 96, 120, 144, 168,
192, 216, 240, and 264 h), the samples were withdrawn and analyzed
for drug release. All the paclitaxel-loaded PLGA nanoformulations
and surface-modified nanoformulations exhibit a bi-phasic release
pattern as shown in Figures 5, 6, respectively, which is characterized
by an initial burst release in first 24 h followed by a continuous slow
release. The initial burst release of paclitaxel from nanoformulations
at 24 h was 26 + 0.23 and 28 + 0.42% for PTX 108 and PTX 112,
while at 264 h drug release was 79 + 0.09 and 81 + 0.43% for
PTX 108 and PTX 112, respectively. Similarly the initial burst
release of paclitaxel from modified nanoformulations at 24 h
was 30 + 0.28 and 33 £ 0.03% for PTX 108ab and PTX 112 ab,
while at 264 h, the drug release was 85 + 0.34 and 88 + 0.14%
for PTX 108 ab and PTX 112 ab, respectively.

3.4.2 In Vitro Drug Release Kinetics

Various kinetic models were employed for prediction of drug
release mechanisms that include zero-order, first-order,
Hixson-Crowell, Korsmeyer-Peppas, and Higuchi. The
regression coefficient values (R*) obtained and the drug release
from PTX 108, PTX 112, PTX 108ab, and PTX 112ab
nanoformulations best fit to the Higuchi model on the basis of
higher regression. coefficient (R”) values as shown in Table 6.

3.4.3 In Vitro Cytotoxicity Studies

The cytotoxicity of the reference drug and paclitaxel-loaded PLGA
nanoparticles with and without antibody surface modification was
evaluated by performing MTT assay against MCF-7 cells. The MCF-7
cell lines were incubated with Paclixil , paclitaxel-loaded PLGA
nanoformulations PTX 112, and antibody-conjugated paclitaxel-
loaded PLGA nanoformulations PTX 108ab and PTX 112ab at
0.25, 2.5, 10, 25, and 50 pg/ml concentration. The cultured cells were
analyzed for cell viability at 24, 48, and 72 h. Cytotoxicity as % of cell
viability compared to untreated control cells is shown in Figure 7.

3.5 In Vivo Evaluation

3.5.1 Pharmacokinetic Studies

Rabbits weighing between 1.5 and 2 kg were used as an experimental
model for the assessment of various in vivo pharmacokinetic
parameters of the selected paclitaxel nanoformulations. Selected
paclitax@el and its commercially available paclitaxel formulation
Paclixil ~(reference formulation) were administered (2 mg/kg
body weight) via the marginal ear vein. For in vivo evaluation of
selected and commercially available paclitaxel formulation Paclixil ,
the developed RP-HPLC-UV method was successfully applied
(Sakhi et al, 2021). The data were evaluated by non-
compartmental analysis using PK-Summit . The results are given
in Table 7 and Figure 8.

4 DISCUSSION

4.1 Preformulation Studies

4.1.1 Drug-Excipients Compatibility Study

The stabilizers used for preparing nanoformulations may interact
with each other and other active pharmaceutical ingredients

Trastuzumab-Mediated Polymeric Paclitaxel Nanoparticles

which may affect the stability of nanoparticles. Due to change
in temperature and humidity, the physical and chemical changes
in the dosage form are occurred which can affect stability,
biocompatibility, and therapeutic properties of the drug
(Chadha & Bhandari, 2014; Patel, et al., 2015). In order to
avoid these possible interactions, the drug, polymer, and
excipients compatibility study was performed, and the samples
were evaluated for drug content, physical consistency, and FTIR
spectra. Drug concentration in a dosage form may decrease due to
degradation of the drug when stored under stress conditions.
Physical and chemical incompatibilities may be triggered by
humidity and temperature. The drug contents in the dosage
form remained the same throughout the stored period. The IR
spectra show no changes in samples at day 1 while showing
chemical interaction between drug, polymer, and other drug
excipients used in nanoformulations after 30 days (Martins
et al, 2014). The FTIR spectrum of the paclitaxel-loaded
PLGA nanoparticle showed no characteristic peaks of
paclitaxel which means that the drug is completely
encapsulated by the polymer, but the main peaks for PLGA,
poloxamer 407, and SLS remain same, thus indicating the absence
of any interaction between the drug, polymer, and stabilizers
used. After visual inspection of samples, no changes in color or
physical consistency were noted which indicates the compatibility
of drugs and active ingredients with each other.

4.2 Physicochemical Characterization

PTX 108 and PTX 112 were selected for having small particle size,
high negative zeta potential, and encapsulation efficiency greater
than 80% and monodispersed particles. These formulations were
further evaluated. The physicochemical properties of
nanoformulations before and after antibody conjugation were
compared.

4.2.1 Particle Size, PDI, Zeta Potential, and
Encapsulation Efficiency

The particle size and PDI change with change in concentration
of the stabilizer and amount of the drug in nanoparticle
formulations, whereas polymer concentration is kept
constant. The size of the nanoparticles increases as the
concentration of poloxamer 407 is increased, and there is an
increase in PDI with change in stabilizer concentration. Present
studies show that the mean particle size increases as the
concentration of the stabilizer is increased (Pradhan et al,
2013). This increase in the nanoparticle size is due to
excessive adsorption of poloxamer 407 on the nanoparticle
surface which results in formation of a thick layer (Redhead
et al., 2001). As the stabilizer concentration is increased,
viscosity of the aqueous phase increases which results in an
increase in particle size by decreasing the net shear stress
(Pradhan et al.,, 2013). As the drug concentration is increased
from 1 to 4 mg, there is an increase in the nanoparticle size. This
increase in particle size is due to the fact that only a specified
amount of the drug can be encapsulated by a constant
concentration of the polymer. Any further increase in drug
concentration will result in an increase in particle size, thus
increasing viscosity of the organic phase (Mu & Feng, 2003;
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Pradhan et al., 2013). The results show that after the attachment
of trastuzumab on the nanoparticle surface there is an increase
in size and polydispersity of nanoparticles.

Paclitaxel-loaded polymeric nanoformulations prepared by
using poloxamer 407 (0.5, 1, 1.5, and 2%) and SLS (0.05%)
show a negative charge, and the zeta potential values decrease
as the concentration of the drug is increased from 1 to 4 mg. This
decrease in zeta potential is due to an increase in concentration of
the drug-to-polymer ratio in the organic phase (Stolnik et al., 2001;
Moura et al., 2020). The negative zeta potential was due to the ester
and termination group of PLGA chains on the nanoparticle surface
(Mu & Feng, 2003) and due to the presence of the anionic
surfactant, SLS. As the concentration of poloxamer 407 is
increased, there is an increase in zeta potential values. There is
an increase in zeta potential values ranging from —-19.1 £ 1.5 to
-40.4 + 1.6mV as the poloxamer 407 concentration is
increased from 0.5 to 2% (Redhead et al., 2001; Reddy &
Murthy, 2005). High negative potential provides stability as
there will be an increase in electrostatic repulsive forces among
the nanoparticles which will prevent particle aggregation. The
results indicated that the surface charge was shifted to less
negative after conjugation of the antibody on the nanoparticle
surface due to the positive charge of trastuzumab (Sun et al.,
2011a; Sun et al.,, 2008; P.; Yousefpour et al., 2011).

There is an increase in encapsulation efficiency as the
concentration of poloxamer 407 is increased from 0.5 to 2%
while keeping PLGA and SLS concentrations constant (Table 4).
There is an increase in encapsulation efficiency as the initial
concentration of the drug is increased, as more drug molecules
are available to interact with the polymer resulting in an increase
in encapsulation efficiency. However any further increase in the
drug amount will result in saturation of the polymer, leading to a
decrease in encapsulation efficiency (Keum et al., 2011; Pradhan
etal., 2013). In this work, nanoformulations having encapsulation
efficiencies greater than 80% were selected for surface
modification which resulted in an increase in size; however, no
significant change in encapsulation efficiency was observed with
conjugation of the antibody as shown in Table 5.

Surface morphology of nanoparticles determines the circulation
time, biodistribution, targeted delivery, and enhanced tumor
accumulation as well as cellular uptake of nanoparticles (Truong
et al,, 2015). The surface of nanoparticles using poloxamer 407 was
spherical in shape. After the conjugation of the antibody, the surface
of nanoparticles becomes blurry which is due to attachment of the
antibody on the surface of nanoparticles and adhesion of
nanoparticles (Yousefpour et al.,, 2011; Mehata et al., 2019).

The XRD  pattern  of  paclitaxel-loaded = PLGA
nanoformulations exhibits no discrete peaks at any position,
so it can be concluded that paclitaxel was completely
encapsulated by the polymer and transformed to an
amorphous state (Chowdhury et al, 2019; de Oliveira Fortes
et al., 2012; Wei et al., 2009).

4.3 SDS-PAGE Analysis

The structural integrity of trastuzumab on the nanoparticle surface
was compared with the native antibody by SDS-PAGE analysis. As
trastuzumab is a protein, when subjected to any type of stress such
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as preparation process, packaging materials, heating, and agitation,
the major response of the monoclonal antibody is aggregation
which can result in immunogenic reactions, loss of significant
therapeutic activity, denaturation, or inactivation (M Pabari et al.,
2013; Mohamed et al.,, 2018). From the results, it can be observed
that trastuzumab shows same behavior after conjugation on the
nanoparticle surface as the native antibody which confirms that the
integrity of trastuzumab remains the same, and there is no evidence
of reduced protein as shown in bands. This validates the feasibility
of antibody-decorated paclitaxel nanoparticles for targeting
HER?*-overexpressed cancer cells.

4.4 In Vitro Evaluation

All the paclitaxel-loaded PLGA nanoformulations with and
without antibody conjugation exhibit a bi-phasic release
pattern, which is characterized by an initial burst release in
first 24h followed by a continuous slow release. This slow
release is due to the slow degradation of PLGA because the
release of paclitaxel from nanoparticles mainly depends on drug
diffusion and matrix erosion. The drug that is poorly entrapped/
adsorbed on the polymeric matrix results in initial fast release,
while the diffusion mechanism is responsible for the slow release
of the drug that is localized in the polymeric core of nanoparticles
(Fonseca et al., 2002; Pradhan et al., 2013).

It was observed that the drug release from PTX 108, PTX
112, PTX 108ab, and PTX 112 ab nanoformulations best fits to
the Higuchi model on the basis of higher regression. coefficient
(R?) values. The “n” value primarily shows the mechanism of
drug release from the polymeric matrix, and it was measured at
60% release concentration. The most common release
mechanism followed by these formulations is diffusion
followed by erosion. The n value also showed that Fickian
diffusion has taken place in the optimized formulations (Costa
& Lobo, 2001).

The cytotoxicity studies, as given in Figure 7, shovx;s
viability of MCEF-7 cells after incubation with Paclixil ,
paclitaxel-loaded PLGA nanoformulations, and antibody-
decorated paclitaxel-loaded PLGA nanoformulations at
various concentrations after 24, 48, and 72h. There is a
more effective decrease in cell viability after 72h than that
after 24 and 48 h, which signifies that as the incubation period
increases the cellular inhibition increases. The second column
in each group in Figure 7 shows viability of MCF-7 cells after
treatment with unconjugated paclitaxel nanoformulations,
and there is an increase in in vitro cytotoxicity as compared
to paclitaxel solution. As the concentration of the drug is
increased from 0.25 to 50 ug/ml, % viability decreases. The
third column in each group shows cellular toxicity of antibody-
conjugated paclitaxel-loaded PLGA nanoformulations. There
is a significant decrease in % cell viability which indicates that
antibody-functionalized nanoformulations are more effective
therapeutically than paclitaxel and nanoformulations without
antibody conjugation.

It can be depicted from our results that as the concentration
of the drug and incubation time increase, cell viability
decreases. The surface conjugation of nanoparticles results
in an increase in in vitro cytotoxicity as compared to
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. . . . . . . ®
nanoformulations without antibody conjugation and Paclixil .
Our results are in line with previous data available
(Yousefpour et al., 2011; Butt et al., 2012).

4.5 In Vivo Evaluation

The Cpax AUC, AUMC, MRT, ty,,, and V4 have been significantly
increased, while CI has been decreased (Table 7 and Figure 8). The
selected formulations were compared statistically with conventional
paclitaxel formulation. The plasma concentrations of polymeric
nanoformulations were 1.23-fold greater than those commercially
available formulation (Guo et al, 2012). The results show
39.38-40.41-fold increase in AUC of polymeric-loaded paclitaxel
nanoparticles than that of commercially available paclitaxel. The
reported AUC of paclitaxel after administration to rats at a dose of
30mg/kg were 80.06 * 574pg-hr/ml for paclitaxel self-
microemulsion and 14.61 + 2.16 ug-hr/ml for paclitaxel solution
(Guo et al, 2012). The data suggest that at same concentration,
nanoformulations remain in blood for a prolonged period of time
and, hence, increase the therapeutic efficacy of the drug. As in
nanoformulations, the drug is encapsulated within the
hydrophobic polymer which results in sustained release and
increase in bioavailability which attributes to an increase in AUC.
The other reason of enhanced bioavailability may be due to a decrease
in plasma protein binding of polymeric-loaded paclitaxel
nanoformulations (Stage et al, 2018). The AUMC.,, values of
polymeric nanoformulations were significantly greater than those
of commercially available formulation.

The MRT of polymeric-loaded paclitaxel nanoparticles is
10.04-11.2-fold than that of the commercially available
paclitaxel formulations. The reported MRT values of paclitaxel
nanoparticles were much higher than that of the pure drug which
is in accordance with our results. Polymeric-loaded paclitaxel
nanoparticles significantly increase the MRT value by controlling
the release of the drug. Drugs formulated in nanoparticles remain
in blood circulation for prolonged time due to reduced uptake by
the reticuloendothelial system (RES) (Fu et al., 2016). The t;, of
polymeric paclitaxel nanoparticles is 3.06-3.95-fold than that of
the commercially available paclitaxel formulations. The V4 of
polymeric-loaded paclitaxel nanoparticles has increased
6.96-7.93-fold than that of commercially available paclitaxel
formulations. The V4 of paclitaxel liposome was 0.926 =+
0.057 L and paclitaxel injection was 0.827 + 0.052 L after IV
administration of 3 mg/kg body weight to rabbits (Y. Wei et al,,
2014). (Xu et al.,, 2005). The clearance values of the polymeric
nanoformulations decreased than those of the commercially
available formulations as reported in the previous literature.
The clearance values of paclitaxel liposome was 0.397 +
0.022 L/h/kg and paclitaxel injection was 0.539 + 0.038 L/h/kg
after IV administration of 3 mg/kg body weight to rabbits (Y. Wei
et al,, 2014).

The drug eliminates quickly from the systemic circulation
after IV administration of paclitaxel injection whereas
paclitaxel nanoparticles have shown to improve the
pharmacokinetic =~ parameters. The small size of
nanoparticles, decreased protein binding, and use of suitable
stabilizers result in increased bioavailability of the drug. There
is a significant change in pharmacokinetic parameters after
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encapsulation of paclitaxel in nanoparticles. Paclitaxel-loaded
polymeric nanoformulations exhibit an increase in MRT and
AUC, while blood clearance is decreased. As the drug remains
in blood for a prolonged period of time with nanoparticles, the
uptake by the reticuloendothelial system is reduced and uptake
of the drug at the target site is enhanced, so improved
therapeutic efficacy is achieved with nanoformulations. The
use of PLGA grade (75:25) results in a more sustained release
which has not been used previously with surface conjugation
of the antibody. Although surface functionalization of
paclitaxel nanoparticles has been carried out previously by
albumin, polyethylene glycol, and folate, however, we got
promising results in terms of size, stability, drug release
profile, in wvitro cytotoxicity, and pharmacokinetic
parameters in comparison with the reported work (Singla
et al., 2002; Nehate et al., 2014).

5 CONCLUSION

Sustained release of paclitaxel-loaded polymeric nanoparticles
decorated with trastuzumab was developed using PLGA, SLS,
and poloxamer 407 by the solvent evaporation method. The
formulations were evaluated for its in vitro cellular cytotoxicity
against HER®' breast cancer cell lines. The optimized
nanoparticles were of particle size less than 300 nm, having
a negative charge, and encapsulation efficiency *80%. The
selected optimized nanoformulations were conjugated with
trastuzumab having the desired particle size, PDI, zeta
potential, and encapsulation efficiency. SDS-PAGE analyses
have shown no evidence of reduced protein, and integrity of
trastuzumab remains the same. Scanning electron microscopy
(SEM) results have shown that the surface of nanoparticles
before antibody conjugation were smooth and spherical, while
after the conjugation of the antibody, the surface became
blurred which is due to attachment of the antibody on the
surface of nanoparticles. The drug release from antibody-

conjugated nanoparticles was rapid as compared to
unconjugated nanoparticles due to rough surfaces of
nanoparticles.

The pharmacokinetic parameters of paclitaxel-loaded

polymeric nanoformulations exhibit an increase in MRT,
AUC, ty5, and Vg4, while Cl was decreased as compared to
those of commercially available paclitaxel nanoformulation.
The results of cytotoxicity studies have shown a significant
decrease in cell viability as the drug concentration and
incubation time increase. The surface conjugation of
nanoparticles resulted in greater in vitro cytotoxicity than
nanoformulations ~ without  antibody  conjugation and
conventional paclitaxel formulations.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Materials, further inquiries can be
directed to the corresponding authors.

Frontiers in Pharmacology | www.frontiersin.org

32

March 2022 | Volume 13 | Article 855294


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Sakhi et al.

ETHICS STATEMENT

The animal study was reviewed and approved by the Ethical
Committee of Pharmacy Department, University of Swabi
(Pharm/EC/002).

AUTHOR CONTRIBUTIONS

MS: experimental work and manuscript writing. AK, ZI, IK,
AR, AU, FN, and SK: critical revision of the manuscript. All
authors approved the final version of the manuscript to be
published and agreed to be accountable for all aspects of the
work in ensuring that questions related to the accuracy or

REFERENCES

Bernkop-Schniirch, A., and Jalil, A. (2018). Do drug Release Studies from SEDDS
Make Any Sense? J. controlled release 271, 55-59.

Butt, A. M., Amin, M. C. I. M, Katas, H., Sarisuta, N., Witoonsaridsilp, W., and Benjakul,
R (2012). In Vitro characterization of Pluronic F127 and D-Ttocopheryl
Polyethylene Glycol 1000 Succinate Mixed Micelles as Nanocarriers for Targeted
Anticancer-Drug Delivery. J. Nanomater. 2014, 11. doi:10.1155/2012/916573

Carey, L. A,, Perou, C. M,, Livasy, C. A, Dressler, L. G., Cowan, D., Conway, K.,
et al. (2006). Race, Breast Cancer Subtypes, and Survival in the Carolina Breast
Cancer Study. Jama 295 (21), 2492-2502. doi:10.1001/jama.295.21.2492

Carvalho, G. C,, Araujo, V. H. S, Fonseca-Santos, B., de Aratjo, J. T. C., de Souza,
M. P. C, Duarte, J. L, et al. (2021). Highlights in Poloxamer-Based Drug
Delivery Systems as Strategy at Local Application for Vaginal Infections. Int.
J. Pharm. 602, 120635. doi:10.1016/j.ijpharm.2021.120635

Chadha, R, and Bhandari, S. (2014). Drug-excipient Compatibility Screening-
Rrole of Thermoanalytical and Spectroscopic Techniques. J. Pharm. Biomed.
Anal. 87, 82-97. doi:10.1016/j.jpba.2013.06.016

Chidambaram, M., Manavalan, R., and Kathiresan, K. (2011). Nanotherapeutics to
Overcome Conventional Cancer Chemotherapy Limitations. J. Pharm. Pharm.
Sci. 14 (1), 67-77. doi:10.18433/j30c7d

Colzani, B., Pandolfi, L., Hoti, A., Iovene, P. A., Natalello, A., Avvakumova, S., et al.
(2018). Investigation of Antitumor Activities of Trastuzumab Delivered by
PLGA Nanoparticles. Int. J. Nanomedicine 13, 957-973. doi:10.2147/IJN.
S152742

Costa, P., and Sousa Lobo, J. M. (2001). Modeling and Comparison of Dissolution
Profiles. Eur. J. Pharm. Sci. 13 (2), 123-133. doi:10.1016/s0928-0987(01)
00095-1

Danbhier, F., Ansorena, E., Silva, J. M., Coco, R., Le Breton, A., and Préat, V. (2012).
PLGA-based Nanoparticles: an Overview of Biomedical Applications.
J. Control. Release 161 (2), 505-522. doi:10.1016/j.jconrel.2012.01.043

de Oliveira Fortes, V. D., Diniz, W. A., Araujo dos Santos, E., Resende, C. X,,
Almeida, L. E., and Teixeira, Z. (2012). “Nanostructures of Hydroxyapatite in
Pluronic F 127: Preparation and Structural Characterization,” in Paper
presented at the Key Engineering Materials.

Dhiman, H. K, Ray, A. R,, and Panda, A. K. (2004). Characterization and Evaluation
of Chitosan Matrix for In Vitro Growth of MCF-7 Breast Cancer Cell Lines.
Biomaterials 25 (21), 5147-5154. doi:10.1016/j.biomaterials.2003.12.025

Dumortier, G., Grossiord, J. L., Agnely, F., and Chaumeil, J. C. (2006). A Review of
Poloxamer 407 Pharmaceutical and Pharmacological Characteristics. Pharm.
Res. 23 (12), 2709-2728. d0i:10.1007/s11095-006-9104-4

Ferlay, J., Soerjomataram, I, Dikshit, R., Eser, S., Mathers, C., Rebelo, M., et al.
(2015). Cancer Incidence and Mortality Worldwide: Sources, Methods and
Major Patterns in GLOBOCAN 2012. Int. J. Cancer 136 (5), E359-E386. doi:10.
1002/ijc.29210

Fonseca, C., Simdes, S., and Gaspar, R. (2002). Paclitaxel-loaded PLGA
Nanoparticles: Preparation, Physicochemical Characterization and In Vitro

Trastuzumab-Mediated Polymeric Paclitaxel Nanoparticles

integrity of any part of the work are appropriately investigated
and resolved.

FUNDING

This study was funded by the Higher Education Commission of
Pakistan.

ACKNOWLEDGMENTS

We are thankful to the Department of Pharmacy, University of
Peshawar, for their support.

Anti-tumoral Activity. J. Control. Release 83 (2), 273-286. doi:10.1016/s0168-
3659(02)00212-2

Fu, Q., Hargrove, D., and Lu, X. (2016). Improving Paclitaxel Pharmacokinetics
by Using Tumor-specific Mesoporous Silica Nanoparticles with
Intraperitoneal Delivery. Nanomedicine 12 (7), 1951-1959. doi:10.1016/j.
nano.2016.04.013

Guo, X, Han, J, Li, S, and Xiang, W. (2012). Pharmacokinetics and Tissue
Distribution of a Paclitaxel Self-Microemulsion in Rats. Asian J. Pharm. Sci. 7
(1), 58-66.

Holliday, D. L., and Speirs, V. (2011). Choosing the Right Cell Line for
Breast Cancer Research. Breast Cancer Res. 13 (4), 215-217. doi:10.1186/
bcr2889

Huang, C. Y., Chen, C. M., and Lee, Y. D. (2007). Synthesis of High Loading and
Encapsulation Efficient Paclitaxel-Loaded Poly(n-Butyl ~Cyanoacrylate)
Nanoparticles via Miniemulsion. Int. J. Pharm. 338 (1-2), 267-275. doi:10.
1016/j.ijpharm.2007.01.052

Igbal, N., and Igbal, N. (2014). Human Epidermal Growth Factor Receptor 2
(HER2) in Cancers: Overexpression and Therapeutic Implications. Mol. Biol.
Int. 2014, 9. doi:10.1155/2014/852748

Keum, C. G, Noh, Y. W, Baek, J. S., Lim, ]. H., Hwang, C.]., Na, Y. G, et al. (2011).
Practical Preparation Procedures for Docetaxel-Loaded Nanoparticles Using
Polylactic Acid-Co-Glycolic Acid. Int. J. Nanomedicine 6, 2225-2234. doi:10.
2147/1JN.S24547

Kumar Mehata, A., Bharti, S, Singh, P., Viswanadh, M. K., Kumari, L., Agrawal, P.,
et al. (2019). Trastuzumab Decorated TPGS-G-Chitosan Nanoparticles for
Targeted Breast Cancer Therapy. Colloids Surf. B Biointerfaces 173, 366-377.
doi:10.1016/j.colsurfb.2018.10.007

Kumari, A., Yadav, S. K, and Yadav, S. C. (2010). Biodegradable Polymeric
Nanoparticles Based Drug Delivery Systems. Colloids Surf. B Biointerfaces
75 (1), 1-18. doi:10.1016/j.colsurfb.2009.09.001

Lee, A. V., Oesterreich, S., and Davidson, N. E. (2015). MCF-7 Cells-Cchanging the
Course of Breast Cancer Research and Care for 45 Years. J. Natl. Cancer Inst.
107 (7). doi:10.1093/jnci/djv073

Liotta, L. A, Steeg, P. S., and Stetler-Stevenson, W. G. (1991). Cancer Metastasis
and Angiogenesis: an Imbalance of Positive and Negative Regulation. Cell 64
(2), 327-336. doi:10.1016/0092-8674(91)90642-c

Marsalek, R. (2014). Particle Size and Zeta Potential of ZnO. APCBEE Proced. 9,
13-17. doi:10.1016/j.apcbee.2014.01.003

Martins, K. F., Messias, A. D., Leite, F. L., and Duek, E. A. R. (2014). Preparation
and Characterization of Paclitaxel-Loaded PLDLA Microspheres. Mat. Res. 17
(3), 650-656. do0i:10.1590/s1516-14392014005000028

Miele, E., Spinelli, G. P., Miele, E., Tomao, F., and Tomao, S. (2009). Albumin-
bound Formulation of Paclitaxel (Abraxane ABI-007) in the
Treatment of Breast Cancer. Int. J. Nanomedicine 4 (1), 99-105. doi:10.
2147/ijn.s3061

Moghimi, S. M., and Hunter, A. C. (2000). Poloxamers and Poloxamines in
Nanoparticle Engineering and Experimental Medicine. Trends Biotechnol. 18
(10), 412-420. doi:10.1016/s0167-7799(00)01485-2

Frontiers in Pharmacology | www.frontiersin.org

March 2022 | Volume 13 | Article 855294


https://doi.org/10.1155/2012/916573
https://doi.org/10.1001/jama.295.21.2492
https://doi.org/10.1016/j.ijpharm.2021.120635
https://doi.org/10.1016/j.jpba.2013.06.016
https://doi.org/10.18433/j30c7d
https://doi.org/10.2147/IJN.S152742
https://doi.org/10.2147/IJN.S152742
https://doi.org/10.1016/s0928-0987(01)00095-1
https://doi.org/10.1016/s0928-0987(01)00095-1
https://doi.org/10.1016/j.jconrel.2012.01.043
https://doi.org/10.1016/j.biomaterials.2003.12.025
https://doi.org/10.1007/s11095-006-9104-4
https://doi.org/10.1002/ijc.29210
https://doi.org/10.1002/ijc.29210
https://doi.org/10.1016/s0168-3659(02)00212-2
https://doi.org/10.1016/s0168-3659(02)00212-2
https://doi.org/10.1016/j.nano.2016.04.013
https://doi.org/10.1016/j.nano.2016.04.013
https://doi.org/10.1186/bcr2889
https://doi.org/10.1186/bcr2889
https://doi.org/10.1016/j.ijpharm.2007.01.052
https://doi.org/10.1016/j.ijpharm.2007.01.052
https://doi.org/10.1155/2014/852748
https://doi.org/10.2147/IJN.S24547
https://doi.org/10.2147/IJN.S24547
https://doi.org/10.1016/j.colsurfb.2018.10.007
https://doi.org/10.1016/j.colsurfb.2009.09.001
https://doi.org/10.1093/jnci/djv073
https://doi.org/10.1016/0092-8674(91)90642-c
https://doi.org/10.1016/j.apcbee.2014.01.003
https://doi.org/10.1590/s1516-14392014005000028
https://doi.org/10.2147/ijn.s3061
https://doi.org/10.2147/ijn.s3061
https://doi.org/10.1016/s0167-7799(00)01485-2
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Sakhi et al.

Mohamed, H. E,, Mohamed, A. A., Al-Ghobashy, M. A,, Fathalla, F. A., and Abbas, S. S.
(2018). Stability Assessment of Antibody-Drug Conjugate Trastuzumab Emtansine
in Comparison to Parent Monoclonal Antibody Using Orthogonal Testing Protocol.
J. Pharm. Biomed. Anal. 150, 268-277. doi:10.1016/j.,jpba.2017.12.022

Moura, S., Noro, J., Cerqueira, P., Silva, C., Cavaco-Paulo, A., and Loureiro, A.
(2020). Poloxamer 407 Based-Nanoparticles for Controlled Release of
Methotrexate. Int. J. Pharm. 575, 118924. doi:10.1016/j.ijpharm.2019.118924

Mu, L., and Feng, S. S. (2003). PLGA/TPGS Nanoparticles for Controlled Release of
Paclitaxel: Effects of the Emulsifier and Drug Loading Ratio. Pharm. Res. 20
(11), 1864-1872. doi:10.1023/b:pham.0000003387.15428.42

Nehate, C., Jain, S., Saneja, A., Khare, V., Alam, N., Dubey, R. D,, et al. (2014).
Paclitaxel Formulations: Challenges and Novel Delivery Options. Curr. Drug
Deliv. 11 (6), 666-686. doi:10.2174/1567201811666140609154949

Paarakh, M. P, Jose, P. A., Setty, C., and Christoper, G. P. (2018). Release
Kinetics—-Concepts and Applications. Int. J. Pharm. Res. Technol. 8 (1), 12-20.

Pabari, R. M., Ryan, B., Ahmad, W., and Ramtoola, Z. (2013). Physical and
Structural Stability of the Monoclonal Antibody, Trastuzumab (Herceptin®),
Intravenous Solutions. Curr. Pharm. Biotechnol. 14 (2), 220-225. d0i:10.2174/
138920113805219322

Patel, P., Ahir, K., Patel, V., Manani, L., and Patel, C. (2015). Drug-Excipient
Compatibility Studies: First Step for Dosage Form Development. The Pharma
Innovation 4 (5), 14.

Pavlova, A. S., Dyudeeva, E. S., Kupryushkin, M. S., Amirkhanov, N. V., Pyshnyi, D.
V., and Pyshnaya, 1. A. (2018). SDS-PAGE Procedure: Application for
Characterization of New Entirely Uncharged Nucleic Acids Analogs.
Electrophoresis 39 (4), 670-674. doi:10.1002/elps.201700415

Pega, I. N, Petrova, K. T., Cardoso, M. M., and Barros, M. T. (2012). Preparation
and Characterization of Polymeric Nanoparticles Composed of Poly (DI-
lactide-co-glycolide) and Poly (Dl-lactide-co-glycolide)-co-poly (Ethylene
Glycol)-10%-Triblock End-Capped with a Galactose Moiety. Reactive Funct.
Polym. 72 (10), 729-735.

Piccart-Gebhart, M. J., Procter, M., Leyland-Jones, B., Goldhirsch, A., Untch, M.,
Smith, I, et al. (2005). Trastuzumab after Adjuvant Chemotherapy in HER2-
Positive Breast Cancer. N. Engl. J. Med. 353 (16), 1659-1672. doi:10.1056/
NEJMo02052306

Pradhan, R,, Poudel, B. K., Ramasamy, T., Choi, H. G., Yong, C. S, and Kim, J. O.
(2013). Docetaxel-loaded Polylactic Acid-Co-Glycolic Acid Nanoparticles:
Formulation, Physicochemical Characterization and Cytotoxicity Studies.
J. Nanosci Nanotechnol 13 (8), 5948-5956. doi:10.1166/jnn.2013.7735

Reddy, L. H., and Murthy, R. S. (2005). Etoposide-loaded Nanoparticles Made from
Glyceride Lipids: Formulation, Characterization, In Vitro Drug Release, and
Stability Evaluation. AAPs PharmSciTech 6 (2), E158-E166. doi:10.1208/pt060224

Redhead, H. M., Davis, S. S., and Illum, L. (2001). Drug Delivery in Poly(lactide-
Co-Glycolide) Nanoparticles Surface Modified with Poloxamer 407 and
Poloxamine 908: In Vitro Characterisation and In Vivo Evaluation.
J. Control. Release 70 (3), 353-363. d0i:10.1016/s0168-3659(00)00367-9

Romond, E. H,, Perez, E. A,, Bryant, J., Suman, V. J., Geyer, C. E,, Jr, Davidson, N.
E., et al. (2005). Trastuzumab Plus Adjuvant Chemotherapy for Operable
HER2-Positive Breast Cancer. N. Engl. J. Med. 353 (16), 1673-1684. doi:10.
1056/NEJMoa052122

Sakhi, M., Khan, A., Khan, I, Igbal, Z., Khan, S. L, Khattak, M. A, et al. (2021). A
New Sensitive HPLC/UV Method for Simultaneous Determination of
Paclitaxel, Sorafenib and Omeprazole in Standard Solutions and Spiked
Plasma: Application to In-Vitro and In-Vivo Evaluation of Paclitaxel
Polymeric Nanoformulations. Trop. J. Pharm. Res. 20 (9), 1949-1959.
doi:10.4314/tjpr.v20i9.23

Singla, A. K., Garg, A., and Aggarwal, D. (2002). Paclitaxel and its Formulations.
Int. J. Pharm. 235 (1-2), 179-192. doi:10.1016/s0378-5173(01)00986-3

Stage, T. B., Bergmann, T. K., and Kroetz, D. L. (2018). Clinical Pharmacokinetics
of Paclitaxel Monotherapy: an Updated Literature
Pharmacokinet. 57 (1), 7-19. do0i:10.1007/s40262-017-0563-z

Review. Clin.

Trastuzumab-Mediated Polymeric Paclitaxel Nanoparticles

Steichen, S. D., Caldorera-Moore, M., and Peppas, N. A. (2013). A Review of
Current Nanoparticle and Targeting Moieties for the Delivery of Cancer
Therapeutics. Eur. J. Pharm. Sci. 48 (3), 416-427. doi:10.1016/j.ejps.2012.
12.006

Stolnik, S., Daudali, B., Arien, A., Whetstone, J., Heald, C. R., Garnett, M. C,, et al.
(2001). The Effect of Surface Coverage and Conformation of Poly(ethylene
Oxide) (PEO) Chains of Poloxamer 407 on the Biological Fate of Model
Colloidal Drug Carriers. Biochim. Biophys. Acta 1514 (2), 261-279. doi:10.
1016/s0005-2736(01)00376-5

Sun, B, Ranganathan, B., and Feng, S. S. (2008). Multifunctional poly(D,L-lactide-
co-glycolide)/montmorillonite (PLGA/MMT) Nanoparticles Decorated by
Trastuzumab for Targeted Chemotherapy of Breast Cancer. Biomaterials 29
(4), 475-486. doi:10.1016/j.biomaterials.2007.09.038

Sun, B., Rachmawati, H., Liu, Y., Zhao, J., and Feng, S.-S. (2011a). Antibody-
Conjugated Nanoparticles of Biodegradable Polymers for Targeted Drug Delivery
Bionanotechnology II. Singapore: CRC Press, 174-199.

Sun, B., Rachmawati, H., Liu, Y., Zhao, J., and Feng, S.-S. (2011b). Antibody-
conjugated Nanoparticles of Biodegradable Polymers for Targeted Drug Delivery:
Bionanotechnology. 1. Global Prospects. Farmington, Connecticut: CRC Press.

Truong, N. P., Whittaker, M. R,, Mak, C. W., and Davis, T. P. (2015). The
Importance of Nanoparticle Shape in Cancer Drug Delivery. Expert Opin. Drug
Deliv. 12 (1), 129-142. doi:10.1517/17425247.2014.950564

Waks, A. G., and Winer, E. P. (2019). Breast Cancer Treatment: a Review. Jama 321
(3), 288-300. doi:10.1001/jama.2018.19323

Wei, Y., Xue, Z., Ye, Y., Wang, P., Huang, Y., and Zhao, L. (2014).
Pharmacokinetic and Tissue Distribution of Paclitaxel in Rabbits
Assayed by LC-UV after Intravenous Administration of its Novel
Liposomal Formulation. Biomed. Chromatogr. 28 (2), 204-212. doi:10.
1002/bmc.3005

Wei, Z., Hao, J., Yuan, S., Li, Y., Juan, W, Sha, X,, et al. (2009). Paclitaxel-loaded
Pluronic P123/F127 Mixed Polymeric Micelles: Formulation, Optimization and
In Vitro Characterization. Int. J. Pharm. 376 (1-2), 176-185. doi:10.1016/j.
ijpharm.2009.04.030

Win, K. Y. (2006). Paclitaxel Loaded Nanoparticles of Biodegradable Polymers for
Cancer Chemotherapy.

Xu, Z., Gu, W., Huang, J., Sui, H,, Zhou, Z.,, Yang, Y., et al. (2005). In
Vitro and In Vivo Evaluation of Actively Targetable Nanoparticles
forPaclitaxel Delivery. Int. ]. Pharm. 288 (2), 361-368. doi:10.1016/j.
ijpharm.2004.10.009

Yousefpour, P., Atyabi, F., Vasheghani-Farahani, E., Movahedi, A. A., and
Dinarvand, R. (2011). Targeted Delivery of Doxorubicin-Utilizing Chitosan
Nanoparticles Surface-Functionalized with Anti-her2 Trastuzumab. Int.
J. Nanomedicine 6, 1977-1990. doi:10.2147/TJN.S21523

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Sakhi, Khan, Iqbal, Khan, Raza, Ullah, Nasir and Khan. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Pharmacology | www.frontiersin.org

March 2022 | Volume 13 | Article 855294


https://doi.org/10.1016/j.jpba.2017.12.022
https://doi.org/10.1016/j.ijpharm.2019.118924
https://doi.org/10.1023/b:pham.0000003387.15428.42
https://doi.org/10.2174/1567201811666140609154949
https://doi.org/10.2174/138920113805219322
https://doi.org/10.2174/138920113805219322
https://doi.org/10.1002/elps.201700415
https://doi.org/10.1056/NEJMoa052306
https://doi.org/10.1056/NEJMoa052306
https://doi.org/10.1166/jnn.2013.7735
https://doi.org/10.1208/pt060224
https://doi.org/10.1016/s0168-3659(00)00367-9
https://doi.org/10.1056/NEJMoa052122
https://doi.org/10.1056/NEJMoa052122
https://doi.org/10.4314/tjpr.v20i9.23
https://doi.org/10.1016/s0378-5173(01)00986-3
https://doi.org/10.1007/s40262-017-0563-z
https://doi.org/10.1016/j.ejps.2012.12.006
https://doi.org/10.1016/j.ejps.2012.12.006
https://doi.org/10.1016/s0005-2736(01)00376-5
https://doi.org/10.1016/s0005-2736(01)00376-5
https://doi.org/10.1016/j.biomaterials.2007.09.038
https://doi.org/10.1517/17425247.2014.950564
https://doi.org/10.1001/jama.2018.19323
https://doi.org/10.1002/bmc.3005
https://doi.org/10.1002/bmc.3005
https://doi.org/10.1016/j.ijpharm.2009.04.030
https://doi.org/10.1016/j.ijpharm.2009.04.030
https://doi.org/10.1016/j.ijpharm.2004.10.009
https://doi.org/10.1016/j.ijpharm.2004.10.009
https://doi.org/10.2147/IJN.S21523
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

:' frontiers ‘ Frontiers in Pharmacology

ORIGINAL RESEARCH
published: 08 April 2022
doi: 10.3389/fphar.2022.854859

OPEN ACCESS

Edited by:
Faisal Raza,
Shanghai Jiao Tong University, China

Reviewed by:

Santosh Yadav,

Institute of Genomics and Integrative
Biology (CSIR), India

Hajra Zafar,

Shanghai Jiao Tong University, China

*Correspondence:
Zhongxi Zhao
zxzhao@sdu.edu.cn

Specialty section:

This article was submitted to
Experimental Pharmacology and Drug
Discovery,

a section of the journal

Frontiers in Pharmacology

Received: 14 January 2022
Accepted: 21 February 2022
Published: 08 April 2022

Citation:

Igbal S, Martins AF, Sohail M, Zhao J,
Deng Q, Li M and zZhao Z (2022)
Synthesis and Characterization of Poly
(B-amino Ester) and Applied PEGylated
and Non-PEGylated Poly (-amino
ester)/Plasmid DNA Nanoparticles for
Efficient Gene Delivery.

Front. Pharmacol. 13:854859.

doi: 10.3389/fphar.2022.854859

®

Check for
updates

Synthesis and Characterization of Poly
(B-amino Ester) and Applied PEGylated
and Non-PEGylated Poly (B-amino
ester)/Plasmid DNA Nanoparticles for
Efficient Gene Delivery

Sajid Igbal’, Alessandro F. Martins%%*, Muhammad Sohail®, Jingjing Zhao', Qi Deng’,
Muhan Li' and Zhongxi Zhao "&78*

" Department of Pharmaceutics, Key Laboratory of Chemical Biology of Ministry of Education, School of Pharmaceutical Sciences,
Cheeloo College of Medicine, Shandong University, Jinan, China, ®Laboratory of Materials, Macromolecules, and Composites
(LaMMAC), Federal University of Technology - Parana (UTFPR), Apucarana, Brazil, *Group of Polymers and Composite Materials
(GMPC), Department of Chemistry, State University of Maringd (UEM), Maringd, Brazil, “Department of Chemical and Biological
Engineering, Colorado State University (CSU), Fort Collins, CO, United States, °Key Laboratory of Molecular Pharmacology and
Drug Evaluation, Yantai University, Yantai, China, SKey University Laboratory of Pharmaceutics and Drug Delivery Systems of
Shandong Province, School of Pharmaceutical Sciences, Cheeloo College of Medicine, Shandong University, Jinan, China,
"Pediiatric Pharmaceutical Engineering Laboratory of Shandong Province, Shandong Dyne Marine Biopharmaceutical Company
Limited, Rongcheng, China, Chemical Immunopharmaceutical Engineering Laboratory of Shandong Province, Shandong Xili
Pharmaceutical Company Limited, Heze, China

Polymer-based nanocarriers require extensive knowledge of their chemistries to learn
functionalization strategies and understand the nature of interactions that they establish
with biological entities. In this research, the poly (B-amino ester) (PBAE-447) was
synthesized and characterized, aimed to identify the influence of some key parameters
in the formulation process. Initially; PBAE-447 was characterized for aqueous solubility,
swelling capacity, proton buffering ability, and cytotoxicity study before nanoparticles
formulation. Interestingly, the polymer-supported higher cell viability than the
Polyethylenimine (PEI) at 100 pg/ml. PBAE-447 complexed with GFP encoded plasmid
DNA (pGFP) generated nanocarriers of 184 nm hydrodynamic radius (+7.42 mV Zeta
potential) for cell transfection. Transfection assays performed with PEGylated and
lyophilized PBAE-447/pDNA complexes on HEK-293, BEAS-2B, and A549 cell lines
showed better transfection than PEl. The outcomes toward A549 cells (above 66%)
showed the highest transfection efficiency compared to the other cell lines. Altogether,
these results suggested that characterizing physicochemical properties pave the way to
design a new generation of PBAE-447 for gene delivery.

Keywords: poly (B-amino ester), biodegradable polymer, stable polyplexes, gene delivery, transfection

INTRODUCTION

The rational designing of a vector is essential for the programmed transport of cargo to desired sites.
In the academic field, various drug delivery systems (DDSs) have been abundantly introduced. Yet,
these nanoplatforms have not achieved efficient in vivo gene expressions (Gongalves and Paiva 2017).
However, gene therapy is the only option to cure underlying genetic defects rather than managing
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symptoms. As of November 2020, 1,645 clinical trials out of 4,500
have been completed and 545 were in phase 3/4. This shows that
gene therapy is developing rapidly and gradually translating into
clinical practice. In all these trials, the lack of efficient and safe
nanocarrier remains the most critical bottleneck (Yu et al., 2021).
Although viral vectors are frequently used, non-viral vectors are
also becoming more common.

In the domain of non-viral vectors, research on cationic
polymers has been expanded since 2004. Substantial synthesis
has developed advanced polymeric vectors with excellent cellular
uptake toward cells and sustainable buffering capacities.
Chemical modifications have improved the bioavailability of
therapeutic materials at desired sites (Zeng et al., 2017).
Besides, cationic polymers also receive attention because
they stabilize negatively charged nucleic acids at
physiological pH, forming polymer/gene nanocomplexes.
This association protects plasmid DNA (pDNA) from
enzymes, enhancing cargo-carrying capacities and
promoting predefined unpacking payloads by supporting
the controlled pDNA release (Chen et al., 2020). However,
most of the cationic polymers are non-degradable, may
accumulate in tissues particularly after
administration. Cytotoxicity of these polymers is another
major issue generated from the loss of cytoplasmic proteins
due to adverse interactions with membranes (Zou et al., 2009).
Therefore, there is a persistent need to develop a biodegradable
gene carrier, both in terms of payload capacity and capsid
engineering.

Poly (B-amino ester)s (PPAEs) are the key family members of
cationic synthetic and biodegradable polymers. They present
tunable  structures and  potentialities for  chemical

continuous

functionalization (Igbal and Zhao 2021). The structural
modifications on PPAEs have resulted in stable and small size
nanoparticles with pDNA, miRNA, and siRNA with target
capacities toward tumor cells (Kim et al., 2020). The ester,
amino, and disulfide moieties in their chemical structures
resemble the chemical structures of glycosaminoglycans,
proteoglycans, and proteins found on extracellular membrane
matrices (Igbal et al, 2020). PPAEs offer flexible design
chemistries because they can be prepared from different
monomers via Michael’s addition, generating a vast
combinatorial library with various kinetics profiles for
different delivery purposes (Li et al,, 2013; Rui et al, 2017).
Until now, more than 2,350 PBAEs have been synthesized and
evaluated for gene transfections in various cell lines (Wang et al.,
2020). However, all of these PBAEs are not suitable gene carriers
and much characterization is needed before use (Xia et al., 2011).
A significant exception to this trend is the poly (B-amino ester)-
447 (PPAE-447). It is more effective for gene delivery (Wilson
et al, 2018) because the monomer 1,4-butanediol diacrylate
(“B4”) and the end-capping group 1-(3-aminopropyl)-4-
methyl piperazine (“E7”) have demonstrated high capacities
for cell internalization (Shmueli et al., 2012; Kim et al., 2014).
Although all these features make PBAE-447 an attractive pDNA
delivery vector, it should be noticed that simple PBAE-447
nanoparticles are susceptible to aqueous degradation (Wilson
etal., 2019). This limitation is more pronounced especially in the
case when the final PBAE-447 and their nanoparticles are stored
for long-term studies. Besides; the nanoparticle features;
including size, charge density, and other physicochemical
properties such as stability and particles aggregation have
considerable influence on nanoparticles bioactivity (Zeb et al.,
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FIGURE 1 | Schematic synthesis reaction mechanism: (A) poly (B-amino ester)-447 (PBAE-447) synthesis (B) PBAE-447-PEG.

2020). Therefore, precise characterization of the polymer is
necessary before its application (Zhang et al., 2016). Several
studies have been conducted to optimize PPAEs architecture
(Green et al, 2008) to formulate nanoparticles with desired
characteristics for gene delivery (Perni and Prokopovich,
2020). However, reported studies have focused on a single
variable such as slow-release (Helaly and Hashem, 2013).
While in reality, PBAE-based nanocomplexes face a broad
spectrum of bio-physicochemical challenges, including
colloidal stability, swelling response, and incubation time.

For the first time, only PBAE-447 was characterized to
improve its reproducibility and efficacy for enhanced cell
transfection. In this regard, several different assays (solubility,
stability, and buffering properties) were performed to analyze the
critical formulation determinants that could affect the PBAE-447
mediated gene delivery. The surface was functionalized with
polyethylene glycol (PEG) to improve colloidal stability.
Besides, the incubation time for efficient cellular uptake was
also explored. These approaches can be used to discover the
parameter ranges that would produce optimized transfections
and ensure robust reproducibility.

MATERIALS AND METHODS

Materials
The 1-(3-aminopropyl)-4-methyl piperazine (E7), 1,4-
butanediol diacrylate (B4), 4-amino-1-butanol (S4), and

Polyethylenimine (PEI) were obtained from Alfa Aesar
(Beijing, China). Dimethyl sulfoxide (DMSO), N-hexane,
dimethylformamide (DMF), Ethyl acetate (EtOAc),
Dichloromethane (DCM), tetrahydrofuran (THF), and
diethyl ether were purchased from Sigma-Aldrich (Beijing,
China). Methoxy Polyethylene glycol-succinimidyl succinate
(mPEG-SS) commonly referred to as PEG of 5kDa was
acquired from Shanghai Titan Technology Co., Ltd
(Shanghai, China).

The cell culture media and all other reagents were used as
received. Aqueous solutions of sodium acetate (NaAc, pH 5.1 +
0.1 at 0.025 M), sodium chloride (NaCl, 150 mM), and sodium
hydroxide (NaOH, 0.1 N) were prepared and sterilized.
Plasmid DNA (pDNA) expressing green fluorescent protein
(GFP) was prepared accordingly, while growth media and
Hoechst dye were stored according to the manufacturer’s
instructions.

Poly (B-amino ester)-447 Synthesis
Poly (B-amino ester)-447 (PBAE-447) was synthesized following
a previously published procedure (Smith et al, 2017), with
alterations as outlined in (Figure 1). In the first step, the
monomers B4 and S4 were mixed at a 1:1 M ratio and stirred
(1,000 rpm) overnight at 90°C to yield the polymer B4-S4
(Figure 1).

In the second step, the polymer B4-S4 was dissolved in THF at
100 mg/ml and then combined with E7 (polymer end-capping
group) in THF (02M) at 500rpm for 2hours at room

Frontiers in Pharmacology | www.frontiersin.org 37

April 2022 | Volume 13 | Article 854859


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Igbal et al.

temperature. The PBAE-447 was precipitated in cold diethyl ether
and washed to remove the residual monomers. The polymer was
dispersed again in diethyl ether to guarantee the removal of the
remaining monomers. The polymer was vacuumed dried for
2days to remove traces of solvents. The dry and clean
polymer was dissolved in DMSO at 100 mg/ml and stored in
small aliquots at —20 °C for further use.

The PPAE-447 was PEGylated. For this, PEG (2.05 M
equivalent) and the prepared PPAE-447 solution were
transferred into a glass vial, vacuumed, and then purged with
nitrogen. The mixture was then reacted in anhydrous THF at
room temperature overnight. The PEGylated PPAE was washed
two times in cold diethyl ether, and then vacuumed dried. The
PEGylated PPAE-447 was separately dissolved in DMSO at
100 mg/ml and stored at —20°C for further use.

Characterization

The polydispersity and molecular weight (M,,) of the PBAE-447
were determined by gel permeation chromatography (GPC). The
polymer stock solution in DMSO was diluted in THF (100%) at
5.5mg/ml. The prepared polymer solution was filtered in a
0.2 um polytetrafluoroethylene syringe filter before flowing
through a waters 515 liquid chromatograph equipped with
three styragel columns and 2,414 refractive index detector at a
flow rate of 1.0 ml/min at 40°C and then analyzed with Breeze two
software. The number average molecular weight (M,,) and M,,
were determined using the polystyrene standard.

The purified and dried PPAE-447 was dissolved in deuterated
chloroform (CDCls) at 10 mg/ml and then analyzed by "H NMR
spectroscopy, using a Bruker instrument 400 MHz, Topspin 2.0
(Toronto, Canada).

Polymer Solubility

Different aliquots of the PBAE-447 were mixed with NaAc buffer
(25 mM), forming polymer suspensions (“milky” appearance).
After sonication (15 min), the samples were kept in an orbital
shaker at room temperature for 1 h. Exemplary, 1, 3, 5, 7, 10, and
20 mg of PBAE-447 were dissolved in NaAc (1 ml), and four wells
of 96-well plate were used for each concentration. The absorbance
of the systems (each well) was recorded with a plate reader at
620 nm. The polymer solubility was confirmed with the naked eye
as well as by plotting the recorded absorbance at 620 nm. For this,
the absorbance of the polymer systems was compared with the
absorbance of references (NaAc and DMSO used to prepare the
polymer systems) (Sunshine et al., 2011).

Acid-Base Titration

An acid-base titration was performed to evaluate the buffering
capacity of PBAE-447. The polymer from its stock solution in
DMSO (100 mg/ml) was diluted to 1 mg/ml in NaCl (2.0 ml,
150 mM), and then NaOH (0.1 M) was used to adjust the pH to
10. The pH of the solution (2.0 ml) was reduced to 3 with HCI
(0.1 N). The pH alteration was continuously monitored (Gong et al,,
2018). Distilled water was titrated in the same way to compare the
pH changes as the polymer was titrated. The pH values of the
polymer solution were recorded each time after the repeated
addition of HCl. A pH meter (pH 211 microprocessor pH meter,

Synthesis and Characterization of Poly (B-amino ester)

HANA Instruments, Seoul, South Korea) was used to measure the
pH constantly. The slope of the line in the plot for pH and the
concentration of HCl used show the intrinsic buffering ability. The
proton buffering capacity of the polymer was calculated through

AVya X Cyg

Buffering capacity = (1)

m
where AV is the HCl volume, Cyyc is the concentration of HCI,
and m is the polymer mass (Hwang et al., 2014).

Swelling Capacity

The swelling property of the PPAE-447 was evaluated by
immersing dried polymer disks (0.1 g) in DMSO, THF, DCM,
and EtOAc at room temperature for a defined time. The dried
mass for each polymer disk was called W, and the swollen
polymer disk mass was labeled W,. The polymer disks were taken
out from the solvents at calculated times. The solvents in excess
on the disks were gently removed with filter papers before
measuring W (Biswal et al.,, 2011). The swelling degree (SD)
was determined at different times after contact with the solvents.
The SD (%) measurements were determined through .

Ws—-W,

SD =
W

x 100 )

Cytotoxicity Assay

The relative cytotoxicity of pure and PEGylated PBAE-447 was
separately investigated by using the 3-(4,5-dimethylthiozol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT) assay. Human embryonic
kidney (HEK-293), bronchial epithelial (BEAS-2B), and lung
adenocarcinoma epithelial (A549) cells were incubated in 96-well
plates with DMEM (100 puL) for 24 h. When the cells achieved
almost 70% confluence, the old media was removed. The new media
containing various concentrations of pure and PEGylated PBAE-447
were added to each well. The 96 well plates were incubated for 24 h,
and then 25 pL MTT solution (5.0 mg/ml) in PBS was added to each
well. After 4h of incubation, the MTT solution and DMEM were
aspirated, and 150 uL. DMSO was added to dissolve the formazan
crystals. The plates were placed on a shaker for 10 min before
recording the absorbance at 570 nm by an ELISA microplate
reader (Bio-Rad, California, United States). The percentage of cell
viability was calculated by using Eq. (3)

3)

control

Asam (3
Cell viability (%) = <—pl> x 100
where Agmple is the absorbance from the treated cells and A ontrol
is the absorbance from untreated cells.
Moreover, the cell viability of PEI 25KDa was also
determined.

Nanoparticles Formulation and

Characterization
The pDNA and PBAE-447 were diluted to 0.06 and 3.6 pug/ml
in NaAc (25 mM, pH 5.0) at room temperature, respectively.
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The polymer concentration was 60-fold higher than the
pDNA concentration (PPAE-447/pDNA weight ratio equal
to 60).

For preparing the PBAE-447/pDNA nanocomplexes, the
diluted polymer (50 pL) was added to 50 uL pDNA and gently
mixed by pipetting. The prepared suspension was kept for
10 min under rest to facilitate the self-assembling of the
nanocomplexes. The as-prepared nanoparticle suspension
was characterized by dynamic light scattering (DLS).
Hydrodynamic radius and Zeta potential measurements
were determined in a Malvern Zetasizer Nano (ZS)
instrument (NanoSight Ltd, United Kingdom) at room
temperature (Kamat et al., 2013).

An as-prepared nanoparticle suspension was mixed with sucrose
(30 mg/ml in 25mM NaAc), performing a 1:1 v/v nanoparticle/
sucrose mixture to assess the nanoparticles’ stability over time. The
mixture was frozen for 2h at —80°C, lyophilized for 2 days, and
stored at 4°C. The lyophilized nanoparticles were re-dispersed in
water (30 mg/ml) for further DLS analysis (Zeta potential and
hydrodynamic radius). These nanoparticles were called
lyophilized nanoparticles.

Nanoparticle Stability Analysis

The stability of the PBAE-447/pDNA and PEGylated PBAE-
447/pDNA nanoparticles was evaluated in fetal bovine serum
(FBS) and NaCl. The polyplexes were prepared the same way
as mentioned above. Then FBS (10% w/v) and NaCl
(300 mmol) were separately added to the nanoparticle’s
suspensions. The size and Zeta potential of the resulting
suspensions were measured after 4 h of incubation at room
temperature (Zeng et al., 2017).

Nanoparticles Hemagglutination Study

The agglutinating activity of PBAE-447/pDNA formulated at 60
wt/wt was examined in a 96-well plate. Briefly, fresh mice blood
was centrifuged at 1000 rpm for 15 minutes. The supernatant
containing plasma and buffy coat were removed. The
erythrocytes were washed three times with PBS. After each
cycle, the supernatant was carefully discarded. The red blood
cells obtained in this method were found to be pure from cell
debris and leucocytes. The erythrocytes were diluted in PBS to a
final concentration of 2 % (v/v). 50 pL from this dilution was
transferred to a 96-well microplate. The PPAE-447/pDNA
complexes were added to the RBC suspension (1:1) and
incubated for 30 minutes at room temperature. After
incubation, hemagglutination was observed with the naked eye
as well as under an optical microscope. The experiment was
performed in triplicate.

Cell Transfection

HEK-293, BEAS-2B, and A549 cells) cell lines were grown at a
density of 12,500 cells/well in 100 pL media in three separate
96-well plates for 24h to allow cell adhesion. pDNA was
dissolved in NaAc (25 mM, pH 5.0) to 0.06 pug/uL. Polymer
(stock solution in DMSO) was diluted in NaAc (25 mM, pH
5.0) to 3.6 ug/uL (60 polymer/p-DNA weight ratio). The

Synthesis and Characterization of Poly (B-amino ester)

diluted pDNA (30pL) and diluted polymer (30 pL)
solutions were mixed for 5 seconds with a vortex mixer. The
mixture was kept at rest for 10 minutes to promote the
formation of the nanoparticles. Then, 20 uL nanoparticle
suspension was added to 100 pL of the cell growth media.
Before adding the polymer/pDNA nanoparticles (as-

prepared, lyophilized, and pegylated PPAE-447/pDNA
nanoparticles) over the seeded cells, the media was
aspirated, and new media containing mentioned

nanoparticles were used for transfection. After 4h of
incubation, the media containing nanoparticles was poured
out from each well, and an equal volume of fresh and
prewarmed media was added. The 96-wells plates were kept
in an incubator at 37°C under 5% CO, and examined for cell
transfection after 48 h.

Control experiments with PEI (MW 25,000) were also
performed as above. PEI/pDNA complexes were formulated at
a 3:1 PEI to pDNA weight ratio in NaCl (25 mM, pH 5.0). PEI/
PDNA suspension was shaken vigorously and then incubated for
15 min at room temperature. PEI/pDNA was added to cells for
the final concentration of pDNA 600 ng/well.

A semi-quantitative analysis was performed on the images
captured by fluorescent microscope (Carl Zeiss MicroIlmaging
GmbH, Germany) to calculate the mean fluorescent intensity
of GFP-expressed cells using the Image] (http://rsb.info.nih.
govl/ij).

Confocal Microscopy

Four different experiments were performed to investigate the
effect of the incubation period of the PEGYlated PRAE-447/
pDNA nanoparticles on cellular uptake.

The different cell lines (HEK-293, BEAS-2B, and A549)
were cultured in 96-wells for 24h for cell adhesion.
Nanocomplexes in culture media were added to the
attached cells for different time periods. After the
predefined incubation time intervals, the media containing
the nanoparticles were replaced by new media, and the plates
were incubated for 48 h. Afterward, the culture media was
removed, and the cells were incubated for 10 min in the
Hoechst dye 33,342 solutions. Immediately before confocal
imaging, the media from the wells were aspirated, and the cells
were rinsed twice with PBS(1X). Confocal microscopy images
were recorded with a confocal laser scanning microscopy
(GmbH Wetzlar, Germany).

Analysis
All the experiments were performed in triplicate (n = 3), and the
results were expressed as the mean + standard deviations.

RESULT

Synthesis and Characterization of the Poly

(B-amino Ester)
In this study, PBAE-447 was synthesized following the
Michael addition reaction mechanism by polymerizing 1,4-

Frontiers in Pharmacology | www.frontiersin.org

39

April 2022 | Volume 13 | Article 854859


http://rsb.info.nih.gov/ij
http://rsb.info.nih.gov/ij
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Igbal et al.

Synthesis and Characterization of Poly (B-amino ester)

g bteeil

LI B L L L L

™ L S S
6.00 a0 1000 16.00

™ LA L L
1200 1400 1800 2000 2200 2400

Retention time (min)

FIGURE 2 | Characterization of PBAE-447: (A) GPC chromatogram and (B) "H NMR spectrum in CDCls.
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FIGURE 3 | Buffering capacity of the PBAE-447 is determined by
titration.

butanediol diacrylate “B4” and 4-amino-1-butanol “S4”
stoichiometrically. The reaction formed a polymer base that
was end-capped with 1-(3-aminopropyl)-4-methyl piperazine
(E7). The yielded polymer obtained from the monomers “B4”,
“S4”, and the end-capping reagent “E7” is named as 1-(3-
aminopropyl)-4-methyl piperazine end-modified poly (1,4-
butanediol diacrylate-co-4-amino-1- butanol) (PPAE-447).
This nomenclature depends on four carbon atoms between
the acrylate groups in “B4” and four carbon atoms across the
amine and the alcohol groups in” S4” (Li et al., 2013). The
polymerization of PBAEs can be carried out in a wide range of
solvents. However, DMSO was preferred in the synthesis
because it is a commonly used solvent in bio-assays
including cellular-based assays.

The PPAE-447 was characterized by gel permeation
chromatography (GPC) to determine the molecular weight
and polydispersity index (PDI) (Figure 2A). The GPC
chromatogram shows the presence of a single polymer with
Mn of 5,354, Mw of 9,575, MP of 4,934, and PDI of 1.7.

The chemical structure of PBAE-447 was analyzed by 'H
NMR (Figure 2B), and the spectrum matches with previously
published results (Chemical shift analysis Supplementary
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FIGURE 4 | The swelling degree (SD%) of the PBAE-447 in different
solvents.

Figure S2). The PBAE-447 'H NMR spectrum shows peaks
assigned to hydrogen atoms found on the monomers B4 and
S4 and the disappearance of the acrylate peaks at the end of
both sides of ppm shows completion of the end-capping
reaction.

Solubility

The well-established method for investigating the carrier
solubility is adding an extra quantity of carriers to a fixed
buffer volume at a set pH. A 96-well plate absorbance assay
was used to quantitatively evaluate the PPAE-447 solubility at
620 nm. The data (not shown) shows that PPBAE-447 was
completely soluble at 10 ug/uL in a NaAc buffer. The gene
release depends on the PPAE-447 solubility inside the cells.
The water-soluble and biodegradable cationic polymer has
hydrolyzable ester bonds in its backbone (Agarwal et al,
2012). The polymer degradation should support the release of
genetic materials in an active form, resulting in better gene
expression. Other strategies can also be used to modify the
hydrophilic PBAE nature, including its N-quaternization and
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FIGURE 5 | Cell viability assay for pure and PEGYlated PRAE-447 at various concentrations towards HEK-293, BEAS-2B, and A549 cells. PEI (25 kDa) was used

as a control (n = 3; and error bars represent standard deviation).

pegylation. These processes should increase the aqueous
solubility and enhance pDNA release at physiological pH.

Proton-Buffering Capacity

For evaluating the buffering capacity of PBAE, direct polymer
titration with HCl was performed. For comparison, the
polymer titration was repeated with distilled water. It is
pretty clear from (Figure 3) that approximately 0.013 mmol
HCl is needed to change the pH from 7.4 to 5.1 (i.e., endosomal
pH range). PBAEs with the end-capping group E7 have high
buffering capacities because the E7 comprises two tertiary
amines. Similarly, PBAEs with the end-capping E6 would
have high buffering capabilities than E4 and E6 groups. It
has been hypothesized that the nanoparticles remain in the
endosomes if the carriers have low buffering capacities
(Sunshine et al., 2012). It suggests no relationship between
cell uptake and buffering capacity. Still, there is a strong
relationship between transfection efficiency and buffering
capacity.

Additionally, the nanoparticles formulated at a 75 w/w
PBAE-447/pDNA ratio would have a higher buffering
capacity than at 60 w/w, because of the high polymer
content at 75 w/w. The PBAE-447 can have different proton
buffering capacities depending on its concentration.
Moreover, the monomer ratio used to synthesize the PBAE-
447 could also influence the proton buffering capacity because
the amino group content in the polymer structure depends on
the S4 concentration.

The titration curve for the water decreased promptly in the
pH range between 4 and 10, and the PBAE-447 curve displayed
a delayed pH reduction, suggesting that PBAE has a high
buffering capability (Figure 3). Thus, the buffer capacity
should accelerate endosomal escape and enhance the
transfection toward treated cells that have already taken up
the particles.

Swelling Studies

The PBPAE-447 SD was investigated in conventional solvents such
as DMSO, DCM, THF, and EtOAc at room temperature for 0,
100, 250, and 360 min (Figure 4). The PPAE-447 swelling
increases as time rises, achieving the equilibrium condition.
The maximum swelling is reached in approximately 2h in
DCM, THF, and EtOAc, whereas in DMSO, the maximum
swelling occurs in around 5h. The polymer SD reduces in the
followed order DMSO > DCM > THF > EtOAc. The swelling is
rationalized with the solvent-polymer interaction theory that
predicts polymer solubility (Biswal et al, 2011). Solvent
polymer interactions have a critical role in polymer synthesis.
Maximized polymer-solvent interactions may lead to chain
expansion, which is important to optimize material’s
processing; for example, resultant mechanical properties
(Ferrell et al, 2017). PBAE-447 demonstrated an ability to
absorb conventional solvents and increased in size, as revealed
by the swelling behavior stated in Figure 4. The PPAE-447 could
have a transition in the size through solvents absorption as a
stimulus which shows that entrapped therapeutics would take
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some time to diffuse out. Summarizing the above results, it can be
observed that PBAE-447 showed significant swelling degree with
respect to its dry discs.

Cytotoxic Activity

HEK-293 cell line is commonly used as a first-level screening host
to evaluate new transfection vectors. The MTT assay is widely
used as a first-level indicator of cytotoxicity. MTT assays help to
determine the influence of the added substances on cell
proliferation and metabolism. PBAE-447 cytotoxicity in
different dosages (10, 20, 30, 40, 50, 60, 75, 90, and 100 pg/ml)
was investigated against HEK-293, BEAS-2B, and A549 cells
through MTT assay.

As shown in Figure 5, cells incubated with pure (Figure 5A)
and PEGylated PPAE-447 (Figure 5B) show a cell viability
sketch. For example, the cell viability of only PBAE-447 is
higher than 80% for A549, 77% for BEAS-2B, and 76% for
HEK-293 cells. The polymer is cytocompatible toward the
investigated cell lines. We did not observe any significant
difference in the cytotoxicity results by the conjugation of
shielding polymer (PEG) to PPAE-447. PEG has been known
as a safe, inert, and non-immunogenic synthetic polymer (Richter
et al,, 2021). The results are significantly better than the data
obtained from the cells population treated with PEI (Mw = 25 k)
(Figure 5C), as a positive control as well as to facilitate the
comparison. The PEI results revealed a dose-dependent decrease
in cells viability. One of the remarkable decreases in cell viability
was noted in the PEI treated group at a concentration of 100 ug/
ml. Overall, PET has a higher cytotoxic effect than PPAE-447. The
cell viability percentage was (14 + 5%) for PEI and (86 + 4%) for
PPAE-447 at 100 pg/ml concentration. High molecular weight
PEI has a strong positive charge and is more cytotoxic than low
molecular weight PEI (Valente et al., 2021).

On the other hand, PBAE-447 showed a dose-dependent
decrease in cell viability. However, the cell viability was
slightly reduced as the PPAE-447 concentration was raised;
despite, the cell viability was higher than 75% for all 3 cell
lines, confirming that the PBAE-447 is cytocompatible.
Disulfide bonds in the PPAE support biodegradability,
influencing vector cytotoxicity and pDNA release (Liu et al,
2019).

Nanoparticles Characterization
To study the particle size and zeta potential as potential variables,

the nanoparticles were characterized as: 1) nanoparticles formed
with 10% FBS; 2) nanoparticles formed with 300 mmol NaCl; 3)
lyophilized nanoparticles; 4) PEGYlated nanoparticles in FBS,
and 5) PEGYlated nanoparticles with 300 mmol NaCl. The
obtained results were compared with the fresh nanoparticle
properties (the as-prepared material). All these results were
evaluated with the nanoparticles prepared at a 60:1 polymer:
pDNA weight ratio.

The size of the as-prepared material was 111.1 nm while the
lyophilized nanoparticle’s size remained 129.9 nm after 4 months
of storage (Figure 6A and Supplementary Figure S3). This size
range is suitable for cellular uptake. It has been reported that
nanoparticles between 20 and 200 nm can internalize in cells,
acting as target nanocarriers. In this size range, the nanoparticles
can prevent filtration and quickly penetrate the cells (Zhao et al.,
2014).

The Zeta potential of the as-prepared material was 9.51 mV while
the lyophilized nanoparticle’s Zeta potential remained 9.45 mV nm
after 4 months of storage. The Zeta potential is directly associated
with the surface charge. So, it is critical for nanoparticle stability in
physiological media and responsible for the initial nanoparticle
adsorption on the cell membrane. After adsorption, the endocytic
uptake rate is influenced by the particle’s size (Green et al., 2008;
Rasmussen et al., 2020). These statements indicate that nanoparticle
sizes affect cellular internalization, transfection efficiency, and
biodistribution in vivo.

The PBAE/pDNA nanoparticles incubated with FBS and
NaCl were aggregated, leading to large-sized particles with
low Zeta potentials (Figure 6A,B and Supplementary
Figure S3).

The FBS accelerates the mnanoparticle aggregation,
indicating that the PBAE/pDNA nanoparticle zeta potential
is quickly altered by the adsorption of serum proteins. The FBS
adsorption increased the average nanoparticle size to 567 nm
after 4 h (Figure 6A). For preventing or reducing nanoparticle
aggregation, the PBAE-447 was PEGylated before nanoparticle
formulation. PEGylated polymers have a lower affinity to
blood proteins because PEG is not charged (Kim et al,
2015). Compared to PBAE/pDNA nanoparticles in FBS and
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FIGURE 7 | Agglutination with erythrocytes (scale = 50 um n = 3).

A549

BEAS-
2B

As prepared nanoparticles

Iyophilized nanoparticles

FIGURE 8| Transfection efficiency of PRAE-447/pDNA nanoparticles in different cells after incubation for 4 hours with as-prepared PBAE-447/pDNA nanoparticles
(A,E,l), lyophilized PBAE-447/pDNA nanoparticles (B,F,J), PEGylated PBAE-447/pDNA nanoparticles (C,G,K) and PEI (D,H,L).
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NaCl, the PEG adsorption reduced the PEGylated-PBAE/
pDNA nanoparticles hydrodynamic radius to 184nm in
FBS and 175.1 nm in NaCl after 4h (Figure 6). The size
and Zeta potential of the PEGylated-PPAE-447/p-DNA
nanoparticles in FBS and NaCl after 4h were different
compared to  the  as-prepared PPAE-447/p-DNA
nanoparticles, confirming strong evidence of successful PEG
coating. The PEGylated polymer reduced and prevented
nonspecific interactions between the nanoparticles and FBS,
avoided aggregation.

Non-PEGylated PPAE-based nanoparticle suspensions are
unstable in NaAc solution, forming aggregates during long-
term storage at room temperature (Wilson et al., 2019). For

overcoming this disadvantage, the PBAE/pDNA nanoparticles
were lyophilized and stored at 4 °C for 4 months. These
nanoparticles were re-suspended in distilled water, and their
average size and Zeta potential were measured and compared
with the properties found for the fresh nanoparticles (as-prepared
materials). The lyophilization and storage process at 4°C for
4 months did not influence the nanoparticle features. The average
sizes and Zeta potentials of the lyophilized and fresh
nanoparticles are similar (Figure 6). These properties are
desirable for gene delivery and cellular uptake. Therefore, the
formulations that developed significant aggregations were
eliminated for further considerations as candidates for gene
delivery. The as-prepared PBAE-447/pDNA nanoparticles,

Frontiers in Pharmacology | www.frontiersin.org

April 2022 | Volume 13 | Article 854859


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Igbal et al.

[ HEK 293
- AS549

2BEAS 2B

Llli

as preparcd NPs Iyophilized NPs PEGylated NPs

N @ ®
o [=1 [=1
1 1 1

Transfection efficiency (%)

N
(=]
1

FIGURE 9 | Transfection efficiencies of PBAE-447 and PEI toward A-
549, HEK 293, and BEAS-2B were calculated by Imaged (n = 3).

lyophilized, and PEGylated nanoparticles were selected for
further studies.

Various cationic non-viral gene vectors have shown agglutination
activities (Kurosaki et al., 2009). Hemagglutination assay with mice
erythrocytes was performed to investigate the agglutinating activity
of PEGylated PBAE-447/pDNA complexes at a 60 wt/wt ratio.
Subsequently, 2% erythrocytes suspension was selected because it
supports best agglutination observation in the 96-well plate
(Mrizkova et al, 2019). Before using PEGylated PPAE-447/
pDNA complexes for clinical applications, it is necessary to
investigate its biocompatibility with blood components. The
hemagglutination assay results ensure the PEGylated PPAE-447/
pDNA complexes are cytocompatible with blood cells, as no RBC
disruption was observed (Figure 7).

Cell Transfection

The transfection efficiency of the nanoparticles was investigated
toward three different cell lines (HEK-293, BEAS-2B, and A549).
HEK-293 cells are preferred as an easily transfectable cell line,
while BEAS-2B and A549 cells are selected as relevant target cell
lines for transfection. These cells were seeded in 96-well plates at
12,500 cells/well in 100 pL of media and were incubated overnight
for adherence. The pDNA concentration (0.06 ug/uL) in each
well was kept constant.

As a model system, the same protocols were followed in each
transfection experiment by using pGFP as a reporter gene. The
cells were incubated for 4 h with the nanoparticles (as prepared,
lyophilized, and PEGlayted) and cellular uptake was investigated
after 48 h. The transfection efficiency was calculated from the
microscopic images by analyzing the fraction of stained cells
(green color).

Fluorescence images demonstrate that transfection efficiency
considerably depends on the cell line (Figure 8). The A549 and
HEK-293 cells show more GFP expression than the BEAS-2B.
The A549 cells have been well transfected by PPAE-447-based
nanoparticles, followed by the HEK-293 cells. However, the
BEAS-2B cells are less transfected. Overall, PEI was found to
have slightly lower transfection efficiency than PBAE-447-based
nanoparticles. These results are consistent with the sunshine
et al., findings. Their optimal formulation of PPAE showed
better transfection in retinal pigment epithelium cells than PEI
(25 kDa) (Sunshine et al., 2012). In contrast to PEI, Poly (f-amino

Synthesis and Characterization of Poly (B-amino ester)

ester)s have demonstrated higher transfection efficacy in vitro
and in vivo than many commercially available transfection
reagents. PBAEs can deliver various pDNA to multiple tumor
models with improved survival outcomes (Wilson et al., 2019).
The transfection efficiency is not solely dependent on the PBAE
nanoparticles. Additional parameters such as the number of cells,
transfection method, and transfection reagents influence the
transfection efficiency of a DDS.

No significant difference in the transfection efficiency is
observed among the lyophilized PPAE-447/pDNA, PEGlated
PBAE-447/pDNA, and  as-prepared = PBAE-447/pDNA
nanoparticles (Figure 9). The highest transfection efficiency
(72%) was shown by the as-prepared PPAE-447/pDNA
nanoparticles toward A549 cells, followed by the HEK-293
cells  (56%) at a 60PPBAE-447/pDNA  weight ratio.
Interestingly, we found that PEI has slightly high transfection
in BEAS-2B cells. We assume that different levels of transfection
of the same reagents may be due to variant specificity toward
target cells.

Confocal Microscopy

This experiment explores the capability of PBAE-447 to deliver
pDNA to the nucleus of the cells. HEK-293, BEAS-2B, and A549
cells were treated only with PEGYlated PPAE-447/pDNA
nanoparticles at different times to evaluate the endocytosis and
internalization. Endocytosis is the essential cellular process in
which the extracellular materials and nanoparticles are
internalized in cells (Rennick et al, 2021). The confocal
images show that PEGYlated PBAE/pDNA nanoparticles are
taken up by the evaluated cell lines.

The results demonstrate that the short incubation period (at
least 2h) did not show significant cellular uptake, while long
incubation periods (6 and 8 h) led to high cytotoxic effects. This
indicates that polymer has a harmful effect on cells if exposed for
a longer time. This toxic effect may depend on the charge of the
PBAE-447. Meantime, when PPAE-based nanoparticles were
incubated with the cells for 4h, the nanoparticles are found
primarily distributed in the cytoplasm and nuclei region
(Figure 10). It indicates that PBAE-based nanocomplexes can
be used to target the nuclei effectively. However, long exposure
times provide cytotoxic effects, because the strong influence of
high charges may lyse the membranes. Long time disrupting the
membrane cell walls fluidity due to the increased cell permeability
and degeneration (Jeong et al., 2017).

DISCUSSION

Nanoparticles for therapeutic delivery have been a subject of
research. However, many obstacles have to be addressed before
clinical practice. The peculiar mechanism by which polymeric
nanoparticles mediate specificity remains unclear. Primarily, it
relies on the nature and structure of the polymer used to design
the nanoparticles (Patra et al, 2018). The nanoparticle’s
properties depend on the polymer features, including the
molecular mass, solubility, cytocompatibility, biodegradability,
pH-responsiveness, etc. For promoting enhanced gene
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FIGURE 10 | Confocal microscopy images showed the cellular uptake of PEGylated nanoparticles after 4 h of incubation.

transfection, a biodegradable and linear PBAE-447 was
synthesized and characterized. This polymer was used to
design new DDSs with enhanced transfection efficiency toward
different cell lines.

Poly (B-amino ester)s have been demonstrated as safe and
efficient transfection vectors in vitro for various cell types.
PBAEs can easily be formulated to selectively target desired
tissues while avoiding nearby healthy tissues (Mangraviti et al.,
2015). Various strategies can be applied for modulating the
polymer properties to design DDSs for efficient transfection.
The monomer concentration ratios result in significant
changes in the polymerization kinetic rates (Safaei et al,
2021). The PPAE-447 synthesis proceeded through a
conjugate addition reaction. The polymerization resulted in
a broad molecular weight, indicating polymer lengths with
chain end groups and molecular variant polymer dependent on
the monomers’ stoichiometric ratio during synthesis. An
excess quantity of either monomer (diacrylate or amine)
predominates acrylate or amine-terminated polymers,
respectively. Theoretically, high molecular weight PBAEs are
yielded in the stoichiometric equivalence of the monomers
(Anderson et al., 2005). Therefore, monomers’ molar ratio of 1:
1 is essential to promote a high degree of monomers
conversion to prepare homogeneous polymers with high
molecular weights.

PBAE-447 was selected for characterization studies because
it is more conducive to efficient gene transfection than other
PBAEs. More transfection occurs with B4S4 base polymer with

end groups E6 and E7 (Sunshine et al., 2012; Sunshine et al.,
2012; Tzeng and Green 2013). Polymers fabricated with E9 as
an end group demonstrated significant cytotoxicity, while
polymers formulated with E10 and EI12 showed poor
transfection performance (Sunshine et al., 2011). Besides
varying monomers, the synthesis conditions and monomer
ratios can also be altered to develop a vast library of polymers
with diverse structures and applications (Rui et al., 2017). In
addition, many different types of amines and diacrylates
(Supplementary Figure S1) can be used at wide monomer
ratios to synthesize PBAEs with various properties. However,
the most significant factor for efficient transfection is the effect
of end-capped groups on polymer performance (Igbal et al.,
2020).

The aqueous carrier solubility is an important requirement in
the DDSs selection process. The solubility of polymer helps to
determine the hydrophobic/hydrophilic nature of projected
DDSs. The dissociation of the genetic materials from
nanoparticles can be controlled by modulating the solubility of
the carrier polymer concerning the external environment. Many
publications recommended mixing equal volumes buffer system
containing pDNA and transfection reagents, followed by an
incubation period for complexation formation (Engelhardt
et al, 2017). We hypothesize that partial PBAE-447 solubility
in NaAc might influence the nanocomplex formation with pDNA
before adding to the cells. Therefore, knowledge of polymer
dissolution behavior is critical in understanding time-released
applications.
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The polymer buffering capacity is considered an essential
parameter for polymeric vectors, regulating the pDNA release
from the polymer matrix inside the cells after endocytosis. Amine
moieties on the polymers can be protonated and deprotonated
depending on the pH. Protonated amines increase the osmotic
pressure inside endosomes, disrupting the endosomal membrane,
leading the polymer matrix to escape (Bhise et al., 2010). The high
buffering capacity of carriers contributes to the gene transfection,
protecting the pDNA structure after endocytosis (Kim et al,
2013). Protonated polymers stabilize the negatively pDNA by
electrostatic interactions. Therefore, understanding the proton
buffering capacity of the PBAEs is essential not only because it is
evolving non-viral vectors but also, because this knowledge may
help to synthesize and design next-generation non-viral vectors.

The swelling property influences the drug diffusion and
releases behavior from DDSs (Wang et al., 2010). Hydrophilic
DDSs swell because of water diffusion and uptake. The adsorbed
solvents interact with the drug, supporting the release of solid
solutes from DDSs (Sienkiewicz et al., 2017). Cationic polymers
have amino groups that can be protonated depending on the pH
condition and pK, of the protonated sites. Protonated amines
interact better with solvent molecules than unprotonated amines.
Ion-dipole interactions between solvent and cationic polymers
increase swelling due to increased solvent solvation capacity
toward the charged polymer structure (Deen and Loh 2018).

The PBAE-447 vector is cytocompatible, distinguishing it from
other cationic vectors in terms of degradability in the
physiological environment (Green et al, 2009). In contrast to
non-degradable PEI-based polymers, PBAEs contain tertiary
amines that facilitate rapid aqueous hydrolysis of the polymer
backbone. This feature designates PBAE with generally low
cytotoxicity and effectively no risk of accumulation
following repeat administration in vivo (Wilson et al,
2019). All these findings ensure that PPBAE-447 is
biodegradable and that the degraded byproducts are also
highly cytocompatible without causing any prominent
cytotoxicity during the gene transfection experiment.
Nonetheless, the excellent cell viability profile of PBAE-447
suggests that they are interested candidates for further study as
pDNA condensing agents.

The size and zeta potential of DDS are the most critical
parameters that regulate the therapeutic effects of
nanoparticles. These features strongly affect the systemic
circulation and stability of the DDS in the body and its
cellular uptake by the cells. The binding affinity between pH-
responsive PPAEs and p-DNA is critical for nanoparticle
formation and p-DNA release due to pH alteration (Bishop
et al, 2013). DDSs containing protonated amino groups
interact better with negatively charged cells, supporting the
DDS internalization. However, it is challenging to optimize the
size and zeta potential of DDSs to improve carriers’ efficacy.

Determination of cellular uptake or internalization is the
most critical physicochemical parameter that must be
evaluated before in vivo applications. The nanoparticle
internalization should occur through endocytosis in many
cells; however, only sub-micron-sized nanoparticles are
effectively uptaken in the HepG2, Hepa one to six, and
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KLN205 cells (Nimesh 2012). The nanoparticle
characterization under physiological conditions is critical
and challenging. The surrounding environment such as the
medium (solvent, body fluids, etc.), ionic strength, charged
macromolecules (e.g., proteins) strongly influences the
nanoparticle properties for example size, and charge
density. The physiological fluids are composed of proteins
that interact with charged nanoparticles, forming a “protein
corona.” This behavior affects the nanoparticle properties,
altering its size, shape, and charge density (Van Hong
Nguyen 2017). Besides, the polymer/pDNA nanocomplexes
also naturally tend to aggregate in physiological fluids (Xia
et al.,, 2011). In addition, the nanoparticles’ aggregate as the
Zeta potential is lower than +30 mV and higher than —30 mV
because the attractive forces may exceed the repulsive forces
provided by charged materials. Nanoparticles with Zeta
potential higher than +30mV can resist more against
aggregation in solution, being electrically stable (Hwangbo
et al, 2021). Therefore, the polyplexes’ stability in the
physiological environment containing FBS and NaCl was
investigated by evaluating the size and Zeta potential of the
nanoparticles over 4 h of incubation.

The lower Zeta potential is thought to be because of 10% FBS
in the culture medium, which facilitates the attraction of
negatively charged albumin that interacts with positively
charged nanoparticles at neutral pH. Ions can adsorb on the
nanoparticle surface, modify the magnitude of zeta potential. The
decrease of zeta potential facilitates a closer approach of
nanoparticles, and boost aggregations (Shrestha et al., 2020).
In sum, the results show that the presence of FBS and NaCl
are the leading factors to aggregate the PPAE/p-DNA
nanoparticles, modifying their sizes. Besides, the non-specific
interactions in physiological media may cause particle
aggregation and opsonization, thereby reducing the systemic
circulation time.

The lyophilized nanoparticles preserved their properties and
efficacy after 4 months’ storage. This result is remarkably
important as it assures the stability, scalability, and robustness
of the lyophilized particles over time. Corresponding to
maintaining colloidal stability, the nanoparticles formulated
with PEG-PBAE-447 displayed significantly better in vitro
transfection efficiency. These findings revealed that PEGylated
NPs retained in vitro transfection efficiency and stability
compared to non-PEGylated NPs. These findings support that
the PBAE-447/pDNA nanoparticles can be used as efficient gene
delivery vectors, being exciting devices for further studies in vivo.

Successful transfection efficiency is also influenced by the cell
type. Since different cells are likely to behave differently to the
same transfection reagent, hence choosing an appropriate cell
type is necessary to maximize results (Neuhaus et al., 2016). In
summary, the positively charged PBAE/pDNA nanoparticles are
effectively attached to the cell membrane (negatively charged) by
electrostatic interactions, entering the cells by endocytosis. The
protonated amines in the PBAE-447 raise the osmotic pressure
inside the endosome, disrupting the endosomal membrane. Thus,
the PBAE/pDNA nanoparticle internalizes, leading to gene
expression in host cells (Igbal et al., 2020).
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Besides the incubation period, other factors such as
nanoparticle properties (size, shape, zeta potential), cellular
microenvironment, and experimental factors (temperature)
significantly affect the intracellular fate of nanoparticles.
Behzadi et al. mentioned that small-sized nanoparticles
internalized in cells faster than large particles (Behzadi et al,
2017). Some nanocarriers cannot reach the cell nuclei of
transfected cells, suppressing the transfection. PBAE-447 is a
capable carrier to enter the cell, penetrate the nucleus and
release some portion of the complexed pDNA, thus making it
available for cell transfection.

To achieve the best possible formulation to display the highest
stability, biocompatibility, and transfection efficiency, a series of
PBAE/pDNA nanoparticles were synthesized and evaluated.
PEG- PBAE/pDNA nanoparticles were found to be the best
formulation which confirmed the optimal balance of all the
parameters i.e. (size, zeta potential and colloidal stability).
Hence, it exhibited the highest transfection efficacy with low
toxicity. The outcomes of this work could be further used in
multidisciplinary fields of cationic polymers, to design and
fabricate a new generation of nanoparticle-based delivery
systems for gene therapy and gene editing applications.

CONCLUSION

Characterizations studies open a gateway in improving vectors’
design and architecture to increase cargo-carrying capacity,
advance target specificity, and improve biodegradability, the
basic requirements for successful gene therapy. In summary,
PBAE-447 was successfully synthesized and various parameters
were characterized to improve its robustness. The exhibition of
the high buffering capacity of PBAE-447 at acidic pH would help
early endosomal escape. Lyophilized nanoparticles maintained
appropriate size, Zeta potential, and transfection activity after
four 4 months of storage. First, it was revealed that PBAE-447/
pDNA nanocomplexes tended to form aggregates in presence of
serum and ions. As a result of PEG conjugation, the colloidal
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Neuroblastoma (NB), as the most common extracranial solid tumor in childhood, is one of the
critical culprits affecting children’s health. Given the heterogeneity and invisibility of NB tumors,
the existing diagnostic and therapeutic approaches are inadequate and ineffective in early
screening and prognostic improvement. With the rapid innovation and development of
nanotechnology, nanomedicines have attracted widespread attention in the field of
oncology research for their excellent physiological and chemical properties. In this review,
we first explored the current common obstacles in the diagnosis and treatment of NB. Then we
comprehensively summarized the advancements in nanotechnology-based multimodal
synergistic diagnosis and treatment of NB and elucidate the underlying mechanisms. In
addition, a discussion of the pending challenges in biocompatibility and toxicity of
nanomedicine was conducted. Finally, we described the development and application
status of nanomaterials against some of the recognized targets in the field of NB research,
and pointed out prospects for nanomedicine-based precision diagnosis and therapy of NB.

Keywords: neuroblastoma, nanotechnology, nanomedicines, diagnosis, therapy

INTRODUCTION

Epidemic Burden of Neuroblastoma

Neuroblastoma (NB), composed of undifferentiated neuroblasts, is an immature embryonal tumor
originating from the adrenal medulla and paravertebral sympathetic nervous system (Matthay et al.,
2016). The most common origin of NB is the adrenal gland, which occurs in 40% of localized tumors
and 60% of metastatic tumors (Nakagawara et al., 2018). In addition, NB is also found to occur in
other parts of the sympathetic nervous system other than the adrenal gland (Pudela et al., 2020). As
the most common cancer in infancy and the most common extracranial solid tumor in childhood,
NB is the third most frequent childhood tumor, ranking after leukemia and brain tumors and
accounting for 6-10% of pediatric tumors (Nicholas et al., 2016). Some high prevalence countries
such as France, Israel, Switzerland and New Zealand have an annual incidence of 11/1 million (0-15
years), the United States has about 25/1 million, and China and India have less than 5/1 million
(Moreno et al., 2016). The incidence of NB is age-dependent, with a mean age of 17.3 months at the
time of clinical diagnosis (Matthay et al., 2016; Whittle et al., 2017). It has been estimated that NB
accounts for 9-15% of all childhood cancer-related deaths and is a highly heterogeneous tumor, with
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5-year survival rates of 90 and 50% for patients with NB in the
non-high-risk and high-risk groups, respectively (Pudela et al,
2020).

Difficulty in Neuroblastoma Diagnosis

NB is diagnosed on the basis of histological confirmation
combined with clinical manifestations, laboratory tests,
imaging features and genetic examinations (Zhan et al., 2017;
Swift et al., 2018a). Imaging analysis as visualization detection
methods are irreplaceable in NB diagnosis and mainly include
ultrasound imaging (US), magnetic resonance imaging (MRI),
and optical imaging. However, the pathological characteristics of
most tumors usually cannot be accurately estimated by imaging
analysis alone. Ancillary detections of some specific tumor
biomarkers such as neuron-specific enolase, S-100 protein and
tryptophan were performed to improve the histological
diagnostic accuracy of NB (Rajwanshi et al, 2009). In about
90% of NB cases, increased catecholamines and their metabolites
includes dopamine, homovanillic acid and vanillylmandelic acid
are found in the urine or blood (Weinstein et al., 2003). Also, the
combination of tissue biopsy and pathological examination is an
indicator of a definitive diagnosis of the disease. Actually, a
synthetic assessment based on histological verification
combined with chemical analysis and imaging features is
necessary for the diagnosis of NB for a comprehensive
assessment of disease progression (Swift et al., 2018b). Since
biological methods have limited sensitivity and specificity and
failure in precise tumor localization, invasiveness, and limited
specimen acquisition, the development of imaging techniques
will more likely to achieve early diagnosis of NB (Swift et al.,
2018a). However, imaging methods are constrained by cost and
risk, while it remains powerless for tumors smaller than 0.5 cm in
diameter, thus it is urgent to develop advanced techniques for
early diagnosis and monitoring of NB.

Current Challenges in Neuroblastoma

Treatment

Although complete resection of the primary NB is expected to
greatly improve overall survival and most children are inoperable
due to metastases at the time of diagnosis, thus chemotherapy,
radiotherapy, differentiation-inducing therapy, immunotherapy,
and autologous hematopoietic stem cell transplantation remain
the primary treatments in most cases (Perkins et al., 2014;

Berlanga et al, 2017; Sait and Modak, 2017). The
chemotherapeutics clinically used for NB include cisplatin,
cyclophosphamide,  vincristine,  etoposide,  teniposide,

Adriamycin (DOX) (Berlanga et al, 2017). As a method of
local treatment of tumors, nuclear medicine treatment is
suitable for controlling localized tumors that cannot be
completely removed or with unsatisfactory effect of
chemotherapy (Perkins et al, 2014). Currently, the most
promising immunotherapy is monoclonal antibody technology
against the ganglioside 2 (GD2), and has achieved remarkable
therapeutic results in the consolidation phase (Sait and Modak,
2017). Autologous stem cell transplantation is also applied greatly
in clinical NB treatment with the advantages of low self-

Nanotechnology-Based Stratage for Neuroblastoma

recurrence rate, early recovery from immune reconstitution,
and rapid recovery from bone marrow transplantation
(Weinstein et al., 2003). Conventional treatment has been
shown to achieve good results in children with low-risk NB,
but the outcome in children with high-risk NB remains
unsatisfactory even with various combined treatments.
Nevertheless, there are some insurmountable limitations of
conventional therapies that require further improvement.
Surgical intervention may result in incomplete tumor
resection. Chemotherapy is highly prone to damage healthy
tissues, leading to severe, dose-limiting side effects, including
toxicity and bone marrow suppression, compromising efficacy
and even leading to chemoresistance. In addition, emerging
targeted drugs exhibit many drawbacks, such as high toxicities,
low cure rates, and high off-target propensity (Hishiki et al.,
2014).New treatment concepts are urgently needed to effectively
treat children with NB, and nanomedicine as an emerging
technology could provide better personalized treatment for
tumor patients.

Prospects of Nanotheranostics for Precise
Diagnosis and Treatment in Neuroblastoma

Nanomedicine refers to nanoparticles (NPs) whose size range is
1-1000 nm in pharmacy. Nanocarriers are various nanomaterials
capable of dissolving or dispersing drugs, while nanodrugs are
NPs processed directly from active pharmaceutical ingredients
(Sosnik and Carcaboso, 2014; Raza et al., 2019). The main types of
NPs include nanoliposomes, nanocapsules, nanospheres, solid
lipid NPs, polymer micelles, and nanomedicines (Aleassa et al.,
2015). The contrast agent encapsulated by nanomaterials
facilitate the acquisition of detailed cellular and molecular
images, real-time detection of targeted drugs within the tumor,
and also provides more detailed data for maximum tumor
removal, thus improving the diagnostic accuracy (Aleassa
et al,, 2015; Wang et al., 2022a). Nevertheless, the application
of nanotechnology in NB therapy remains a challenging new
strategic attempt. Nanodrug delivery systems possess superior
advantages over conventional means in overcoming limitations
associated with unfavorable drug properties, such as solubility,
stability, permeability, toxicity, and increased drug accumulation
in desired tumor-specific areas and thus eliminating unwanted
side effects and toxicity (Rodriguez-Nogales et al., 2019; Raza
etal., 2022). Nanodrug technology will be an emerging and more
promising therapeutic strategy in the field of NB treatment,
especially for high-risk NB patients who have suffered from
failure in conventional treatment or relapsed. Here, we are
summarizing the current literature on nanotechnology and
providing insights into the applications of nanotechnology-
based diagnosis and therapeutic strategy for NB, including US,
MRI, optical imaging, chemotherapy, radiation therapy,
phototherapy, immunotherapy, gene therapy, differentiation
and tumor extracellular matrix (ECM) remodeling (Figure 1).
Moreover, the opportunities and challenges of nanomedicine in
the field of oncology research are described in detail, especially
the biocompatibility and toxic effects of nanomaterials. Finally,
some recognized targets for NB diagnosis or treatment are also
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phototherapy, immunotherapy, gene therapy, differentiation, and anti-ECM therapy).

FIGURE 1 | Schematic illustration of emerging nanomedicines for NB diagnosis (MRI, optical. imaging and US) and therapies (chemotherapy, radiotherapy,

highlighted, as well as a special focus on the current
status of nanotechnology development and applications based
on them.

NANOTECHNOLOGY ENABLES
NEUROBLASTOMA DIAGNOSIS

Although image analysis is irreplaceable as a visualization
detection method in NB diagnosis, it has the drawbacks of low
detection capability and low accuracy rate. The development
of nano-contrast agents or nanoprobes suitable for various
types of imaging devices are currently available to visualize
the physiological, pathological and metabolic conditions of
the body with high accuracy and will present prospects for
application in the diagnostic and prognostic evaluation of NB.
This section focused on recently proposed approaches for the
diagnosis of nanomedicines in patients with NB (Table 1).

Nanotechnology for US

US is unique in the field of medical imaging due to its safety
and convenience and is usually performed for the first
examination when an abdominal mass is suspected in a
child (Swift et al., 2018b). In contrast to other types of
diagnostic methods such as x-ray and computed
tomography, US performs deeper tissue penetration and
less invasiveness to the organism. Modification of contrast
agents for US is one of the main directions regarding the
improvement of ultrasound diagnostic performance. Through
the integration with multiple nanosystems, ultrasound not
only enables better high-resolution ultrasound imaging, but
also facilitates the controlled release of drugs at specific tumor
sites (Alphandéry, 2022). Although there have been numerous
studies on the application of nanomaterial-based modified
ultrasound technology for cancer diagnosis, i.e., nano-bubbles
and inorganic NPs, there are still few reports on the diagnosis
of NB (Devarakonda et al, 2017; Liu et al, 2019).
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TABLE 1 | Summary of emerging nanomedicines for NB diagnostics.
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Diagnostic Formulation Type of Sizes Model Observed effects Ref.
type NPs (nm)
us RVG-GNPs Nanobubbles NPs 220 In vitro and  Enhanced US signals and reduced tumor growthina  Lee et al.
in vivo tumor-bearing mouse model. (20163a)
MRI DySiO5-(FesO4)n Inorganic NPs 30 In vitro High-performance MRI and fluorescence imaging Lee et al.
of NB (2006b)
Fe304-poly(acrylic Magnetic polymer particles 20-200 In vitro and  Exhibited highly biocompatible and good contrastin ~ Chen et al.
acid) (PAA) in vivo T2-weighted imaging. (2015)
Fe304@GdPB Iron oxide-gadolinium- About 30  Invitro and  Increased the signal: noise ratio of the T1-weighted Kale et al.
containing Prussian blue in vivo scan and reduced the growth rate of the tumor. (2017)
LPD Composite of liposome, 70-140 In vitro and  Targeted NB cell transfection and real-time Kenny et al.
peptide and plasmid DNA in vivo monitoring of vector distribution in the tumor (2012)
Optical NDI-nip FONPs Organic particles 50-70 In vitro Targeted imaging and delivery of curcuminto NB cell ~ Ghosh et al.
imaging (2021)
ASMMP@AQG2S- Affinity peptide composites 160 In vitro and  Distinguish tumor tissue from non-cancerous tissue ~ Zhan et al.
AF7P in vivo (2021)
Anti-GD2/GQDs Conjugates of graphene 160-160  Invitro and  Tumor tracking and imaging Lin et al.
quantum dots and antibody in vivo (2021)
A B
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FIGURE 2 | Dual-Mode nanoparticle probes for high-performance magnetic resonance and fluorescence imaging of NB. (A) Schematic diagram for the synthesis
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Interestingly, Lee Jet al. have created cancer-targeting, gas-
generating polymer NPs (GNPs) as a therapeutic tool for
ultrasound imaging and treatment of NB (Lee et al,
2016a). In detail, the composite of GNPs modified with
rabies virus glycoprotein (RVG) peptides that specifically
target NB cells (RVG-GNPs) was used as the nanoimaging
material. Importantly, it was found to greatly enhance the
ultrasound signal in a tumor-bearing mouse model and to
suppress tumor growth without conventional therapeutic
agents. Since children are a vulnerable population to toxic
contrast and therapeutic agents, adopting this approach
promisingly enables both targeted therapy and highly
accurate detection with guaranteed safety.

Nanotechnology Facilitates Magnetic

Resonance Imaging

Magnetic NPs (MNPs) are extremely promising for NB imaging and
targeted therapies. Modification of peptides or antibodies on the
surface of MNPs allows direct targeting of tumor cells to disrupt the
function of tumor cell-active signaling pathways (Chertok et al,
2008). MNPs show higher longitudinal relaxation, present an
enhanced signal on Tl-weighted images and shorten the
transverse relaxation time in Tl-and T2-weighted images,
resulting in a significant decrease in signal intensity of the target
organ on conventional T2-weighted images. Therefore, MNPs have
been widely used as contrast agents and molecular imaging probes for
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MRI. Hybrid nanoparticle probes fabricated using rhodamine-dy-
doped silica (DySiO2) NPs as the core material conjugated with high-
quality water-soluble Fe304 (WSIO) NPs have been confirmed to
have synergistic MRI enhancement and good fluorescence properties
for polysialic acids (PSAs)-expressing NB cells (Figure 2) (Lee et al,,
2006a). Superparamagnetic Fe304 NPs encapsulated in porous
polyacrylic acid (PAA) nanogels to make hybrid nanodrugs with
high drug loading capacity, good contrast in T2-weighted imaging,
and high MRI sensitivity at NB cell-derived tumor sites (Chen et al.,
2015). Composite iron oxide-gadolinium-containing Prussian blue
NPs (Fe304@GdPB) perform a dual function as a novel therapeutic
nanoparticle for diagnostic and therapeutic purposes, which is
manifested in the availability for Tl-weighted MRI and
photothermal therapy (PTT) in NB cell-derived mouse tumor
model (Kale et al, 2017). Notably, Fe304@GdPB NPs acted as
effective MRI contrast agents and were able to effectively improve
the signal-to-noise ratio of T1-weighted scans of tumor in vivo.
Another study reported that a nanocomplex named as LPD, which
composed of cationic DOTMA/DOPE liposomes (L), neurotensin-
targeting peptide (P) and plasmid DNA (D) fulfilled the multiple
functions of both targeted NB cell transfection and real-time
monitoring of vector distribution in the tumor by MRI (Kenny
et al,, 2012).

Nanotechnology Adjunct to Optical Imaging
Although optical imaging is non-radioactive, non-invasive, high-
resolution and controllable, its penetrating power is relatively
inferior. Fluorescence imaging based on fluorescence signals
generated by fluorescein compensates for this deficiency to
some extent. Near-infrared fluorescence (NIRF) probes are
widely adopted for their high transmission capability and
safety, and have been implemented in the field of small animal
bioimaging systems and translational medicine research on
tumors. Nowadays, there are numerous nanomaterials such as
liposomes, metallic as well as nonmetallic NPs are available to
encapsulate NIRF for targeted tumor optical imaging (Setua et al.,
2010). Fluorescent organic NPs (FONPs) derived from
naphthalenediimine (NDI) can be used as targeted diagnostic
probes for targeted cellular imaging and as drug delivery vehicles
for the delivery of the anticancer drug curcumin to vy-
aminobutyric acid receptor-rich cells such as the NB cell line
SH-SY5Y (Figure 3A) (Ghosh et al., 2021). Such spherical
organic particles are formed by self-assembly driven by
piperidine-tethered l-aspartate attached NDI derivatives
occurring through J-type aggregation, exhibiting aggregation-
induced emission. It has been proposed that a matrix
metalloproteinase 14 (MMP14)-activatable NIR-II nanoprobe
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(A&KMMP@Ag2S-AF7P) can be used to distinguish the NB tumor
tissues from surrounding non-cancerous tissue (Figure 3B)
(Zhan et al,, 2021). This nanoprobe consists of three main
functional components, an affinity peptide AF7P targeting the
membrane-type ring structure of MMP14, an MMP14 activating
peptide, and a fluorescence resonance energy transfer (FRET)
system with NIR-II-emitting Ag2S QDs and a NIR absorber
A1094. Cooperative interaction between its components
selectively produces visible fluorescent signals in NB tissues
with high expression of MMP14, which facilitates rapid and
unperturbed tissue analysis for ex vivo NB diagnosis and
greatly quickens intraoperative decisions. Another study
reported that utilizing the nanomaterial graphene quantum
dots (GQD) coupled with anti-GD2 antibodies enables tumor
tracking and imaging in mice with minimal or no in vitro
cytotoxicity (Lin et al., 2021). In addition, a biocompatible
poly(d,l-lactide-co-glycolide) (PLG) nanoparticle containing
imaging probes and therapeutic genes modified with RVG
peptide can effectively target NB tumor sites for optical
imaging both in vitro and in vivo, and can carry
nanoparticles encapsulating therapeutic genes (siMyc,
siBcl-2, and siVEGF) to significantly inhibit tumor growth
in mouse models for targeted therapeutic effects (Figures
3C,D) (Lee et al, 2016b). Multimodal imaging technology
based on nanoimaging agents integrates various types of
imaging modalities to produce synergistic effects and
provide more comprehensive and accurate imaging
information for precise diagnosis and treatment of NB.

NANOTECHNOLOGY ENHANCES
THERAPEUTIC TREATMENT FOR
NEUROBLASTOMA

Nanotechnology and Chemotherapy
Chemotherapy, as a conventional therapeutic strategy for NB, has
yielded great achievements in narrowing tumor area prior to
surgery resection, preventing tumor metastatic spread,
suppressing tumor proliferation, and prolonging patients’
lifetime. Chemotherapeutics routinely administered for NB
include several cytotoxic agents such as vincristine, DOX,
cyclophosphamide, cisplatin, carboplatin, topotecan, irinotecan,
and paclitaxel (PTX) (George et al., 2010). However, curative
effects of these chemotherapeutic agents tended to be severely
compromised due to their rapid clearance and non-specific
distribution, which leads to unavoidable systemic toxicity. In
addition, multidrug resistance is another major cause of
chemotherapy failure (Wu et al, 2022). Currently,
nanomaterial-based approaches have been proposed
combination with chemotherapy aim to enhance the efficacy
of conventional chemotherapy regimens through multiple
strategies. Nanomedicines enhance the effectiveness of
chemotherapy for NB mainly through the following ways: 1)
targeting chemotherapeutics through nanocarriers; 2) improving
permeability to tumor tissues; 3) reversing multiple drug
resistance; 4) collaborating with other therapeutic approaches
for NB.

in

Nanotechnology-Based Stratage for Neuroblastoma

The abnormal vascular proliferation in tumor tissues is
characterized by high vascular density and poor vessel wall
integrity, wide gaps, permeability to macromolecular particles
and comparatively slow lymphatic reflux, thus enabling NPs of a
certain size to access and retain in tumor tissues, and achieving
efficient and accurate enrichment in tumor tissues. Such effect is
called the enhanced permeability and retention (EPR) effect,
which belongs to the passive targeting effect (Matsumura and
Maeda, 1986). Besides, various nanomaterial-based targeted drug
delivery systems have been designed to enhance the aqueous
solubility, stability and pharmacokinetics process of numerous
hydrophobic drugs in vivo, enabling aggressive targeting of drug
delivery to tumor sites, realizing targeted drug release and
reducing drug toxicity while enhancing drug efficacy and
overcoming drug resistance. NPs with diameter less than
200 nm exhibit stronger EPR efficacy which are widely utilized
for tumor targeting therapy. Nanomaterials have a large specific
surface area and are able to effectively load hydrophobic drugs,
exhibit protective effect and increase their stability and
bioavailability in the circulation, which allows for long
circulation through modifications such as polyethylene glycol
(PEG) (Wen et al., 2012). The small molecule chemotherapeutic
agents mainly penetrate into the tumor cells through passive
diffusion, which is less efficient and poorly targeted, susceptible to
drug resistance through recognition and efflux by the transporter
proteins on the membrane surface of tumor cells. Overcoming
drug resistance by loading chemotherapeutics with nanomaterials
to alter the drug delivery to tumor cells and improve drug uptake
by tumor cells is considered to be a feasible and promising
strategy (Khan et al, 2019; Amerigos Daddy ] C et al.,, 2020).
It was found that liposomal NPs overcame drug resistance by
mediating the entrance of drugs into tumor cells through
cytokinesis and further evading the efflux effect of transporter
proteins and lysosomal phagocytosis (Li et al., 2013). Several
cationic polymers such as Planic are characterized by their
transportation to the nucleus (Batrakova and Kabanov, 2008),
and such materials would be utilized for the loading of
chemotherapeutics that specifically target the nucleus to allow
them to deliver smoothly to the intended target.

Research reveals that NPs carriers may provide better anti-
tumor efficacy of chemotherapeutics, especially topoisomerase
inhibitors and PTX, in NB (Table 2). SN-38 as a novel
topoisomerase I inhibitor exhibits an extensive anticancer
activity in adult and pediatric tumors (Norris et al, 2014).
However, this camptothecin (CPT) analogue is limited in
clinical use due to its toxicity, metabolic instability and
incompatibility with conventional drug delivery vehicles
(Colletti et al., 2017). EZN-2208, a water-soluble polyethylene
glycolized SN38 drug coupling, possesses strong cytotoxicity to
NB cells, prolongs duration of drug activity, and is well tolerated
in vivo without significant toxicity, acute or chronic hepatic and
renal toxicity. The employment of hydroxypropyl-p-cyclodextrin
(HP-B-CD) derivatives as a drug delivery system significantly
enhanced the stability, bioactivity and antitumor activity of the
alkaloids CPT and luotonin A in several cancer cell lines
including breast, lung, liver, ovarian and NB (Gonzilez-Ruiz
et al, 2021). To improve the solubility and pharmacokinetic
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TABLE 2 | Summary of emerging nanomedicines for NB chemotherapy.

Formulation Type of Drug Model
NPs

CPT/HP-B-CD and CPT/  Cyclodextrin CPT In vitro

g-CD

LP-2- pyrazolo[3,4-d] Liposome Pyrazolo[3,4-d] In vitro

pyrimidines pyrimidines

ApoE3-C-PBCA- ApoE3-C- Curcumin In vitro

Curcumin PBCA

Nab-PTX Nab PTX In vitro and in

vivo

PLGA-PTX PLGA PTX In vitro

Nab-PTX Nab PTX phase /Il

properties of chemotherapeutics such as cisplatin, and

azithromycin, albumin NPs and liposomes were developed and
exhibited strong inhibitory activity against NB cell line (Vignaroli
et al., 2016). Mulik et al. produced apolipoprotein-E3-mediated
curcumin-loaded poly(butyl) cyanoacrylate NPs using an anionic
polymerization method (Mulik et al., 2012), and the formulation
showed enhanced anticancer activity against SH-SY5Y cell
compared to the natural curcumin solution and untargeted
NPs. Albumin-bound PTX NPs (Nab-PTX) exhibited
enhanced cellular transport capacity, better cytotoxic effect in
NB cells-derived mouse model compared to non-encapsulated
PTX (Zhang et al., 2013). Similarly, the nano-encapsulation
formed by the biocompatible drug delivery vehicle Poly
(lactic-co-glycolic acid) (PLGA) with PTX exhibited
stronger cytotoxic effects on NB cells than that of free PTX
(Bacanli et al., 2021). Excitingly, the safety and efficacy of
Nab-PTX has been assessed in Phase I/II clinical trials for
refractory NB and other pediatric solid tumors
(NCT01962103) (Moreno et al., 2018; Amoroso et al.,
2020). Although limited activity was observed, the safety of
Nab-PTX was confirmed in pediatric patients. Above all,
incentivizing the effective delivery of drugs and improving
their bioavailability and efficacy in vivo are the critical issues
that should be addressed in a wide range of tumor treatments,
including NB.

Nanotechnology and Radiotherapy

Although radiotherapy is one of the standard therapies applied
for NB, its therapeutic efficacy is not satisfactory due to adverse
effects, radioresistance and recurrence after radiotherapy. Upon
radiation photon incidence, metal nanomaterials with higher
atomic number (such as metal atoms of gold and silver)
undergo energy level jumps and release oscillating electrons,
simultaneously scattering Compton electrons (Bilynsky et al.,
2022). The high density of ionization energy generated by
these electrons on the surface of NPs leads to enhanced
radiation energy and enrichment in tumor cells, which
strengthens the radioactive DNA damage and further
facilitates DNA double-strand breaks, suppresses DNA
synthesis and repair (Nasir et al, 2021). Meanwhile, such
ionization increases the production of free radicals in tumor
cells and enhances the lethality of tumor cells (Calugaru et al.,

Enhanced the bioactivity and antitumor activity of
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Observed effects Ref.

Gonzélez-Ruiz et al. (2021)

the CPT

Exhibited inhibitory activity against NB cell

Enhanced anticancer activity of curcumin against

Vignaroli et al. (2016)

Mulik et al. (2012)

NB cell

Inhibited NB cells growth and prolongs the

Zhang et al. (2013)

survival of tumor-bearing mice

Induced DNA damage in NB cells
Relatively safe for children with NB

Bacanli et al. (2021)
(Moreno et al., 2018; Amoroso
et al., 2020)

2015). Furthermore, therapeutic effects of radiotherapy can be
further improved with functional nanomaterials through
modifying tumor hypoxia. Hemoglobin-based nanocarriers
and perfluorocarbon-based NPs have been confirmed to
facilitate the EPR effect of NPs via oxygen molecule loading
on nanocarriers in preclinical animal experiments, thus efficiently
enhancing the tumor oxygen levels, averting the hypoxic tumor
microenvironment, and sensitizing tumor to radiotherapy
(Figures 4A,B) (Murayama et al,, 2012; Song et al, 2016). It
has also been reported that MnO2 nanomaterials represent a
promising nanomaterial for radiotherapy sensitization (Gong
al, 2018). William et al. has found that exposed
m-iodobenzylguanidine (MIBG) and 3,4-
dihydroxyphenylacetic acid (DOPAC) coated Fe304@TiO2
nanocomposites significantly increased the sensitivity of
NB cells to radiotherapy (Figures 4C,D) (Liu et al., 2021). In
addition, this nanocomposite also partially penetrates into the
nucleus through mimicking the presence of epidermal growth
factor peptides, thus enabling targeting of radiolabeled MIBG
molecules into the nucleus with nucleus-targeting nanostructures
in future. The nanocoupler can be used as a radiosensitizer for
external irradiation therapy and also for delivery of internal
emitters to near-genomic DNA regions.

et

Nanotechnology and Phototherapy

In recent years, phototherapy has received increasing attention in
NB treatment in view of its great advantages in improving
oncologic outcomes and diminishing side effects. Phototherapy
mainly includes two types of therapies, photothermal therapy
(PTT) and photodynamic therapy (PDT). Given the intrinsic
characteristics of NB tumor tissues with tortuous blood vessels
and low heat dissipation efficiency when undergoing heat, PTT is
capable to selectively destroy tumor cells while preventing
damage to normal cells. Although PTT is relatively safe and
controllable, it is less permeable to deep tissues and has limited
heat enrichment. Nanomaterials in PTT inherently possess
therapeutic properties. Light absorbers typically include
nanogold, graphene, and NIR dyes (Zakaria et al, 2016).
Nanomaterials with photothermal effect that can effectively
convert light energy into thermal energy specifically in tumor
cells will undoubtedly beneficial in minimizing damage to
surrounding tissue.
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The photosensitizers used for PDT-based tumor suppression
mainly have two types: type I process in which the photosensitizer
reacts directly with components of the cellular microenvironment
to produce peroxides or superoxides that oxidatively disrupt
tumor cells; and type II process in which a porphyrin-
containing photosensitizer is utilized to produce highly
reactive singlet oxygen and thus kill tumor cells upon light
exposure at specific wavelengths (Tian et al, 2016). The ROS
generated by the photosensitizer have short half-life and the cells
adjacent to the photosensitizer undergo the PDT process
following photosensitizer enrichment into the tumor area
through nanomaterials, thus effectively reducing damage to
surrounding normal tissues (Bechet et al, 2008).
Photosensitizers themselves tend to be off-target, poorly water-
soluble and bioavailable, and developing photosensitizers using
nanomaterials will be a superior approach to overcome these
flaws (Lim et al., 2013).

Complex iron oxide-gadolinium-containing Prussian blue
NPs (Fe304 @GdPB) have become novel and effective PTT
nanotherapeutic agents for reducing tumor growth rate and
improving survival, owing to its cytotoxic effect on targeted
tumor cells exposed to laser irradiation (Kale et al., 2017). NIR
dyes and porphyrin analogs afford both multimodal imaging and
PTT effects. For example, hyaluronic acid-anthocyanine-like dye-
iron composite NPs are available for fluorescence imaging,
magnetic resonance multimodality imaging and PTT (Della

Sala et al., 2022; Wang et al, 2020; Hu et al, 2015). It is
rapidly elevated to 28°C with approximately 5min of
irradiation at 1 W/cm2 under a 785nm laser to facilitate
tumor elimination in MCF-7 xenograft mice (Tian et al,
2016). Recently, the dual application of PDT and PTT for
better therapeutic outcomes in cancer treatment has attracted
a great deal of interest. Gold NPs (AuNP) are well suited as drug
carriers due to their biocompatibility, ease of fabrication, and
multiple physical properties, making them highly desirable for
combining multiple therapeutic approaches in a variety of tumor
treatments (Figure 5A) (Haimov et al., 2018). Based on this, a
group has synthesized a functional complex based on AuNPs
covalently linked to meso-tetrahydrobenzyl chloride (mTHPC)
drug molecule (AuNP-mTHPC), which enhances the pro-cell
death effect of PDT in NB (Haimov et al., 2018). Subsequently,
they found that this highly biocompatible and soluble
nanotherapeutic agent additionally exhibits a dual PDT/PTT
phototoxic effect on NB cells (Figure 5B) (Varon et al., 2022).

In addition, the combination of mesoporous carbon NPs-
based nanoformulations with chemotherapeutic agents has been
found to trigger synergistic tumor suppressive effects with PDT
or PTT therapy. For example, combining doxorubicin with
mesoporous carbon NPs significantly improved the inhibitory
effect of both PTT and PDT on tumor cells (Bechet et al., 2008).
However, photothermal nanomaterials, especially inorganic
nanomaterials, are not easily degradable in organisms and
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possess potential toxicity as well as the immune-related adverse
effects. To reduce the intensity of photomagnetic irradiation and
the required nanoparticle dose level, a hybrid photomagnetic
irradiation method based on intelligent nanostructures were
developed and exhibited high efficiency and low toxicity in
killing NB cells (Figure 5C) (Atluri et al., 2018). Development
of photothermal conversion materials with  greater
biocompatibility, degradability and lower toxicity will be a hot
spot for future phototherapy.

Nanotechnology and Immune-Based
Therapy

Immunotherapy as an emerging anti-cancer therapy refers to the
comprehensive homeostatic regulation of tumor suppression
through reactivation of the immune function or removal of
immunosuppression in the organism (Raza et al., 2021). For
the past few decades, immunotherapy has attracted tremendous
research interest for its specificity, capacity to clear microscopic
lesions and relapse reduction. Boosting immunity and
eliminating tumors through the immune system has been the
direction of all oncology researchers’ efforts. Tumor-associated
antigens (TAA) and tumor-specific antigens (TSA) are delivered
to immune cells to trigger the specific immune response against
tumor cells, thus providing a theoretical basis for tumor
immunotherapy (Chen and Mellman, 2013). Currently,
immunotherapies commonly employed in clinical practice
include immune checkpoint inhibitors and adoptive cell
therapy (ACT). Immune checkpoint inhibitors mainly include
antibodies specifically targeting cytolytic T lymphocyte-
associated antigen 4 (CTLA4), programmed death protein 1

(PD-1) and programmed death ligand 1 (PD-L1) (Krummel
and Allison, 1995). ACT is a tumor-fighting method by
introducing ex vivo modified immune cells into the patients.
NB-associated immunotherapies mainly involved in cytokines,
dendritic cell vaccines, anti-GD2 antibodies, and allogeneic
hematopoietic stem cell transplantation (Sait and Modak, 2017).

Nanomaterials are known to stabilize antibodies and
immune factors as well as increase the enrichment of
immune factors at tumor regions, improve their targeting
and effectiveness, and reduce the adverse effects associated
with immunotherapy. While cancer vaccines are used to treat
tumors by activating the body’s immune response with TAA,
TSA and immune factors, the assembly of nanomaterials
protects immune components from the internal environment
and automatically target tumor-specific T cells to activate a
specific immune response (van der Burg et al., 2016). Recently,
TSA-containing nanovaccines were designed to produce more
tumor-specific cytotoxic T lymphocytes and stronger immune
responses in vivo compared to vaccines without nanomaterials
(Kuai et al., 2017). Moreover, the combination of this vaccine
with immune checkpoint inhibitors exhibited a synergistic
suppressive effect on tumor recurrence (Kuai et al., 2017).
While conventional ACT requires isolation of immune cells
from the organism, nanoscaffolds are able to recruit and enrich
immune cells in vivo. Poelaert et al. developed an immune cell
chemotactic agent CC motif chemokine ligand 21 (CCL21)
from injectable, sustained-release and optimally loaded
alginate nanoformulation, which significantly prolonged the
survival, reduced tumor growth and improved immune and
therapeutic efficacy compared with CCL21 alone (Poelaert
et al., 2020).
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Scientifically advance studies have confirmed that individual
immune status is inevitably affected by multiple therapeutic
options while exerting therapeutic effects. For this reason, the
combination of multimodal therapies with immunotherapy is
emerging as a feasible treatment option for NB. Undoubtedly, the
development of nano-agents enriches these therapeutic strategies.
For example, radiotherapy-induced release of inflammatory
factors and TAA from in situ tumors will trigger tumor-
specific  immune responses. Thus, radiotherapy and
immunotherapy may synergistically exert systemic antitumor
effect (Kwong et al., 2011). Nanoparticles capturing TSA have
been reported to strengthen the effect of radiotherapy and their
abscopal effect while combining with radiotherapy. Juliana et al.
demonstrated that combination of PTT with nanomaterials
containing immune adjuvant and CTLA-4 monoclonal
antibody improved T-cell levels and inhibited tumor growth in
NB mice, while exerting a memory effect to suppress tumor
recurrence, with superior therapeutic efficacy than CTLA-4
monoclonal antibody or PTT therapy alone (Cano-Mejia et al.,
2017). They showed in their mouse model of TH-MYCN gene-
driven malignant NB that PTT therapy with PBNP coated with
the immune adjuvant CpG oligonucleotide (CpG-PBNP-PTT)

was effective in regressing mouse tumors, improving survival
time and activating t cell-mediated systemic immune responses
(Figure 6A) (Shukla et al,, 2021). Similarly, combining CpG-
PBNP with anti-CTLA-4 immunotherapy can not only cause
ablative cell death, but also alter the surface levels of co-
stimulatory, antigen-presenting, and co-inhibitory molecules
on NB cells (Cano-Mejia et al., 2020). Mechanistically, they
elucidated that a series of thermal doses administered to
NB cells using Prussian blue PBNP-based PTT (PBNP-PT)
upregulated immunogenicity-related markers and enhanced
the toxic killing effect of T cells on NB cells (Figure 6B)
(Sekhri et al, 2022). The organic combination of
nanotechnology-based therapies with immunotherapy will fully
engage the complementary advantages of multiple therapies.

Nanotechnology and Gene Therapy

Gene therapy as a novel oncology treatment has become a
research hotspot in biomedicine. Currently, one of the serious
challenges in gene therapy research is the issue of vehicle system
(Whittle et al., 2017). Transfer vehicles applied for gene therapy
include antisense nucleic acids, cationic polymers, plasmid DNA
and recombinant viral vectors (Roy et al., 2005; Ullah et al., 2021).
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However, antisense nucleic acids and plasmid DNA are
inefficiently transferred and susceptible to degradation by
nucleases, while viral vectors are defective in terms of safety
and immunogenicity. Therefore, it seems crucial to develop new
safe and efficient gene therapy vector systems. In addition, the
target gene involved in the gene therapy should ideally be tumor
cell-specific, otherwise some toxic effects or other concerns can be
inducted. With the rapid development of nanobiotechnology, the
emergence of a new non-viral vector system, the nanogene vector
system, has brought new vitality to gene therapy in NB. It has the
advantages of lower immunogenicity, larger capacity, better
protection of DNA fragments, higher transfection rate and
lower cytotoxicity compared to viral vectors (Roy et al., 2005).

Using nanotechnology not only improves transfection
efficiency, but also confers properties that make the vector
more suitable for transporting exogenous genes, such as
resistance to lysosomal enzymes and DNAases. In addition, it
features the advantages of being easy to produce and inexpensive.
Integration of nanobiotechnology and gene therapy manifests
favorable application prospects. Yoshida S et al. used antisense
oligonucleotides (ASO) and superparamagnetic iron oxide
(SPIO) NPs as the delivery vehicles for the transcriptional
regulator MAX dimeric protein 3 (MXD3) (Yoshida et al,
2020). Under the treatment of MXD3 ASO-SPIO NP complex,
MXD3 expression was down-regulated and apoptosis was
significantly induced in NB cells. Miguel et al. identified
D-lysine polymer as an effective gene delivery vehicle and
could be used as a synthetic cell-penetrating peptide for gene
therapy in the SH-SY5Y cell (Sanchez-Martos et al., 2021).
Another study found that rabies virus glycoprotein peptide-
modified poly D, L-lactide-co-glycolide NPs could specifically
target NB in vitro and in vivo and significantly inhibited tumor
growth in a mouse model (Lee et al., 2016b). In addition, a novel
pH-sensitive liposomal nanocarrier quatsomes (QS) platform has
been reported to deliver RNA in vivo and in vitro (Boloix et al.,
2022). QS-miRNA complexes are well tolerated and enable
subcutaneous NB xenografts and have a potential for the
treatment of high-risk NB or other cancers.

Nanotechnology and Induction of
Differentiation

Differentiation therapy aims to trigger an irreversible mature
transformation of cancer cell phenotype with minimal cellular
damage and to promote maturation of cancer cells, and is an
alternative to conventional chemotherapy and radiotherapy as an
important anti-cancer option (Yan and Liu, 2016; de Thé, 2018).
Clinical observations have shown that spontaneous regression or
differentiation occurs in a few cases of NB tissues (even with
MYCN expression) without systemic treatment (Nakagawara
et al.,, 2018). Therefore, it is believed that induction of mature
differentiation and reversal of the malignant phenotype of tumor
cells may have more favorable predispositions for NB than killing
the tumor cells directly.

Studies have found that differentiation-induced substances for
NB include 13-cis-retinoic acid (RA), y-interferon, dibutyl cyclic
adenosine monophosphate, sodium phenylacetate, insulin-like

Nanotechnology-Based Stratage for Neuroblastoma

growth factor, nerve growth factor and glial cell-derived
neurotrophic factor in vitro, among which RA is the most
studied (Reynolds et al., 1991). The differentiation of tumor
cells into normal tissue cells is modulated by genetic factors,
nutritional conditions and chemical substances. However, regular
administration of RA may produce toxic effects such as liver
toxicity, skin chafing, and gastrointestinal damage (Canoén et al.,
2004). With the in-depth research on nanomedicines,
nanomaterials are able to increase the stability of tumor
differentiation-inducing therapeutics, improve their targeting
and ability to induce cell differentiation, and reduce the
adverse effects associated with differentiation therapy.

The restoration of normal function or differentiated
phenotype of tumor cells is associated with tumor suppressor
function. It has been shown that silver NPs (AgNPs) induce
neuronal differentiation by modulating reactive oxygen species,
phosphatase and kinase signaling pathways in NB cell (Abdal
Dayem et al., 2018). Furthermore, AgNPs-coated carriers serve as
excellent drug targeting agents, and significantly promote neurite
outgrowth (Abdal Dayem et al., 2018). Another study showed
that graphene and graphene-associated nanomaterials exhibit
biocompatibility with various cell lines and can be used as
scaffolding agents to sustain cell attachment and induce
proliferation and differentiation. Graphene oxide significantly
promotes the differentiation efficiency of RA on NB cell by
enhancing the expression of microtubule-associated protein 2
(Yeasmin et al,, 2017). In a recent study, nanocomposite made of
core-shelled topological insulator bismuth selenide NPs (Bi2Se3
NP) with silver (Ag@Bi2Se3) has been found to exhibit superior
biocompatibility and plasmonic properties versus Ag NPs alone
(Figure 7) (Mohammadniaei et al., 2019). Furthermore, they
innovatively linked Ag@Bi2Se3 to cell-permeable RNA and
fluoro-label with a newly developed RNA three-way junction
(3W]) structure to guide the gradual release of RA within the cell
membrane. Remarkably, this designed nano-biohybrid material
overcomes the long-plagued hydrophobic challenge of RA by
conjugating RA to RNA strands (RA/R), while showing potent
suppression of NB cell growth through differentiation induction.
Together, these studies suggest that nanomaterial-based
technologies may benefit the differentiation of NB cells
through regulating intracellular oxidative homeostasis,
activation of kinase signaling pathways, and solubility of
differentiation inducers, thus potentially providing a new
perspective for future NB therapy.

Nanotechnology and Tumor Extracellular
Matrix Remodeling (ECM)

The tumor microenvironment (TME) represents the internal and
external environment surrounding the tumor cells, which
includes not only diverse functional cells but also some
supportive noncellular components such as secreted signaling
molecules and ECM (Ho et al,, 2020; Ganguly et al., 2022; Saw
et al., 2022). As an essential component of TME, the ECM is
known to be a dense network with structural proteins, bridging
proteins, proteoglycans and enzymes that mainly provide
biochemical and structural support for tumorigenesis and
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progression (Ho et al., 2020; Gonzalez-Molina et al., 2022; Jiang
et al, 2022). Various chemokines, inflammatory factors,
cytokines and growth factors secreted from TME-associated
inflammatory cells or stromal cells collectively constitute a
dynamic microhabitat possessing diverse functional states
through crosstalk with the ECM (Wohlrab et al.,, 2014; Zhou
et al, 2021). The aberrantly overexpressed ECM components in
TME appear to be associated with stronger pro-invasive, pro-
metastatic and pro-proliferative capacities of NB. Besides, an
overly dense ECM tends to form a natural barrier that prevents
cancer cells from accessing chemotherapeutics and immune cells,
thus limiting the efficacy of endogenous and exogenous
interference approaches against tumors to some extent
(Burgos-Panadero et al., 2021). Given the oncogenic effect of
abnormally high ECM expression, disturbing the interaction
between ECM components and tumor cells becomes a
powerful and reliable strategy for NB. However, most of the
ECM-based drugs, including hyaluronidase, collagenase and
proteolytic enzymes, are not applicable for oncology treatment,
mainly due to their adverse effects such as short serum half-life,
loss of function and insufficient accumulation in tumor area
(Burgos-Panadero et al., 2021). The combination therapy of NPs
with such drugs has emerged as one of the effective solutions to
these problems. The matrix glycoprotein vitronectin contributes
to the metastatic progression of tumors as an important mediator

of crosstalk between ECM and tumor cells (Burgos-Panadero
et al,, 2019). Based on this, a high-affinity cyclic pentapeptide av
integrin antagonist, cilengitide, was employed to specifically
target vitronectin for ECM disruption, and its combination
with etoposide-loaded NPs more effectively enhanced the
cytokilling effect on high-risk NB cell lines (Burgos-Panadero
et al, 2021). Although nanomaterial-based ECM-targeting
therapy has not been widely reported to be used for the
diagnosis or treatment of NB, increasing research findings
indicate that it will be one of the key directions for future research.

DEVELOPMENT AND APPLICATION OF
NANOFORMULATIONS FOR SEVERAL
PROMISING THERAPEUTIC TARGETS IN
NEUROBLASTOMA

Tumor-targeted therapy refers to the means of selectively killing
tumor cells through targeting specific sites or targets of tumors
without harming normal tissues, and is classified into organ-
targeted therapy and molecular-targeted therapy (Rossler et al.,
2008). The former mainly involves the treatments for certain
diseased organs, such as targeted aggregation radiotherapy. The
latter refers to the development of therapeutic agents targeting
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TABLE 3 | Summary of nanocomposite applications of potential targets available for NB diagnosis or therapy.

Target Function Formulations Nanocarrier Observed effects Assays Ref.
GD2 Promoted neural differentiation, |IGD-Targeted DNA Selective delivery of Dox to GD2- Invitro and  Zhang et al.
repair, invasion and nanomedicine positive NB tumor cells in vivo (20214a)
immunosuppression. Self-assembly of aptamers DNA Specifically Knockdown of MYCN  Invitro and ~ Zhang et al.
DB99 and MYCN-siRNA nanomedicine and release of Dox in GD2- in vivo (2021b)
and Dox positive NB cells
Gold NPs conjugated to anti- ~ Gold NPs Enhanced both CT imaging and  In vitro Jiao et al.
GD2 antibody HGNPs, NK cell-mediated cancer cell (2016)
killing
MYCN  Promoted tumorigenesis and Folate-nanoliposome Folate- Pro-apoptotic effect In vitro Zhu et al.
malignant progression of NB entrapped MYCN siRNA nanoliposome (2013)
ALK Induced cellular overproliferation and ~ TL-ALK-siRNA Anti-GD2-targeted  Antitumor activity In vitro and  Di Paolo et al.
the development of NB liposomes in vivo (2011)
VEGF Angiogenesis and tumorigenesis SiO2@LDH-Bev-DOX SiO2@LDH- Antitumor and anti-angiogenesis  Invitroand  Zhu et al.
of NB Bev NPs efficiency in vivo (2017)
NCAM  Mediated tumor cell metastasis PG-NTP-PTX-PEG Dendritic Inhibited the migration of In vitro and  Vossen et al.
polyglycerol proliferating endothelial cells in vivo (2018)
PGA-PTX-NTP Polyglutamic acid Inhibited tumor growth In vitro and  Markovsky
in vivo et al. (2017)
some identified carcinogenic targets such as protein molecules or targetability (Mount et al, 2018). Nevertheless, GD2 is also

gene fragments in tumor cells, such as HER2, EGFR, and GD2
(Tian et al., 2015; Tian et al., 2017; Anderson et al., 2022). Carriers
are essential components for achieving targeted therapy through
improving the metabolic kinetic properties of drugs, increasing
drug enrichment within tumor cells and tissues, enhancing
therapeutic efficacy and minimizing unwanted side effects
(Markovsky et al., 2017). Commonly utilized drug-assisted
carrier systems include macromolecular delivery systems,
particulate delivery systems, magnetically guided formulations
and multi-targeting vectors (Jiao et al., 2011). Nanomedicine
vectors allow to reduce or eliminate the effects of acids, bases, salts
and other biochemical factors in body fluids on the drug
encapsulated in the vector and prevent the drug from being
completely metabolized before reaching the target site. In
addition, nanomedicine carriers with large surface area and
high interfacial activity avoid recognition and phagocytosis by
the immune system, thus overcoming the “biological barrier” and
enabling targeted drug delivery in vivo (Jiao et al., 2011). Notably,
nanocarriers for drug delivery are required to be both readily
absorbable and degradable in the biological environment and be
biocompatible, non-cytotoxic and stable in the bloodstream
(Aleassa et al., 2015). Since the research on NB targets-based
nanodrug has been well reported, it is necessary to summarize
them accordingly (Table 3).

GD2, a dialdehyde glycoside, is poorly expressed in tissues
such as the cerebellum and peripheral nerves whereas abundantly
expressed in neuroendocrine system-derived tumors, rendering
monoclonal antibodies designed against GD2 an effective strategy
for the diagnosis and treatment of multiple neurological tumors
(Sait and Modak, 2017; Pastorino et al., 2019; Rodriguez-Nogales
et al., 2019). Notably, GD2 is expressed on the cell surface of
almost all types of primary NB, thus it seems to be one of the most
desirable targets for NB-targeted therapy (Schulz et al., 1984;
Matthay, 2018). Furthermore, unlike other tumor antigens, GD2
expression is maintained on the surface of NB cell even during
treatment, which provides another strong evidence for its

found to be expressed in certain normal tissue cells such as
peripheral neurons and CNS neurons, which causes some
difficulties for anti-GD2 therapy (Yu et al, 2020). Currently,
the GD2 monoclonal antibodies are unable to distinguish GD2-
expressing normal cells from tumor cells, which would cause
indiscriminate damage to both tumor and normal cells.
Therefore, the exploration of new strategies for targeting GD2
exclusively in NB cells will be the primary issue to improve the
safety and efficacy of anti-GD2 therapy. Zhang L et al
constructed IGD-Target, a PH-sensitive switchable drug
delivery system based on GD2 inducers and i-motif elements,
was able to specifically target and arrest the growth of GD2-
expressing tumor cells without affecting surrounding normal
cells. This formulation greatly enhanced the targetability for
GD2 and reduced the adverse effects of anti-GD2 therapy
(Zhang et al.,, 2021a). Moreover, they have developed a GD2
aptamer (DB99)-mediated multifunctional nanomedicine
(ANM) with high efficiency, precision and biocompatibility
for chemotherapy and gene therapy in NB (Zhang et al,
2021b). ANM is composed of synthetic aptamer DB99 and
NB-specific MYCN-siRNA reloaded with the
chemotherapeutic agent DOX for intracellular delivery and
release of DOX (Zhang et al., 2021b). ANM was proven to
selectively repress tumor cell growth with fewer side effects on
normal tissues, greatly prolonging survival by specifically
targeting GD2-positive tumor sites. Given the ubiquitously
expression of GD2 in NB cells, nanodiagnostic enhancers
based on GD2 have also been exploited for NB imaging.
The gold NPs (GNPs) conjugated with tumor-targeting
anti-GD2 antibodies, or HGNPs can specifically augment
CT imaging while simultaneously stimulate NK cell-
mediated killing of NB cells, which exerts a dual role of
activating innate cytoimmune responses and potentiating
imaging (Jiao et al, 2016). All of these suggest that
GD2 aptamer-mediated targeted drug delivery systems will
have promising applications in the precise treatment of NB.
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MYCN gene amplification occurs in approximately 20-25% of
NB patients and is typically associated with a poor prognosis for
high-risk disease (Floros et al., 2021; Putra et al., 2021). Although
MYCN performs critical role in the malignant phenotype of
NB cells, it is extremely difficult to be targeted directly (Otto
et al., 2009; Braoudaki et al., 2021). Current treatments for MYCN
amplification are mainly indirect targeting strategies involve in
manipulating its transcription, translation, protein stability and
target gene transcription (Rickman et al., 2018; Ommer et al,
2020; Wang et al, 2022b). However, the development and
application of nanomaterials for MYCN in NB therapy
remains largely unknown. Based on the overexpression of
folate receptors on the surface of neuroblastoma cells, folate
nanoliposome delivery system, a low-toxic and high specificity
nanomaterial, was utilized for encapsulating MYCN-siRNA to
achieve MYCN-specific interference in tumor tissues and
promotion of cell apoptosis (Zhu et al., 2013).

Vascular endothelial growth factor (VEGF), a heparin-
binding growth factor specific for vascular endothelium, is
an essential factor in angiogenesis in vivo (Rodriguez-Nogales
et al., 2019). The application of nanoformulations targeted to
VEGEF for NB therapy is also not an inappropriate therapeutic
option. Indeed, selective binding of bevacizumab to VEGF
proteins coupled with SiO2-layered dihydroxane DOX-loaded
nanocomposites for NB treatment significantly improved
DOX cellular uptake and targeting delivery efficiency,
inhibited tumor cell angiogenesis, reduced side effects of
DOX, and inhibited VEGF-mediated angiogenesis and
tumorigenesis (Zhu et al., 2017).

Neural cell adhesion molecule (NCAM) overexpressed in
tumor initiating cells and tumor endothelial cells is also
considered as a meaningful therapeutic target for NB
(Wachowiak et al, 2008; Vossen et al, 2018). A new
polyglutamic acid-PTX-NCAM Targeting Peptide (PGA-PTX-
NTP) conjugate was developed and evaluated experimentally in
neuroblastoma in vivo, and showed improvement in the NCAM-
targeted tumor cell killing rate, prolonged drug action time and
reduction of toxic effects (Kiselyov et al., 2009; Markovsky et al.,
2017). Subsequently, a PG conjugate of polyethylene glycolated
NCAM-targeted dendritic polyglycerol (PG) with PTX and
NCAM-targeted peptide (NTP) (PG-NTP-PTX-PEG) was
further developed to effectively suppress tumor angiogenesis
(Vossen et al., 2018).

Anaplastic lymphoma kinase (ALK) has been identified as
an oncogenic driver in several cancers especially in NB and is
considered a critical contributor for tumorigenesis and a
promising therapeutic target of NB (Frentzel et al., 2017; Li
et al., 2021a). It has been reported that the novel ALK
inhibitor X-396 in combination with an ALK-siRNA
carrying targeted liposomes (TL-ALK-siRNA) exhibited
superior drug bioavailability, moderate half-life, elevated
plasma concentrations, and significantly prolonged lifespan
in NB mice regardless of ALK gene mutation status (Di Paolo
et al., 2011). More researches on new targets and
corresponding potential nanocarriers are expected to
further promote the advancement of NB targeted agents in
the future.

Nanotechnology-Based Stratage for Neuroblastoma

BIOCOMPATIBILITY AND SAFETY OF
NANOMATERIALS

Although numerous studies have confirmed that the emerging of
nanomaterials has indeed facilitated the targeted diagnosis and
treatment of various tumors, it is not easy to give a definite answer
to the ambitious issue of biocompatibility and safety of
nanomaterials. In this section, we will discuss the
opportunities and challenges of nanomaterials, which are
highly utilized and have achieved some breakthroughs in NB
diagnosis and therapy, such as Gold NPs and AgNPs.

Noble metal NPs have attracted a lot of interest in cancer
research owing to their unique optical properties and good
biocompatibility (Zhao et al., 2022). Combining noble metal-
based nanotechnology with diagnostic methods and therapies
(from traditional radiotherapy to emerging immunotherapy) has
improved the accuracy and efficiency of cancer diagnosis and
treatment (Jiao et al., 2016; Mohammadniaei et al., 2019; Zhan
et al.,, 2021). Gold NPs are the most frequently utilized noble
metal NPs in tumor diagnosis and treatment due to their unique
radiosensitizing properties, good biocompatibility, and relatively
low toxicity (Boisselier and Astruc, 2009; Kovacs et al., 2022; Li
et al,, 2022). Studies have also shown that GNPs may possess
certain targeting properties, as demonstrated by the fact that
GNPs selectively act on heparin-binding proteins, such as EGFR
and VEGFR-2 (Mukherjee et al., 2005; Huang et al., 2021; Zhao
et al,, 2022). In addition, it improves the precise delivery and
bioavailability of drugs by covalently and non-covalently binding
and transporting drug molecules (Kim et al., 2012; Ren et al,
2021). Currently, numerous in vitro and ex vivo studies have
almost demonstrated that the core components of AuNP do not
possess significant biological toxicity, but their coating stabilizers,
such as cetyltrimethylammonium bromide (CTAB), may present
a risk of toxic effects on the organism (Li et al., 2014; Zhao et al,,
2022). Moreover, the inherent physical properties of AuNPs also
affect their safety, such as particle size and oxidation state (Li
etal,, 2014; Zhao et al., 2022). It is generally believed that the core
of AuNPs larger than 5 nm behaves more inert, while the surface
of AuNPs smaller than 2nm shows an unusual chemical
reactivity. For example, AuNPs with a diameter of 1.4 nm
produced significant cytotoxicity by inducing oxidative stress
and mitochondrial damage (Pan et al., 2009). Toxicity studies
of citrate-capped AuNPs in mice by Chen et al. showed that small
(3-5 nm) and large AuNPs (30 and 100 nm) were not toxic, while
medium-sized AuNPs (8, 12, 17 and 37 nm) caused severe toxic
effects (Chen et al., 2009). The high exposure of surface areas of
anisotropic AuNPs poses a more serious toxicity risk due to
oxidation than anisotropic AuNPs (Zhao et al., 2022). Therefore,
it remains doubtful whether the results of in vitro cellular
experiments could be translated equally to in vivo and clinical
applications in the future. Initially silver NPs were used as
antimicrobial agents due to their cytotoxicity (Pandcek et al,
2018). It was subsequently proved to kill tumor cells through
inducing cellular oxidative stress and affecting mitochondrial
membrane stability in vivo and in vitro experiments (Cao
et al., 2022; Ren et al,, 2022; Skéra et al., 2022). As a result,
silver nanomaterials have become a hot research topic in tumor
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therapy. However, after all, silver ions are highly cytotoxic as
heavy metals and are prone to undesired toxic effects (Choudhary
etal., 2022). Moreover, similar to gold nanoparticles, the size and
oxidation properties of silver nanoparticles also determine their
cytotoxicity (Soenen et al., 2015).

Although, the application of NPs has effectively overcome the
shortcomings of conventional oncology diagnosis and therapy,
nanomaterial-based cancer treatment still faces many challenges.
For example, when contrast agents in lipid therapeutic
nanomedicines interact with biological materials due to their
incompatibility or potential toxicity, adverse reactions such as
inflammation, immune response or related diseases in the
organism will occur (Dilnawaz et al, 2018; Bukhari et al,
2021). Superparamagnetic Fe304 NPs were once considered to
be relatively inert carriers for therapeutic and diagnostic drugs.
However, one study found that intravenous injection of Fe304
NPs induced inflammatory responses, cytotoxic damage and
respiratory toxicity in mice (Hurbankova et al, 2017).
Encouragingly, the biosafety of PBNPs has been evaluated in
normal and cancer cell lines as well as in animal models (Busquets
and Estelrich, 2020). It has been demonstrated that PBNPs do not
cause significant organ damage or abnormalities in heart, liver,
spleen, lungs and kidneys in mice (Fu et al., 2014; Zhao et al,,
2018). Importantly, PBNPs exhibit good biocompatibility in
humans, as demonstrated by their long-term presence in
human serum  without causing significant  toxicity
(Shokouhimehr et al., 2010; Montiel Schneider et al., 2018).
Most current studies have focused only on the efficacy of
nanomaterials in vitro and in vivo, while the observation of
their resulting toxic effects is often neglected. In-depth study
of their toxicological mechanisms is essential. The current NPs
should be continuously improved accordingly based on the
mechanism, so as to maximize their -effectiveness and
minimize the toxic effects.

CONCLUSION AND FUTURE DIRECTIONS

NB is a highly heterogeneous tumor with multiple non-specific
clinical manifestations, and its prognosis is determined by
multiple factors such as the patients’ age and histological and
biological characteristics of the tumor. Despite the growing
maturity of the current NB diagnostic technology combined
with various approaches, it still needs to be improved in terms
of enhancing the diagnostic accuracy and simplifying the
diagnostic method. Therapies available for NB have been
developed, ranging from traditional chemoradiotherapy to
the latest advances such as immunotherapy and gene
therapy. While optimization of these treatments has
improved the prognosis and outcome for the majority of
patients, it remains incurable in approximately half of cases
with high-risk NB.

In this review, we summarized the development and
application of nanoformulations based on the existing
potential therapeutic or diagnostic targets of NB. As most
of the results are obtained from the preclinical study, there is

Nanotechnology-Based Stratage for Neuroblastoma

still a lack of sufficient clinical trials for validation. Excitingly,
nanotechnology has been widely studied in the field of NB
diagnosis and treatment due to its excellent performance in
many aspects, thus presenting an opportunity to resolve the
difficulties in the traditional diagnosis and treatment of NB.
Yet, as an emerging technology, nanotechnology remains to
be further optimized to accommodate current clinical needs in
terms of the shortcomings in material preparation, biosafety,
toxicity, analytical methods and mechanical investigations.
Furthermore, nanomedicine-based chemotherapy integrated
with other therapeutic modalities such as PDT and
immunotherapy have shown synergistically enhanced anti-
cancer effects. In addition to traditional therapeutic
approaches, novel approaches focusing on the suppression
of NB cell growth and malignant phenotype based on
programmed cell death are ongoing directions in
nanomedicine, such as ferroptosis induction (Zafar et al,

2021). Furthermore, some researchers achieved drug
loading and transport by effectively utilizing the
physiological conditions of the organism itself as

biocompatible carriers for the purpose of certain tumor
treatment, such as red blood cells (RBCs) (Li et al., 2021b;
Wu et al, 2021). Most of the previous studies on the
application of nanomaterials in NB diagnostics and
therapeutics are mainly conducted through cellular and
animal experiments, and more efforts are required to
accomplish the clinical translation of these scientific
findings. We believe that the advancement of nanomedicine
will definitely provide an unprecedented opportunity for
clinically precise treatment of NB patients in the future,
such as tumor-specific targeting, favorable biocompatibility
and an ease in functionalization. More importantly, a number
of nanomedicines have been approved for clinical trials or
launched for clinical application. It is believed that
nanomedicine will bring a brighter perspective for the
diagnosis and therapy of NB with a rapid and enormous
advancement in the coming future.
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Oral administration of pH sensitive/stimuli responsive nanoparticles are gaining importance
because of the limited side effects, minimum dose and controlled drug release. The
objective of this study was to develop and evaluate pH sensitive polymeric nanoparticles
for methotrexate with the aim to maximize the drug release at target site. In the presented
study, pH sensitive polymeric nanoparticles of methotrexate were developed through
modified solvent evaporation technique using polymer Eudragit S100. Different process
parameters like drug to polymer ratio, speed of sonication, concentration of surfactant and
time of sonication were optimized by evaluating their effects on particle size, PDI, zeta
potential, entrapment/encapsulation efficiency. The developed formulations were
evaluated for their size, polydispersity (PDI), zeta potential, encapsulation efficiency,
XRD, scanning electron microscopy, in-vitro drug release and stability studies. Best
results were obtained with poloxamer-407 and PVA and were selected as surfactants.
Physicochemical characterization of the developed formulations showed that the particle
size lies in the range 165.7 + 1.85-330.4 + 4.19, PDI 0.119 + 0.02-0.235 + 0.008, zeta
potential —0.163 + 0.11—-5.64 + 0.36 mV, and encapsulation efficiency more than 61%.
The results of scanning electron microscopy revealed that nanoparticles have regular
geometry with spherical shape. Initially the drug release occur through diffusion followed by
erosion. The present studies showed that MTX-ES100 nanoparticles prepared during this
study have the desired physicochemical properties, surface morphology and release
characteristics used to target the desired organs.

Keywords: Eudragit, methotrexate, targeted drug delivery, polymeric nanoparticles, solvent evaporation method
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1 INTRODUCTION

Drug administration by oral route is the most ideal owing to its
simplicity, convenience, minimal pain and suitability, especially for
chronic therapy (Sarmad et al, 2021). It is expected to solve the
noncompliance-related problems associated with injections and other
aggressive dosage forms (Benish et al, 2021). In addition, oral
formulations have unique advantages for both physicians and
industry, such as flexible dosing schedules, less demands on staff,
reduced costs through less hospital or clinic visits, and less expensive
production costs (Sharma et al., 2016; Amjad, 2019). However, orally
delivered drugs are exposed to extreme conditions and variable pH
throughout the GIT which can adversely affect drug absorption. Some
drugs like peptides and protein, may be degraded by digestive
enzymes (Late et al, 2009) and by variation in pH of the
gastrointestinal (GI) tract. In GIT the pH varies from highly acidic
in the stomach (pH 1-3) to neutral or slightly alkaline in the
duodenum (pH 6) and along the jejunum and ileum (pH 6-7.5)
(Hadi et al,, 2012; Amjad et al,, 2016) and can result in hydrolysis,
oxidation or de-amidation of protein. The intestinal epithelium is also
a barrier to the absorption of hydrophilic macromolecules such as
peptide, proteins, nucleic acids, and polysaccharides due to their
hydrophilicity and high molecular weight, which makes it difficult to
across the cell membranes (Hazal et al,, 2021). Due to possibility of
low bioavailability after oral administration of many drugs, such as
proteins, it has become a challenge to achieve consistent and adequate
bioavailability for their oral administration (Dilpreet, 2021). Of varied
methods for overcoming the barriers, pH triggered release
mechanisms are extensively used in oral administration. The pH-
responsive carriers for oral drug delivery have been proven to enhance
the stability of drug delivery in stomach and achieve controlled release
in intestines. A pH-responsive and colon-specific capsule which is
potential to be used as a reliable carrier for colon-specific drug delivery
has been reported (Bohrey et al,, 2016).

Polymeric nanoparticles (NPs) have been extensively studied
for oral delivery as it can protect encapsulated drugs from the low
pH environment, drug efflux pumps, and enzymatic degradation.
Recently, through cellular targeting with surface-functionalized
ligands, transepithelial transport, and greater gastric retention,
pH-responsive mechanisms have been included in novel
nanomedicines to improve systemic exposure. One widespread
approach to realize organ-specific drug release is to prepare NPs
that exhibit pH-responsive swelling. For instance, when using
acrylic-based polymers (e.g., PMAA), NPs retain a hydrophobic,
collapsed state in the stomach because of carboxyl protonation.
After moving though gastric passage, increasing pH results in
NPs swelling due to the ionization of carboxyl groups and
hydrogen bond breakage (Madani et al., 2018).

Eudragits, is poly(methacrylic acid-co-methyl acrylate)
copolymers, and is widely used in formulation of pH-
responsive NPs. Depending upon their solubility, Eudragit are
classified as;

e Eudragit E100: Eudragit E100 is a cationic copolymer which
dissolves in stomach,

e Eudragit S100: Eudragit S100 is an anionic copolymers and
dissolves at pH4.5

Eudragit Based Polymeric Nano-Pharmaceuticals of Methotrexate

e Eudragit L100: Eudragit L100 is an anionic copolymers
which dissolves at pH7

Due to variability in their solubility at different pH eudragit
can be used in formulation of pH responsive drug delivery system
for oral administration (Yoo et al., 2011). Objective of the study
was to develop pH responsive, colon targeted drug delivery
system for oral administration of anti-cancer drug
(methotrexate). In the present study, Eudragit S100 based
nanoparticles were prepared by solvent evaporation technique
and evaluated for various quality control parameters and pH
dependent drug release.

2 MATERIALS AND METHODS

2.1 Materials and Solvents

Methotrexate (purity >99.9%) (Huzhou Zhanwang Pharma Co.,
Ltd., China), Eudragit® S100 (Evonik, Germany), Poloxamer-407
(Sigma-Aldrich), Poloxamer-407 (POL) (Merck, Germany), Cetyl
Trimethyl Ammonium Bromide (CTAB) (Merck, Germany), Poy
vinyl alcohol (PVA)Sigma-Aldrich, Sodium Bicarbonate (Fluka)
(purity 99.95%), Sodium dodecyl sulphate (SDS) (Sigma-Aldrich),
Sodium Chloride (NaCl), Dialysis Tubing (Size 6 Inf, Dia “27/32,”
21.5mm; 30M) (Sigma-Aldrich) (MWCO: 12-14kDa),
Potassium Chloride (KCI) (Scharlau Chemie Spain), (Na,HPO,)
Disodium Hydrogen Phosphate (Scharlau Chemie Spain),
(KH,PO,) Potassium Di-hydrogen Phosphate (Sigma-Aldrich).

2.2 Preparation of Drug Loaded Polymeric

Nanoparticles

Polymeric nanoparticles of methotrexate were formulated by
modified emulsion solvent evaporation technique (Nasef et al.,
2015). Different stabilizers like POL, cetyl trimethyl ammonium
bromide, polyvinyl alcohol and sodium dodecyl sulphate (SDS)
were used in different concentrations (0.5%, 0.25%, and
0.125%). The solutions of surfactant were formed by
solubilizing in distilled water and used constant volume
(10 ml) of solutions of different concentrations. Both the
drug and polymer (Eudragit) were dissolved in methanol
(5ml) and an aliquot (5 ml) was added dropwise to aqueous
solution of surfactant (10 ml) under continuous magnetic
stirring. After complete addition of organic phase, the
resulting mixture was subjected to sonication at 99%
amplitude for 3 min with the help of probe sonicator
(Soniprep, 150 instruments; Sanyo, United Kingdom) fitted
with exponential microprobe, having an end diameter of
3 mm. The resultant emulsion was then stirred at low speed
with magnetic stirrer in order to remove organic solvents
completely and centrifuged at 15,000 rpm for 30 min at 4°C
to collect the drug loaded nanoparticles. The obtained
nanoparticles were washed three times with double distilled
water and lyophilized. Figure 1 shows schematic presentation of
the process of preparation of methotrexate loaded polymeric
nanoparticles while detailed composition of different
formulations is presented in Table 1.

Frontiers in Pharmacology | www.frontiersin.org

n

June 2022 | Volume 13 | Article 911771


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Ullah et al.

Eudragit Based Polymeric Nano-Pharmaceuticals of Methotrexate

Drug+Polymer are
dissolved in organic
phase

Drug and polymers
solution was added
dropwise with the help of
a syringe into aqueous
phase with slow magnetic
stirring

Evaporation of organic
by slow magnetic stirring

FIGURE 1 | Schematic presentation of the process of preparation of methotrexate loaded polymeric nanoparticles.
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2.3 Optimization of Process Variables
Different formulation and process variables like polymer

concentration, surfactant concentration, type of surfactant,
time of sonication, amplitude of sonication and drug
concentration were then optimized for nanoparticles.

For optimization of polymer quantity, different drug to
polymer ratios (10, 20, and 30 mg) were studied and their
effect on results was evaluated. Different surfactant (POL,
PVA, SDS, and CTAB) were tested for emulsification and the
selected surfactant was studied at different concentrations
(0.125%, 0.25%, and 0.5% w/v) to get the optimal results.

Emulsification was performed at different homogenization
speeds (60%, 80%, and 99%) and effect on characteristics of
the droplets were evaluated. Similarly, sonication time was varied
between 1-6 min and its effect was evaluated.

To optimize the effect of amount of drug in the nanoparticles,
variable amount of drug (2-6 mg) was added to the organic phase
and its effect on encapsulation efficiency and other characteristics
was evaluated. Details of optimization parameters are mentioned
in Table 2.

2.4 Characterization of Polymeric

Nanoparticles of Methotrexate

2.4.1 Measurement of Particle Size and
Polydispersibility Index

The nanoparticles size and PDI was evaluated through dynamic
light scattering technique by means of Zeta Sizer (Zeta sizer
Nano, ZS-90; Malvern Instruments Ltd., United Kingdom). The
distilled water was added to the dispersion of nanoparticles when
required. The nanoparticles were analyzed at scattering angle of
90° at room temperature (Nasef et al., 2015). The size of particles
and PDI was determined through Malvern software. All the
values were calculated three times and their mean and
standard deviation were calculated.

2.4.2 Measurement of Zeta Potential

Laser Doppler Micro-electrophoresis method was utilized for
determining the zeta potential of nanoparticles utilizing Zeta
Sizer Nano. Readings were taken three times and their mean and
SD determined.
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TABLE 1 | Composition of methotrexate nanoparticles prepared by using Eudragit S100.

Code Drug (mg) Eudragit S100 (mg) Polaxamer 407 (%) (10ml) PVA (%) (10ml)
MSX1 2 10 0.50 -
MSX2 2 10 0.25 —
MSX3 2 10 0.125 -
MSX4 2 20 0.50 —
MSX5 2 20 0.25 -
MSX6 2 20 0.125 -
MSX7 2 30 0.50 —
MSX8 2 30 0.25 -
MSX9 2 30 0.125 —
MSP1 2 10 - 0.50
MSP2 2 10 — 0.25
MSP3 2 10 - 0.125
MSP4 2 20 — 0.50
MSP5 2 20 - 0.25
MSP6 2 20 - 0.125
MSP7 2 30 - 0.50
MSP8 2 30 - 0.25
MSP9 2 30 — 0.125
All formulations are prepared at 25°C and 99% sonication speed.
TABLE 2 | Effect of process variables on particle size and encapsulation efficiency of methotrexate nanoparticles with Eudragit S100.
Code Drug Eudragit Polaxamer Temp Sonication Sonication CTAB SDS PVA
(mg) S100 407 (%) (’C) speed time (%) (%) (%)
(mg) (10 ml) (%) (min) (10 ml) (10 ml) (10 ml)
FMVs1 2 20 0.25 25 60 3 — — —
FMVs2 2 20 0.25 25 80 3 - - -
FMVs3 2 20 0.25 25 99 3 — — —
FMVt4 2 20 0.25 25 99 1 - - -
FMVt5 2 20 0.25 25 99 3 — — —
FMVt6 2 20 0.25 25 99 6 - - -
FMVr7 2 20 — 25 99 3 — 0.25 —
FMVr8 2 20 — 25 99 3 0.25 — -
FMVr9 2 20 — 25 99 3 — — 0.25
FMVr10 2 20 0.25 25 99 3 — — —
FMvd11 2 30 0.25 25 99 3 - — -
FMvdi12 4 30 0.25 25 99 3 — — —
FMVd13 6 30 0.25 25 99 3 - — -

2.4.3 Determination of Percent Encapsulation
Efficiency

The percent drug entrapment efficiency of methotrexate (MTX)
was calculated by centrifuging the nanoparticle suspension so as
to separate nanoparticle from aqueous medium at 15,000 rpm for
30 min 25°C. The free drug present in supernatant collected after
centrifugation was calculated at 295 nm using UV spectroscopy.
The % EE was obtained as per Eq. 1.

Mass of Drug in Nanoprticles

%EE = 100 (1)

Mass of Drug used in Formulation

2.4.4 Scanning Electron Microscopy

The surface morphology of prepared nanoparticles was
determined through scanning electron microscopy, using Brass
stub for sample preparation. The sample was placed on a double

tape made of carbon that was attached to the stub. The excess
quantity of sample was removed from the tape by blade. Then
gold was coated on the surface of nanoparticles by a sputter coater
(“Argon Sputtering,” “SPI Module” Control) for 90s under
vacuum produced by argon gas. The surface morphology of
the sample was then confirmed by electron microscope (JSM-
5910, Jeol Japan).

2.4.5 X-Ray Diffraction

The X-ray diffraction patterns of different samples were
measured by X-ray diffractometer so as to determine the
nature of sample whether amorphous or crystalline. The
x-ray diffraction pattern of the samples determined
included; MTX, Poloxamer-407, PVA, Eudragit S100, and
MTX-NPs. The instrument was run at 3° (20)-80° (20)
angular range.
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TABLE 3 | Effect of sonication speed and sonication time on particle size and encapsulation efficiency.

Parameters Code Sonication speed Drug: Particle size (nm) Zeta PDI % Encapsulation
(%) polymer potential (mV) efficiency
Sonication speed FMVs1 60 1:10 259 + 1.15 -0.344 + 0.10 0.185+0.015 39.95 + 0.7
FMVs2 80 1:10 165.7 £ 1.85 -0.163 = 0.11 0.215£0.010 61.42 + 2.1
FMVs3 99 1:10 188.6 + 3.1 -1.85+0.15 0.233 + 0.008 65.04 + 0.8
Sonication time FMVt4 1 1:10 270 £ 2 0.171 £ 0.14 0.207 £ 0.022 3792 +2.7
FMVt5 3 1:10 188.6 = 3.1 -1.85 £ 0.15 0.233 £ 0.008 47.04 £1.9
FMVt6 6 1:10 1925 +2.83 -2.48 + 0.20 0.237 +0.006 493+ 15
Effect of surfactant  FMVr7 Poloxamer-407 1:10 165.7 + 1.85 -0.163 + 0.11 0.215+0.010 61.42 + 2.1
FMVr8 SDS 1:10 1,108 + 969.22 -53.1 £ 35 1+0 2.55 +1.1
FMVr9 CTAB 1:10 133.4 + 8.51 51.4 +0.34 0.782 + 0.07 33.19+25
FMVr10 PVA 1:10 187.7 £ 1.09 -0.59 + 0.36 0.437 £0.020 59.01 + 3.6

aSpeed of the instrument can be measured in terms of percentage.

TABLE 4 | Effect Drug concentration on particle size and encapsulation efficiency.

Code Drug (mg) Eudragit S100 Particle size Zeta potential PDI % Encapsulation
(mg) (nm) (mV) efficiency
FMVd11 2 30 174.6 + 3.00 -5.64 + 0.36 0.227 + 0.017 70 £ 3.4
FMvd12 4 30 1755 £ 0.43 1.58 £ 0.38 0.182 + 0.02 30.19 £ 1.3
FMVd13 6 30 207.5 + 13.09 1.11 £ 0.26 0.415 + 0.06 56.96 + 2.9
2.4.6 In Vitro Drug Release cryoprotectant, mannitol and sucrose were tested in different

The in-vitro drug release profile of MTX from polymeric concentrations (2%, 4%, and 5%) and their effect on size, PDI and
nanoparticles was determined using dialysis bag diffusion  encapsulation efficiency was evaluated. The process of freeze
method. Dissolution media consisted of simulated gastric fluid  drying was carried out at —45°C and 0.250 mBar pressure for
(0.1N HCI pH 1.2), simulated intestinal fluid (PB pH 6.5) and 12 h. The same procedure was applied for freeze drying of control
simulated colonic fluid (PB pH 7.4). Dissolution media (100 ml) samples without cryoprotectant. Freeze dried sample was
was taken in a flask, de aerated and equilibrated to 37°C + 2°C on a reconstituted in distilled water (2 ml) for further studies.
shaking water bath. Dialysis membrane containing nano
suspension (1 ml) of MTX was dipped in dissolution media. The =~ 2.6 Stability Study
flask containing dissolution media was agitated at 60 + 2rpm.  The stability studies of methotrexate loaded Eudragit S100 nano-
Samples (1 ml) were withdrawn at specific interval of time (0.25,0.5,  suspension was evaluated through storing nano-suspension at
1,15,2,3,4,6, 8, 10, 12, 18, 24, 36, and 48) and quantity of drug different conditions, ie., 25°C and 4°C for 6 months. The samples
release was determined through UV spectrophotometer at 295 nm.  were placed in closed glass vials throughout the storage phase.
Volume of dissolution media was adjusted by same volume after ~ Analysis of the nano-formulations was performed to assess PDI,
each procedure of sampling held at same temperature. All samples  size of particle and % EE of freshly prepared nano suspensions and
were analyzed three time and their average and SD were calculated ~ samples kept at stability conditions. Samples were evaluated in
(n = 3). The dissolution medias were replaced depending on the triplicate for each storage condition after 1, 3, and 6 months of storage.
time intervals assuming that the drug keep on passing the GIT. In
vitro drug release was initiated in simulated gastric fluid (SGF) for 2.7 Statistical Analysis
first 2h and then dissolution media was replaced with simulated Different statistical parameters like mean (X), standard deviation
intestinal fluid (SIF) for next 4 h. The dissolution medium was then (SD) and relative standard deviation (% RSD) were used for
interchanged with simulated colonic fluid (SCF) and drug release ~ quantifying methotrexate in mice. The data was evaluated by
studies were continued for 42 h. student’s t-test for assessing significance of difference (p < 0.05)
among means of treatments.

2.5 Freeze Drying and Selection of
Cryoprotectant 3 RESULTS AND DISCUSSION

The developed formulations were lyophilized using freeze drier

(Telstar Cryodos 50, United States) to get dried methotrexate ~ Objective of the research was to prepare pH sensitive
loaded nanoparticles for reconstitution and evaluation of  nanoparticles formulatigns of methotrexate for oral targeted
stability. In order to optimize and select a suitable  drug delivery. Eudragit S100 was used along with different
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TABLE 5 | Characterization of methotrexate nanoparticles using Eudragit S100.

Code Drug:polymer Particle size Zeta potential PDI Amount encapsulated % Encapsulation
(nm) (mV) (mg/ml) efficiency
MSX1 1:5 114.6 £ 11.2 -2.92 + 0.27 0.389 + 0.22 0.78 39.26 + 4.5
MSX2 1:5 109.7 + 2.50 -2.36 = 1.15 0.385 + 0.006 0.73 36.81 + 2.1
MSX3 1:5 135.1 + 1.89 -1.59 + 0.27 0.245 + 0.016 0.65 32.68 + 3.2
MSX4 1:10 171 £ 5.15 -0.10 £ 0.18 0.373 = 0.045 1.14 63.02 + 1.5
MSX5 1:10 165.7 + 1.85 -0.163 + 0.11 0.215 + 0.010 1.228 61.42 + 2.1
MSX6 1:10 185.9 + 2.96 -3.54 + 0.30 0.264 + 0.014 1.01 50.7 +1.9
MSX7 1:15 231.9 = 0.51 -5.06 = 0.64 0.372 + 0.018 1.31 65.89 + 2.4
MSX8 1:15 174.6 + 3.00 -5.64 + 0.36 0.227 + 0.017 1.4 70+1.2
MSX9 1:15 202.6 = 1.20 -2.28 +0.15 0.235 + 0.008 1.38 69.19 + 1.8
MSPA1 1:5 776 + 56 -0.23 £ 0.09 0.065 + 0.08 1.40 70.18 £ 3.6
MSP2 1:5 492 + 9.6 -11.5 + 0.47 0.362 + 0.04 1.20 60.01 + 1.5
MSP3 1:5 1,190 + 49 -0.161 + 0.21 0.114 £ 0.13 0.98 49.36 + 2.9
MSP4 1:10 981 + 41.27 -1.97 £ 0.88 0.301 + 0.45 1.62 81.45+2.4
MSP5 1:10 872 + 21.70 -0.841 + 0.05 0.235 + 0.08 1.39 69.51 + 1.7
MSP6 1:10 1,336 + 35.65 -1.05 +0.28 0.189 + 0.46 1.08 5447 £ 1.9
MSP7 1:15 1,241 + 28.27 -0.67 + 0.34 0.22 + 0.11 1.82 91.31 £ 2.2
MSP8 1:15 1,118 + 21.83 -0.355 + 0.47 0.384 + 0.35 1.51 75.82 +2.8
MSP9 1:15 1,528 + 10.71 -0.796 + 0.27 0.565 + 0.33 1.20 60.08 + 3.1

M, methotrexate; S, Eudragit S100; P, poly vinyl alcohol; X, Poloxamer-407.
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FIGURE 2 | Effect of Eudragit S100 conc. on (A) particles size (B) % Encapsulation efficiency of MTX nanoparticles using different emulsifiers (PVA and
Poloxamer-407).

emulsifier (POL, PVA, SDS, and CTAB in different  size of their particle size, shape, zeta potential, encapsulation
concentrations as 0.125%, 0.25%, and 0.5%). Over seventy efficiency, poly dispersibility index and in vitro drug release and
formulations were prepared and were thoroughly assessed for  freeze drying.
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FIGURE 3 | Effect of concentration of emulsifier (PVA and Poloxamer-407) on particles size, and encapsulation efficiency of MTX nanoparticles using Eudragit
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3.1 Optimization of Process Variables
Nanoparticles were prepared through modified emulsion/solvent

evaporation technique. This method includes the following steps;

Solubilization of polymer and drug in organic medium
Addition of drug polymer mixture into surfactant solution
(aqueous phase)

Sonication through probe sonicator

Evaporation of organic solvent resulting drug encapsulation
by polymer

Surfactant has a significant role in formulation development
by emulsion-solvent evaporation method. Different surfactants
(POL, PVA, SDS, and CTAB) were evaluated and optimal results
were obtained with POL and PVA. Different formulations of
nanoparticles were prepared with these two surfactants, i.e., POL
and PVA in different concentration (0.5%, 0.25%, and 0.125%).
Different parameters were investigated in order to get optimum
size and encapsulation efficiency of nanoparticles.

3.1.1 Optimization of Sonication Speed

The effect of homogenization speed on characteristics of
nanoparticle was studied by varying sonication amplitude and
other parameters (drug concentration, polymer conc., and
surfactant concentration) were kept constant. Nanoparticles

prepared at lower sonication amplitude (60%) resulted in
larger particle as compared with the higher sonication
amplitude (99%) that results in smaller particles (Khatik et al.,
2013) as shown in Table 3. High amplitude emulsification results
in smaller emulsion globules leading to formation of
nanoparticles of smaller size. More energy is released with
increasing the homogenization amplitude, resulting in fast
dispersion of organic phase, resulting in smaller sized
nanoparticles (Madani et al, 2018). The encapsulation
efficiency increased when emulsification speed was increased
which might be due to less turbulent and unidirectional flow
at lower sonication speed. Higher encapsulation efficiency at
higher sonication speed can be attributed to greater surface
area because of smaller size globules of the organic phase. At
higher surface area drug polymer interface is larger, resulting in
higher encapsulation efficiency and vice versa at lower amplitude.

3.1.2 Optimization of Sonication Time

Increase in sonication time increases energy input during
emulsification (Khatik et al., 2013). The sonication time was
varied from 1 to 6 min while other experimental conditions (drug
concentration, polymer concentration, and surfactant
concentration) were kept constant, to describe the effect of
sonication time on size of nanoparticle. It was noticed that as
with increasing sonication time (from 1 to 3 min) resulted in a
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FIGURE 4 | XRD curve of (A) MTX, (B) Eudragit S100 (C) Poloxamer-407 and (D) MTX- Eudragit S100 nanoparticles (MSX8).

decrease in the size of nanoparticles, as summarized in Table 3.
Furthermore, with the increase in time of sonication from 3 to
6 min, the size of particle increases. It may be due to
agglomeration or de-emulsification process.

3.1.3 Optimization of Surfactant

Type and concentration of surfactant play an important role
during emulsification and controls particle size through
decreasing surface tension. Different types of surfactants
having different HLB values were assessed for their possible
effect on size of nanoparticle and process vyield. Cetyl
trimethylammonium bromide (CTAB) gave lowest particle size
as compared with POL and sodium dodecyl sulfate (SDS).
However the encapsulation efficiency was lower as compared
with POL. Nanoparticles formulation was assessed by employing
four different surfactants, that is, POL, PVA, SDS, and CTAB
(Table 3). The innate characteristic of surfactants especially that
adsorb at the interface reduces the surface tension and results in
smaller size nanoparticles. This can be further described by the
increased viscosity of surfactant solution which stabilizes the
system and preventing coalescence of the particles (Nasef
et al., 2017).

3.1.4 Optimization of Drug to Polymer Ratio

The mean particle size of nanoparticles increased with increasing
the quantity of drug (Table 4). It was observed that increased
quantity of drug led to more viscous disperse phase, resulting in
larger particle size (Madani et al, 2018). The encapsulation

efficiency showed a slight downward tendency with increase in
drug quantity in the formulation. The encapsulation efficiency of
nanoparticles is influenced by drug miscibility in polymer and
polymer-drug interactions.

3.2 Characterization of Methotrexate

Loaded Nanoparticles

3.2.1 Particle Size

Three different concentrations of Eudragit S100 (10, 20, and
30 mg) were used, keeping the drug concentration constant
(2mg), the size of particle, encapsulation efficiency and zeta
potential were evaluated, results are presented in Table 5.
Formulations were prepared with Eudragit S100, through
emulsion solvent evaporation method, using emulsifier POL,
and PVA in different concentrations (0.5%, 0.25%, and 0.125%).
As ratio of drug to polymer was raised from 1:5 to 1:15 (by weight),
increase in particle size and the reason was increased in viscosity of
the polymer solution, leading to decreased dispersion of polymer
solution into the aqueous phase (Qindeel et al., 2019).

As evident from Figure 2 that irrespective of type and
concentration of the surfactant increase in polymer
concentration increases size of the nanoparticles. It was
noticed that as concentration of POL was increased from
0.125% to 0.25%, the size of NPs was decreased as shown in
Figure 3. This may be because of the reason that increase in
surfactant concentration causes reduction in surface tension and
facilitating particles partition. The reduction in the particle size is
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TABLE 6 | Characteristics of optimized formulations of methotrexate.

Code Particle size Zeta potential PDI Amount encapsulated % Encapsulation
(nm) (mV) (mg/ml) efficiency
MSX5 165.7 £ 1.85 -0.163 + 0.11 0.215 £ 0.010 1.228 61.42 + 2.1
MSX8 174.6 + 3.00 -5.64 + 0.36 0.227 + 0.017 1.4 70+1.2
MSX9 202.6 + 1.20 -2.28 £ 0.15 0.235 + 0.008 1.42 7119+ 18
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FIGURE 5 | Graphs showing particle size and zeta potential of optimal formulation of methotrexate loaded nanopatricles.

FIGURE 6 | SEM images of methotrexate loaded nanoparticles prepared using Eudragit $100.

usually supplemented by a quick increase in the surface area  increased interaction between the molecules of stabilizers,
(Madani et al., 2018). Further increasing the POL concentration  leading to increased adsorption of surfactant on surface of
to 0.5%; the size of particle increases which may be due to  nanoparticle forming multiple layer (Sharma et al., 2016).
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TABLE 7 | The impact of Freeze drying on methotrexate nano-formulations with different cryoprotectant (Mannitol and sucrose).

Status Parameter MSX5 MSX8 MSX9
Initial Size (nm) 165.7 + 1.85 174.6 + 3.00 202.6 + 1.20
PDI 0.215 £ 0.010 0.227 + 0.017 0.235 + 0.008
Without cryoprotectant Size (nm) 218.5 + 16.74 242.7 £ 9.78 2568.5 + 13.85
PDI 0.271 + 0.024 0.291 + 0.013 0.243 + 0.004
2% Sucrose Size (nm) 249.5 £ 10.7 265.3 + 15.31 293.4 + 16.25
PDI 0.251 + 0.02 0.316 + 0.05 0.28 + 0.02
4% Sucrose Size (nm) 258.6 + 18.04 289.5 + 16.08 306.8 + 14.38
PDI 0.423 + 0.02 0.321 + 0.04 0.338 + 0.02
8% Sucrose Size (nm) 318.3 £ 12.73 322.1 £ 15.69 340.9 + 19.95
PDI 0.301 £ 0.02 0.268 + 0.05 0.297 + 0.04
2% Mannitol Size (nm) 184.2 + 10.30 188.9 + 9.37 209.3 + 11.64
PDI 0.248 + 0.03 0.173 £ 0.04 0.341 + 0.01
4% Mannitol Size (nm) 199.2 £ 9.17 200.3 + 14.81 226.1 + 13.70
PDI 0.339 + 0.04 0.159 + 0.07 0.303 + 0.02
8% Mannitol Size (nm) 231.1 £ 15,74 239.3 + 11.95 269.4 + 18.95
PDI 0.225 + 0.05 0.283 + 0.05 0.199 + 0.07

TABLE 8 | Results of stability studies of methotrexate nanoparticles.

Time Code Stored at 4°C Stored at 25°C
Size (nm) PDI % EE Size (nm) PDI % EE
Day 01 MSX5 165.7 0.215 6142 167.6 0.202 61.42
MSX8 174.6 0.227 70 1751 0.223 70
MSX9 202.6 0235 71.19 203.5 0252 7119
1 Week MSX5 167.7 0.218 6142 169.6 0.252 61.42
MSX8 175.2 0.237 70 1791 0.224 70
MSX9 204.4 0222 7119 204.5 0.301 71.19
1 Month  MSX5 166.4 0.236 60.52 171.9 0.302 58.35
MSX8 177.2 0.247 69.5 180.3 0.281 68.51
MSX9 204.6 0.322 70.01 207.7 0.311 68.19
3 Month  MSX5 169.9 0.253 59.65 176.8 0.322 56.43
MSX8 176.6 0.221  68.91 185.5 0.301 67.01
MSX9 206.4 0.266 70.01 213.3 0.334 67.29
6 Month  MSX5 170.8 0.299 58.89 175.2 0.311  57.35
MSX8 179.5 0.244 68.02 187.6 0.312  67.01
MSX9 207 1 0.282 69.54 214.5 0.339 67.17

PVA was used in three different concentration (0.125%,
0.25%, and 0.5%) as a stabilizer. At low concentration
(0.125%) particles of larger size were obtained initially because
of non-uniform and poor PVA coating onto freshly prepared
emulsion droplets. Increasing the concentration of PVA from
0.125% to 0.25%, there was a sharp decrease in size of particle as
obvious from Figure 3. The sharp reduction in size of particles
may be due to decrease interfacial tension and prevention of
droplet agglomeration. Increasing the concentration of PVA
further up to 0.5% leads to increase in particle size. The size
of particle decreases as concentration of surfactant increases in
aqueous phase up to certain limit may be because of the lining up
of surfactant molecule at the interface leading to a decrease in

interfacial tension. Further increasing the concentration of
surfactant in external phase above certain limits causes an
increase in size of particle and this might be because of the
increased viscosity and a reduction in net shear stress resulting in
the larger particles formation.

3.2.2 Zeta Potential

Zeta potential was evaluated through electrophoretic mobility of
the particles. It is a key parameter to assess the in-vivo properties
as well stability of nanoparticles. Generally negative zeta
potential was obtained for MTX with Eudragit S100 because
of the free acrylic acid groups available on Eudragit S100 (Jang
etal., 2019). The zeta potential varied between —0.10 + 0.018 and
—11.50 + 0.47 for MTX nanoparticles but there was no specific
decrease or increase pattern with increasing or decreasing
Eudragit S100 as shown in Table 5. There was no specific
pattern for decrease or increase is followed by enhancing
poloxamer 407 concentration.

3.2.3 Encapsulation Efficiency

The concentration of polymer in organic medium effects
encapsulation efficiency, significantly. The % EE improved by
increasing the concentration of polymer from 1:05 to 1:15 with
respect to drug. Highest encapsulation efficiency was obtained
when ratio of drug to polymer was 1:15. The viscosity of organic
phase increased with higher concentration of polymer, resulting
in more resistance to drug diffusion from organic to aqueous
phase, which led to higher encapsulation efficiency (Madani et al.,
2018). At higher polymer concentration, polymer precipitation
time decreases, which reduces drug diffusion out of nanoparticles.
Concentration of PVA has directly proportional effect on % EE as
shown in the Figure 3. It may be due to augmented viscosity of
external medium as a result of thick layer of stabilizer and
minimum diffusion of drug to external aqueous medium.
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Similarly, higher encapsulation efficiency was obtained with
increasing the concentration of surfactant (POL) which might
be due to stronger binding contacts between drug and polymer.

3.2.4 X-Ray Diffraction

X-ray diffraction was applied to study the crystalline nature of
drug. The X-Ray diffractometer, was utilized to study the XRD
patterns of excipients, drugs and drug-loaded nanoparticles.
All the XRD patterns were recorded at ambient temperature at
diffraction angle of 20 in a range of 3°-80°. The diffractogram
of pure MTX comprised of numerous characteristic sharp
peaks. The most promising peaks of MTX were present at
7.90, 10.6, 11.8, 13.1, 14.5, 19.3, 21.6, and 28, confirming
crystalline nature of pure MTX. The XRD characteristic
peak for POL was determined at 18 and 23.2° (2 Theta)
and there was no peak for Eudragit S100 as shown in
Figure 4. In case of MTX-Eudragit S100 nanoparticles with
POL no peaks were observed indicating that the drug is in
amorphous state.

3.3 Selection of Optimal Formulations

Different formulations of nanoparticles were developed using
Eudragit S100 as polymer and POL and polyvinyl alcohol. For the
selection of optimized formulations three main parameters were
considered, i.e., particle size, encapsulation efficiency, and zeta
potential and on this basis three formulations were selected,
including MSX5, MSX8, and MSX9 (In nomenclature of the
formulations, M denotes methotrexate, S denotes Eudragit S100
and X denotes Poloxamer-407), as shown in Table 6. Size

distribution and zeta potential curves of the optimal
formulations are presented in Figure 5.

The morphology of nanoparticles is important in
biodistribution, targeting drug to various organs and

circulation time. Results of SEM images of the optimized
formulation showed that nanoparticles obtained were spherical
with smooth surfaces (Figure 6).

3.4 Freeze Drying of the Developed

Nanoparticles

The smaller particle size, increase surface area and colloidal
nature of nanoparticles may lead to the physical instability,
including aggregation and fusion of particle. Chemical
instability includes hydrolysis of polymer and drug leakage
from nanoparticles. So as to minimize problem of instability
freeze drying or lyophilization process is used to remove water
from the developed formulation and get dry nanoparticles. In this
study, the optimized formulations were freeze dried with or
without the addition cryoprotectants. Two  different
cryoprotectants; mannitol and sucrose were evaluated in three
different concentrations, i.e., 2%, 4%, and 8%. The samples which
were freeze dried were reconstituted with purified water (2 ml).
The impact of the cryoprotectants on the various properties of the
nanoparticles is shown in Table 7. The mannitol (2%) showed
very slight variations in size of particle and PDI and hence
selected as a cryoprotectant.

3.5 Stability Study

For evaluation of stability, the developed optimal formulation was
stored at 4°C and 25°C and their encapsulation efficiency, particle
size and PDI were evaluated. The results are shown in Table 8
indicating slight differences on size, PDI and EE of nanoparticle
when stored at 4°C for 6 months. The kinetic energy at low
temperature is reduced and therefore particles contact is
prevented leading to decreased particles aggregation (Chacon
et al, 1999). When the formulations were stored at 25°C,
prominent changes were observed in PDI, % EE and particle
size. Thus the formulations may be kept at 4°C to avoid variation
in particle size, PDI and % EE.

3.6 In Vitro Drug Release
In vitro release of MTX from polymeric nanoparticles was studied
by dialysis bag diffusion method in a shaking water bath.
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Dissolution media consisted of simulated gastric fluid (SGF)
(0.1 N HCI pH 1.2), simulated intestinal fluid (SIF) (phosphate
buffer pH 6.5), and simulated colonic fluid (SCF) (phosphate
buffer pH 7.4). The results of “in-vitro” release are presented in
Figure 7.

The pH-dependent drug release from NPs was evaluated
between the pH of the medium in the range of 1.2, 6.5, and 7.4,
which resemble the stomach, small intestine, and colon pH,
respectively. Release of methotrexate during the first 2h in SGF
(resembling stomach pH 1.2) from Eudragit S100 nanoparticles
was 2.22%-3.26%. The release of drug in simulated intestinal fluid
(resembling intestinal pH 6.5) for further 4 h is about 7.27%-9.34%
from Eudragit S100 nanoparticles. The release of methotrexate
from Eudragit S100 nanoparticles during the next 42 h in simulated
colonic fluid (resembling colonic pH 7.4) is about 90.01%-99.41%.
The pH dependent release profile of Eudragit S100 shows a slow
drug release at acidic pH that ascended to a quick release upon
changing the pH. The Eudragit S100 prevents the drug release at
gastric pH and drug is released as in neutral and alkaline medium
which may be due to the carboxyl group of Eudragit that ionize in
neutral to alkaline media (Matlhola et al., 2015).

4 CONCLUSION

The present study was carried out to develop pH sensitive,
targeted polymeric nanoparticles of methotrexate using
Eudragit S100 in combination with different surfactants by

modified emulsion solvent evaporation technique. The
prepared nanoparticles showed good physicochemical
properties in terms of size, zeta potential, PDI, and

encapsulation efficiency. The prepared nanoparticles were
suitable for colon drug targeting. Stability studies showed that
optimized nanoparticles were quite stable when stored at 4°C for
6 months. The in-vitro release study showed that initially the drug
released through diffusion and followed by the erosion of
polymeric chains. It is concluded that the desired properties of
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Cancer is a disease that seriously threatens human health. Based on the improvement of
traditional treatment methods and the development of new treatment modes, the pattern
of cancer treatment is constantly being optimized. Nanomedicine plays an important role in
these evolving tumor treatment modalities. In this article, we outline the applications of
nanomedicine in three important tumor-related fields: chemotherapy, gene therapy, and
immunotherapy. According to the current common problems, such as poor targeting of
first-line chemotherapy drugs, easy destruction of nucleic acid drugs, and common
immune-related adverse events in immunotherapy, we discuss how nanomedicine can
be combined with these treatment modalities, provide typical examples, and summarize
the advantages brought by the application of nanomedicine.

Keywords: nanomedicine, chemotherapy, gene therapy, immunotherapy, cancer

INTRODUCTION

In recent years, the incidence and mortality of cancer have been increasing year by year under
the influence of many factors such as population aging, work pressure, and environmental
changes, etc. According to the 2020 Global Cancer Statistics Report, there were approximately
19.3 million new cancer cases and 10 million deaths that year (Sung et al., 2021). The treatment
of cancer has now become an important issue to be solved urgently in the medical field. For the
treatment of cancers, chemotherapy is a commonly used and effective drug therapy. However, its
shortcomings and limitations in clinical application have also been shown, such as application
limitations due to poor water solubility, serious adverse events caused by non-specific
distribution, etc. In recent years, with the development of technology and the innovation of
treatment concepts, new treatment methods such as gene therapy and immunotherapy are
changing the pattern of tumor treatment (Libutti, 2019; Tan et al., 2020). However, the in vivo
delivery of anti-tumor gene therapy and immunotherapy drugs still faces challenges, such as low
tumor cell uptake rate and poor tumor permeability, which seriously affect the therapeutic effect.
Nanoparticulate delivery systems (NDSs)is an important way to optimize drug delivery, which
can effectively improve the accumulation, penetration and target cell uptake of drugs in tumor
tissue and achieve controllable drug release. Replacing traditional drug delivery with NDSs can
enhance the efficacy of treatment and reduce the incidence of adverse events, and has shown
significant clinical benefits (Collins and Thrasher, 2015; Raza et al., 2019; Riley et al., 2019;
Yahya and Alqadhi, 2021; Raza et al., 2022). In this review, we will review the progress of NDSs
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and the application of nanomedicine in cancer therapy,
focusing on the new progress in the application of
nanomedicine in chemotherapy, gene therapy and
immunotherapy.

NANOPARTICULATE DELIVERY SYSTEMS

Relying on the vigorous development of nanotechnology, NDSs
have attracted more and more attention of scientists, and also
showed great application value and broad development
prospects. Nanomaterials refer to particles with a size of less
than 100 nm, or with a size of less than 1 pm that can exhibit
nanoparticle properties, and whose structural units are generally
smaller than the cell volume. Compared with traditional drug
delivery systems, NDSs can effectively improve pharmacokinetics
and pharmacodynamics due to their specificity in size, material,
and shape (Kinnear et al., 2017). Due to the heterogeneity and
complexity of tumors, nanomaterials used in cancer therapy are
often designed as multifunctional nanoplatforms, which are
usually composed of loaded drugs, structural frameworks and
functional units. Compared with traditional drugs, NDSs has
obvious advantages in tumor treatment: 1) NDSs can effectively
deliver drugs with different physicochemical properties, such as:
solving the difficult problem of hydrophobic drug delivery,
effectively delivering charged nucleic acid drugs and protecting
them from nuclease degradation. 2) NDSs can deliver multiple
types of drugs simultaneously. 3) NDSs can simultaneously
realize tumor diagnosis and treatment. 4) NDSs can improve
the targeting of drugs, and both passive targeting based on
enhanced permeability and retention effects and active
targeting under functional element modification have
demonstrated distinct advantages. 5) NDSs can achieve
controlled release of drugs. Namely engineered stimuli-
responsive nanomaterials enable precise drug delivery and
controlled release under the influence of endogenous or
exogenous stimuli (Zhu G. et al., 2017; Bhushan et al., 2017;
Liu et al., 2017; Cao et al., 2020; Zhu et al., 2020; Gote et al., 2021;
Li et al,, 2021; Yang et al,, 2021; Liu et al,, 2022).

CHEMOTHERAPY NANOMEDICINE

Chemotherapy is currently one of the most widely used and
mature tumor treatment methods in clinical practice. However,
there are many problems in the clinical application, such as the
lacking target and the large side effects of conventional
chemotherapeutic drugs and the poor water solubility of many
first-line chemotherapeutic drugs (doxorubicin, paclitaxel, etc.),
aggravating the difficulty of clinical treatment. The development
and application of nanomaterials optimize the delivery of the
above-mentioned chemotherapeutic drugs, and effectively
improve the safety and efficacy of chemotherapy (Wei et al,
2021). Nanomaterials currently used for chemotherapeutic drug
delivery include organic nanomaterials (Zhang D. Y. et al., 2020),
inorganic nanomaterials (Wang C.-S. et al, 2021), composite
nanomaterials (Akgol et al., 2021), and biological nanomaterials

Nanomedicine and Oncology

(Wang J. et al,, 2021). Among them, biological nanomaterials
have very high application value in drug delivery because of their
high safety, good biocompatibility, easy degradation, and certain
targeting  properties.  Biological nanomaterials include
endogenous  natural  nanomaterials and  biomimetic
nanomaterials (Navya et al., 2019). Here we take the classic
DNA and protein nanomaterials as examples to introduce
their application in chemotherapy (Figure 1A).

DNA-Based Nanoparticles (NPs)

DNA is the carrier of the genetic information of the organism,
plays an important regulatory role in the physiological and
pathological processes of the organism, and is an ideal natural
drug carrier material. As an emerging drug delivery carrier in
recent years, DNA-based nanoparticles (NPs) have significant
advantages, with excellent degradability, biocompatibility, and
sequence programmability (Xu et al., 2021). DNA-based NPs can
effectively load a variety of drugs, and achieve targeted drug
delivery to tumor tissues with the assistance of specific functional
elements, while improving cellular drug uptake and stimuli-
responsive drug release. It is an effective tool to solve common
problems of chemotherapy (low efficacy of drugs, large toxic and
side effects, etc) and many progress have been made in recent
years (Lv et al.,, 2021). In 1982, Seeman’s group proposed that
DNA molecules can construct precise and ordered
nanostructures based on the A-T, G-C Watson-Crick base
pairing principle, which opened the prelude to DNA
nanotechnology. Through rational design, DNA molecules can
self-assemble into various kinds of 2D or 3D NPs. The existing
DNA self-assembly techniques include DNA Tile self-assembly,
rolling circle amplification (RCA), DNA origami, and DNA
single-stranded tile self-assembly (Lau and Sleiman, 2016;
Mohsen and Kool, 2016; Evans and Winfree, 2017; Ji et al,,
2021). In physiological environment, self-assembled DNA NPs
can resist degradation to a certain extent and show stronger
stability than natural single-stranded or double-stranded DNA,
which has high clinical application value (Ahn et al, 2020;
Ramezani and Dietz, 2020).

At present, DNA-based NPs have successfully achieved
effective delivery of chemotherapeutic drugs such as
doxorubicin, daunorubicin, platinum, etc (Halley et al.,, 2016;
Zhang L. et al,, 2019; Wu et al.,, 2019). Doxorubicin, used alone or
in combination with other drugs, is one of the most effective
chemotherapeutic drugs commonly used clinically, which can
treat a variety of tumors including solid tumors and
hematological tumors by inhibiting DNA synthesis (Carvalho
et al,, 2009). We take doxorubicin as an example to illustrate how
DNA-based NPs deliver chemotherapeutic drugs. At present,
DNA-based NPs of various shapes have been reported for the
delivery of doxorubicin by virtue of the drug-embedding
properties, covering RCA-based nanostructures (Zhao et al,
2018), DNA tetrahedra (Zhang J. et al., 2021), dendritic DNA
nanostructures (Li et al., 2020), and nanostructures based on
DNA origami technology (Liu J. et al., 2018), in which tubular
and triangular DNA nanocarriers based on DNA origami
technology have the characteristics of high drug loading (Guan
et al, 2021). Interestingly, DNA-based NPs with specific
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FIGURE 1 | Nanomedicine Delivery Strategies for Chemotherapy, Cancer Gene Therapy and Immunotherapy. (A) Chemotherapy nanomedicine: DNA-based
nanoparticles and protein-based nanoparticles are shown in this article. (B) Gene therapy nanomedicine: gene enhancement therapy and gene suppression therapy are
shown in this article. (C) Immunotherapeutic nanomedicine: immune checkpoint blockade therapy, cancer vaccines and chimeric antigen receptor T cell therapy are

shown in this article.

hydrodynamic dimensions and geometries (triangular DNA
origami nanostructures) can passively accumulate in tumor
tissues, showing excellent targeting (Zhang et al., 2014; Jiang
B. et al, 2019). In order to further improve the targeting of
chemotherapeutic drugs and reduce the occurrence of adverse
reactions, the latest research pays more attention to the progress
of modification. With the help of functional elements such as
aptamers, DNA-based NPs can improve the efficacy of
chemotherapeutic drugs and reduce adverse reactions through
active targeting. For example, Zhang et al. demonstrated that
Sgc8 aptamer-modified DNA nanoflowers (NFs) can selectively
recognize the cell membrane protein tyrosine kinase 7, and Sgc8-
NFs-Ferrocene/Doxorubicin can be selectively protein tyrosine
kinase 7 positive cancer cells, significantly improving the tumor-
targeting ability of the drug (Zhang Q. et al., 2019). In addition,
the significantly different physiological characteristics of tumor
tissue and normal tissue have inspired scientists to design many
tumor microenvironment-responsive NDSs. Compared with
normal tissue, tumor tissue has the following different
physiological characteristics, including: 1) high concentration

of reducing substances in tumor cells; 2) high concentration of
ATP in tumor cells; 3) abnormally expressed enzymes in tumor
cells, such as telomerase, matrix metalloproteinase, etc; 4) pH
imbalance inside and outside tumor cells (Dai et al., 2017; Jin and
Jin, 2020). Given this, the designed DNA-based NPs trigger
structural reorganization, exposing the coated drug under the
influence of external stimuli such as pH (Zhao et al, 2018),
reducing environment (Liu X. et al., 2018), enzymes (Zhang G.
etal.,, 2017), ATP (Lu et al., 2018), etc., which better achieves the
precise delivery and release of the drug, thereby effectively
increasing the anti-tumor effect of the chemotherapeutic drugs
and reducing the damage to normal tissues. For example, Zhao
et al. (2018) developed a doxorubicin-loaded DNA NPs with a
cancer cell targeting Sgc8 aptamer and a hairpin structure
showing  pH-responsive  doxorubicin  loading-releasing
capability, which exhibited good biological stability,
comparable to doxorubicin loading capacity, specific tumor
targeting capacity, and sustained release of pH responsive
doxorubicin. The delivery of doxorubicin with the designed
DNA-based NPs realized the targeted, controllable and precise
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TABLE1 | DNA nanoparticles in chemotherapy.

Nanomedicine and Oncology

Chemotherapeutic DNA Nanostructures Modification Effect Ref
Drugs
Doxorubicin DNA tetrahedron Folate receptor Apoptosis promoting Zhang et al.
(2017b)
KLA peptide Drug delivery and apoptosis promoting Yan et al. (2020)
AS1411 + MUC1 Breast cancer cell imaging and drug delivery Liu et al. (2018a)
aptamer
Affibody Selectivity and inhibition of breast cancer cells Zhang et al.
(2017¢)
DNA octahedron Folate Selective targeting Raniolo et al.
(2018)
DNA icosahedron MUC1 aptamer Efficient and specific internalization for kiling epithelial cancer cells Chang et al.
(2011)
DNA NFs Sgc8 Nuclease resistance and binding of different functional moieties Lv et al. (2015)
DNA triangle and tube - Increased doxorubicin cellular internalization and elevated susceptibilityto  Bertrand et al.
drug-resistant adenocarcinoma cells (2014)
RCA-based Imotif sequence, pH-Responsive Drug Delivery Zhao et al.
nanostructures Sgc8 (2018)
Daunorubicin DNA nanorod - Circumvent drug-resistance mechanisms in a leukemia model Halley et al.
(2016)
Platinum DNA tetrahedron - Targeted platinum drug delivery Wu et al. (2019)
DNA icosahedron Telomerase- Precise delivery of platinum nanodrugs to cisplatin-resistant cancer Ma et al. (2018)
Responsive

release of chemotherapeutic drugs, which enhanced the efficacy
of the drug and reduced the occurrence of adverse events. The
applications of other DNA nanoparticles in chemotherapy are
shown in Table 1.

Protein-Based Nanoparticles (NPs)

Also as a very important natural biological macromolecules,
proteins have been widely constructed as nanocarriers for
chemotherapeutic drugs in recent years. Similar to DNA-based
NPs, protein-based NPs also have many outstanding advantages,
such as: 1) good biocompatibility and degradability; 2) natural
biological sources, high availability and low toxicity; 3) unique
three-dimensional structure; 4) amphiphilic of hydrophilic and
hydrophobic molecules or solvents; 5) amino, carboxyl and
hydroxyl groups for chemical bonding (Martinez-Lopez et al.,
2020). Proteins often designed as nanocarriers mainly include
albumin, transferrin, ferritin, low-density lipoprotein, high-
density lipoprotein, etc (Igbal et al.,, 2021). The application of
protein-based NPs to deliver chemotherapeutic drugs has been
widely studied, and has shown good clinical application
prospects.

When it comes to protein-based NDSs, the most classic one
belongs to albumin-bound paclitaxel. Paclitaxel, a hydrophobic
anticancer drug, needs to be dissolved in polyoxyethylene castor
oil for clinical use, which may cause severe allergic reactions in
some patients. Paclitaxel was loaded into albumin via
hydrophobic interaction and then constructed into albumin-
bound paclitaxel NPs with a diameter of 130 nm, which is
traded as Abraxane (Celgene) (Zhang Y. et al, 2020). As the
most abundant serum protein in the human body, albumin does
not have the immune response caused by castor oil, which not

only solves the problem of allergies, but also improves the efficacy
and reduces the toxicity to normal tissues and organs. Currently,
Abraxane has become one of the best-selling anticancer drugs and
is a milestone in protein-based NPs (Yardley, 2013). In addition
to non-covalent interactions such as hydrophobic interactions
and electrostatic interactions, albumin has abundant binding sites
(amine, thiol and carboxyl groups) and also can be used in
combination with chemotherapeutic drugs, showing the huge
application prospects of albumin (Hoogenboezem and Duvall,
2018; An and Zhang, 2017). Multiple clinical trials of Albumin
NPs are currently being pursued, which we list in Table 2. Such as
NCT01673438, NCT01580397, NCT02014844, NCT02049905,
NCT00477529, NCT00635284, NCT02009332, NCT02494570
(https://clinicaltrials.gov/). Moreover, with the deepening of
the research on protein-based NPs, stimuli-responsive NDSs
have emerged to further improve the targeting efficiency,
which can specifically respond to stimuli in the tumor
microenvironment and precisely deliver the drug to the tumor
area, enabling targeted therapy (Mi, 2020). As an example, Yang
et al. (2020) designed and developed a doxorubicin-loaded NPs
containing pH-sensitive Schiff bovine serum albumin, which not
only has a high loading capacity but can also trigger the release of
doxorubicin by pH.

Another class of proteins commonly constructed as NDSs are
iron homeostasis-related proteins, including transferrin and
ferritin, both of which have excellent performance in receptor-
mediated active targeted delivery. Transferrin, mainly produced
by hepatocytes in the human body, is the main iron-containing
hydrophilic transporter in plasma, and is mainly responsible for
transporting iron in hepatocytes to cells in other tissues.
Transferrin is composed of a single-chain glycoprotein and is
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TABLE 2 | Albumin nanoparticles approved or in clinical trials for chemotherapy.

Nanomedicine and Oncology

Chemotherapeutic Drugs Name Indication(s) Clinicaltrials Gov Identifier
Paclitaxel Nab-paclitaxel (Abraxane) non-small-cell lung cancer; Breast cancer; pancreatic cancer Approved
Doxorubicin Al-doxorubicin (DOXO-EMCH Advanced solid tumour NCT01673438
INNO-206) Pancreatic ductal adenocarcinoma NCT01580397
Glioblastoma NCT02014844
Metastatic, locally advanced or unresectable soft tissue sarcoma  NCT02049905
Docetaxel Nab-docetaxel (ABI-008) Hormone-refractory prostate cance NCT00477529
Rapamycin Nab-rapamycin (ABI-009) Solid tumours NCT00635284
Non-muscle-invasive bladder cancer NCT02009332
PEComa NCT02494570

divided into two evolutionary lobes, namely C-lobe (343 amino
acids) and Nlobe (336 amino acids), which are connected to each
other by a short spacer (Elsayed et al., 2016; Gou et al., 2018;
Zhang et al., 2018). Transferrin mediates iron uptake by binding
to the transferrin receptor (TfR). TfR, a transmembrane
glycoprotein including TfR1 and TfR2, is the major protein
receptor for iron metabolism in vivo (Fernandes et al., 2021).
TfR is expressed in both normal and cancer tissues. However,
studies have confirmed that the expression rate of TfR in cancer
cells is nearly 100 times higher than that in normal cells. Cancer
cells grow rapidly and their demand for iron is greatly increased
during DNA synthesis, differentiation and regeneration.
Therefore, TfR expression is increased in cancer cells in order
to adapt to the increased iron requirement and maintain rapid
cell division (Candelaria et al., 2021; Guo et al., 2021).

Based on this active transport capability, transferrin NPs can
be used for tumor diagnosis and targeted delivery of therapeutic
drugs. Goswami et al. designed Transferrin -templated copper
nanoclusters-doxorubicin NPs for bioimaging and targeted drug
delivery (Goswami et al., 2018). In addition, transferrin can also
be used alone as a ligand to provide active tumor targeting
capabilities of drug delivery systems. Research by Wei
et al.showed that doxorubicin -loaded Transferrin-binding
peptide CGGGHKYLRW significantly enhanced the antitumor
efficacy in mice bearing HCT-116 tumors compared to
polymersomes without transferrin binding (Wei et al., 2020).

Ferritin, found in most living cells, is the major iron storage
protein in organisms. At present, various sources of ferritin have
been used in biological nanocarriers, including human ferritin
(HFt), horse spleen ferritin (HoSF), Archaeoglobus fulgidus
ferritin (AfFtn), Pyrococcus furiosus ferritin (PfFt), and rat
heavy-chain ferritin (Zhang P. et al, 2021; Zafar et al,, 2021).
HFt is a naturally formed spherical hollow nanocages with an
outer diameter of 12 nm and an inner diameter of 8 nm, which is
composed of 24 subunits of two types: heavy chain ferritin (HFn)
and light chain ferritin (LFn). The inner cavity of each ferritin can
store up to 4,500 Fe** atoms (Chakraborti and Chakrabarti,
2019). At the junction of these subunits, there are 8
hydrophilic channels and 6 hydrophobic channels, wherein the
hydrophobic channel has three-fold symmetry and the
hydrophilic channel has four-fold symmetry. In particular,
hydrophilic channels are flexible enough to allow larger-sized

molecules to penetrate into the ferritin cavity (Zhao et al., 2016;
Tesarova et al., 2020). More importantly, HFn can selectively bind
to tumor cells via TfR1 mediated specific targeting followed by
rapid internalization in vitro and in vivo. Therefore, HFn can
selectively deliver therapeutic drugs into tumors (Zang et al.,
2017; Cheng et al., 2020). The unique nanocage structure and
inherent tumor-targeting properties of ferritin make it a highly
valuable biological nanocarrier. However, despite the above
advantages, the low purification efficiency of natural protein
brings difficulties to its practical application, and the
recombinant ferritin constructed in various ways makes up for
the above shortcomings (Veroniaina et al., 2021). According to
the characteristics of ferritin nanocages, metal-based
chemotherapeutic drugs such as carboplatin and cisplatin are
the first to achieve effective precipitation in the cavity of iron
nanocages. Subsequently, ferritin nanocages have also been used
to load other non-metallic chemotherapeutic drugs such as
doxorubicin (Song et al.,, 2021). Here we list the applications
of ferritin in the delivery of chemotherapeutic drugs in Table 3.

Lipoproteins are mainly responsible for the transport of
cholesterol and various lipids in human blood vessels.
According to their different densities, human plasma
lipoproteins can be divided into chylomicrons, very low
density lipoproteins (VLDL), and low density lipoproteins
(LDL). and high-density lipoprotein (HDL) (Salter and
Brindley, 1988). Lipoproteins are spherical biological
macromolecules. Each lipoprotein molecule consists of a non-
polar or hydrophobic core composed of cholesterol or
triglycerides, and an outer shell of phospholipids and
apoproteins, whose structure is a natural NPs (Orlova et al,
1999). Based on structural features and size advantages (less than
25nm), LDL and HDL are commonly used to deliver
chemotherapeutic drug.

LDL is a kind of spherical particles with a diameter of
19-25 nm. Its core is 1,500 cholesteryl esters wrapped by an
outer layer of 800 phospholipids and 500 unesterified cholesterol
molecules. The hydrophilic head of the phospholipid molecules is
exposed outside, making the LDL is soluble in the blood
(Hevonoja et al., 2000; Sherman et al., 2003). LDL is a very
potential delivery vehicle, which has good biocompatibility as a
biological macromolecule. Another very important reason is that
there is apolipoprotein B-100 (ApoB-100) with a relative
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TABLE 3 | Ferritin nanoparticles in chemotherapy.

Chemotherapeutic Drugs

Ferriatin Types

Nanomedicine and Oncology

Indication(s) Ref

Doxorubicin human HFn Targeting drug delivery (Liang et al., 2014; Gu et al., 2020; Inoue et al., 2021)
Recombinant human HFn  Targeting drug delivery Zhen et al. (2013)
Recombinant HFt Targeting drug delivery Falvo et al. (2018)
HoSF Targeting drug delivery (Kilic et al., 2012; Zhang et al., 2019a)
PfFt Hepatocellular carcinoma Jiang et al. (2019b)
Targeting drug delivery
Cisplatin Recombinant human HFn  Targeting drug delivery (Falvo et al., 2013; Monti et al., 2019)
HoSF Targeting drug delivery Xing et al. (2009)
Oxaliplatin Recombinant human HFn  Targeting drug delivery and photodynamic therapy Liu et al. (2020b)
HoSF Targeting drug delivery Xing et al. (2009)
Paclitaxel Recombinant human HFn  Targeting drug delivery glioma Liu et al. (2020c)
Epirubicin HoSF Targeting drug delivery Tan et al. (2018)
Recombinant human HFn  Targeting drug delivery Wang et al. (2022)
Mitoxantrone Recombinant human HFn  Targeting drug delivery Falvo et al. (2018)

Tumor therapy (colon, breast, sarcoma and pancreas)

molecular weight of 514 kDa in the outermost layer of LDL,
which can be recognized by and bind to LDL receptors with high
specificity. Moreover, studies have confirmed that LDL receptors
are highly expressed on the surface of tumor cells, which provide
the necessary lipid matrix for the synthesis of membrane systems
for fast growing tumor cells (Ng et al., 2011; Harisa and Alanazi,
2014). As a delivery carrier, LDL can encapsulate various
hydrophobic loads such as photosensitizers, radiolabels, and
various chemotherapeutic drugs (Thaxton et al., 2016; Li et al,,
2019; Di and Maiseyeu, 2021). Lo et al. (2002) conjugated
doxorubicin to the ApoB protein of LDL, and the results
showed that it significantly reduced the occurrence of adverse
reactions. Meanwhile, LDL can also take advantage of the inherent
targeting ability of LDL through the strategy of combining with
independent nanocarriers. Such as Zhu et al. reported a new “binary
polymer” low-density lipoprotein-N-succinyl chitosan-cystamine-
urocanic acid with dual pH/redox sensitivity and targeting effect,
which was synthesized for the co-delivery of breast cancer resistance
protein small interfering RNA and paclitaxel, showing significant
tumor targeting and effectively inhibited tumor growth (Zhu
WIJ. et al,, 2017). In addition, natural LDL is derived from plasma
separation, which is difficult to produce on a large scale, and there are
more and more studies on recombinant/synthetic LDL (Zhu G. et al,
2017). For example, Li et al. (2019) constructed a pH-sensitive ApoB-
100/oleic acid-doxorubicin/nanostructured lipid carrier NPs, similar
to LDL, which showed a increased accumulation at tumor site, pH-
dependent release of doxorubicin, and potent breast cancer inhibition.

HDL is an endogenous nanocarrier with a structure similar to
LDL and a diameter of 8-13 nm (Mulder et al., 2018). Similarly,
blood HDL cholesterol levels in cancer patients are also lower
than in normal healthy people (Ganjali et al., 2021). Unlike LDL,
which recognizes receptors and mediates endocytosis, HDL
specifically recognizes scavenger receptor class B type 1 (SR-
B1) and the main protein of HDL stays on the surface of the cell
membrane, while its core lipophilic cholesteryl ester directly
enters the cell cytoplasm (Krieger, 1999). Furthermore, the
major apolipoproteins of HDL contain fewer amino acids than

those of LDL, effectively avoiding the formation of large
irreversible aggregates (Mulder et al, 2018). The above-
mentioned points all provide a good basis and favorable
conditions for HDL as a delivery vehicle. It is rare to use
natural HDL as a delivery vehicle in existing reports, and
recombinant HDL (rHDL) NPs can be used to deliver
chemotherapeutic drugs. For example, Wang et al. constructed
a doxorubicin -loaded rHDL NPs with high affinity for SR-B1 to
treat liver cancer. The results confirm that doxorubicin can be
efficiently delivered into cells. After SR-B1 was blocked with
antibodies, the delivery efficiency was significantly reduced,
which well confirmed that the drug delivery efficiency was
dependent on the active targeting of SR-Bl expressed in
tumors by apolipoprotein A-1 contained in rHDL NPs (Wang
et al,, 2014). In addition, rHDL can also be used as a co-delivery
carrier for the combination therapy of multiple chemotherapeutic
drugs, or the combination therapy of chemotherapy and
immunotherapy (Igbal et al., 2021; Mei et al, 2021). Such as
Rui et al. (2017) developed a developed a rHDL NPs for paclitaxel
and doxorubicin, which were remarkably effective in increasing
the ratiometric accumulation of drugs in cancer cells and
enhancing antitumor response at synergistic drug ratios. In
particular, they exhibited more efficacious anticancer effects in
an in vitro cytotoxicity evaluation and in a xenograft tumor model
of hepatoma compared with free drug cocktail solutions. Scheetz
et al. (2020) co-loaded docetaxel and cholesterol-modified Toll-
like receptor 9 agonist CpG oligonucleotides in synthetic HDL to
prepare a nanoplatform for combined chemotherapy and
immunotherapy. Compared with chemotherapy alone, it can
be used for significant Improve survival outcomes.

GENE THERAPY NANOMEDICINE

In recent years, with the increasing maturity of gene
manipulation technologies such as gene silencing and gene
editing, scientists have begun to treat various diseases by site-
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specific up-regulation or down-regulation of target genes, and
have achieved certain progress and widespread attention,
especially in cancer therapy. The drugs used in gene therapy
are nucleic acid therapeutics with lower cytotoxicity, which show
significantly fewer adverse reactions and better therapeutic effects
compared with conventional treatments such as chemotherapy
(Gutierrez et al., 1992). However, gene therapy also faces certain
difficulties. For example, commonly used gene therapy agents are
not easily taken up by cells and have poor stability during

circulation in vivo; traditional viral vectors (lentivirus,
adenovirus, adeno-associated virus, etc.) are limited in
application due to safety concerns such as insertional

mutagenesis and immunogenicity. NDSs solve the above
problems well, showing low toxicity and immunogenicity, high
payload capacity, sustained and controlled release characteristics.
Commonly used gene therapy strategies include gene
enhancement therapy and gene suppression therapy, in which
the application value of nanomedicine will be described here
(Figure 1B) (Rui et al.,, 2019).

Gene Enhancement Therapy

Gene enhancement therapy generally refers to “expressing a
certain gene” or “expressing a certain protein” by introducing
a plasmid or mRNA. Tumor suppressor genes can inhibit cell
proliferation when activated or overexpressed. Overexpression of
one or more tumor suppressor genes can effectively inhibit the
growth and progression of tumors, among which protein 53 (p53)
gene and phosphatase and tensin homolog (PTEN)gene are the
most classical and the most deeply studied (Lee and Muller, 2010;
Alvarez-Garcia et al., 2019; Lacroix et al., 2020). Both mRNA and
plasmid can achieve protein expression, but the way via mRNA
quickly and without mutation, integration or other adverse
events, which is safer and more efficient (Akeno et al.,, 2015;
Que et al., 2018; Sobhani et al., 2021). However, RNA molecules
are unstable and impermeable to membranes, requiring rational
design of delivery systems. Kong et al. designed a redox-
responsive NPs platform for efficient delivery of mRNA
encoding p53, which delayed the growth of hepatoma and
non-small cell lung cancer cells by inducing cell cycle arrest
and apoptosis (Kong et al., 2019). Islam et al. reintroduced PTEN
mRNA into PTEN-null prostate cancer cells through polymer-
lipid hybrid NPs coated with polyethylene glycol shell, which
significantly inhibited tumor growth (Islam et al., 2018). In
addition, the suicide gene therapy systems are also commonly
used for gene enhancement, such as herpes simplex virus
thymidine kinase (HSV-TK), of which TK gene is a drug-
susceptibility gene. After tumor cells were transfected with this
gene, they were sensitized and killed by the nontoxic prodrugs
glycoxyguanosine or acyclovir (Zhao et al, 2014). A study
reported that in vivo delivery of the TK-p53- nitroreductase
triple therapeutic gene by poly (D,L-lactic-co-glycolic acid)-
poly (ethylene glycol)-Polyethylenimine NPs functionalized
with SP94 peptide (a peptide that targets hepatocytes) restored
p53 function and enhanced cancer cells’ response to the prodrug
ganximation glycoxyguanosine and CB 1954 (Sukumar et al,
2020). Due to the negative charge of mRNA, most of the NPs
currently used to deliver mRNA drugs contain a cationic
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gradient, which can form stable complexes with mRNA to
achieve high loading rates, such as ionizable lipid NPs (Ding
et al,, 2021), polymer-lipid hybrids NPs (Islam et al., 2018), and
biological nanostructures with higher biocompatibility (Li et al.,
2017; Forterre et al., 2020), etc.

Gene Suppression Therapy
Gene suppression can also treat cancer by silencing specific genes
that produce abnormal or harmful proteins, such as small
interfering RNA (siRNA) therapy. Several in vitro and in vivo
studies have confirmed that siRNA-mediated silencing can
significantly inhibit abnormal cancer cell proliferation (Shi
et al,, 2019; Han et al., 2021; Krishn et al., 2022). In addition,
siRNA can sensitize drug-resistant cancer cells, showing great
promise in enhancing chemotherapy (Shen et al., 2020). An ideal
delivery system should protect siRNA from degradation by
nucleases, as well as deliver and release it into the cytoplasm
of targeted tumor cells without adverse effects. At present, the
research on nanocarriers for siRNA delivery has been relatively
mature, including lipid nanocarriers, polymer NPs, dendrimers,
inorganic NPs, etc (Babu et al, 2017; Subhan and Torchilin,
2019). In addition, the aforementioned biological NPs can also
deliver siRNA with high loading and high biocompatibility.
Wang et al. constructed a DNA nanodevice using DNA
origami technology to co-deliver siRNA and the doxorubicin
(Nanodevice-siBcl2-si  P-glycoprotein- doxorubicin), which
induced potent cytotoxicity and tumor growth inhibition with
no observable systemic toxicity (Wang X. et al.,, 2021).
CRISPR/Cas9 gene editing technology, another cancer gene-
suppression therapy, has the potential to permanently destroy
tumor survival genes, which overcomes the repeated dosing
limitations of traditional cancer therapy and improves the
therapeutic effect (Rafii et al., 2022). CRISPR/Cas9 consists of
two parts: Cas9, a nuclease that cuts DNA at a target site, and a
single guide RNA (sgRNA) that directs Cas9 to cut at a specific or
desired site in DNA. Since the CRISPR/Cas9 complex requires
manipulation of the nuclear genome, its components need to be
translocated into the nucleus (Zhan et al., 2019; Zhang S. et al,,
2021). Therefore, it is necessary to overcome the barriers of tissue
and cell membranes to effectively deliver CRISPR/Cas9 to the
target site, facing considerable challenges. In recent years,
nanomaterials have gradually shown unique advantages in
gene delivery. Currently developed CRISPR/Cas9 NDSs
include cationic liposomes (Yin et al, 2020), lipid NPs
(Rosenblum et al., 2020), cationic polymers (Zhang Y. et al,
2019), vesicles (Horodecka and Diichler, 2021), and gold NPs
(Tao et al., 2021). In order to better reduce the off-target effects,
researchers have developed a stimulus-based intelligent NDSs.
Intelligent NPs can be based on endogenous signals (including
pH, redox and ATP) and exogenous signals (including radiation,
magnetic ultrasound), to control or regulate the delivery of
CRISPR/Cas9 to specific cells. For example, Wang et al
designed a multifunctional NPs modified with pH-sensitive
epidermal growth factor receptor targeting and nuclear guide
peptides to efficiently deliver CRISPR/Cas9 and epirubicin to the
human tongue squamous cell carcinoma SAS cells and SAS tumor
mice, providing a pH-responsive co-delivery platform for
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chemotherapy and CRISPR/Cas (Wang Z. et al., 2021). Another
study reported near-infrared light-responsive nanocarriers of
CRISPR-Cas9 to inhibit tumor cell proliferation in vitro and
in vivo through near-infrared light-activated gene editing (Pan
etal., 2019). DNA-based NPs can load Cas9/sgRNA complexes by
sequence hybridization. Shi et al. designed a miR-21
(overexpressed in tumor cell)-responsive  Cas9/sgRNA
ribonucleoprotein delivery system based on DNA NFs, which
could significantly improve genome editing efficiency and make it
possible to control the expression of endogenous genes in a cell-
type-specific manner through specific endogenous or exogenous
miRNAs (Shi et al., 2020).

IMMUNOTHERAPEUTIC NANOMEDICINE

In recent years, immunotherapy has developed rapidly and
gradually matured, and its emergence has revolutionized the
treatment standard and treatment concept of cancer
(Abdelbaky et al., 2021; Aktar et al., 2022). Radiotherapy and
chemotherapy of traditional treatment methods generally use
toxic drugs or radiation to directly ablate cancer cells. However,
the target of tumor immunotherapy is mainly immune cells,
which can activate the body’s anti-tumor immune response to kill
tumor cells by inhibiting negative immune regulators and
enhancing the ability of immune cells to recognize tumor cell
surface antigens (van den Bulk et al., 2018; Zhong et al., 2020). In
the early stage of tumor immunotherapy, the main method is to
directly attack tumor cells with cytokines produced by immune
cells. With the gradual deepening of cancer immunotherapy
research, immune checkpoint inhibitors, tumor vaccine
immunization and chimeric antigen receptor T (CAR-T) cell
therapy have emerged, and they have become the main force in
immunotherapy (Sahin and Ttireci, 2018; Ma et al., 2019; Galluzzi
et al., 2020; Holstein and Lunning, 2020; Raza et al., 2021) With
the deepening of research, the value of nanomedicine in tumor
immunotherapy is constantly emerging (Figure 1C).

Immune Checkpoint Blockade Therapy

Inhibitory immune checkpoints can suppress the body’s immune
response and prevent the occurrence of autoimmunity. Tumor
cells can suppress the body’s immune response, thereby evading
clearance by the body’s immune system via expressing inhibitory
immune checkpoint molecules that interact with T cells
(Jhunjhunwala et al., 2021). Currently widely studied immune
checkpoints are cytotoxic-T-lymphocyte-associated protein 4
(CTLA-4), program death 1 (PD-1) and program death-ligand
1 (PD-L1), according to which monoclonal antibodies (mAbs)
drugs are designed such as ipilimumab (CTLA-4 inhibitor),
pembrolizumab  (PD-1 inhibitor), atezolizumab (PD-L1
inhibitors) have been approved by the FDA for marketing
(Vaddepally et al., 2020). Nanomedicine is being adapted in
various ways to improve immune checkpoint inhibitors (ICIs),
increasing the effectiveness and surpassing the limitations. MAbs
are difficult to penetrate the blood-brain barrier, and NPs
-mediated ICIs mAbs are an effective way to solve this
problem (Diesendruck and Benhar, 2017). Galstyan et al
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covalently attached ICIs (anti-CTLA-4 and/or anti-PD-1) to
poly-p-L-malic acid biopolymer scaffolds, and such nanoscale
immunoconjugates allow ICIs mAbs to cross the blood-brain
barrier to the tumor environment and modulate immune
responses. In  particular, the use of nanoscale
immunoconjugates has shown promising antitumor activity in
the treatment of glioblastoma (Galstyan et al., 2019). Moreover,
NDSs have also shown their advantages in reducing the dosage of
ICIs or controlling immune-related adverse events (irAIEs) Meir
et al, reported that aPDL1-conjugated gold NPs effectively
prevented tumor growth at a dose reduced to 1/5 the clinical
standard of care dose (Meir et al., 2017). Shen et al. coated PD-L1-
overexpressing mesenchymal stem cells plasma membranes on
polylactic-co-glycolic acid NPs to design immunosuppressive
NPs, managing and reducing irAIEs (Shen et al, 2021).
Furthermore, nanocarriers can also be designed as smart
platforms for controlled drug release in response to different
stimuli present in the tumor microenvironment, which is
expected to further enhance the therapeutic efficacy of
nanoformulations. For example, researchers have developed a
class of liposomes that are dual-responsive to pH and matrix
metalloproteinases in combination with PD-L1 inhibitor
conjugates and low-dose chemotherapy doxorubicin. In an in
vivo mouse B16F10 melanoma model, the synergistic effect of
chemotherapeutic agents and ICIs enabled dual-responsive
liposomes to achieve an optimal tumor suppression efficiency
of 78.7% (Liu et al., 2019). Besides, ICIs do not elicit adequate
responses in the vast majority of patients with poorly
immunogenic tumors due to targeting only major inhibitory
axes. Therefore, combining ICIs with nanotechnology-driven
immunostimulatory treatments (e.g., nanochemicals, light, and
thermal therapy) may help to locally break immune tolerance and
enhance systemic antitumor immunity, thereby expanding the
availability of proportion of cancer patients benefiting from
treatment. Based on the above, the role of nanomaterials in
immunotherapy has gone beyond the concept of adjuvant or
carrier, which is an effective means to improve the efficacy of ICIs
and reduce their toxicity through rational design. At the same
time, the dosing cycle and interval time, possible off-target
potential and other aspects should be improved to obtain the
best solution (Cremolini et al., 2021).

Cancer Vaccines

Cancer vaccines kill tumor cells without damaging healthy cells
by activating the body’s immune system, and they can trigger
immune memory to provide long-term protection against tumor
recurrence. As a potential drug development concept, cancer
vaccines are extremely valuable whether they are used alone or in
combination with other immunotherapies (Igarashi and Sasada,
2020; Saxena et al., 2021). With the deepening of research, the
advantages of applying nanomedicine in cancer vaccines have
gradually emerged (Liu J. et al, 2020). Cancer vaccines are
typically combinations of immunogenic components (eg,
neoantigens and adjuvants) that are delivered to antigen-
presenting cells in peripheral lymphoid tissue. First,
encapsulating immunogenic components in nanocarriers can
prevent antigen degradation and effectively improve antigen
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stability (Zhang Z. et al, 2019). Second, nanovaccines co-
encapsulate and co-deliver antigens and adjuvants, which can
effectively enhance the immunogenicity and therapeutic efficacy
of vaccines (Zhu W7J. et al., 2017). Heo and Lim et al. developed a
poly (lactic-co-glycolic acid) NPs loaded with ovalbumin for the
activation of DCs through the toll-like receptor 7, which proved
that the nanovaccine loaded with multivalent antigens and
adjuvants can effectively reduce tumor volume (Heo and Lim,
2014). Further, nanovaccine can achieve efficient delivery to
immune organs (lymph nodes, spleen). Through rational
design of physical properties (such as size, colloidal stability,
electrostatic interactions, deformability) or chemical properties
(such as light, pH, and enzyme responsiveness), nanovaccines are
able to deliver more antigens from injection sites or tumors to
lymph nodes, or delivered from the blood to the spleen (Evans
et al., 2018; Musetti and Huang, 2018; Chen et al., 2020; Gupta
et al., 2021). In particular, nanovaccines further modified by
targeting ligands can also be actively targeted and delivered to
specific subregions of immune cells (Cai et al, 2021). For
example, a click chemistry-based active lymphatic
accumulation system was developed to enhance the delivery of
antigens and adjuvants to the lymphatic subcapsular sinus (Qin
et al,, 2021). Ultimately, NPs can enhance immune responses
through sustained or controlled release capabilities. For example,
Chen et al. (2018) showed that a single injection of clay NPs
sustained the release of immunogenic agents, which significantly
enhanced the immune response in regional lymph nodes for up to
35 days.

CAR-T Cell Therapy

One of the strategies for immune evasion of tumor cells is to
reduce the expression of their surface antigens, so that T cells
cannot be activated in a human leukocyte antigen-dependent
manner, thereby evading the attack of the immune system (Pham
etal, 2018). CAR-T works by modifying a patient’s own T cells to
more effectively recognize and kill tumor cells (Huang et al,
2020). Initially, the application of nanomedicine to CAR-T
therapy was mainly to replace viral vectors for in vitro genetic
modification of T cells to reduce costs and improve safety (Olden
et al,, 2018; Billingsley et al., 2020). However, in vitro CAR-T cell
programming is complicated and expensive, and one solution is
to program T cells in vivo. Nanomedicines were shown to directly
construct chimeric antigen receptors in situ on circulating T cells
without ex vivo manipulation in mouse models. Smith et al.
designed a polymer NPs carrying a chimeric antigen receptor
(CAR)-encoding plasmid and injected leukemia-targeting CAR
genes can be efficiently introduced into T cell nuclei, followed by
efficient leukemia regression in mice, which is comparable to ex
vivo programmed CAR-T cells (Smith et al., 2017). Subsequently,
this team reported an injectable nanocarrier that deliverd in vitro
transcribed CAR or T cell receptors mRNA for transient
reprogramming of circulating T cells to recognize disease-
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associated antigens (Parayath et al, 2020). Another important
advantage of nanomedicine in this field is the safe and effective
enhancement of T cell therapy. Tang et al. (2018) designed a T cell
receptors signaling-responsive protein nanogel to co-deposit
immunostimulatory cytokines, such as interleukin-15 agonists,
onto the surface of CAR-T cells, which significantly extended the
therapeutic window and improved tumor clearance in CAR-T cell
therapy against solid tumors.

PERSPECTIVES AND FUTURE
DIRECTIONS

In recent years, the concept, method and pattern of tumor
treatment are constantly changing, which provides a broad
space and prospect for the application of nanomedicine. It is
the application of intelligent NDSs for tumor chemotherapy, gene
therapy and immunotherapy to solve the problem of drug
(chemotherapy, biological drug) delivery, optimize its delivery
efficiency, and achieve targeted, precise and controllable delivery
to a certain degree. However, how to translate preclinically
studied antitumor nanomedicines into clinically feasible
therapeutics still faces several key challenges. For example: 1)
how to optimize patient population stratification in clinical trials;
2) how to optimize the dosing regimen of nanomedicines in
combination therapy; 3) how to ensure high quality and
reproducibility for industrialized production of nanomedicines,
etc. Expectantly, with the deepening of nanotechnology research,
the combination of molecular-level scientific design and precise
control of process engineering is expected to overcome the core
technology of NDSs research and development, thereby opening
a new situation for NDSs.
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GLOSSARY

NDSs, nanoparticulate delivery systems
NPs, nanoparticles

NFs, nanoflowers

RCA, rolling circle amplification
TfR, transferrin receptor

HFt, human ferritin

HoSF, horse spleen ferritin

Athn, Archaeoglobus fulgidus ferritin
PfFt, Pyrococcus furiosus ferritin
HFn, heavy chain ferritin

LFn, light chain ferritin

VLDL, very low density lipoproteins
LDL, low density lipoproteins

HDL, high-density lipoprotein

rHDL, recombinant HDL apolipoprotein B-100

Nanomedicine and Oncology

SR-B1, scavenger receptor class B type 1

P53, protein 53

PTEN, phosphatase and tensin homolog

HSV-TK, herpes simplex virus thymidine kinase
mMRNA, messenger RNA

siRNA, small interfering RNA

sgRNA, single guide RNA

CAR-T, chimeric antigen receptor T

CTLA-4, cytotoxic-T-lymphocyte-associated protein 4
PD-1, program death 1

PD-L1, program death-ligand 1

CRISPR, clustered regularly interspaced short palindromic repeat
mADS, monoclonal antibodies

ICIs, immune checkpoint inhibitors

irAIEs, immune-related adverse events
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Ketoconazole is commonly used in the treatment of topical fungal infections. The therapy
requires frequent application for several weeks. Systemic side effects, allergic reactions,
and prolonged treatment are often associated with non-compliance and therapy failure.
Hence, we developed an optimized topical antifungal gel that can prolong the release of
drug, reduce systemic absorption, enhance its therapeutic effect, and improve patient
compliance. Ketoconazole-loaded PLGA nanoparticles were prepared by the emulsion/
solvent evaporation method and were characterized with respect to colloidal properties,
surface morphology, and drug entrapment efficiency. The optimized ketoconazole-loaded
PLGA nanoparticles and commercially available silver nanoparticles were incorporated into
a Carbopol 934P-NF gel base. This arrangement was characterized and compared with
commercially available 2% ketoconazole cream to assess physical characteristics of the
gel, in vitro drug release, ex vivo skin permeation and retention, and in vivo studies on
Wister male albino rats. The results showed that polymeric PLGA nanoparticles were very
effective in extending the release of ketoconazole in our optimized formulation.
Nanoparticles were smooth, spherical in shape, and below 200 nm in size which is
consistent with the data obtained from light scattering and SEM images. The ex vivo
data showed that our gel formulation could strongly reduce drug permeation through the
skin, and more than 60% of the drug was retained on the upper surface of the skin in
contrast to 38.42% of the commercial cream. The in vivo studies showed that gel
formulation could effectively treat the infection. This study demonstrates that our
topical gel could be effective in sustaining the release of drug and suggests its
potential use as a possible strategy to combat antifungal-resistant Candida albicans.

Keywords: Ketoconazole, PLGA, topical gel, sustained release, Candida albicans
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1 INTRODUCTION

Superficial fungal infections are very common throughout the
world, and incidences are increasing day by day. The prevalence
of fungal skin infections comprises 20-25% of the world
population (Buil et al., 2020). Superficial fungal infections are
keratinophilic in nature. They increase in the keratinized layers of
the skin, hair, and nails (Borgers et al., 2005). They are
predominately caused by the dermatophyte members of three
common  genera:  Microsporum,  Trichophyton,  and
Epidermophyton. C. albicans and other non-albicans species
mostly cause superficial fungal infections. The severity of the
infection depends upon the site and the involvement of fungal
species (Sharifzadeh et al., 2013; Cleveland et al., 2015; Klingspor
et al., 2015). In various studies, it was reported that candidiasis
was treated by several compounds of different classes, either
belonging to polyenes, azoles, echinocandins, nucleoside analogs,
or allylamines. Their efficacy depends on the type, site of
infection, and susceptibility of the Candida species (Pfaller
et al, 2013; Pappas et al, 2016). Geographical and
environmental conditions play a vital role in the causative
agent and spread of fungal skin infections. Superficial fungal
infections are more common in tropical regions where the
temperature is warm and humid. Similarly, the chance of
spread is more in low socioeconomic conditions and densely
populated areas where opportunities for skin-to-skin contact are
more, with poor hygienic conditions (Coates et al., 2020).

A topical drug delivery system is administered on the skin’s
outer surface to treat local dermatological conditions (Ashara
et al,, 2014). They are used when local action is desired rather
than a systemic effect. The drug remains on the skin or may
penetrate the dermis through the epidermal layers, but is not
absorbed in the systemic circulation (Choi and Maibach, 2005).
The topical dosage form is formulated to achieve maximum
therapeutic effect locally by incorporating active agents,
protective agents, adsorbents, cleansing agents, emollients,
viscosity builders, and stabilizers (Choudhury et al, 2017). A
topical drug delivery system has numerous advantages over oral
and injectable systems. Therefore, researchers are focusing on
developing such drug delivery systems to avoid the problems
associated with other routes of administration (Borgheti-Cardoso
et al., 2016). The topical dosage form is applied to the affected
area only, and it by-passes the first-pass metabolism and releases
the drug directly to the site where it is needed (Mayba and
Gooderham, 2018). It can be easily administered, with no need for
any special skills or help of another person for administration
(Eastman et al., 2014). The topical dosage form is applied on the
skin to deliver the drug directly to the area to be treated, thus
proving prolonged localized action without frequent
administration (Waghule et al., 2019).

Various antifungal agents are commercially available in
conventional topical dosage forms like creams, lotions, and
sprays. The problem with these conventional topical dosage
forms is that they require frequent applications for several
weeks until infection signs and symptoms completely
disappear. Systemic side effects, as well as local side effects, are
associated with it. Thus, conventional topical dosage forms are

Nanoparticle-Based Topical Formulation Against Candida albicans Infection

often inappropriate and might be considered inconvenient by the
patient, resulting in therapy failure (Firooz et al., 2015).

Topical ketoconazole is one of the most often used azole drugs,
commercially available as 2% cream and ointment (Andriole,
2000). Based on its hydrophobic nature, it belongs to
Biopharmaceutics Classification System (BCS) class II drug.
Ketoconazole has limited bioavailability and poor aqueous
solubility (Sodeifian et al., 2021). Therefore, a higher amount
of drug is required to achieve the desired antifungal activity. The
mechanism of action of the azole group is to inhibit the 14a-sterol
enzyme encoded by the ERG11 gene, involved in the biosynthesis
of fungal cell membrane sterol ergosterol. Some species of non-
candida albicans are naturally resistant to azoles, causing therapy
failure when used against these species. It was reported that
Candida had the ability to develop high-level resistance against
azoles (Oxman et al., 2010; Fothergill et al., 2014). Additionally, it
can cause side effects such as allergic and severe skin reactions.
Similarly, prolonged therapy is required to achieve the desired
results. To overcome these problems, a combination of available
drugs with the blend of modern technology is required to
overcome the aforementioned problems.

In nanomedicines, silver nanoparticles (AgNPs) have gained
incredible popularity in recent years. AgNPs are used in different
fields for different purposes (Monteiro et al., 2012). Silver’s
biological efficacy has been known for centuries, but their
assessment as AgNPs on a scientific basis has received
tremendous attention in recent years (Rasheed et al., 2017).
AgNPs and specifically the released silver ions can inhibit the
replication of microbial agents, including bacteria and fungi, by
disrupting cellular membranes and other organelles (Tang and
Zheng, 2018). AgNPs attributed synergistic effects against various
resistant species when combined with antibiotics (Zhang et al.,
2014; Liao et al., 2019; Sadozai et al., 2020).

Improving the efficacy of available antimicrobials against
resistant strains is a key concern for future treatments.
Recently in various studies, AgNPs showed promising results
effectively ~ killing  antibiotic-resistant ~ microorganisms
(Scandorieiro et al., 2016; Patra and Baek, 2017; Wang et al,,
2020). AgNPs could be used in combination with existing
antimicrobials to enhance their effectiveness and reverse
antimicrobial resistance (Pfalzgraff et al., 2018; McNeilly et al.,
2021). In a recent study, biogenic silver nanoparticles in
combination with fluconazole or metronidazole showed
synergistic effects and reduced the effects of anticandidal
agents (Aabed and Mohammed, 2021). Similarly, in another
study, AgNPs in combination with antibiotics showed strong
synergistic effects against E. coli, P. aeruginosa, and S. aureus
(Deng et al., 2016). It was also reported that minimum inhibitory
concentration (MIC) of B-lactam antibiotics against E. coli was
reduced several folds when used in combination with AgNPs
(Patra and Baek, 2017). It was also reported that AgNPs enhanced
the activity of ampicillin, tetracycline, streptomycin, and
rifampicin (Markowska et al., 2014).

The current study is being designed to overcome the
bioavailability issues of ketoconazole. The emulsion/solvent
evaporation method was used for the preparation of
ketoconazole-loaded poly(lactide-co-glycolide) (PLGA)
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TABLE 1 | Various formulations of ketoconazole-loaded PLGA nanoparticles.

Formulation Ketoconazole (mg) PLGA (mg)
100% keto, 0% PLGA 100 0
75% keto, 25% PLGA 75 25
50% keto, 50% PLGA 50 50
25% keto, 75% PLGA 25 75
15% keto, 85% PLGA 15 85
12.5% keto, 87.5% PLGA 12.5 87.5
0% keto, 100% PLGA 0 100

Nanoparticle-Based Topical Formulation Against Candida albicans Infection

DCM (ml) 2% PVA Sonication
(ml) AMP (%) Time (sec)
2 10 40 90
2 10 40 90
2 10 40 90
2 10 40 90
2 10 40 90
2 10 40 90
2 10 40 90

Keto, ketoconazole; PLGA, poly(lactide-co-glycolide); DCM, dichloromethane; PVA, polyvinyl alcohol; AMP, amplitude.

nanoparticles (<300 nm) that could potentially assemble in
wrinkles (Stracke et al., 2006; Schneider et al., 2009) and hair
follicles (Lademann et al., 2008) to provide a prolonged release to
the skin tissues. The optimized ketoconazole-loaded PLGA
nanoparticles and commercially available silver nanoparticles
(AgNPs) were incorporated into a Carbopol 934P-NF base gel
for topical application. The objective of this study was to sustain
the release of ketoconazole at the site of action and reduce its
permeation into systemic circulation. Moreover, the optimized
gel formulation was evaluated and compared with commercially
available cream to effectively treat skin infection induced by the
resistant strain of Candida albicans in Wister male albino rats.

2 MATERIALS AND METHODS
2.1 Materials

Ketoconazole was a kind gift from Bryon Pharmaceuticals Pvt.
Ltd., Peshawar, Pakistan. Poly(lactide-co-glycolide) (PLGA) was
purchased from Evonik Industries, Darmstadt, Germany. Silver
nanoparticles (€ 20 nm) were purchased from PHORNANO
Holding GmbH, Austria. Polyvinyl alcohol (PVA) soluble in
cold water was used (Mowiol 4-88, Kuraray Europe,
Hattersheim, Germany); Fisher Scientific Chemicals Ltd,
United Kingdom, provided dichloromethane. Methanol was
purchased from VWR International GmbH (Darmstadt,
Germany). Potassium dihydrogen phosphate and di-potassium
hydrogen phosphate were purchased from Merck, Germany.
Tween 20 was purchased from Sigma life science. Carbopol
934P-NF and triethanolamine were purchased from Sigma-
Aldrich  (Steinheim, Germany). Ultra-pure distilled and
deionized water was produced with Millipore ultra-pure water
system (Milli—Q® Synthesis).

2.2 Preparation of Ketoconazole-Loaded
PLGA Nanoparticles

As reported previously, ketoconazole-loaded PLGA nanoparticles
were prepared by the emulsion/solvent evaporation method
(Sadozai et al., 2020). Various formulations were designed, as
shown in Table 1. Different drug/polymer ratios were studied to
investigate their impact on the physicochemical properties of
nanoparticles.

2.3 Characterization of Nanoparticles
2.3.1 Dynamic Light Scattering

The mean particle size and polydispersity index (PDI) of
nanoparticles were determined by dynamic light scattering
(DLS) with a Zetasizer Nano ZS (Malvern Instruments,
Malvern, UK) at 25°C with a backscattering angle of 172° as
discussed in our previous study (Ashjari et al., 2020; Sadozai et al.,
2020).

2.3.2 Scanning Electron Microscopy

Scanning electron microscopy (SEM) was used to determine the
morphology, particle size, and size distribution of nanoparticles
(EVO HD 15, Carl Zeiss Microscopy GmbH. Jena, Germany).
Samples were coated with a thin layer of gold to provide sufficient
conductivity (QI50RES, Quorum Technologies Ltd, East
Grinstead, United Kingdom). Micrographs were taken with an
acceleration voltage of 5kV (Sa-Barreto et al., 2017).

2.3.3 % Entrapment Efficiency (%EE)

The ketoconazole entrapped in nanoparticles was determined
using high-performance liquid chromatography (HPLC)
according to an established method with some modifications
(Kanaujia et al., 2011; Sadozai et al., 2020). The entrapment
efficiency (%EE) was determined indirectly according to a
previously reported method (Shafique et al., 2017). Briefly, the
supernatant obtained after centrifugation of nanoparticles was
collected. The amount of free ketoconazole present in the
supernatant was determined analytically and the encapsulation
was calculated using the following equation:

Total drug added (mg) — Free drugin supernatant (mg)

EE% =
& Total drugadded (mg)

X100

1

The drug loading was calculated using the entrapped drug
amount (total drug-free drug) with respect to the formulation
weight:

Drug entrapped (mg)
Weight of dried powder (mg)

Drug loading= X100 (2)

2.3.4 Drug Release Studies
The drug release from nanoparticles was studied in phosphate
buffered saline (PBS) pH 7.4 at 37°C. Tween-20 2.0% w/v was
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TABLE 2 | Various formulations of Carbopol 934P-NF gel base.

Nanoparticle-Based Topical Formulation Against Candida albicans Infection

Serial No. Formulation Carbopol 934P-NF (mg) Water (ml) pH
1 1% Carbopol gel 1 100 6.5
2 1.5% Carbopol gel 15 100 6.5
3 2% Carbopol gel 2 100 6.5
4 2.5% Carbopol gel 25 100 6.5
TABLE 3 | Various formulations of Carbopol 934P-NF containing ketoconazole and silver nanoparticles.
Ingredient Formulations

Blank gel PLGA NP Keto NP Keto PLGA Keto-drug gel AgNP gel Keto PLGA

gel gel NP gel NP +
AgNP gel

Carbopol gel 934P-NF 2% 2% 2% 2% 2% 2% 2%
Blank PLGA NPs — 16.5% - — — —
Ketoconazole NPs - 2% - - - -
Ketoconazole PLGA NPs — - - *16.5% — — *16.5%

Ketoconazole pure Drug
Silver NPs

2%
— 1%

1%

PLGA NPs (100% PLGA NPs), ketoconazole NPs (100% ketoconazole NPs), ketoconazole PLGA NPs (12.5% ketoconazole + 87.5% PLGA NPs) *(16.5% w/v particles correspond to 2%

ketoconazole pure drug based on entrapment efficiency).

added to the dissolution medium to obtain sink conditions since
ketoconazole is insoluble in PBS pH 7.4; briefly, 10 mg of drug-
loaded nanoparticles were dispersed in 50 ml dissolution medium
and stirred continuously at 37°C. 1.0 ml aliquots were withdrawn
at predetermined intervals and centrifuged at 24,000 RCF. The
supernatant was collected, and the pellets were redispersed in a
1.0-ml dissolution medium and then returned to the main tube
(Kataoka et al., 2019). The amount of ketoconazole in the samples
was analyzed using the established HPLC method.

2.4 Gel Preparation

2.4.1 Preparation of Carbopol 934P-NF Gel Base
Carbopol 934P-NF was selected as a hydrophilic polymer due to
its high purity and pharmaceutical grade. Formulations were
prepared based on the concentration of Carbopol 934P-NF, as
shown in Table 2. Each formulation was prepared by taking a
specific amount of Carbopol 934P-NF and adding deionized
water in a beaker to make the final volume up to 100 ml. The
beaker was placed on a magnetic stirrer for 3 hours to make a
slurry. The polymer solution was kept in a dark place overnight
for complete swelling. The pH was adjusted to 6.5 by the addition
of triethanolamine (Jana et al., 2014). After adjusting the pH,
physical characteristics and spreadability studies were carried out
to choose the suitable Carbopol gel base.

2.4.2 Incorporation of NPs in Gel

After the selection of a suitable Carbopol 934P-NF gel base,
different formulations were prepared w/w by incorporating the
optimized formulation of ketoconazole-loaded PLGA
nanoparticles, pure ketoconazole nanoparticles without PLGA,
silver nanoparticles, optimized ketoconazole-loaded PLGA
nanoparticles and silver nanoparticles in combination and
pure drug (ketoconazole), as shown in Table 3. All

formulations were mixed properly with the help of mortar and
pestle to ensure uniform distribution.

2.5 Evaluation of the Gels

2.5.1 Appearance

All gel formulations’” appearance was inspected visually for color,
clarity, and presence of any particulate. This test is important for
esthetic point of view as well as patient compliance (Parashar
et al., 2013).

2.5.2 pH

pH plays an important role in the preparation of Carbopol gel
934P-NF as it is highly pH-sensitive. The pH of all the gel
formulations was measured using Mettler Toledo Seven
Compact S230 (Germany) pH meter. About 1 mg sample from
all formulations was taken and stirred with distilled water to form
a uniform suspension. The volume came up to 50 ml and pH of
the suspension was measured (Parashar et al., 2013).

2.5.3 Spreadability

Spreadability is an important parameter to determine the
quality of a topical preparation. The therapeutic efficacy
depends on the gel’s ability to spread uniformly and easily.
Spreadability studies were performed using a stainless-steel
apparatus having a lower plate and upper plate. In between
these two plates was a sample compartment in which gel was
loaded. After loading the gel in this compartment, a transparent
plastic scale was set above the steel plate holding the sample in
the center. Two glass plates weighing 2 kg were placed above the
transparent scale. As the glass plate is placed above it, the gel
spreads on the scale. The diameter was measured after
5 minutes. Each sample was measured three times to get the
mean value.
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TABLE 4 | Clinical parameters and therapeutic efficacy.

Nanoparticle-Based Topical Formulation Against Candida albicans Infection

Serial no. Clinical parameter Score
1 No sign of infection 0
2 Slight erythematous skin 1
3 Redness on a well-defined area with swelling, bald patches, and scaly area 2
4 Large areas with redness and ulceration 3
5 Loss of hair and partial damage to the skin 4
6 Excessive damage to the skin with complete hair loss 5

2.5.4 Drug Content Determination

For the uniform distribution of the drug in a gel formulation,
drug content was determined. The gel’s drug content was
determined by accurately weighing 1.0mg of gel and
dissolving it in 40 ml PBS solution containing 2% Tween-20 in
a beaker under continuous stirring to make a suspension. This
suspension was filtered (0.45-micron filter paper), and the drug
content was analyzed by the described HPLC method.

2.6 In Vitro Drug Release Studies

In vitro drug release studies were carried out by using Franz diffusion
cells with a spherical diameter of 25 mm and a diffusion area of
3.56 cm”. The diffusion was investigated across a cellulose membrane
with a thickness of 444 mm and pore size of 12-14,000 Da was
placed between the lower cell reservoir and glass cell top containing
the sample. The receiving compartment was filled with a solution of
PBS and 2% Tween-20 with a pH adjusted to 7.4 and temperature
maintained at 32.0 + 0.5°C with a magnetic stirrer. 0.1 mg of each
sample was applied evenly on the Teflon sheet, having a diameter of
14 mm which was placed above the cellulose membrane in the donor
compartment. After predetermined intervals (1, 2, 4, 8, 12, and 24 h),
400 uL receptor fluid was withdrawn from the receiving
compartment and was replaced with the same volume of fresh
solution (Bhaskar et al, 2009). Samples were analyzed on RP-
HPLC to determine the in vitro drug release from the Carbopol gel.

2.7 Ex Vivo Studies

2.7.1 Skin Permeation Studies

Excised human skin as the gold standard for ex vivo studies was
used. The human abdominal skin from Caucasian female patients
was obtained from Caritas Klinik, Lebach, Germany. The
procedure was approved by the Ethical Committee of the
Aerztekammer des Saarlandes, Saarbriicken, Germany (Code
204/08, 22 December 2008). The fatty tissue attached to the
epidermis was removed, carefully washed with water, and stored
in the refrigerator. From the stored skin, circular samples with a
diameter of 25 mm were punched out with the help of a plunger
and hammer. The epidermis was thoroughly washed with water
and allowed to hydrate for 1 h before being mounted on the Franz
diffusion cells with the stratum corneum (S.C.) facing the donor
compartment (Luengo et al., 2006; Luengo et al, 2021). Drug
delivery from the topical dosage form is an important parameter
in developing a formulation, to determine how much drug is
released or permeated through the skin to reach the dermis and
potentially the systemic circulation.

2.7.2 Tape Stripping Method

The tape stripping method was employed to determine the amount
of drug present in the uppermost layer of the skin stratum corneum
(Luengo et al., 2021) to treat the superficial infection of the skin.
After 24 h, the skin was removed from the Franz diffusion cell. The
skin surface was washed 10 times with a cotton swab to remove the
extra amount of gel present on the skin’s surface. The skin was then
placed on a flat surface and fixed with the help of pins at the corners
of the skin so that the stratum corneum faced upward. Modified
Scotch Magic Tape was used to remove the stratum corneum from
the skin completely. A tape strip was applied on the skin, and after
application, a roller was rolled with a uniform force above it in two
opposite directions, and the tape strip was removed with the help of
forceps. The same procedure was repeated 12 times to ensure
complete removal of stratum corneum, which was also checked
with the help of Squame scan, which is used to scan the stratum
carenum protein content on the tape strips (Hahn et al., 2010). The
first two strips were discarded, and the remaining ten were mixed
with mono isopropyl amine methanol (2:500) and shaken to dissolve
adhered ketoconazole in the solvent mixture. Then, the solvent
mixture was allowed to evaporate the organic mixture on a magnetic
stirrer. The release medium was added to dissolve the drug and
filtered through a 0.45-um membrane filter. The filtrate was analyzed
for drug concentration by RP-HPLC as discussed earlier (Escobar-
Chévez et al., 2008; Clausen et al., 2016).

2.7.3 Drug Retention Studies

In addition to determining the amount of drug present on SC, the
percentage of drug penetrated was also analyzed by washing the skin
10 times with a cotton swab and cutting the skin into small pieces,
and the skin was homogenized in the solvent mixture for 2h to
extract the drug. The resulting solution was centrifuged for 10 min at
2795 RCF, and the supernatant was analyzed on RP-HPLC with the
same procedure described earlier (Minghetti et al., 2006).

2.8 In Vivo Studies

The in vivo studies were carried out according to the guidelines
approved by the ethical committee of the Department of
Pharmacy, KUST vide notification number “Ref NO./KUST/
Ethical Committee/2286”.

2.8.1 Experimental Design

Wistar albino male rats (230-250 mg) were obtained from PCSIR
laboratories in Peshawar. All the animals were acclimatized under
standard animal house conditions for 7 days before starting the in
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vivo studies. The animals were randomly divided into four
groups, each group containing six Wistar albino healthy male
rats. Group-I was treated with keto-drug gel, 2% Carbopol gel,
and 2% pure ketoconazole drug as a positive control. Group-II
was considered negative control and treated with a blank gel
containing 2% Carbopol gel without any drug. Group-III was
treated with test gel keto PLGA NPs and AgNPs containing 2%
Carbopol and 2% optimized Keto PLGA nanoparticles combined
with AgNPs. Group-IV was treated with commercially available
2% ketoconazole cream considered as the reference group. After
inoculation with a fungal infection, all the animals were treated
once a day for 7 days, respectively.

2.8.2 Preparation of Candida albicans Strain

The C. albicans strain was obtained from Shifa International
Hospital Pathology Department (ATCC-10231) and was allowed
to grow for 48 h at 30°C on sabouraud dextrose agar media. The
cells were collected, washed, and suspended in sterile saline to get
107 CFU/ml (Barros et al., 2007).

2.8.3 Induction of Fungal Infection

All rats were prepared by removing the hair on the dorsal area
approximately 2 cm® with the help of a razor or electrical hair
trimming machine. Each rat was intradermally injected with
100 ul of C. albicans strain having a concentration of 10" CFU/
ml. The injected area was rubbed with cotton to avoid edema. The
fungal infection was observed after 3 days of inoculation in the
affected area (Araujo et al., 2009).

2.8.4 Clinical Investigations

All the animals were clinically examined periodically at days 0, 4, and
7 in a week to check the symptoms such as rashes, red or purple
patches, white patches over the affected area, scaling, cracking,
pimples filled with puss, hair loss, and the treatment efficacy will
be scored from 0 to 5 according to a modification of the reported
clinical parameters as shown in Table 4 (Aggarwal et al,, 2013).

2.9 Statistical Analysis

The results were expressed as mean * standard deviation using
different statistical tests. The results were compared by one-way
analysis of variance (ANOVA). The data were considered
significantly different at p-value * 0.05 by using Graph Pad
Prism software (Version 5).

3 RESULTS AND DISCUSSION

To overcome the challenges faced in conventional drug delivery
systems, a topical nanocarrier drug delivery system emerged as a
suitable alternative (Diaz and Vivas-Mejia, 2013). The advantages
of nanocarrier as a drug delivery system are high surface-to-
volume ratio, nanoscale size, and easy fabrication with controlled
physicochemical properties. Topical nanocarrier as a drug
delivery system enhances the aqueous solubility of
hydrophobic drugs. They can extend shelf life, prolong and
control the release of drug (Lavan et al, 2003), improve the
stability against moisture (Lockman et al, 2002), modify the

Nanoparticle-Based Topical Formulation Against Candida albicans Infection

pharmacodynamics and pharmacokinetics of the drug, and
reduces the side effects by targeting the specific site at the
cellular level (Allen and Cullis, 2004). The objective of this
study was to design and fabricate a topical gel preparation that
can prolong the release of ketoconazole, reduce its systemic
absorption, and improve its therapeutic potential against
resistant C. albicans strain when combined with AgNPs.

3.1 Characterization of Nanoparticles

3.1.1 Physicochemical Properties of Nanoparticles
The physicochemical properties of ketoconazole-loaded PLGA
nanoparticles are reported in our previous article (Sadozai
et al., 2020); briefly, a drug-to-polymer ratio was optimized in
terms of particle size, PDI, and entrapment efficiency. It was
observed that as the concentration of the drug increases, the
particle size and PDI values increase. The maximum size was
observed for formulation in which nanoparticles were
prepared without PLGA polymer. The nanoparticles
formulation containing 12.5% ketoconazole and 87.5%
PLGA was chosen to prepare nanoparticle-laden gels since
this formulation provides a sustained release of ketoconazole,
shown in Figure 1. These nanoparticles are in the range of
150-200 nm, having discrete and homogeneous boundaries
and no sign of agglomerations, as evident from SEM images
(Figure 2), consistent with the data obtained from dynamic
light scattering. However, the particles prepared with 100%
drug are slightly larger.

3.1.2 Scanning Electron Microscopy
The morphology, including the shape and surface of all the
formulations, were studied by SEM. The images revealed
uniformity and spherically shaped particles.

3.2 Optimization of Polymer Concentration

for Preparation of Gel

Before the incorporation of nanoparticles, the gel formulation was
optimized based on polymer concentration. Carbopol 934P-
NF-grade polymer was used for the preparation of gels. The
prepared gel formulations were examined visually for appearance
and homogeneity. As shown in Table 5, all the formulations were
clear and transparent with no particles. The clarity of gel plays an
important role in acceptance and compliance. So, from an esthetic
point of view, patients’ acceptability is important to achieve the
desired results. The formulation containing 2% Carbopol 934P-NF
showed excellent homogeneity without any lumps, as shown in
Table 5, compared with other formulations. Formulation containing
2% Carbopol 934P NF showed acceptable physicochemical results at
pH 6.5 compared with other formulations depicted in Table 5.

3.3 Incorporation of Nanoparticles in the Gel
Six different topical gel formulations were prepared, as shown in
Table 6. Optimized ketoconazole-loaded PLGA nanoparticles (12.5%
keto and 87.5% PLGA) were selected to incorporate w/w in the topical
gel. This formulation was selected based on our previous studies,
which showed extended release of drug for more than 24 h and the
amorphous nature of the drug, which can enhance bioavailability at
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FIGURE 1 | Particle size distribution by intensity. Blank PLGA NPs contain no drug, keto PLGA NPs contain 12.5% ketoconazole and 87.5% PLGA, and keto NPs

FIGURE 2 | SEM micrographs of (A) 12.5% keto and 87.5% PLGA NP formulation and (B) 100% keto and 0% PLGA formulation.

TABLE 5 | Physicochemical characteristics of Carbopol 934P-NF gel base.

S. no. Formulation Appearance
1 1% Carbopol gel Clear
2 1.5% Carbopol gel Clear
3 2% Carbopol gel Clear
4 2.5% Carbopol gel Clear

*Homogeneity: * = Fair, ** = Good, *** = Excellent.

the site of infection. Similarly, silver nanoparticles were incorporated
along with ketoconazole-loaded PLGA nanoparticles due to their
synergistic effect. It was shown that silver nanoparticles could
improve the efficacy of ketoconazole-loaded PLGA nanoparticles
several folds when used together (Sadozai et al., 2020).

*Homogeneity Spreadability (mm)
Out of scale
o Out of scale
28.33 + 0.47
> 20.66 + 0.47

3.4 Physicochemical Properties of the
Nanoparticle-Laden Gel

3.4.1 Spreadability

The spreadability of gels prepared with different concentrations of
Carbopol 934P-NF was also evaluated. At the lower composition of
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TABLE 6 | Physicochemical characteristics of optimized gel formulations.

Formulation Appearance
1 Blank gel Clear, opaque
2 PLGA NP gel Clear, opaque
3 Keto NP gel Clear, opaque
4 Keto PLGA NP gel Clear, opaque
5 Keto-drug gel Clear, opaque
6 AgNP gel Clear, half-white
7 Keto PLGA NP + AgNP gel Clear, half-white
8 Commercial cream*** Clear, white

*Homogeneity: * = Fair, ** = Good, *** = Excellent.

120
In vitro Drug Release from Gel and NPs

—3¥— Keto NPs in gel

—4&— Keto PLGA NPs

~@— Keto-drug in gel
Keto PLGA NPs in gel

~@— Commercial gel

% Commulative drug Release

Time in hours

FIGURE 3 | In vitro drug release of optimized gel formulations using
Franz diffusion cell and optimized NPs formulation (12.5% keto + 87.5%
PLGA NPs). Mean + standard deviation (n = 3).

the polymer, the formulations failed the spreadability test due to low
viscosity, whereas at higher composition, the spreadability of gel
decreases. 2% Carbopol 934P NF was chosen as the optimum
formulation for the preparation of nanoparticle-laden gels since it
showed excellent spreadability properties, that is, 28.33 + 0.47 mm.
The spreadability of the gel was not markedly affected by the
incorporation of nanoparticles (Table 6). The spreadability values
were very close to the commercially available product that was found
to have 26.33 = 0.5 mm (Table 6).

3.5 In Vitro Drug Release Studies

In vitro drug release studies were carried out using modified
Franz diffusion cells together with cellulose membranes, as
discussed in Section 2.6. The released drug amount obtained
was plotted against time (Figure 3). The % cumulative drug
released data which revealed that formulations keto-drug gel and
keto NP gel release 35-40% of the drug in the first hour. In
contrast, the optimized keto PLGA NP gel formulation releases
7% drug in the first hour. In comparison, the commercially
available cream releases more than 45% of the drug. In 2h,
the optimized formulation releases 9% of the drug.

Nanoparticle-Based Topical Formulation Against Candida albicans Infection

*Homogeneity Spreadability (mm) **Drug content

in gel

(%)
28.33 + 0.47 Nil
o 26.01 + 0.80 Nil
o 29.66 + 1.24 2
26.33 + 0.47 2
e 33.33 + 0.47 2
34.66 + 1.24 Nil
o 32.00 + 0.50 2
26.33 + 0.47 2

In contrast, keto-drug gel and keto NP gel released 55% and
65% of the drug, respectively, and commercially available cream
releases up to 67% in the first 2 hours. The same pattern was
observed, and 99% drug was released in the first 8h from
commercial cream, 95% from the keto-drug gel, 86% from
keto NP gel, and 14% from keto PLGA NP gel. In the first
24 h, the optimized keto PLGA NP gel formulation released 17%,
whereas all other formulations released more than 99% of the
drug, as shown in Figure 4. These data suggested that not only
Carbopol gel prolonged the drug release as compared to
commercially available products, but the PLGA incorporating
ketoconazole in the optimized formulation played an important
role in delaying the drug release from the gel for several days
(Chavan et al., 2021), which can be beneficial in reducing the
frequency of gel application and availability of the drug for a
longer period at the site of application. Similarly, keto PLGA NP
gel provides an environment around the infectious skin where the
drug is available for a longer period and extends the drug’s release
(Waghule et al.,, 2020). The Carbopol gel acts as a reservoir in
which the drug permeates and treats the targeted infectious area
(Silva et al., 2015).

3.6 Ex Vivo Drug Penetration Studies

Ex vivo studies were carried out using human abdominal skin
obtained from Caritas Klinik, Lebach, Germany. To determine
the amount of drug that permeated from the gel through the skin,
was retained on the skin, and deported in the skin layers, skin
permeation studies, tape stripping method, and drug as discussed
in detail in Section 2.7 were performed.

3.6.1 Skin Permeation Studies

The data obtained from skin permeation studies, as shown in
Figure 5, revealed that the maximum amount of drug permeated
from commercially available cream through the skin compared
with other gel preparations. Permeation profile indicated that
154 ug/cm?® (14.47%) of drug permeated through the skin from
commercial ketoconazole cream, 135 pg/cm® (11.96%) from
keto-drug gel, and 191 pg/cm® (15.98%) from keto NP gel,
whereas it was 20 pg/cm2 (1.67%) from keto PLGA NP gel.
The results obtained from skin permeation studies showed
that our optimized keto PLGA NP gel formulation was
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FIGURE 4 | In vivo images of male Wister albino rats. Gel preparations were applied on the dorsal skin surface and observed for clinical findings (n = 6).

successful in stopping the drug from permeation through the skin ~ than 14% of drug permeated through the skin. Similarly, keto NP
and only a negligible amount of drug permeated, which was less  gel also showed higher permeation (15.98%) than Keto PLGA NP
than 2% compared with the commercial cream from which more  gel. The improved permeation of ketoconazole nanoparticles may
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FIGURE 5 | Ex vivo studies on the human abdominal skin. Comparison of drug concentration at different levels of human skin. Mean + standard deviation (1 = 3).
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TABLE 7 | Wister albino male rats’ group for in vivo studies.

Group-I Positive control Keto-drug gel

Group-Il Negative control Blank gel

Group-lll Test drug Keto PLGA NPs + AgNPs gel
Group-IV Reference drug Commercial cream

be due to the particulate nature of ketoconazole. PLGA really
retains the drug inside, thus not much material can permeate in
case of ketoconazole-loaded PLGA nanoparticles. This might be
due to the smaller size and larger surface area of the nanoparticles.
It was also observed that PLGA polymer plays an important role
in this nano-drug delivery system by providing a network-like
structure in which the drug was uniformly distributed and
difficult to permeate through the skin (Dinarvand et al., 2011).
It was clear from these results that the optimized keto PLGA NP
gel formulation is an ideal topical nano-drug delivery system that
can hinder the permeation of the drug through the skin for a
longer period and make it difficult to reach the systemic
circulation. By controlling the skin permeation, our topical
nano-drug delivery system could be used to minimize the
systemic side effects co-related with these antifungal agents.
Similarly, they can provide a better therapeutic reservoir on
the skin to treat superficial infections effectively (Wu and Guy,
2009).

3.6.2 Tape Stripping Method

The tape stripping method was performed to evaluate the
amount of drug present on the surface of the stratum
corneum using modified Scotch Magic Tape. The results
obtained from HPLC data, as shown in Figure 5,
demonstrated that the least amount of drug 406 pg/cm?
(33.97%) was present on the skin surface after applying the
keto NP gel formulation. Similarly, keto-drug gel showed
447 pg/cm® (39.62%) of the drug on the skin surface, and
commercially available cream showed 409 pg/cm?® (38.42%) of

the drug on the skin surface. Our optimized gel formulation
showed excellent results as compared with the other gel
formulations and commercial cream. Keto PLGA NP gel
showed 810 pg/cm” (67.97%) of the drug on the surface of
the skin’s stratum corneum. For an ideal topical formulation
to treat superficial infections, the drug should be on the skin’s
surface for a longer period and in a larger amount. The results
showed that optimized gel formulation could be used as a nano-
drug delivery carrier because it showed less permeation and
more drug retention on the skin’s surface.

3.6.3 Drug Retention Studies

A drug retention study was performed to estimate the amount of
drug retained inside the skin after 24 h. The results obtained from
HPLC shown in Figure 5 demonstrated that for keto-drug gel,
keto NP gel, and commercial cream, 48.40, 50.04, and 47.08% of
the drug penetrated, respectively, which was far more than that
from our optimized gel keto PLGA NP gel formulation (only
30.36% of the drug). The reason could be sustained release of drug
from PLGA polymer within 24 h. Most of the drug remained on
the surface (wrinkles and hair follicles) in the upper layer of the
skin, unlike other gel preparations in which the drug release was
not controlled and the drug permeated through various skin
layers. These results also favored our optimized gel formulation
for controlled and targeted drug release for a longer period. The
PLGA played a dominant role in sustaining and retaining the
drug on the skin and preventing permeation into the systemic
circulation. We aimed to achieve maximum sustaining effect to
avoid frequent application of the gel and minimize the drug dose.
The problem of drug therapy failure could be easily addressed by
applying our topical gel preparation.

3.7 In Vivo Evaluation of the Gel Against
Fungal Infection

In vivo studies were carried out using male Wister albino rats
approximately 230-250 mg in weight. All the animals were kept
with care, and we strictly followed the ethical protocols. They
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TABLE 8 | In vivo investigation of gel preparations and clinical findings.

Nanoparticle-Based Topical Formulation Against Candida albicans Infection

S. no. Group Clinical finding Score
1 Group-I Slight erythematous skin, infection does not get cured completely 1
2 Group-II Redness, loss of hair, and partial damage to the skin 4
3 Group-IIl No sign of infection, hair regrowth started 0
4 Group-IV Slight erythematous on the skin, infection does not get cured completely 1

were divided randomly into four groups, as shown in Table 7, and
each group contained six male rats.

The infected area was treated with 1 mg of gel according to the
group for 3 days, and we keenly observed the clinical parameters
and effectiveness of applied gel on days 3, 5, and 7 as described in
Table 4 and scored accordingly in Table 8.

It was observed that Group-II showed no sign of
improvement, and clinical findings showed redness of the skin,
loss of hair, and partial damage to the skin at the site of infection
as it was treated with blank gel without any drug. Group-I and
group-IV showed a little improvement compared to Group-II,
and slight erythema was present, but the infection was not
completely cured at the end of treatment of the infected area.
Whereas Group-III showed maximum effectiveness from the gel
preparation and no sign of infection was observed, our optimized
keto PLGA NP + AgNP gel successfully cured the fungal infection
as compared with the commercially available cream and keto-
drug gel shown in Figure 4. The combination of ketoconazole-
loaded PLGA NPs and AgNP-laden gel could be used as an ideal
topical formulation to treat superficial skin infection caused by
resistant strains of C. albicans and as a reference for those drugs
having bioavailability and resistance issues.

4 CONCLUSION

This study supported the rational selection of polymer
concentration to control the particle size and prolong the drug
release for more than 24 h. Carbopol 934P-NF was used as a gel
base; various formulations were prepared and their
physicochemical properties studied. Physicochemical
characteristics of all the gel formulations were acceptable as
compared with the commercial product. In vitro studies showed
that keto PLGA NP gel formulation sustained the drug release for
more than 24 h, whereas commercial cream and keto-drug gel
released 99% drug in less than 24 h. Ex vivo studies supported our
objective by limiting the permeation of drugs through the human
abdominal skin compared to the commercial product and pure
ketoconazole drug and maintaining a reasonable amount of drug at

were
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Pioglitazone (PGZ) is utilized as a therapeutic agent in the management of (type 2) diabetes
to control blood glucose levels. The existing research work was intended to make and
optimize PGZ-containing NLCs (nanostructured lipid carriers). The fabricated
nanostructured lipid carrier preparation was optimized by using different
concentrations of the surfactants (Tween 80 and Span 80) and solid lipid (Compritol®
888 ATO) and liquid lipid (Labraso|®) while keeping the concentration of drug (PGZ2), and
co-surfactants (poloxamer 188) the same. The optimized NLC formulation (PGZ-NLCs)
was further assessed for physical and chemical characterization, in vitro PGZ release, and
stability studies. The optimized PGZ-NLCs have shown an average diameter of 150.4 nm,
EE of 92.53%, PDI value of 0.076, and zeta-potential of —=29.1 mV, correspondingly. The
DSC thermal analysis and XRD diffractograms had not presented the spectrum of PGZ,
confirming the comprehensive encapsulation of PGZ in the lipid core. PGZ-NLCs showed
significantly extended release (51% in 24 h) compared to the unformulated PGZ. Our study
findings confirmed that PGZ-NLCs can be a promising drug delivery system for the
treatment of type 2 diabetes.

Keywords: pioglitazone, poor aqueous solubility, NLCs, nanoparticles, diabetes

1 INTRODUCTION

Pioglitazone (PGZ) is an oral therapeutic agent used in therapy of diabetes mellitus (DM). It is a
thiazolidinedione derivative. The structural formula of PGZ is 5-[4-[2-(5-ethyl-2-pyridinyl) ethoxy]
benzyl] thiazolidine- 2,4-dione (Waugh et al., 2006; Souri et al., 2008). In diabetic patients, insulin
resistance is improved by the use of PGZ. It also reduces the macrovascular risks associated with
diabetes (Mosure et al., 2019). PGZ significantly decreases the blood glucose levels in fasting and
postprandial state and also reduces the glycosylated hemoglobin, while the beta-cell function is
improved by its use (Shaveta et al., 2020). PGZ mainly performs its action by binding to peroxisome
proliferator-activated gamma receptors (PPARs) (Smith, 2001). Stimulation of PPARs regulates the
transcription of genes which controls the release of insulin responsible for the balancing of the
production of glucose, glucose uptake, transport, and consumption in the organs. PGZ improves the
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sensitivity of the tissue to insulin and reduces gluconeogenesis
which leads to improved glycemic control and decreases insulin
resistance. PGZ being a member of the Biopharmaceutics
Classification System (BCS) Class II exhibits low water
solubility (0.00442 mg/ml) and high permeability. The half-
life of PGZ is also very short (3-6h). The low aqueous
solubility of the PGZ corresponds to low dissolution. Poor
solubility and decreased dissolution rate reduce the drug
absorption and impart a negative effect on blood levels of the
drug leading to decrease pharmacological activity (Elbary et al.,
2008). Therefore, to achieve minimum therapeutic level
concentration an increased dose of PGZ is required which
can cause severe adverse effects (Shaveta et al., 2020).
Furthermore, PGZ also undergoes metabolism, and many
metabolites are produced in the liver to activate and
inactivate metabolites by the process of oxidation and
hydroxylation (Eckland and Danhof, 2000). The absorption
of PGZ from GIT is further delayed in the presence of food
(Pandey and Kohli, 2017). Keeping in view all these
shortcomings associated with PGZ there is a necessity to
develop effectual delivery systems of PGZ (Bhosale et al., 2016).

A number of approaches have been employed to deal with low
water solubility constraints. Physicochemical modifications in the
drug molecules are the major strategies among other approaches
to improve solubility and enhance the surface area and drug
release rate of drug particles. Lipidic drug delivery systems and
solid dispersions are also among the solubility enhancement
techniques through physical modifications of the system
(Sinha et al., 2013; Malamatari et al., 2018). The bioavailability
of the drugs given orally with poor solubility can also be enhanced
through the latest developments in particle size modification
techniques. The bioavailability of these drugs mainly depends
upon the dissolution rate. It has been observed that the solubility
is increased when the particle size is reduced. Improved solubility
results in a higher dissolution rate. As a result, the drug’s
bioavailability increases (Williams et al., 2013; Koradia et al.,
2018). The equation of Noyes—Whitney explains the association
between the dissolution velocity and the real surface area of the
particles of the drug. The reduction of larger particles into smaller
ones can cause a surge in the surface area and increased rate of
dissolution (Pawar et al., 2014).

NLCs are taken to be the analogs of oil-in-water (o/w)
emulsion as they are similarly formed as the o/w emulsion.
The difference only takes place in the replacement of the oily
phase of the emulsion for solid lipids in the presence of liquid
lipids. Accordingly, NLCs may be comprised of a lipid blend of
solid and liquid lipid distributed in a water phase at elevated
temperatures. Sometimes, a surfactant or mixture of surfactants
and co-surfactant is used to stabilize the formulation. NLCs have
a particle size in the range of 50-1,000 nm having a spherical
shape (Junghanns and Miiller, 2008). NLCs have been utilized as
an alternate drug carrier system to other colloidal systems of drug
delivery. NLCs are comprised of solid lipids, liquid lipids,
surfactants and/or cosurfactants, and water. A distinctive solid
type lipid that is employed in these kinds of carrier systems
should have the ability to melt above the body temperature
of 37°C.

Formulation and Characterization of PGZ-NLCs for Treatment of Type 2 Diabetes

NLCs have exhibited many advantages over other colloidal
drug delivery systems and simultaneously minimized the
problems related with other colloidal carrier systems (Mehnert
and Mider, 2012). Generally, a solid core in NLCs offers various
advantages in the presence of a liquid core. Usually, liposomes
and emulsions also fail to protect the encapsulated drug. and a
burst release of drug can happen from emulsions or uncontrolled
release of drug from the liposomal formulation. NLCs exhibit
controlled release effect, at the same time also protects the drug
from degradations. NLCs have better stability and high capability
to load the drug. NLCs also need lower quantities of organic
solvents in production, which declines the chances of toxicity. In
conclusion, by comparison with other colloidal nanoparticles,
NLC production procedures are cost-effective and are easily
scalable (Junghanns and Miiller, 2008).

The aim of this research work was to develop and assess
pioglitazone-loaded NLCs for better drug delivery and enhanced
solubility that can be used to improve the antidiabetic potential of
pioglitazone.

2 MATERIALS AND METHODS

2.1 Materials

Pioglitazone hydrochloride (PGZ) drug was received as a gift
sample from Xellia Pharmaceuticals. Methanol, Tween 80,
poloxamer 188, Span 80, Compritol® 888 ATO, and Labrasol
were procured from Sigma-Aldrich (St. Louis, MO,
United States). Analytical-grade quality was assured for all
chemicals.

2.2 Preparation of
Pioglitazone-Nanostructured Lipid Carriers

PGZ-NLCs were formulated by nano-emulsion template
technique with minor changes. In brief, the blend of PGZ,
Tween 80, Span 80, Compritol® 888 ATO, Labrasol , and
poloxamer 188 were put in a water bath and melted at 65°C.
Deionized water was filtered and then heated up to 65°C. A
volume of 5ml of warmed deionized water was added to the
melted blend of lipids and surfactants with constant stirring at a
rotation speed of 750 rpm for 30 min. A transparent nano-
emulsion was obtained. The temperature of the system was
sustained at 70°C throughout the making of nano-emulsion.
Afterward, the warm nano-emulsion was quickly cooled down
at a temperature below 4°C in the ice container along with
constant stirring at 750 rpm to solidify the lipids to produce
PGZ-NLCs. Free PGZ and large aggregates from the PGZ-NLC
formulation were withdrawn by filtering it through a 0.45-pm
syringe filter. For further study, PGZ-NLCs were held in reserve
at 4°C (Rizvi et al,, 2019).

2.3 Optimization of

Pioglitazone-Nanostructured Lipid Carriers
PGZ-NLC formulations were optimized for different Tween
80 and Span 80 concentrations in the surfactant blend, and
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TABLE 1 | Composition of all formulations.

Formulation code PGZ Compritol 888 ATO
F1 5 5
F2 5 4
F3 5 7
F4 5 8
F5 5 9

their influence on mean diameter of the particle, EE, PDI, and
zeta potential was determined. The amount of PGZ and
surfactant component poloxamer 188 was kept constant, while
the concentration of solid lipid Compritol® 888 ATO and liquid
lipid Labrasol was varied. Table 1 contains the concentration of
all the formulation components used.

2.4 Characterization of

Pioglitazone-Nanostructured Lipid Carriers
2.4.1 Particle Size, Size Distribution, and Zeta
Potential Analysis

Mean particle size, PDI (polydispersity index) value, and zeta
potential of optimized PGZ-NLCs were determined using a
Zetasizer ZS 90 (Malvern Instruments, Malvern,
Worcestershire, United Kingdom). For analysis, PGZ-NLCs
were suitably diluted with deionized water.

2.4.2 Encapsulation Efficiency

The amount of PGZ encapsulated in PGZ-NLCs was determined
by using a UV-visible spectrophotometer. Before carrying out
analysis, PGZ in free form and aggregates of larger size were
removed by passing the NLC formulation through a syringe filter
of 0.45 p.m. The filtered PGZ-NLCs were dissolved in methanol.
Analysis for PGZ contents was carried out by using UV-visible
spectrophotometer at 220nm (V-530; JASCO Corporation,
Tokyo, Japan) (Shaveta et al, 2020). The encapsulation
efficiency and drug loading (%) of PGZ-NLCs are assessed by
using the equations given as follows:

Encapsulation efficiency (%)

= PGZamount in PGZ — NLCs/PGZ total amount added x 100,

Drug Loading (%) = PGZamountin PGZ
— NLCs/total weight of PGZ
— NLCsx100.

2.4.3 Morphology Analysis

The morphology of PGZ-NLCs was examined using scanning
electron microscopy (SEM) (Hitachi S-4100, Hitachi Ltd., Tokyo,
Japan). A minute quantity of lyophilized PGZ-NLCs was spread on a
carbon-coated tape and dried at room temperature. A thin layer of
gold was used to sputter the sample under vacuum (Rizvi et al., 2019).
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Labrasol Tween 80 Span 80 Poloxamer 188
5 77 23 20
6 78 22 20
3 79 21 20
2 85 15 20
1 92 9 20

2.4.4 FTIR Analysis

To inspect the PGZ compatibility with excipients, FTIR spectra of
unformulated PGZ, Compritol 888 ATO, poloxamer 188, and
lyophilized PGZ-NLCs were attained by means of an FTIR
spectrophotometer (Eco Alpha II- Bruker, Billerica, MA,
United States). The infra-red spectrum was gained in the
range of 4,000-400 cm™'. Lyophilization of PGZ-NLCs was
executed using a freeze-dryer (TFD5503, IIShin BioBase Co.,
Ltd. Gyeonggido, Republic of Korea) (Pireddu et al, 2016;
Casula et al., 2021).

2.4.5 Powdered X-Ray Diffractometry

The powder x-ray diffraction examination of lyophilized PGZ-
NLCs and their specific solid constituents (unformulated PGZ,
Compri‘[ol® 888 ATO, and poloxamer 188) was carried out
using a powder X-ray diffractometer (D8 Advance-Bruker,
Billerica, MA, United States). All the samples were scanned at
an angle of 20 in the range of 3-70°, and at 0.02°/s rotation with
a current of 40 mA and 40 kV voltage (Rizvi et al., 2019).

2.4.6 Differential Scanning Calorimetry

The thermal features of lyophilized PGZ-NLCs and their
different solid ingredients (unformulated PGZ, Compritol®
888 ATO, and poloxamer 188) were inspected using a
differential scanning calorimeter (DSC Q20; TA Instrument,
New Castle, DE, United States). For the DSC study, the sample
was positioned in an aluminum pan and heated over a
temperature range of 0-200°C at 10°C/min rate (Rizvi et al.,
2019).

2.4.7 In Vitro Release of Pioglitazone-Nanostructured
Lipid Carriers

The in vitro release profile of PGZ-loaded NLCs was estimated
via the dialysis bag method with simulated gastric fluid (SGF)
of pH 1.2 and simulated intestinal fluid (SIF) of pH 6.8 as
dissolution medium at 37 + 0.5°C temperature and 100 rpm
rotation. PGZ-NLC formulation equal to 5 mg of PGZ was put
in a dialysis membrane of 3,500 Da molecular cut-off weight
(Spectrum Laboratories, Inc., Rancho Dominguez, CA,
United States). Before carrying out the release study, the
dialysis membrane was submerged in SGF or SIF. 0.5%, w/v
Tween 80 and 5%, v/v ethanol were put into the release media
for maintaining the sink conditions. Samples of 2 ml were
drawn out from release media at determined time intervals for
24 h. To sustain a persistent volume after sample removal, the
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TABLE 2 | Experimental results of various PGZ-NLC formulations.
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Formulation code Particle size (nm) PDI EE % Zeta potential (mV)
F1 319 0.28 95.03 17
F2 187.7 0.097 91.14 20.9
F3 150.4 0.076 92.53 -29.1
F4 124.6 0.36 93.21 215
F5 251.7 0.441 86.63 27.1
A Size (d.nm): % Intensity: St Dev (d.n... B Mean (mV) Area (%) St Dev (mV)
Z-Average (d.nm) Peak 1: 165.8 100.0 54.86 2eta Potential (mV): -2 Peak 1: -20.1 100.0 527
Pdk: 0.07¢ Peak 2: 0.000 00 0.000 Zeta Deviation (mV): 527 Peak2: 000 00 0.00
Intercept: 0 950 Peak 3: 0.000 00 0.000 Conductivity (mS/cm): 00110 Peak 3: 000 00 0.00
Result quality : Good Result quality : See result quality report
Size Distribuion by intansty Zota Potential Distribution
20 1400007
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FIGURE 1 | Optimized PGZ-NLCs. (A) Particle size distribution; (B) zeta potential.
release medium was instantly substituted with an equivalent
volume of fresh fluid. The samples were analyzed for PGZ at
220 nm by using a UV-visible spectrophotometer (Rizvi et al.,
2019).
2.4.8 Statistical Analysis
All the experimentations were carried out in triplicate, and data
were exhibited as mean + S.D. SPSS software (SPSS Inc., Chicago,
IL, United States) was utilized to analyze statistical significance irase GhopangEl POZ:
amongst groups by employing Student’s t-test at the p <
N D41 x50k  200nm
0.05 significance level.
FIGURE 2 | SEM image of optimized PGZ-NLCs.

3 RESULTS

3.1 Preparation of

Pioglitazone-Nanostructured Lipid Carriers
PGZ-loaded NLCs were efficaciously fabricated by the nano-
emulsion-based method with decent uniformity and
reproducibility. Compritol® 888 ATO was utilized as lipid
solid for the formation of the outer solid lipid core of PGZ-
NLCs, while Labrasol was utilized as liquid lipid to fill the
imperfections in the solid core, and the prepared NLC
formulation was made stable by using a mixture of Tween
80 as a surfactant and Span 80 and poloxamer as co-surfactant.

3.2 Optimization of
Pioglitazone-Nanostructured Lipid Carrier

Formulations

Table 2 exhibits the obtained results of various formulations of
PGZ-NLCs optimized for different amounts of Tween 80 and
Span 80 in the surfactant blend and their effect on particle
diameter, EE, PDI, and zeta potential was determined. Based
upon the features of particle size, PDI, EE, and zeta potential
values, formulation 3 was carefully chosen as optimized and was
further characterized for various physicochemical constraints.
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FIGURE 3 | FTIR spectra of (A) PGZ, (B) Compritol 888 ATO, (C) poloxamer 188, and (D) optimized PGZ-NLCs.
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FIGURE 4 | Powder X-ray diffraction pattern of (A) PGZ, (B) Compritol 888 ATO, (C) poloxamer 188, and (D) optimized PGZ-NLCs.
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3.3 Characterization of EPL-NCs
3.3.1 Particle Size and Size Distribution and Zeta

Potential Analysis

PGZ-NLCs presented an average diameter of particles of
1504nm, a PDI value of 0.076 articulating thin size
distribution, and a zeta potential value of —29.1 mV positively.
Figure 1 displays the particle size distribution (A) and zeta
potential (B) of the optimized PGZ-NLCs.

3.3.2 Incorporation Efficiency
PGZ-NLCs showed a high drug encapsulation efficiency of
92.53%, and drug loading was found to be 6%.

3.3.3 Morphology Analysis

The morphology and shape analysis of PGZ-NLCs was completed
over SEM, and the SEM image in Figure 2 exposed that the shape
of the PGZ-NLCs was spherical and the surfaces were smooth
without any aggregation.

3.3.4 FTIR Analysis

The FTIR spectrum of unformulated PGZ, poloxamer 188,
Compri‘[ol® 888 ATO, and lyophilized PGZ-NLCs was carried
out to assess the compatibility of the drug with the excipients. In
Figure 3, the FTIR spectra of PGZ showed distinctive N-H
stretch at 3,069 cm™', a peak of C-H stretch at 2,985cm™, a
peak of C= O stretching at 1732 cm ™, the C-C aromatic stretch at
1,601 cm™, and the peak of C-S bond at 1,220 cm™.

3.3.5 Powdered X-Ray Diffraction Studies

XRD spectra of unformulated PGZ, poloxamer 188, Compritol®
888 ATO, and PGZ-NLCs were determined, and are displayed in
Figure 4. The unformulated PGZ diffractogram presented
intense distinguishing peaks of crystalline nature at 20 angles
of 11.2, 15.8, 18.2, and 21.6. Compritol® 888 ATO exhibited
distinguishing diffraction peaks at 20 angles of 21.3 and 23.7. No
characteristic peak of PGZ in the XRD spectrum of PGZ-NLCs
was found, and the diffraction pattern of Compritol® 888 ATO
was merely observed at angles of 21.1 and 23.3 of 20 diffractions.
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FIGURE 5 | DSC thermogram of (A) PGZ, (B) Compritol 888 ATO, (C) poloxamer 188, and (D) optimized PGZ-NLCs.

3.3.6 Differential Scanning Calorimetry

Thermal analysis of PGZ, Compri‘[ol® 888 ATO, poloxamer
188, and PGZ-NLCs was performed by DSC, and the obtained
results are displayed in Figure 5. The thermal spectrum of
PGZ showed a sharp endothermic peak at 184°C while
Compritol® 888 ATO at 74.6°C, which corresponded to the
melting point of drug and lipid. The thermal spectrum of
PGZ-NLCs did not show any endothermic melting peak 0®f
PGZ, and the thermal spectrum presented a Compritol
888 ATO melting peak at 66.2°C with a slight peak shifting
to the lower temperature.

3.3.7 In Vitro Release of Pioglitazone-Nanostructured
Lipid Carriers

The in vitro drug release of PGZ-NLCs was compared with the
release profile of unformulated PGZ. The assessment of drug
release was made in simulated gastric fluid at pH 1.2 and
simulated intestinal fluid having pH 6.8 at 37°C. Owing to the
less aqueous solubility of PGZ, Tween 80 0.5%, w/v and
ethanol 5%, v/v were incorporated into the release media
to sustain sink conditions by dissolving the released PGZ.
Figure 6 exhibits the results of in vitro release of PGZ-NLCs
and unformulated PGZ in both media. PGZ-NLCs exhibited
19% of PGZ release in the early 2 h in simulated gastric fluid
shadowed by slow and continual release form with a collective
release of 51% within 24 h (Figure 6A). In differing to PGZ-
NLCs, PGZ suspension displayed quicker release with 33%
and 92% of PGZ released after a time of 2 and 24h,
correspondingly.

In simulated intestinal fluid, the % release of PGZ from PGZ-
NLCs was ~14% at 2 h equated to 25% from PGZ dispersal.
Within 24 h, PGZ-NLCs and PGZ suspension presented 54%
and 93% release of PGZ, respectively.

3.3.8 Stability Study

The result of the stability study of PGZ-NLCs at room
temperature and accelerated state according to the ICH
guiding principle are described in Figures 7A,B. Subsequently,
storing the samples for 6 months, the samples were examined at
specified intervals. A rise in particle size and drop in EE was
found on storage at room temperature and accelerated state. The
particle size and entrapment efficiency noted at the start of the
study were 150.4 + 4.33 nm and 92.53% * 4.11%, and, later a
period of 180 days, the particle size at 25°C and 60% RH was
increased to 231.32 + 2.13 nm and encapsulation efficiency was
decreased to 76.73% + 3.27%, correspondingly. The particle size
and entrapment efficiency outcome for PGZ-NLCs kept at 40°C
were found to be significantly changed compared to the PGZ-
NLCs maintained under storage conditions of 25°C. The primary
particle size and entrapment efficiency were found to be 150.4 +
4.33 nm and 92.53% + 4.78%, and after the period of 180 days, it
exposed a significant rise in particle size (254.66 + 5.32) and drop
in entrapment efficiency (71.87% + 3.41%).

4 DISCUSSION

PGZ-loaded NLCs were efficaciously fabricated by the nano-
template engineering meg@hod with decent uniformity and
reproducibility. Compritol 888 ATO was utilized as solid
lipids while Labrasol as liquid lipid for the preparation of the
outer solid lipid core of PGZ-NLCs, and the prepared NLCs were
stabilized by using a sugfactant mixture of Tween 80, Span 80, and
poloxamer. Compritol 888 ATO is a pharmaceutically suitable
lipid having the characteristics of biocompatibility and
biodegradability. The types of solid lipids which have a
melting temperature higher than the temperature of the body
own solid aquaphobic connections with lipotropic drugs which is
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the cause of high encapsulation efficiency of the drug and the
sustained release of the drug due to stable outer core of the lipid.
Tween 80 and Span 80, non-ionic surfactants, along with
poloxamer 188, were utilized to form a surfactant mixture
miscible with the lipid core. The selection of surfactants for
the stabilization of the nano-emulsions also rests the HLB
value (hydrophilic and lipophilic balance) of the surfactant-
containing system. To get an optimal stability, the HLB value
of the mixture of surfactants should be close to that essential for a
specific lipid. The cumulative HLB of Tween 80, Span 80, and
polaxamer® 188 was 15.5, which is required to stabilize the
Compritol 888 ATO lipid core. PGZ-NLCs were optimized
for particle size, PDI value, and encapsulation efficiency (Rizvi
et al., 2019).

The NLC particle size has a significant effect on the physical
stability of the NLC formulation, drug release rate, and in vivo
performance. Various parameters affect the particle size such
as the type of the lipid, surfactant, and their properties, the

technique used for the production, and conditions set for the
processing (such as temperature, time, and number of cycles
pressure). The mean particle size of the drug-loaded NLCs
rises with the surge in the melting point of lipids. It has been
proposed that larger particle sizes are due to an increase in the
viscosity of the dispersion medium and a rise in the lipids’
melting point. Furthermore, constraints such as lipid
structure, crystallization rate, and size will differ
individually with the type of lipid. The composition of the
lipids also considerably affects the quality of the NLCs. A lipid
content higher than 5%-10% causes an increase in particle size
and PDI value due to augmented viscosity of the NLC
dispersions which enhances the particle agglomeration rate
(Mehnert and Méader, 2001). In addition, properties of the
surfactants and their concentration used in the formulation
also affect the particle size and the effectiveness of the NLCs as
a system of drug delivery. Small size particles increase the
surface area of NLCs. According to the Ostwald ripening
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FIGURE 7 | Stability study of PGZ-NLCs (A) at 25°C and (B) 40°C.
phenomenon, the enhanced surface area causes blank NLCs significantly (24.9mV). A zeta potential value
thermodynamical variability and can result in phase  between —20 and -30 mV or +20 and +30 mV is considered

separation (Mehnert and Méader, 2001). For this reason, the
amount of the surfactant used should be adequate to cover all
the afresh molded surfaces in NLC fabrication. Surfactants
prevent the incidence of phase separation by dropping the
interfacial tension among the lipid phase and the aqueous
phases. Excess surfactant might be present in the formulation
in various forms such as monomers, micelles, or liposomes. It
has been observed that an NLC formulation stabilized by a
mixture of surfactant and co-surfactant has a small particle
size and improved stability as compared to the NLCs formed
with a single surfactant. Siekmann and Westesen, (1996)
described that 10% w/v tyloxapol was mandatory to
stabilize a dispersion of 10% w/v tripalmitin. Established
that an NLC formulation stabilized by an ionic surfactant
exhibited smaller particle size as equated to an NLC
suspension stabilized by a surfactant of nonionic nature.
The PGZ-loaded NLC particle size and PDI value were
somewhat enlarged related to blank NLCs (133.2nm and
0.201). The reason for this effect was the entrapment of PGZ
in the lipid core (Qureshi et al., 2017). The particle size of NLCs
also plays a vital part in the uptake of NLCs in GIT after oral
administration. For an effective drug transport into the intestinal
lymphatic system, a particle size below 300 nm is favorable
(Estella-Hermoso de Mendoza et al., 2009). Obtained PGZ-
NLCs had a uniform size distribution as demonstrated by a
smaller PDI value (0.08) and a size distribution curve of
unimodal nature. PDI value < 0.2 is normally recognized as
the optimal value to specify consistent nanoparticle distribution
(Zhang et al., 2020). Another vital constraint that influences the
physical stability of the colloidal system is zeta potential which is
the degree of net surface charge. High values for zeta potential
produce stability to the dispersion systems of the colloids by
avoiding particle aggregation owing to electrostatic repulsion
among likewise charged nanoparticles. PGZ-NLCs presented a
zeta potential value of —29.1 mV, which was not dissimilar to the

appropriate to guarantee electrostatic steadiness.

PGZ-NLCs revealed high drug encapsulation efficiency of
92.53% and drug loading was found to be 8% which is
significant for dropping the net weightiness or size of the
ultimate dosage form (Zeb et al, 2020). The surface
morphology and shape analysis of PGZ-NLCs was completed
over SEM, and the SEM image in exposed that the shape of the
PGZ-NLCs was spherical and the surfaces were smooth without
any aggregation. .

The FTIR spectral analysis of unformulated PGZ, Compritol
888 ATO, poloxamer 188, and lyophilized PGZ-NLCs was carried
out to assess the compatibility of the drug with the excipients. In
the FTIR spectra exhibited that characteristic peaks of PGZ and
Compritol 888 ATO were intact and also present in the PGZ-
NLCs spectra. This result determined that no interaction took
place between PGZ and formulation excipients and PGZ was
compatible with all the components (Shaveta et al., 2020).

XRD spectra of pure PGZ, Compritol® 888 ATO, poloxamer
188, and PGZ-NLCs were determined and are displayed. No
characteristic peak of PGZ in the XRD spectrum of I;GZ—NLCS
was found, and only the diffraction peaks of Compritol 888 ATO
were observed This result can be detected due to the nanosized
range of NLCs and solubilization and encapsulation of PGZ in the
lipid core as well as the change of crystalline PGZ to amorphic
form in PGZ-NLCs (AmeeduzzafarEl-Bagory et al., 2019).

The DSC analysis of PGZ, Compritol 888 ATO, poloxamer
188, and PGZ-NLCs was performed, and the obtained results are
shown. The thermal spectrum of PGZ showed a sharp
endothermic peak at 184°C while Compritol® 888 ATO at
74.6°C, which corresponded to the melting point of drug and
lipid. The thermal spectrum of PGZ-NLCs did not show any
endothermic melting peak of PGZ, and the thermal spectrum
presented a Compritol 888 ATO melting peak at 66.2°C with a
little peak shifting to the lower temperature. This shifting of the
Compritol® 888 ATO melting peak to the lower temperature in
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PGZ-NLCs thermal analysis is due to the drop in the particle size.
For melting big crystals, long time and more energy are required,
and a decline in size enhances the particle surface area which
leads to a drop in the melt temperature in comparison to
Compritol® 888 ATO. This behavior can also be owing to the
Compritol® 888 ATO dispersed state and surfactants presence
(Span 80, Tween 80, and poloxamer 188). The nonappearance of
PGZ peaks in the PGZ-loaded NLC spectrum specifies the
complete encapsulation of PGZ in the lipid matrix of
Compritol® 888 ATO because of the amorphization. The
obtained findings were in agreement with the earlier
publication (Trevaskis et al, 2015; Rizvi et al,, 2019). It is
notable to indicate that the alteration of crystalline PGZ to
amorphous form in PGZ-NLCs may be the reason behind the
enhanced solubility and improved bioavailability.

Exhibits the in vitro profile of PGZ-NLCs and unformulated
PGZ in both media. PGZ-NLCs exhibited 19% release of PGZ in
the early 2 h in simulated gastric fluid shadowed by slow and
continual release form in a collective release of ~51% within 24 h
(Figure 6A). In contrast to PGZ-NLCs, PGZ suspension
displayed quicker release with 33% and 92% of PGZ released
after a time of 2 and 24 h, respectively. In simulated intestinal
fluid, the % release of PGZ from PGZ-NLCs was ~14% at 2h
equated to 25% from PGZ dispersal (Figure 6B). Within 24 h,
PGZ-NLCs and PGZ suspension presented 54% and 93% release
of PGZ, respectively. To some extent, the quicker release of PGZ
from PGZ-NLCs in the early 2 h may be due to the fast release of a
minor portion of PGZ stuck at the surface of NLCs. The
preliminary increased release rates are due to this drug present
on the outer surface which releases rapidly in release media.
Afterward, PGZ-NLCs showed a sluggish, sustained, and partial
drug liberation. The effect could be described by the slow
diffusion of PGZ which was encapsulated in the lipid core of
PGZ-NLCs owing to sturdy drug-lipid interactions and the
steady attrition of the lipid matrix. The PGZ-NLC profile
showing sustained release effect recommends a drug-enriched
core model for the encapsulation of PGZ in NLCs. Though PGZ-
NLCs presented somewhat quicker release first, a significant burst
release effect was not detected which is an indication of drug-
enriched core shell model (Rizvi et al., 2019).

The result of the stability study of PGZ-NLCs at room
temperature and accelerated state according to the ICH
guiding principle are described. Subsequently, storing the
samples for 6 months, the samples were examined at specific
time intervals. A rise in particle size and drop in EE was found on
storage at room temperature and accelerated state. The particle
size and entrapment efficiency noted at the start of the study were
180.6 + 4.33nm and 92.53% * 4.11%, and, later a period of
180 days, the particle size at 25°C and 60% RH was increased to
211.56 + 3.53 nm and encapsulation efficiency was decreased to
79.51% * 4.87%, correspondingly. The particle size and
entrapment efficiency outcome for PGZ-NLCs kept at 40°C
were found to be significantly changed compared to the PGZ-
NLCs maintained under storage conditions of 25°C. The primary
particle size and entrapment efficiency were found to be 187.86 +
3.21 nm and 88.31% + 4.78%, and, after the period of 180 days, it

Formulation and Characterization of PGZ-NLCs for Treatment of Type 2 Diabetes

exposed a significant rise in particle size (234.78 + 7.14) and drop
in entrapment efficiency (72.19% =+ 4.14%). These differences in
the outcomes were found due to the particle agglomeration and
drug leakage from NLCs at an increased temperature and
similarly may be because of the instability at the high
temperature upon longer augmented storage conditions.

5 CONCLUSION

In this study, the successful development of nanostructured lipid
carriers was achieved by the nano-template engineering
technique. Pioglitazone was successfully incorporated into the
fabricated NLCs by the temperature-controlled solidification
procedure. The developed method was very simple. It was
reproducible, and the NLCs were prepared without the use of
any organic solvent. No sophisticated apparatuses and
instruments were required, and the developed method has the
potential to scale up easily for any larger-scale manufacture. The
optimized PGZ-NLCs have shown a mean particle size of
150.4 nm, EE of 92.53%, PDI value of 0.076, and zeta potential
of —29.1 mV, correspondingly. The DSC thermal analysis and
XRD diffractograms did not present any peak of PGZ confirming
the comprehensive entrapment of PGZ in the lipid core. PGZ-
NLCs showed significantly extended release (51% in 24h)
compared to the unformulated PGZ. Our study findings
revealed that PGZ-NLCs could be a potential drug delivery
method for the treatment and management of type-2 diabetes.

Future work of this study comprises examining the
consequence of pH on the in vitro drug release of PGZ from
PGZ-NLCs and in vitro cell toxicity studies and in vivo
antidiabetic studies.
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Pancreatic cancer (PC) remains one of the most lethal and incurable forms of
cancer and has a poor prognosis. One of the significant therapeutic challenges
in PC is multidrug resistance (MDR), a phenomenon in which cancer cells
develop resistance toward administered therapy. Development of novel
therapeutic platforms that could overcome MDR in PC is crucial for
improving therapeutic outcomes. Nanotechnology is emerging as a
promising tool to enhance drug efficacy and minimize off-target responses
via passive and/or active targeting mechanisms. Over the past decade,
tremendous efforts have been made to utilize nanocarriers capable of
targeting PC cells while minimizing off-target effects. In this review article,
we first give an overview of PC and the major molecular mechanisms of MDR,
and then we discuss recent advancements in the development of nanocarriers
used to overcome PC drug resistance. In doing so, we explore the
developmental stages of this research in both pre-clinical and clinical
settings. Lastly, we discuss current challenges and gaps in the literature as
well as potential future directions in the field.

KEYWORDS

multidrug resistance, drug delivery, paclitaxel, tumor microenvironment, pancreatic
cancer, non-clinical studies, clinical studies

Introduction

Pancreatic cancer (PC) accounts for 2.5% of all cancer cases worldwide, making it the
fourth leading cause of cancer mortality (Siegel et al., 2019). An estimated 495,773 patients
were diagnosed with PC in 2021 (Cancer.Net, 2022), with approximately 50% of the cases
were diagnosed with metastatic disease (Bray et al., 2018). The location of the tumor
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TABLE 1 Pancreatic cancer pathological types. Pancreatic cancer pathologically originates from exocrine or endocrine cells. The prevalence and
common mutations are different depending on the tumor type and cell origin. Invasive ductal adenocarcinoma is a common type of PC in cells

with an exocrine origin.

Type Category
Invasive ductal adenocarcinoma Exocrine
Acinar cell carcinoma Exocrine
Serous Cystadenocarcinoma Exocrine
Neuroendocrine (PENT) Endocrine

Prevalence Mutations

95% KRAS, P16/CDKN2A, TP53, SMAD4
1-2% APC/p-catenin

3% VHL

5% MENT1

KRAS: Kirsten rat sarcoma viral oncogene homolog; CDKN2A: Cyclin-dependent kinase inhibitor 2A; TP53: Tumor protein p53; SMAD: an acronym from the fusion of Caenorhabditis

elegans Sma genes and the Drosophila Mad; APC: Adenomatous polyposis coli; VHL: Von Hippel-Lindau; MEN1: Multiple endocrine neoplasia type 1.

within the pancreas can influence the symptoms and clinical
presentation (Ryan et al., 2014; Ducreux et al., 2015; Tempero
et al,, 2019). Almost 65% of PC tumors develop in the head and
the neck of the pancreas, and patients commonly present with
jaundice and abdominal pain due to bile obstruction (Ducreux
etal,, 2015; Tempero et al., 2019). In some cases, PC can either be
located in the pancreas body (15%), and the tail (10%), or can be a
multifocal tumor (2%). Furthermore, patients can present with
other non-specific symptoms, including late-onset type II
diabetes, abdominal pain,
(Gheorghe et al., 2020).
Pathologically, PC originates from two types of cells: exocrine

weight loss, and steatorrhea

or endocrine cells (Bardeesy and DePinho, 2002; Ghaneh et al.,
2007; Corbo et al., 2012; Aguirre and Collisson, 2017). Over 95%
of all PC types are of exocrine origin, where the majority of these
cases are pancreatic adenocarcinomas (PDAC) (Cowgill and
Muscarella, 2003; Li and Jiao, 2003). Less common cells are
those of acinar and cystadenocarcinoma origin (Table 1). The
endocrine tumors include neuroendocrine tumors (PNET),
which account for 5% of all PC cases (Hackeng et al., 2016).
PNETs grow slowly and are less aggressive than the PDAC
(Bardeesy and DePinho, 2002; Ghaneh et al., 2007). PDAC is
a complex disease with poorly differentiated histological features.
The high intertumoral heterogeneity, genomic instability, and
stromal desmoplasia formation cause significant challenges in
the early diagnosis and treatment of PDAC (Ghaneh et al., 2007;
Corbo et al,, 2012; Aguirre and Collisson, 2017). Pancreatic
intraepithelial neoplasia (PanIN) is the most common early
non-invasive precursor lesion of PDAC, in addition to
mucinous cystic neoplasm and intraductal papillary mucinous
neoplasm. The precursor’s progression from low-grade to high-
grade is due to genetic and epigenetic alterations that lead to the
formation of invasive PDAC. When PDAC lesions form, the
genetic mutations will continue to progress beyond primary
mutations (Ghaneh et al., 2007; Rishi et al., 2015; Hackeng
et al., 2016; Dreyer et al., 2017).

Drug resistance, both intrinsic (innate) and acquired (in
response to drug therapy), is a key contributing factor to the
poor prognosis of PC (Binenbaum et al., 2015). The survival rate
of PC has remained almost unchanged for several decades, and it
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is considered among the lowest, with a 5-year survival rate for a
maximum of 9% of cases for all stages combined (Rawla et al.,
2019; Siegel et al., 2019). Such a low rate of survival is attributed
to two major factors: 1) late diagnosis of typically advanced/
metastasized and unresectable PC due to a lack of early
diagnostic biomarkers; and 2) lack of effective therapeutic
intervention (Siegel et al., 2019). There are fundamental
reasons why pancreatic tumors are difficult to treat in PC.
Firstly, pancreatic tumors, such as PDAC, are solid tumors
comprised of a dense stromal environment of cancerous cells,
non-cancerous cells such as fibroblasts, and a dense extracellular
matrix. The density of these arrangements impedes drug
Additionally,
cancerous stroma, the drug molecules are typically unable to

permeation. if a drug can permeate the
differentiate between cancerous and non-cancerous cells due to
the dense tumor stroma (Heidemann and Kirschner, 1978;
Sofuni et al,, 2005). An important determinant of peritoneal
metastasis is the anatomical position of the primary tumor
(Baretti et al., 2019). In some cases, cells directly attach to and
invade organs and tissues in the peritoneal cavity (Avula et al,
2020) or result in intraperitoneal metastases via blood vessels or
lymphatic absorption through the hematogenous route (Ge et al.,
2017). In most cases of PC, metastasis has already occurred by the
time of diagnosis. Furthermore, even when surgical intervention
is applicable, following chemoradiotherapy, rapid relapse is often
seen due to the presence of pancreatic satellite cells that promote
carcinogenesis (Hosoki, 1983; Sofuni et al., 2005; Zhi et al., 2014;
Binenbaum et al., 2015).

The stromal desmoplastic reactions induced by the
pancreatic stellate cells (PSC), when activated by growth
factors, lead to the secretion of collagen, hyaluronic acid, and
other components of the extracellular matrix. Thus, PSCs induce
stromal fibrosis, reduce cellular vascularity, and induce hypoxia.
The stromal barrier created by PSC elevates the interstitial fluid
pressure and compresses the blood vessels, preventing passive
transportation of chemotherapeutic agents and eventually
leading to treatment failure (Erkan et al., 2012; Hackeng et al.,
2016). Efficacy of Trans-arterial chemoembolization (TACE)
with TACE + radiofrequency ablation (RFA) and/or '*1
radioactive seed implantation for unresectable pancreatic
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that have been studied

retrospectively and TACE combined with either '’ seed

cancer are other approaches
implantation and/or RFA, was shown to have improved
treatment response and overall survival rate compared with
TACE alone (Das et al, 2019). However, in the same study,
the overall survival rates were better in the case of RFA. To
summarize, based on these previous data, the sequence of use and
the best combination therapy in the case of PC remains to be
investigated.

While there are numerous drugs available for the treatment
of PC, two nanoparticle formulations, Abraxane” and Onivyde®
(irinotecan liposome injection) have been approved as of July
2022 by the US FDA for the treatment of metastasized cancers, in
combination with gemcitabine. Abraxane” is a Paclitaxel
Albumin-stabilized Nanoparticle Formulation, approved for
the treatment of metastasized PC in combination with
gemcitabine hydrochloride as a first-line treatment. More
recently, the use of nanotechnology for delivering drugs to
targeted sites in the body is an inexpensive and effective
system for treating diseases and other conditions. Indeed, the
use of nanotechnology can revolutionize the treatment of cancer,
by enabling diagnostic tools for early detection of the disease (Hu
etal, 2021) as well as improving drug delivery. In PC, the delivery
and distribution of drugs to the tumor are compromised due to
intrinsic physical and biochemical barriers, which result in
increased interstitial fluid pressure, vascular compression, and
hypoxia. Moreover, therapies based on targeting immune
responses including therapeutic vaccines, immune checkpoint
inhibition, and CAR-T cell therapy often do not show expected
responses due to a highly immunosuppressive tumor
microenvironment. These two factors present as a major
challenge for developing effective therapies against PC.
Nanoparticles have been extensively studied as delivery
platforms and adjuvants for cancer and other disease
therapies. Knowledge gained through using nanocarrier-based
systems in other cancer types, combined with the ability to
MDR

mechanisms simultaneously provides an opportunity to enable

modulate nanocarriers toward targeting multiple
improvement in drug delivery and enhancing therapeutic

outcomes for PC.

Mechanis_,ms of resistance in
pancreatic cancer

Numerous alterations at the genetic, epigenetic, and protein
levels are implicated in PC drug resistance (Binenbaum et al.,
2015). Although different therapy regimens exist, the current
standard of care regimen therapy for PC remains largely
dependent on gemcitabine (GEM), which is considered a gold
standard in chemotherapy. GEM is a nucleoside analog, which
provides only a modest clinical benefit (Burris et al., 1997).
Multiple combination regimens of chemotherapeutics such as
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GEM with 5-fluorouracil (5-FU), cisplatin or paclitaxel (PTX), or
FOLFIRINOX (i.e., fluorouracil, leucovorin, irinotecan, and
[e.g.,
cetuximab and bevacizumab]) have failed to demonstrate

oxaliplatin alone or alongside targeted therapies
significant clinical benefits (Berlin et al., 2002; Cascinu et al.,
2006; Heinemann et al., 2006). Despite the initial response to
chemotherapy in the different forms of PC, the rapid
development of drug resistance remains a major challenge in
the treatment of PC (Binenbaum et al., 2015).

It is now well established that a variety of cancers mediate
their aggressiveness and resistance to chemoradiotherapy via
modulating key cellular regulatory pathways that control cell
proliferation ~ and  differentiation, inflammation, and
programmed cell death pathways, including apoptosis and
autophagy (Xia et al, 2014). PC shows a significant up-
regulation of ATP binding cassette (ABC) transporters
ABCB4, ABCBI11, ABCC1, ABCC3, ABCC5, ABCC10, and
ABCG2 at the RNA level in tumors relative to the normal
pancreas (Mohelnikova-Duchonova et al., 2013). Additionally,
drug efflux pump MDRI/P-gp is highly expressed in PC cells
(O’Driscoll et al., 2007), which may play a critical role in the
of

Therefore, it is

development resistance to chemotherapeutic agents.

equally important to understand the
underlying molecular mechanisms of PC drug resistance for
unraveling novel therapeutic interventions with improved
efficacy. In addition, somatic mutations in key genes such as
many proto-oncogenes (e.g., Ras, Myc, Cdk4) are critical in the
initiation and progression of malignant tumors. However, cancer
treatment is even more challenging because tumor exposure to
therapy, including chemoradiotherapy and targeted therapy, is
often associated with further mutations and the development of
compensatory mechanisms that render cancer refractoriness to
therapy and increased aggressiveness and metastasis (Binenbaum
2015). the

mechanisms of drug resistance is crucial in order to intervene

et al, Therefore, understanding molecular
and eventually win the battle against cancer.

The main mutations of PDAC include KRAS, CDKN2A,
TP53, and SMAD4 (Hackeng et al., 2016). Over 90% of PC is
associated with KRAS mutations, most commonly KRAS®"?,
during both the initial stage (i.e., precursor lesions that develop
into invasive pancreatic ductal adenocarcinoma, also known as
pancreatic intraepithelial neoplasia) and progression stage (di
Magliano and Logsdon, 2013). There have been efforts to
discover new PDAC targeting agents. A phase 1 clinical trial
(NCT04117087) used a long peptide vaccine combined with
Nivolumab and Ipilimumab for resected MMR-p colorectal
and pancreatic cancer patients. Interestingly, Govindan et al.
discovered that AMG 510 is a novel small molecule that can bind
specifically and irreversibly in KRASS'*“ (Govindan et al., 2019;
Alzhrani et al, 2021). KRAS®2C is a mutation that is
predominantly found in non-small lung cancer. However, the
use of AMG 510 is limited in PDAC because KRAS'*“ mutation

only accounts for 2%. These findings will motivate the scientific
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EPITHELIAL-MESENCHYMAL
TRANSITION (EMT)
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FIGURE 1

Major molecular contexts underlying drug resistance in
pancreatic cancer. This figure illustrates the three major molecular
contexts underlying drug resistance in pancreatic cancer. These
include: 1) the process of epithelial-mesenchymal transition
(EMT) in which cancer cells lose their epithelial phenotype (such as
cell-to-cell contact) to gain more aggressive and metastatic
mesenchymal phenotypes; 2) expansion of subpopulation of
pancreatic cancer stem cells (PCSCs); and 3) dynamic tumor
microenvironment (TME). The tumor stroma surrounding cancer
cells and PCSCs consist non-cellular components including
extracellular matrix (ECM) and multiple cell types including CAF,
MDSC, Th-cells, Treg, TAM and DC. Cytokines released from the
different cell types help maintaining the TME in dynamic state that
supports tumor growth and metastasis. Th-cells exist in TME but
are suppressed. DCs, which are key in the processing and
presentation of cancer neoantigens, exist in TME but they are
suppressed as well. EMT: epithelial-mesenchymal transition;
PCSC: pancreatic cancer stem cell; TME: tumor
microenvironment; CAF: Cancer-associated fibroblast; MDSC:
myeloid-derived suppressor cell; Th-cells: Helper T cells; Treg:
Regulatory T-cell; TAM: tumor-associated macrophage; DC:
Dendritic cell.

community to develop new drugs that can target inactive
KRAS®?P and KRAS®'?Y, which account for 80% of PDAC
(Govindan et al., 2019; Alzhrani et al., 2021).

It is worth noting that tremendous efforts over the past years
have revealed numerous molecular components and intricate
signaling networks that are deregulated in PC, contributing to
chemoresistance. These include, but are not limited, drug
transporters (e.g, hENT and hCNT), intracellular enzymes
(e.g., deoxycytidine kinase), dCK, which is critical for GEM
bioactivation, DNA repair mechanisms (e.g., excision repair
cross-complementation 1), ERCCI, antioxidant response (e.g.,
Nrf and HSPs), signaling pathways that regulate cell-cycle and
programmed cell death (e.g., Nuclear Factor kB [NFkB], MAPK,
PI3K/Akt and p53), epigenetic components (e.g., histone
deacetylase), HDAC and more recently, noncoding RNAs
(ncRNAs) [e.g., microRNAs (miRNAs), long noncoding RNAs
(IncRNAs) and circular RNAs (circRNAs)] (Binenbaum et al.,
2015; Xie et al., 2020a; Lin et al., 2020; Pandya et al., 2020). More
recently, differential upregulation and functional role of the
transmembrane mucin MUC4 in PC is an attractive target for
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immunotherapy and MUC4p encapsulation in polyanhydride
nanoparticles has been shown to provide long-term protection
against rapid phagocytic and proteolytic clearance in circulation.
Stable MUC4P release from these nanoparticles and its
immunogenic capacity has recently been demonstrated by Liu
and colleagues in mice models (Liu et al., 2021). Discussing the
specific molecular mechanism is beyond the scope of this review
and is discussed in detail elsewhere, but here we give an overall
overview and describe three key themes involved in PC drug
resistance. These are epithelial-mesenchymal transition (EMT),
expansion of pancreatic cancer stem cells (PCSCs), and dynamic
state of the tumor microenvironment (TME), as illustrated in
(Figure 1) (Binenbaum et al.,, 2015; Zeng et al., 2019).

Epithelial-mesenchymal transition (EMT) is a dynamic
process that involves the transitioning of differentiated
epithelial cells into the mesenchymal cell phenotype. During
this transformation, cells lose key features of epithelial cells such
as intercellular junctions while simultaneously undergoing
cytoskeletal rearrangement of the mesenchymal cell phenotype
(Nieto et al., 2016). EMT is particularly critical during cancer
progression and the generation of stem-like cells with a high
capacity for metastasis (Nieto et al.,, 2016). Notably, previous
literature has demonstrated the key role of EMT in conferring
drug resistance against chemoradiotherapy and targeted therapy
in a variety of solid tumors, including PC (Shah et al., 2007; Wang
et al,, 2009; Singh and Settleman, 2010; Nieto et al., 2016). For
instance, chemoresistance to GEM in PC cells has been
associated with increased expression of mesenchymal markers
such as vimentin and ZEB1, in contrast to GEM-sensitive cells
with a high E-cadherin expression: a common epithelial
phenotype maker (Li et al., 2009). Similar findings have been
found with other chemotherapeutics, such as 5-FU and cisplatin
(Arumugam et al, 2009). Although the underlying molecular
mechanisms of EMT-induced chemoresistance are not fully
understood, accumulating evidence suggests the involvement
of multiple signaling pathways, including NF«B, TGFp, and
Notch pathways (Ellenrieder et al., 2001; Min et al, 2008;
Wang et al., 2009). Another key molecular regulator of EMT
in PC cells is miRNAs: small non-coding RN As that regulate gene
expression (Yonemori et al., 2017). A multitude of miRNAs has
been shown to be implicated in regulating major cellular
signaling pathways involved in the development of PC
(Yonemori et al, 2017). For instance, a low expression of
miR-200 was found in the GEM-resistant but not in the
GEM-sensitive PC cell lines (Li et al., 2009). Together, these
findings indicate the critical role of EMT in the development of
PC drug resistance in transformed cells.

Previous evidence has demonstrated that cancers are
heterogenous in nature, with subpopulations of cells of
varying phenotypes. Cancer stem cells (CSCs) represent a
small subpopulation of tumor cells with a high capacity for
self-renewing, differentiation, and tumor progression (Yu
et al, 2012). Indeed, CSCs display a high capacity for
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tumorigenesis when transplanted into a host compared to other
tumor subpopulations (Yu et al., 2012). Several cellular surface
markers have been identified to be expressed by CSCs in various
including CD44, CD24, CDI133, aldehyde
dehydrogenasel (ALDHI), and epithelial-specific antigen
(ESA) (Yu et al, 2012). In PC, previous work has
demonstrated that CD44, CD24, and ESA-expressing PCSCs,
represented only by a small percentage of the cancer cell

cancers,

population (~1%), were associated with high tumorigenic
potential, and it is likely that PCSCs at least partially mediate
chemoradiotherapy-induced drug resistance, as evident in PCSC
enrichment in response to chemoradiotherapy treatment (Du
et al,, 2011). Similar findings were also found in another report,
demonstrating that within a pancreatic tumor, a subset of
undifferentiated, stem-like cells expressing the surface marker
CD133, was associated with high tumorigenic potential and
chemoresistance (Hermann et al,, 2007). Although there is an
overlap between the two subpopulations of PCSCs in the two
reports (CD44/CD24/ESA-vs. CD133-expressing PCSCs), they
were not identical (Hermann et al., 2007). Additionally, another
subset of cells with exclusive migratory properties expressing
CD133 and CXCR4 were identified at the invasive front of
pancreatic tumors. It was found that without these CD133*/
CXCR4" cells, metastasis was almost completely abrogated
(Hermann et al.,, 2007). Together, these findings indicate the
existence of different subsets of PCSCs within pancreatic tumors
with a high capacity for tumorigenesis and drug resistance. Such
findings demonstrate the heterogenic nature of cancers which
has been long disregarded in cancer research. It is worth noting
that EMT transformed cells can share cellular and molecular
features of CSCs, which could explain an increased tumorigenic
profile of EMT transformed cells as well as drug resistance.
Nonetheless, these cells, unlike PCSCs, were sensitive to
conventional chemotherapy. Furthermore, it is now widely
accepted that subpopulations of CSCs exist in a dynamic state
(quiescent vs. slow-vs. rapid-cycling CSCs), which is constantly
influenced by signals and cues from their surroundings (the
tumor microenvironment (TME). With their large plasticity and
ability to switch to a quiescent state, CSCs can resist
chemoradiotherapy (Batlle and Clevers, 2017).

The tumor microenvironment (TME) consists of cellular and
non-cellular components (extracellular matrix (ECM)) and plays
a crucial role in drug resistance. Indeed, one major obstacle in the
treatment of PC is the dense fibrotic stroma, also known as
desmoplastic stroma, surrounding tumor cells that act as a
physical barrier. As such, they prevent drugs from infiltrating
tumor core cells (Dauer et al.,, 2017). Thus, the dense fibrotic
stroma is considered a histopathological hallmark of PC. It is
worth noting that TME is composed of several types of cells,
including fibroblasts, pancreatic stellate cells (myofibroblast-like
cells), and a variety of immune cells and despite the considerable
efforts made to target a multitude of cellular and noncellular
components within TME, yet it was associated with limited
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clinical success (Ho et al, 2020). For instance, within the
stromal cells, cancer-associated fibroblasts (CAFs), which are
the of ECM,

immunosuppressive  properties

associated  with
2010).
Depletion of CAFs was associated with enhanced efficacy of

major source are

(Kraman et al,
immune checkpoint inhibitors (ICIs) (Feig et al, 2013). In
addition to CAFs, other cell types within the TME including
regulatory T-cells (Treg), myeloid-derived suppressor cell
(MDSC), and tumor-associated macrophage (TAM) also
possess immunosuppressive properties (Ho et al, 2020).
Cancer immunotherapy has revolutionized the field over the
past couple of decades. Notable success has been made against
multiple solid cancers, particularly those with high tumor
mutational burden (TMB) within the tumor genome, such as
melanoma and lung cancer (Goodman et al,, 2017; Yousefi et al.,
2017). This success has not been evident in PC (Schizas et al.,
2020), which has largely been attributed to the non-
immunogenic nature of most types of PC. In other words,
most PC types are not readily recognized by the immune cells
due to low TMB and thus a low number of neoantigens, a tumor-
associated antigen, and subsequent presences of TILs (Bailey
et al,, 2016; Danilova et al., 2019). Additionally, as mentioned
earlier, PC is typically contained in a highly dense fibrotic stroma
consisting of multiple cell types with immunosuppressive
properties (Ho et 2020; 2020).
Unsurprisingly, together, these two factors make cancer

al., Schizas et al.,
immunotherapy less effective in PC. Utilizing the properties of
TME for controlling local therapeutic delivery is an area of active

research (Alshememry et al., 2017).

Nanotechnology for the treatment of
pancreatic cancer

Nanomaterials and nanoparticles (NPs) are extremely small
(1-100 nm) in size and hence can directly interact with biological
molecules (Hosein et al., 2013). Engineered NPs are an excellent
tool for drug delivery due to their unique structural properties
which include a large surface-to-mass ratio, capacity to be
modulated to bind different cellular targets, and ability to
carry different cargo including proteins, nucleotides, and
drugs. Advances in the field of nanotechnology have created
tremendous prospects for improving therapeutic drug delivery
(Schroeder et al., 2011; Melancon et al., 2012; Prabhu and
Patravale, 2012). Currently, the use of nanotechnology in drug
delivery typically involves a combination of nanomaterials and a
drug of interest, and a significant number of nanoplatforms are
being employed and are under testing in the different phases of
clinical trials (Ogawa and Miura, 2014; Rebelo et al., 2017). These
combinations utilize different types of nanomaterials such as
polymeric NPs, liposomes, amphiphilic polymer NPs, small
interfering RNA (siRNA), graft polymers,
thermo-responsive polymers, mixed micelles, ultrasound-

dendrimers,
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responsive nano-emulsions, carbon nanotubes, quantum dots
and inorganic NPs (magnetic-hybrid NPs, and gold NPs)
(Manzur et al., 2017; Rebelo et al., 2017; Sielaff and Mousa, 2018).

Nanotechnology has been largely utilized in cancer research
to improve the delivery of drugs to the tumor site exploiting the
leaky vasculature of the tumor via passive or enhanced
permeability and retention (EPR) effect. However, a major
challenge in PC is its hypovascularization, and hence, other
strategies must be utilized, such as using targeted (active)
delivery (Xie et al, 2020b). As a result of this insufficient
vascularization, ineffective distribution of drugs may account
for much of the chemotherapy resistance seen in PC treatment.
The the
vascularization issues by delivering chemotherapeutic drugs

use of nanotherapy may bypass inefficient
directly to the pancreatic tissue, for example, by targeting
stromal hedgehog receptors rather than relying on blood flow,
a methodology that provides a tunable distribution of
chemotherapeutic agents throughout pancreatic tumor tissue,
thereby increasing drug solubility, half-life, and stability (Jiang
et al., 2020). Moreover, NPs delivering chemotherapeutic drugs
can bypass multidrug-resistant (MDR) efflux pumps present on
the surface of most tumor cells (Lobato-Mendizabal and Ruiz-
Arguelles, 1990; Blanco et al., 2011; McCarroll et al., 2014). This,
among other reasons that will be discussed in later sections,
supports the use of nanotechnology in PC treatment.

Nano-based intervention to
overcome MDR-PC in pre-clinical
and clinical settings: Key examples

The use of NPs has several advantages, including minimizing
MDR and drug-related toxicities. Nanoparticles can target a wide
range of physiological and metabolic characteristics of the
thereby
bioavailability of drugs and enhancing their plasma half-life
and EPR (Parhi et al, 2012; Poon et al, 2015; Gad et al,
2016; Liu et al, 2022). Recently, the potency of the
chemotherapeutic agents for the treatment of PC has been
improved through the use of RNA interference (RNAI)
technologies, including miRNA and siRNA, which selectively

targeted tissues, increasing  biodistribution and

suppress the expression of target genes leading to increased drug
efficacy and enhancing anti-cancer activity (Tang et al., 2021).
Integrating RNAi with NPs can therefore be extremely effective
at treating PC (Hiss et al., 2007; Gurunathan et al., 2018). Studies
have recently shown that nano-sized exosomes are an efficient
RNAi carrier, making them an attractive delivery cargo to
cancerous cells (Farran and Nagaraju, 2020) Exosomes have
intrinsic advantages over liposomes, as they are less toxic and
can be dosed at higher concentrations in the blood to work as
molecular cargos which could be used to inhibit oncogenes,
activate tumor suppressor genes and modulate immune
responses to control tumor cell growth (Oliveira et al., 2021)
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(Zhao et al., 2021b). As researchers continue to uncover the
cellular of PC drug
nanotechnology used for the delivery of drugs can be further

and molecular basis resistance,
engineered to provide effective solutions for mitigating MDR in
the treatment of PC (Zhang et al., 2017). Table 2 summarizes key
nano-based systems used for the delivery of antitumor drugs to

mitigate MDR.

Albumin-based nanoparticles in PC

Albumin-based nanoparticles can be utilized as theranostics
(i.e., to deliver therapeutic agents and simultaneously used for
diagnosis). Albumin is the most abundant plasma protein and
known ligand to be associated with a caveolae-mediated
endocytosis mechanism. Albumin-based nanoparticles when
internalized by the cell via caveolae-mediated endocytosis, can
overcome the issue of MDR by bypassing and evading ATP-
binding cassette (ABC) transporters, which are responsible for
the efflux of anticancer drugs and subsequent MDR once released
into the cytoplasm (Yuan et al, 2016). Nanoparticle albumin
(Nab) is made by mixing human albumin in an aqueous medium
under high pressure to form 100-200 nm albumin NPs. These
NPs are mixed with chemotherapeutic alkaloids such as PTX
(Macarulla et al., 2019). As shown in Table 3, Nab-based delivery
systems are the most extensively studied nanocarrier system in
the treatment of PC in human clinical trials (Von Hoff et al.,
2011; Hosein et al., 2013; Von Hoff et al., 2013; Goldstein et al.,
2015; Vogel et al.,, 2016; Macarulla et al.,, 2019). A common
example of albumin-based nanoparticles is Nab-PTX, an
albumin-binding PTX and a microtubule-stabilizing agent
known to enhance microtubule polymerization during mitosis
leading to cell cycle arrest in the G2/M phases. Based on these
properties, Nab-PTX can stop rapid and uncontrollable cell
and help MDR  receptor-mediated
endocytosis (Demidenko et al, 2008; Guo et al, 2018).
Importantly, Nab-PTX has been shown to mitigate MDR in
PC (Guo et al.,, 2018). In 2018, Guo et al. created GEM-resistant
pancreatic cells by inducing lower rates of hENT1 expression.
These cells were then exposed to free GEM or GEM delivered
using human-serum albumin nanoparticles (HSA-NPs). Their
results showed that GEM-HSA-NPs was more effective at
slowing pancreatic cell proliferation and triggering apoptosis

division overcome

in comparison to free GEM alone, without any increase in
toxicity, as shown in vivo studies. In phase III clinical trial
(MPACT) on previously untreated patients with metastatic
PC, a combination of Nab-PTX and GEM increased the
median OS of patients receiving nab-PTX and gemcitabine to
8.7 vs. 6.6 months in patients treated with gemcitabine alone (p <
0.0001) (van Horssen et al., 2006; Libutti et al, 2010).
Furthermore, the combination showed an increase in the
cumulative delivery of gemcitabine by 2.8-fold compared to
gemcitabine alone (Von Hoff et al, 2011; Von Hoff et al,
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TABLE 2 Selected examples of nano-based formulations used to overcome MDR in tumor cells.

Type of

nanocarrier

M1Exo-GEM-DFX
(Zhao et al., 2021a)

s (DGL),@Apt
NPs(Chen et al., 2022)

PEG-Gem-cisPt-MSNs
(Tarannum et al., 2022)

TPMILs (Obaid et al.,
2022)

HSA NPs(Guo et al.,
2018)

HSA NPs(Han et al.,
2017)

Pheophorbide-a
conjugated albumin
NPs(Yu et al., 2017)

Nanovector- albumin-
bound PTX (MSV/nAb-

Objective

MI1Exo was engineered as a
drug carrier to co-delivery
DFX and GEM to
overcome the
chemoresistance of GEM
and improve its therapeutic
potential

Modulation of PDAC
stromal structure and send
chemotherapy drugs to the
deep tumor vis the use of
Aptamer-decorated
hypoxia-responsive
nanoparticle s
(DGL),@Apt

Development of two
versions of mesoporous
silica nanoparticles
(MSNGs), a dual loaded
PEG-functionalized NPs,
and MSNs containing
Sonic Hedgehog (SHh)
inhibitor for stroma
modulation and improved
delivery

Development of cetuximab
(anti-EGFR mADb) targeted
photoactivable multi-
inhibitor liposomes
(TPMILs) co-loaded with
lapidated benzoporphyrin
derivative (BPD-PC)
photosensitizer and
irinotecan to remediate
desmoplasia, a major
contributor to
chemoresistance

Enhancing the antitumor
effect of GEM by the
encapsulation into HSA-
NPs to overcome GEM
resistance in GEM-resistant
PC induced by low
hENT1 gene expression

Development of tumor
microenvironment
targeting HSA-GEM/
IR780 complex with the
redox-responsive release of
GEM using GFLG cleavable
peptide

Inhibit PC with lymphatic
metastases by the
combination of
chemotherapy with
photodynamic

therapy (PDT)

Enhancing drug transport
by increasing caveolin-1

Frontiers in Pharmacology

Cargo

DFX and GEM

GEM +
STATS3 inhibitor
(HJCO0152)

GEM + CisPt

(BPD-PC) + irinotecan

GEM

GEM + IR780
(NIR dye)

GEM

PTX + GEM

Cell/Animal model

PANC-1 cells

Pan02 multicellular
spheroids (MCSs) cells /
Pan02 xenograft mice

HPAF II and Miapaca-2
cells / HPAF 1II xenograft
mice

MIA PaCa-2 + PCAF
tumor model

BxPC-3 and SW1990 cells/
patient-derived xenograft
BALB/c-nu/nu mice model

BxPC-3 cells

(BxPC-3-LN7) cells
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Effects on
MDR

Inhibit cell P-glycoprotein
expression

Inhibition of the
STAT3 pathway

Inhibition of sonic
hedgehog (SHh) signaling
pathway

Reduction in stromal
collagen density and
collagen fiber alignment

Inhibit cell proliferation,
arrest cell cycle, and
trigger apoptosis

Induction of apoptosis and
Inhibition of cells
proliferation

Increase in drug
accumulation in primary
tumors as well as
metastatic lymph nodes

Increase cellular uptake as
a result of GEM-induced

Outcomes/results

MI1Exo-GEM-DEX was
able to overcome GEM
resistance induced by
P-glycoprotein expression
in vitro

Triggered by hypoxia, the
ultra-small dual-loaded
DGL NPs exhibited
excellent deep-tumor
penetration, promoted
drugs endocytosis, and
autophagy induction

The sequential
combination of CyP-
MSNss followed by PEG-
Gem-cisPt- MSNs led to (i)
effective stromal
modulation (ii) increased
access to secondary PEG-
Gem-cisPt-MSNs at the
tumor site (iii) enhanced
therapeutic performance
in HPAF II xenograft mice

Synchronized
chemotherapeutic and a
photodynamic insult to
PDAC tissue was achieved
with doubled overall
survival

GEM-loaded HSA-NPs
was able to overcome
GEM-resistance induced
by low hENT1 expression
in vitro and in vivo

The developed theranostic
nanoplatform showed high
tissue accumulation and
retention with: (i) targeted
intracellular drug release,
(ii) enhanced tumor
inhibition activity (iii)
insignificant side effects
Developed triple
functional system
efficiently controlled the
release of GEM from the
modified NPs and
possessed imaging-guided
theranostic properties

GEM enhanced the
transport of MSV/nAb-

(Continued on following page)
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TABLE 2 (Continued) Selected examples of nano-based formulations used to overcome MDR in tumor cells.

Type of

nanocarrier

PTX) (Borsoi et al.,
2017)

Chitosan coated solid-
lipid NPs (c-SLN)
(Thakkar et al., 2018)

SN38 (irinotecan active
metabolite) polymeric
prodrug-based
NPs(Wang et al,, 2017)

(PLGA-ORM NPs)
(Khan et al., 2015)

PLGA-PEG
NPs(Elgogary et al.,
2016)

Redox-responsive Apt/
CPP-CPTD NPs(He
et al., 2018)

PLGA
NPs(Lucero-Acuna
et al,, 2014)

PEGylated colloidal gold
NPs(Libutti et al., 2018)

Superparamagnetic iron
oxide nanoparticle
(SPION) (Khan et al.,
2019)

Objective

expression (albumin
transporter) via
combination therapy of
MSV/nAb-PTX with GEM

To use nano-encapsulated
c-SLNs combinations to
determine the efficacy of
the ACS therapeutic
regimen

Development of a nano-
based system for effective
synergistic therapy to
overcome fibroblast-
induced drug resistance

Providing effective
endosomal release to the
cytosol

Targeting the glutamine
metabolism

Development of
sequentially responsive
NPs with redox-responsive
on-demand drug release
and ECM-responsive
tumor penetration

Enhanced PH-427 delivery
to the PC harboring K-ras
mutation to overcome the
protective stromal layer
surrounding the pancreatic
tumor

Targeting components of
the tumor
microenvironment
responsible for creating
high interstitial fluid
pressure to improve the
delivery of anticancer drugs

Development of (SPION)
loaded with curcumin (SP-
CUR), which is known for
its anti-inflammatory and
antitumor activity, to
overcome GEM resistance
and enhance its therapeutic
potential in vitro and in
vivo
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Cargo

Aspirin (ASP)+
curcumin (CUR)+free
sulforaphane

(SEN); ACS

GDC-0449 (hedgehog
pathway inhibitor)

Ormeloxifene

BPTES

Camptothecin prodrug,
CPTD

PH-427 (AKT/
PDKI1 inhibitor)

TNF and a PTX
prodrug

Curcumin + GEM

Cisplatin

Cell/Animal model

L3.6 pl human cells/
L3.6 pl—bearing nu/nu
nude mice

Panc-1 and MIA PaCa-2
cells/LSL-Kras®'?P"*; Pdx-
19"/* transgenic mouse
model

BxPC-3 cells and MIA
PaCa-2 cells/PSCs and
BxPC-3—bearing BALB/c
nude mice

(HPAF-II, AsPC-1, BxPC-
3, Panc-1, and MiaPaca)/a
BxPC-3 xenograft mice
model

P8, A6L, A32, P198, E3,
P215, P10, and JD13D
human PC cells/Foxnlnu
athymic tumor-bearing
nude mice

MIA PaCa-2 cells/MIA
PaCa-2 orthotopic human
PC xenograft bearing nude
mice

MiaPaCa-2 harboring K-ras
mutation/Orthotopic
MiaPaCa-2—bearing mice

Genetically engineered
mice with pancreatic ductal
adenocarcinoma

Panc-1, HPAF, CPSC, and
HPSC cells / HPAF-IT
human PSCs—bearing
athymic Nu/Nu mice

128

Effects on
MDR

high cav-1 expression,
which leads to increased
transport of nAb-PTX into
tumor tissue

Increase in drug efficacy

Increase in drug efficacy
by modulating the
fibroblast-enriched tumor
microenvironment

Increase in drug efficacy

Increase in drug
accumulation

Enhance cytotoxicity and
cellular accumulation

Increase in cellular uptake
and drug efficacy

Increase in drug efficacy
by tumor IFP reduction

Suppression of sonic
hedgehog (SHH) signaling
pathway and oncogenic
CXCR4/CXCL12 signaling
axis

Outcomes/results

PTX in GEM-resistant
pancreatic ductal
adenocarcinoma

Due to enhanced
bioavailability of the
combined ACS
chemopreventive agents,
the dosage for this
therapeutic regimen can
substantially be reduced,
which by virtue reduces
any potential serious side
effects

size-tunable nanoparticles
were obtained and
controllable loading
efficiency, which was
directly correlated to the
length of the hydrophobic
SN38 block

PLGA-ORM NPs showed
substantial antitumor
efficacy and effective
endosomal release resulted
in PC tumor suppression

Combination therapy of
BPTES-loaded NPs and
metformin were shown to
be effective in blocking the
metabolism of glutamine
and glucose

Formulated NPs showed
selective accumulation at
the tumor site with mild
in vitro cytotoxicity and
good in vivo antitumor
efficacy

PH-427- loaded PLGA
NPs resulted in the
enhanced therapeutic
effect of PH-427 in vitro
and in vivo

The combination of TNF
(targeting tumor
vasculature) with PTX
(either loaded on the NPs
or administered
separately) increased the
efficacy of the cytotoxic
agent

Efficient delivery of
curcumin was achieved,
which also played a role in
sensitizing cells to
standard GEM therapy

(Continued on following page)

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.933457

Alshememry et al.

10.3389/fphar.2022.933457

TABLE 2 (Continued) Selected examples of nano-based formulations used to overcome MDR in tumor cells.

Type of

nanocarrier

Nanogels (NGs) (Soni
et al., 2019)

Fucose-bound
liposomes (Yoshida
et al,, 2012)

Au-GO@ZC-DOX
stealth nanovesicles
(Thapa et al., 2018)

HA-SMA Micelles
(Kesharwani et al., 2015)

Polymeric Micelles (Xu
et al., 2015)

Ultra-pH-sensitive
micelles (UPSM) (Kong
et al., 2019)

Objective

Development of Cisplatin-
loaded mAb-coated NGs
for targeted delivery to PCs
and the evaluation of
antitumor activity in
combination with GEM

Development of liposomal
formulation functionalized
with L-fucose to target the
fucosylated antigens highly
expressed on the surface of
cancer cells to enhance
cisplatin delivery

development of pH-
triggered stealth
nanovesicles for
chemophototherapy

Development of
functionalized micelles
with HA to target the PC
overexpressed

CD44 receptors to
overcome MDR

Development
(TPGS-GEM) prodrug
micelles to protect the drug
from enzymatic
metabolism

Development of UPSM
improved pH buffer
capacity for simultaneous
inhibition of lysosomal
acidification and
enhancement of
therapeutic delivery

Cargo

Cisplatin

DOX

3, 4-
difluorobenzylidene
curcumin (CDF)

TPGS-GEM (prodrug)

Triptolide prodrug-

Cell/Animal model

T3M4/Luc cells/ T3M4/
Luc—bearing Nu-Nu nude
mice

BxPC-3, AsPC-1, PK59,
and HuCCT1 cell lines/
Subcutaneous model:AsPC-
1-bearing mice; Liver
metastasis and orthotopic
models: BxPC-3-Luc-
bearing mice

Panc-1 cells and Mia PaCa-
2 cells/PANC-1- bearing
BALB/c nude mice

MiaPaCa-2 and AsPC-1
cells

BxPC-3 cells

KRAS mutant PANC-1 and
MIA PaCa-2/MIA PaCa-2-
luc—bearing BALB/C nude
mice

Effects on
MDR

Increase in drug efficacy
by targeted therapy using
an anti-STn antibody
(TKH2 mAb)

Increase in cellular uptake
and cytotoxicity

Increase in cellular uptake
and cytotoxicity

Inhibition of NF-kB in
CD44" cells

Enhanced drug efficacy as
the micellar formulation
protected the drug from
enzymatic metabolism

Disruption of lysosomal
catabolism and growth
inhibition of KRAS
mutant

Outcomes/results

Enhanced drug delivery, as
well as synergistic
cytotoxic effect, was
observed after sequential
exposure of PC cells to
GEM followed by CDDP

Cisplatin-loaded Fucose-
bound liposomes were
effectively delivered to PC
cells and resulted in
effective inhibition of
tumor growth as well as
extending survival in the
mouse xenograft models

The multi-componential
nanovesicle showed
effective Macrophage
opsonization inhibition,
resulting in anti-cancer
and anti-migration effects

The developed nanosystem
showed remarkable
colloidal stability and
sustained drug release and
potent anticancer activity

Long circulation half-life
of GEM was obtained in
addition to enhanced
anticancer activity

The newly developed
nanosystem revealed more
efficient lysosomal
catabolism when
compared with
conventional
lysosomotropic agents. In
addition, pH-sensitive
UPSM showed significant
cytotoxicity when
compared to non-pH-
sensitive micelles

2013; Goldstein et al., 2015). Based on the findings of the trial,
GEM plus nab-PTX became the first therapy recommended by
the National Institute for Health and Care Excellence in the
United Kingdom for the management of previously untreated
metastatic PC (Von Hoff et al., 2011).

Metal-based nanoparticles in PC

Metal-based NPs such as gold, silver, iron, platinum, and
titanium are commonly used for imaging, as drug delivery
and as radiosensitizers in radiation,

carriers, proton, or

photodynamic therapy (Klebowski et al., 2018). Due to their
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inherent physicochemical properties, metal NPs could overcome
MDR via different mechanisms (Sharma et al., 2018), as shown in
Figure 2. The endosomal-based cellular uptake mechanism can
be considered one of the main advantages of metal-based NPs in
overcoming MDR. This is achieved by selectively releasing
intracellular drugs after evading the membrane-embedded
multidrug efflux pumps (Ayers and Nasti, 2012). Khan et al.
developed a nanoformulation of superparamagnetic iron oxide
nanoparticles (SPION) loaded with curcumin (SP-CUR), an anti-
inflammatory and anti-tumorigenic compound. They tested the
activity of this nanoformulation in combination with GEM on
GEM-resistant pancreatic cells. Efficient delivery of curcumin
was achieved using their formulation, and they found that SP-

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.933457

Alshememry et al.

TABLE 3 Selected examples of clinical trials applying nano-based formulations in PC treatment.

Study

Von Hoff et al., 2011
(Von Hoff et al., 2011)

NCT00844649

Hosein et al., 2013
(Hosein et al., 2013)

Von Hoff et al., 2013
(Von Hoff et al., 2013)

NCT00844649

Goldstein et al., 2015
(Goldstein et al., 2015)

Update on OS of
NCT00844649

Vogel et al., 2016
(Vogel et al,, 2016)

Sub-analysis of
NCT00844649

Macarulla et al., 2019
(Macarulla et al.,
2019)

NCT02382263

Libutti et al., 2010
(Libutti et al., 2010)

NCT00356980

Stathopoulos et al.,
2005 (Stathopoulos
et al., 2005)

Greek trial

Stathopoulos et al.,
2005 (Stathopoulos
et al., 2005)

Greek trial

Syrigos et al., 2002
(Syrigos et al.,, 2002)

Greek trial

Hamaguchi et al,,
2007 (Hamaguchi
et al., 2007)

Testing

GEM +
Nab-PTX

nab-PTX

GEM + Nab-
PTX vs. GEM

GEM + Nab-
PTX vs. GEM

GEM + Nab-
PTX vs. GEM

GEM + Nab-
PTX vs. GEM

CYT-6091
(colloidal gold)

Lipoplatin

Lipoplatin

Docetaxel and
liposomal
doxorubicin

NK105 (PTX-
polymeric
micelles)

Frontiers in Pharmacology

Study
type

Phase /I

Phase II

Phase III

Phase 11T

Phase IIT

Phase I/II

Phase I

Phase I

Phase 1T

Phase 11

Phase [

Dosing regimen

67 patients 100, 125, and 150 mg/m*
nab-paclitaxel plus 1,000 mg/m*
gemcitabine on days 1, 8, and 15 every
28 days

19 patients were treated with nab-
paclitaxel 100 mg/m’ on days 1, 8, and
15 of a 28-day cycle

Group 1: 431 patients given nab-PTX
(125 mg/m?) followed by GEM
(1,000 mg/m®) on days 1, 8, and

15 every 4 weeks

Group 2: 430 patients given GEM
monotherapy (1,000 mg/m?*) weekly
for 7 of 8 weeks (cycle 1) and then on
days 1, 8, and 15 every 4 weeks
(cycle 2)

Patients (n = 861) randomly assigned
to receive GEM + Nab-PTX vs. GEM

Patients randomly assigned to receive
GEM + Nab-PTX vs. GEM alone

6 groups inducted in phase I and

2 groups in phase II both using GEM
+ Nab-PTX at different doses (100 g/
m” or 125 mg/m? Nab-PTX +

1,000 mg/m* GEM)

3 participants were given 50 mg/m” to
600 mg/m* of rhTNF via the CYT-
6091 delivery system

Dose starting at 25 mg/m?* and was
increased by 25-125 mg/m*

GEM dose 1,000 mg/m* and the
lipoplatin dose was escalated from
25 mg/m® to 125 mg/m*

21 patients given docetaxel (80 mg/
m?), and liposomal doxorubicin

(30 mg/m®) was administered on day
1, every 3 weeks

Initially given 10 mg/m’ and
successively increased the dose

130

Median survival

12.2 months

7.3 months

Median survival was

8.5 months in GEM + Nab-
PTX vs. 6.7 months in the
GEM group

Median survival was

8.7 months in GEM + Nab-
PTX vs. 6.6 months in the
GEM group

Median survival was

9.8 months in GEM + Nab-
PTX vs. 7.5 months in the
GEM group

NA

NA

NA

3 months

10 months

NA

10.3389/fphar.2022.933457

Main outcomes

Response rate 48%, Overall Survival (OS)
12.2, and 1-year survival rate 48%

6 months OS 58%, median OS
7.3 months

Group 1 vs. Group 2: Median survival
8.5 vs. 6.7 months; 1-year survival rate
35vs. 22%; 2-year survival rate 9 vs. 4%;
higher risks of peripheral neuropathy and
myelosuppression with group

1 compared to group 2

OS and long-term survival (>3 years)
were higher amongst GEM + Nab-PTX
compared to the GEM monotherapy
group

OS 8% with GEM + Nab-PTX vs. 4%
from GEM alone; Overall Response Rate
27 vs. 9% with GEM + Nab-PTX vs.
GEM alone respectively

Improvement in overall survival
irrespective of the dose of Nab-PTX used

CYT-6091 delivery system led to great
tumor tissue concentration of rhTNF
compared to normal tissues

No significant nephrotoxicity or systemic
toxicity noted with this preparation

Partial response (>50% tumor reduction)
was seen in 2 patients. Stable disease
(<25-50% reduction in the tumor) was
seen in 14 patients

Median survival 10, 1-year survival 33.3%

The size of liver mets reduced by 90% in
patients receiving a dose of 150 mg/m* or
higher dose
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CUR increased the effectiveness of GEM therapy through
suppressing two signal transduction pathways that are
implemented in MDR: 1) sonic hedgehog (SHH) and 2)

CXCR4/CXCL12. Following their endosomal
SPION showed increased  cellular
internalization where they were observed to be more closely

oncogenic
escape, particles
associated with cytosol/mitochondria to prevent lysosomal
degradation (Khan et al.,, 2019). In 2010, Libutti et al. used a
novel drug delivery system, CYT-6091, surface-modified
colloidal gold nanoparticles, to increase tumor levels of rhTNF
and reduce its systemic metabolism and toxicity (Libutti et al.,
2010). CYT-6091 is constructed by combining rhTNF and
thiolyated glycol to the surface of 27nm gold colloidal
particles. CYT9061 was studied at doses between 50 mg/m2 to
600 mg/m2 in a phase I clinical trial conducted with three
patients with pancreatic adenocarcinoma. Using the gold
colloidal nanoparticles, researchers were able to administer
extremely high concentrations of rhTNF compared to when
given in isolation: the highest isolated tolerated concentration
of pure thTNF is 1 mg per cycle. After treatment, examination by
electron microscope of normal and tumor tissues was carried out
and found gold particles isolated within tumor tissues or at
anticipated clearance sites (Ladd et al, 2017). These findings
suggest that gold-based, colloidal nano-delivery systems can be
used to deliver chemotherapy drugs to target tissues. However,
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subsequent clinical trials remain to be conducted to prove their
efficacy and safety.

Polymeric micelles in PC

Polymeric micelles, including both hydrophobic and
hydrophilic moieties (Manzur et al., 2017), are the largest class
of nanomaterials being investigated for PC treatment in pre-
clinical settings. These nanoparticles contain linear or highly
branched and symmetrical polymers, with hydrophilic dendritic
extensions and a hydrophobic core. The terminal groups at the
dendritic extensions can be adjusted to allow for better solubility
depending upon the carrier medium and allow for superior
anchorage and permeability into target tissues (Chiba and
Twyman, 2017; Ladd et al., 2017). Polymeric micelles are NPs
formed by the self-assembly of amphiphilic block copolymers
when present in certain solvents with a surfactant
concentration above a critical micelle concentration (c.m.c).
They are efficient drug delivery systems for cancer treatment
with the ability to inhibit P-gp action, alter drug internalization,
enable selective drug targeting, and enable subcellular localization.
Polymeric micelles can circumvent MDR through a combination
of mechanisms, including the EPR effect, endosomal-triggered

active internalization, and drug escape (Kapse-Mistry et al., 2014).
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In our literature review, we found at least seven published studies
using polymeric micelles for the delivery of anti-tumor drugs in
clinical trials, including Genexol®-PM, NK105, NC-4016, NK012,
NC-6004, NK911, and SP1049C (Gong et al., 2012). NK105 is a
nanoparticle formulation that incorporates PTX into a “core-shell-
type” polymeric micelle. In a phase I trial conducted by
Hamaguchi et al. (2007), the pharmacokinetics of NK105, a
micelle carrier for PTX, was studied. The study included
19 patients with advanced PC who were given an initial dose of
10 mg/m” of NK105; this dose increased successively. The size of
metastatic liver tumors was reduced by 90% in patients given a
150 mg/m* dose of the drug (Hamaguchi et al., 2007).

Lipid-based nanoformulations in PC

Lipid-based nanoformulations have been extensively studied
for the delivery of antitumor agents, including natural products
(Kashyap et al., 2019). Liposomes are lipid bilayer systems that can
cross the lipid bilayer to selectively target cancer cells based on
biomarkers, overly expressed on PC cells (Urey et al., 2017). There
are several strategies whereby liposomes can enhance drug
bioavailability and efficacy in drug-resistant cancer. These
include 1) liposomes modified for controlled and on-demand
2)
immunoliposomes, which facilitate intracellular drug delivery

release;  and ligand-targeted  liposomes  such  as
into tumor cells. Liposomes can also directly inhibit P-gp
through endocytosis and consequently enhance intracellular drug
accumulation (Kapse-Mistry et al, 2014). In 2012, the use of
liposomes in PC treatment was explored by Yoshida et al. They
targeted fucosylated antigens that are highly expressed on the
surface of PC cells. They engineered L-fucose-bound liposomes
that encapsulated Cy5.5 or cisplatin. In vitro studies on CA19-9
expressing PC cells showed that 1-fucose-bound liposomes
encapsulating either Cy5.5 or cisplatin were effectively delivered
and in mouse xenograft models, cisplatin-loaded liposomes were
successfully delivered to PC cells and inhibited tumor growth
(Yoshida et al., 2012). Furthermore, in the second-line setting of
metastatic PDAC following administration of GEM-based
regimens, nanoliposomes irinotecan (nal-IRI) was approved by
the FDA in combination with 5-FU and leucovorin (5-FU/LV)
in 2015. In phase III, the NAPOLI-1 trial, the median progression-
free survival (PFS) was 3.1 and 1.5 months (p < 0.001) in patients
who received nal-IRI + 5-FU/LV and patient’s 5-FU/LV alone,
respectively (Wang-Gillam et al., 2016). In the final OS analysis of
the NAPOLI-1 trial, the median OS was increased by 2 months (p =

0.042) in the nal-IRI + 5-FU/LV group (Wang-Gillam et al., 2016).
Nanogels in PC

Nanogels can utilize the unique characteristics of tumor
microenvironments such as pH and temperature, to release
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drugs within the cell, resulting in efficient drug delivery
(Damaghi et al, 2013). In a study by Damaghi et al, a
nanogel-based platform for PC therapy was reported (Soni
et al,, 2019). They developed a cisplatin-loaded, mAb-coated
nanogel for targeted delivery and used it in combination with
GEM. In vitro results revealed an increase in drug efficacy.
Additionally, enhanced drug delivery and synergistic cytotoxic
effect were observed after sequential exposure of PC cells to
GEM. Together, these studies have all demonstrated the
advantage and improved therapeutic outcomes with the use of
nanomaterials and nano-drug platforms, particularly and most
importantly against MDR in experimental models and clinical
trials (Kesharwani et al., 2015; Borsoi et al., 2017; Guo et al., 2018;
Kong et al., 2019). Such advantage to the use of nanomaterials is
mediated through a wide range of mechanisms, including
enhanced cellular uptake, evading endosomal-lysosomal drug
breakdown, inhibition of drug efflux, and increasing plasma half-
life.

Key limitations on the clinical translation
of nanomedicine in PC

There has been a tremendous effort to understand the
structural and functional properties of nanoparticles directed
against cancer but their translation to clinical practice has been
largely limited. This can primarily be attributed to a poor
understanding of the biological barriers and nanomaterial
the
overemphasis and relying on animal models during pre-

behavior inside the body and cells, as well as
clinical evaluation, which does not necessarily represent the
same disease phenotype in humans (Gonzalez-Valdivieso
et al., 2021).

There are several major challenges in the treatment of PC,
which need to be overcome to make the use of nanotherapies a
success against PCs. These include off-target toxicity, low
bioavailability of chemotherapeutic drugs, and undesirable
pharmacokinetics. One way to address these obstacles is
through the use of nanotechnology as an effective vehicle for
chemotherapeutic drugs. Currently, only 16 nano-based cancer
drugs are approved by FDA and around 75 nanoformulations are
being investigated in clinical trials (He et al., 2019). It is extremely
important to narrow the gap between preclinical toxicity studies
and toxicity studies in patients, as nanomedicines have been
shown to exert additional unintended and often toxic effects on
normal cellular function. Moreover, there has been a lack of
convincing data on the process of excretion of nanomedicines
from the human system, as most data is available from animal
disease models. Nanomedicines can pose safety issues at different
levels (apart from the intrinsic toxicity of the API itself).
Furthermore, the biodistribution of nanoparticles changes
unpredictably resulting in uptake and accumulation in certain
organs, which may result in target off-target effects and local
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overexposure. Indeed, some nanoparticles have a known
tendency to accumulate in lymphoid organs and kidneys (for
some polymer-bound drugs) (Metselaar and Lammers, 2020).
Furthermore, there remains a general lack of understanding
on the cost-effectiveness, manufacturing, and scaling up, as well
as regulation with regard to using nanomedicines for cancer (van
der Meel et al., 2017). As the science behind the structural-
functional relationship provides clarity on the interaction of
nanomedicines in vivo, the regulatory challenges must be
addressed simultaneously to bring these potentially game-
changing therapeutics to the

frontline against fighting

pancreatic cancer.

Conclusion and future directions

Numerous noncarriers have been developed and investigated
for the treatment of PC to overcome the problem of MDR seen with
chemotherapy and other therapeutic options, however, with limited
success Even though nano-based carriers show great promise in
treating various cancers, they have several limitations, including
potential toxicity, difficult scalability, and low loading efficiency
that could be responsible for their low success rate reaching clinical
settings. Notably, the albumin-based nanocarrier was the most
successful in clinical studies for PC. This is mainly because albumin
nanoparticles were successful in encapsulating widely used
chemotherapeutics that are less soluble/insoluble in water.
Additionally, highly  biocompatibility
biodegradability, making it an attractive material for drug

albumin s and
delivery applications. The development of future therapies for
cancer and nano-based therapeutics should not be limited by
designing nanocarriers only for passive targeting of cancerous
cells. Internalization of chemotherapeutic agents into tumor cells
can be further improved via the utilization of an active targeting
approach to enhance drug delivery efficacy. Additionally, research
into novel biomarkers to enable active targeting will empower
delivery strategies of nanocarriers to combat cancer resistance.
While we have certainly made huge progress in understanding
the drug resistance mechanisms in PC and the signaling pathways
responsible for PC cell metastases, investigations on the use of
nanomedicine in this field lag behind. Currently, the majority of
work in the field of nanomedicine is largely focused on increasing
drug stability, accumulation, and targeting, which is yet of critical
importance, particularly in nucleoside transporter (e.g., ENT1 and
CNT1)-mediated drug resistance against GEM (Hung et al., 2015;
Poon et al., 2015). Future studies utilizing nanotechnology against
MDR pancreatic cancers should integrate multiple modalities and
exploit the rapidly accumulating mechanistic knowledge in this
cancer model (e.g., targeting PCSCs, dual delivery of potential drug
modalities, etc.). In addition, utilizing the endogenous properties of
the TME to trigger the release of cancer therapeutics from
nanocarriers should be considered during the delivery system
design. Such a design will add another dimension of controlled
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release that can impact clinical efficacy, where adverse effects can
be minimized while retaining therapeutic benefits.

The main goal of PC treatment is to enhance the efficiency of
drug delivery and minimize drug resistance. Despite the
tremendous effort in making novel nanocarriers in pre-clinical
settings, the development of clinical translation to the bedside
remains laborious. Extrapolation of scientific findings from
animals to humans is extremely challenging, mainly due to
differences in physiology and anatomy between species,
making direct extrapolation unreliable. Furthermore, unlike
the experimental settings in clinical studies, animals are
designed with syngeneic backgrounds, and disease models are
designed to produce as homogenous a population as possible. On
the other hand, heterogeneity is the basis of ineffectiveness in
clinical trials. Moreover, individual variability in lifestyle and
disease progression plays key roles in the overall efficacy, unlike
the well-controlled animal experiments.

The promise of nanomedicine will be realized by moving
away from designing a targeting strategy against a single target to
including targeting approaches that address multiple signaling
mechanisms and molecular targets, considering the complexity
of both the human physiology and the tumor microenvironment,
including the development of MDR mechanisms.
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The current study aimed to assess the pharmacological potential of Justicia
adhatoda by evaluating the presence of biologically active compounds using
the gas chromatography—mass spectrometry approach and to undertake
biological activities for the effectiveness of the present compounds using
standard tests. A total of 21 compounds were identified in the gas
chromatography—mass spectrometry analysis of the ethyl acetate fraction in
which 14 of the identified compounds are recognized for their pharmacological
potential in the literature. In total, four fractions (ethyl acetate, chloroform,
n-hexane, and aqueous) were evaluated for pharmacological activities. In
carrageenan-induced inflammation, the chloroform fraction exhibited high
anti-inflammatory activity (46.51%). Similarly, the analgesic potential of ethyl
acetate fraction was the most effective (300 mg/kg) in the acetic acid-induced
test. Similarly, in the formalin test, ethyl acetate fraction exhibited maximum
inhibition in both early (74.35%) and late phases (88.38). Maximum inhibition of
pyrexia (77.98%) was recorded for the ethyl acetate fraction (300 mg/kg). In
DPPH assay, the ethyl acetate fraction revealed the highest scavenging potential
among other fractions (50 pg/ml resulted in 50.40% and 100 pg/ml resulted in
66.74% scavenging).
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Introduction

Plants have been used by humans for the treatment of various
diseases, and this practice date back to ancient civilizations.
Furthermore, plants and/or their products have played an
the of
pharmaceutical industries due to the presence of unique

immensely  important role in development
bioactive compounds (Sundur et al, 2014). Over the last few
decades, a number of pharmacologically important compounds
have been isolated from plants, and even today the use of medicinal
plants in pharmaceutical industries is extensive. It is widely
acknowledged that some 80% of the world population of the
developing countries of Africa, Asia, and elsewhere still rely on
plants as sources of their medications (Khan et al., 2021). New
plant taxa have been added to the Flora of Pakistan having great
medicinal importance (Ali et al., 2017). Worldwide interest in
traditional medicines is rising; this is evident from the increasing
number of plant-based commercial companies as well as the
international legislation and treaties that allow judicious and
sustainable utilization of medicinal plants or their products
(Bashir et al., 2011; Khan et al., 2017).

Nonetheless, in folklore, plants have been used in the form of
powder, decoctions, infusions, or tablets to treat a variety of human
illnesses with little or no information on the safe dosages. Furthermore,
the mode of administration and dosage taken varies with culture and
traditional beliefs (Khan et al., 2017). Thus, with no known intrinsic
standards, low or higher dosages of medicinal plants (also referred to as
ethnomedicines) are often associated with complications (Irfan et al,
2022; Ullah et al,, 2022). To overcome these limitations, one of the
leading and reliable approaches in pharmacology is the use of a model
organism to check the efficacy of a specific plant extract and/or dosage
applied against disorder/s (Jan and Khan, 2016; Ullah et al, 2019).

There are worldwide growing interests in the identification of
new as well as unique plant-based formulations that could be applied
for treating inflammations, as antioxidants, and relieving pain and
pyrexia, etc. (Simmons, 2006; Bhowmick et al., 2014: Ji et al., 2016;
Jan and Khan, 2016; Shah et al.,, 2017; Ullah et al,, 2019).

Justicia adhatoda L. belongs to the Acanthaceae family, and it is
locally referred to as Vasaka and Malabar nut. The plant is a
perennial, green shrub scattered over wide ranges of Southeast
Asian tropical regions (Kaur et al, 2013). Its leaves are used for
the treatment of diarrhea (Ahmad et al., 2016); leaves and roots are
used in treating diabetes and vomiting (Irfan et al., 2017); leaves and
flowers are used against cough, wound healing, and dysentery (Irfan
et al, 2018a); leaves are used in treating bronchitis and cough and
prevent loose motion (Irfan et al,, 2018b); leaf extract is used for the
treatment of rheumatism and asthma (Irfan et al., 2018c¢); decoction
of leaves is used against dysentery and for the treatment of scabies
(Irfan et al., 2018d; Irfan et al., 2018e); the extract of leaves is used as
expectorant and antispasmodic and as antipyretic agent (Irfan et al.,
2018f). A literature survey revealed reports of Justicia adhatoda being
used for biological activities, ie., anti-tubercular, bronchodilator,
antibacterial, and anti-asthmatic potential (Latha et al, 2018).
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However, to the best of our knowledge, no report was found
regarding the anti-inflammatory potential of Justicia adhatoda.
Therefore, the current study was designed to integrate the folklore
use of Justicia adhatoda with a gas chromatography—mass
spectrometry approach to identify biologically active compounds
and then investigate the potency of different fractions of Justicia
adhatoda in pharmacological bioassays using animal models.

Materials and methods
Plant collection

Justicia adhatoda L. was collected from Charsadda District,
Khyber Pakhtunkhwa, Pakistan, in May 2021. The plant was
identified with the help of the relevant literature (Malik and
Ghafoor, 1988), and a voucher specimen (AWKO0518) was
deposited in the Herbarium, Department of Botany, Abdul
Wali Khan University Mardan, Pakistan.

Extraction

Leaves were manually separated from branches and washed
with tap water for 10 min before leaves were shade-dried for
20 days. These dried leaves were ground to a coarse powder using
a grinder. For extraction, 6 kg of leaf powder was soaked in 23 L
methanol (80%) for 18 days. The filtrate was mixed and
condensed through a rotary evaporator, and finally 400 g of
crude methanol extract was obtained (Sharifi-Rad et al., 2020a).

Fractionation

The crude methanolic extract of Justicia adhatoda L. was shifted
into a separating funnel and diluted with 500 ml distilled water
followed by the addition of 500 ml. The mixture was kept until it
formed the upper and lower layers. The n-hexane layer was isolated,
and this procedure was repeated three times, adding 500 ml n-hexane
each time. For the final fraction, all of the n-hexane layers were
combined in a rotary evaporator to the final concentrated n-hexane
fraction of 20g. The same process was performed to obtain
chloroform and ethyl acetate fractions weighing 27 and 80g,
respectively. Finally, a dry water fraction (120 g) was also obtained
(Zeb et al,, 2017; Sharifi-Rad and Pohl, 2020).

Experimental animals

The whole set of experiments was monitored in albino mice
of mixed sexes that were obtained from the Veterinary Research
Khyber Pakhtunkhwa, Pakistan. All
experimentation followed stringent biosafety protocols and

Institute, Peshawar,
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bioethical procedures as approved by the Biosafety and Bioethics
Committee of the Department of Botany, AWKUM.

Acute toxicity bioassay

Two major groups consisting of control and test (treatments)
were made, each comprised four test models. The fractions were
orally administered using different dosages, i.e., 150-1800 mg/kg.
Tween-80 was used as a solvent in preparation for the dosages.
Mice were examined for the next 72 h for decreased allergic
symptoms and any abnormal behavior after receiving the dose/s
(Zeb et al., 2016).

Anti-inflammatory activity

Carrageen-induced inflammatory test

The carrageenan-induced paw edema test was carried out
following Winter et al. (1962). Albino mice were grouped, and
initial paw volume was measured, and then carrageenan solution
was injected in the hind paw of mice, i.e., subcutaneously injected at
0.05 ml (1%). A standard drug (diclofenac) was injected, and different
fractions such as ethyl acetate, n-hexane, chloroform, and aqueous
were injected at doses of 150 and 300 mg/kg to the respective groups.
The procedure of the plethysmometer (Ugo Basil 7150) method was
followed after the first, second, third, and fourth hour of injections of
standard drug and fraction (Sharifi-Rad et al,, 2021).

Analgesic activity

Acetic acid-induced writhing test

For analgesic potential, the acetic acid writhing test was carried
out on Justicia adhatoda L. The mice were divided into different
groups, while oral dosages at 150 mg/kg and 300 mg/kg of ethyl
acetate, n-hexane, chloroform, and aqueous fractions were
administered, consequently, after 30 min, and 10 ml/kg of acetic
acid (0.6%) was injected intraperitoneally to the model mice. Group
I control 0.5% was administered with Tween-80 (3 ml/kg), and
Group II was considered standard and administered with the
standard drug (10 mg/kg). The number of writhes (contraction of
the abdomen extension of body and limbs, twisting of the mice
trunk, and elongation) was counted from 5, 15, 30, and 60 min after
the injection of acetic acid (Franzotti et al., 2000).

Analgesic activity
Formalin-induced licking paw test
The formalin-induced licking paw test was carried out for the

assessment of analgesic ability of Justicia adhatoda (Santos and
Calixto, 1997). Mice were categorized into groups, where group I
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received 0.5 percent Tween-80 (3 ml/kg) of negative regulation and
group II received standard drug morphine (5 mg/kg), while other
groups received ethyl acetate, n-hexane, and chloroform fractions of
Justicia adhatoda with doses of 150 mg/kg and 300 mg/kg divided
while 2.5% formalin (20 pl) was
subcutaneously injected into the plantar surface of the mice’s

into respective groups,
hind paw after 30 min. Formalin-induced paw licking was
recorded as an important signal for understanding the harmful
sexual behavior. The behavioral responses to the sensation of
nociception were properly noted like, the leakage and bite of the
injected paw, respectively. Total time taken was 30 min, where the
first 15 min were considered the early stage of the nociceptive
reaction and the later 15 min were considered the late stage of
the nociceptive reaction (Sharifi-Rad et al., 2020b).

Analgesic activity

Tail immersion test

Tail immersion potential was evaluated by the method of Imam
and Sumi, (2014). Ethyl acetate, n-hexane, chloroform, and aqueous
fractions were administered using doses of 150 mg/kg and
300 mg/kg and morphine (10 mg/kg), respectively, before 30 min
of the experiment. Then, 15 min ahead of the trial, I cm to 2 cm of
mice tail was submerged in warm water and held at 52 + 1°C stable.
The response time was the time the mice needed to bounce the tail.
The latency time of tail removal response was taken as the ant
nociception index (Sharifi-Rad et al., 2022).

Antipyretic activity

Brewer's yeast-induced pyrexia method

The antipyretic activity was evaluated for Justicia adhatoda L.
using the method of Muhammad et al. (2012). The albino mice of
both sexes were used, and each test contained four mice. At the
beginning of the experiment, normal mice’s body temperature
was taken via a digital thermometer, and pyrexia was then
induced in all mice by injecting 20% brewer’s yeast. Mice
were fasted overnight but permitted free access to drinking
water, and the rectal temperature of each mouse was recorded
after 24 h. Group I was injected with normal saline (10 ml/kg) as
a negative regulation and Group II received paracetamol
(10 mg/kg), while ethyl-acetate, n-hexane, chloroform, and
aqueous fractions of Justicia adhatoda at the concentration of
150 mg/kg and 300 mg/kg were administrated to other groups.

Antioxidant activity
DPPH method

The scavenging effect of Justicia adhatoda was evaluated
following Feghhi-Najafabadi et al. (2019). Fractions with the

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.922388

Musa et al.

concentration of 50 and 100 pL/ml were tested. DPPH methanol
solution was applied to various plant extracts at concentration
levels of 50 and 100 pg/ml. DPPH solution was prepared, and the
mixture of fraction and solution (2ml of DPPH methanol
solution and 50 and 100 ug/ml) was gently mixed, and the
517 nm
spectrophotometer after 60 min of incubation in dark. For the

absorbance  was  measured  at using a

calculation of % inhibition, the following formula was followed:

Inhibition (%) = [(A° - A1)/A’]x100,

where A" represents the absorbance of the control and
Al represents the absorbance of the sample.

Antispasmodic activity by normal
intestinal transit

Albino mice were divided into groups of four animals each. The
first group was considered control and saline solution was
administrated (10 ml/kg). Other groups were treated with
aqueous, ethyl acetate, chloroform, and n-hexane fractions of
Justicia adhatoda at different doses, while one group in each was
considered the standard group. After thirty minutes, a regular
charcoal meal (0.2 ml/mouse of 10% charcoal suspension in 5%
gum acacia) was given to the mice orally (Hsu, 1982). On charcoal
administration in mice meal, the tested animals were slaughtered in
30 min, and the small intestine was immediately removed. Similarly,
the peristaltic index of each mouse was monitored by subtracting the
distance traveled by the charcoal meal in the intestine from the total
length of the small intestine (Than et al., 1989).

Gas chromatography—mass spectrometry
analysis of the extract and identification of
the phytocompounds

For the identification of bioactive phytochemicals in the ethyl
acetate fraction of Justicia adhatoda, gas chromatography-mass
spectrometry (Thermo Scientific Co.) was used. Identification of
active phytochemicals was as per the ‘National Institute of
Standards and Technology 2008” (NIST-2008) database that
contained over 62,000 patterns used for interpreting gas
chromatography-mass ~ spectrometry — mass spectra. A
comparison of the spectrum of an unknown component with
the spectrum of the known component in the NIST library was

performed (Sher et al.,, 2022).
Statistical analysis

Data were recorded in the form of triplicate and expressed as
mean = standard error of the mean (SEM). The data were then
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quantified for normality and homogeneity, and the statistical
investigations were carried out by means of one-way analysis of
variance (ANOVA), followed by multiple Duncan’s range test
using statistical software SPSS, V 20.0 (SPSS, Chicago, IL,
United States). As compared to control/standard, significant
stimulatory/inhibitory effects were monitored using the
following formula, and significant differences were considered
by means of various statistical bars at p < 0.05.

(1) Reduction in pyrexia was evaluated by the following formula
used by Muhammad et al. (2012):

Percent reduction = B — Cn/B — Ax100,

where B represents the temperature after pyrexia induction, Cn
represents the temperature after 1, 2, 3, 4, and 5h, and A
represents the normal body temperature.

(2) The % inhibition of inflammatory effect of different fractions
was calculated using the formula of Hossain et al. (2016):

Percentage inhibition of inflammation = [(Vc - Vt)/Vc]x100,

where Vc is the average inflammation of the control group and
Vt is the average degree of inflammation by the test group.

(3)The percent inhibition of inflammation was calculated at
different time intervals using the following formula (Shah and
Shah 2015):

Percentinhibition = A - T / Ax100,

where A is the average inflammation of control and T is the paw
volume of the test group.

(4) The following standard formula (Than et al., 1989) was used
to calculate the initial transit percentage (percent) of
antispasmodic action:

Intestinal Transit (%) = D/Lx100,

where D = charcoal meal length (cm) and L = total intestinal

length (cm).

Results
Anti-inflammatory activity

The effect of Justicia adhatoda on carrageenan-induced hind
paw edema is shown in Figure 1. The mice paw becomes edematous
after injection of carrageenan. It was noted that the reference drug
(diclofenac) inhibited paw edema up to 47.67%, while the
administration of chloroform fraction at a higher concentration
(300 mg/kg) showed significant anti-inflammatory activity at fourth
hour with a paw edema inhibition rate of 46.51%. Moreover, the
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FIGURE 1

Anti-inflammatory activity of different fractions of Justicia adhatoda at doses of 150 and 300 mg/kg in carrageenan-induced paw edema in
Swiss albino mice after 1, 2, 3, and 4 h. Various bars represent statistical difference at p < 0.05.
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FIGURE 2

Analgesic activity of Justicia adhatoda’s different fractions was monitored at the dose of 150 and 300 mg/kg in acetic acid-induced Swiss albino
mice. Different statistical bars represent statistical differences at p < 0.05.

other fractions, namely, n-hexane, ethyl acetate, and aqueous at
higher extract dose also showed inhibition on fourth hour,
ie, 45.93%, 45.34%, and 44.76%, respectively.

Writhing test

The isolated fractions of Justicia adhatoda were checked for
analgesic activity using the writhing test (Figure 2). As compared
to the standard diclofenac sodium (10 mg/kg) that significantly
inhibited the writhing (86.44%), the ethyl-acetate fraction also
caused significant inhibition (84.18%). Similarly, the other
fractions, i.e., chloroform, n-hexane, and aqueous at a higher
dose of 300 mg/kg also inhibited writhing after 6 min by 77.96,
79.09, and 79.66%, respectively.
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Formalin test

Two concentrations of each fraction (150 and 300 mg/kg)
obtained from Justicia adhatoda were orally administered and
that significantly inhibited the formalin-induced paw licking at
early and late phases of the test (Table 1; Figure 3). As compared
to the standard, i.e., morphine (86.06% in the late phase), the
ethyl acetate fraction was found effective at a higher dose of
300 mg/kg that significantly reduced the paw licking up to
74.35 and 88.38% in the early and late phases, respectively.
Moreover, the chloroform, aqueous, and n-hexane fractions
were also effective at higher concentrations (300 mg/kg) and
inhibited the induced paw licking in the early phase by 61.71,
71.58, and 69.23% as well as in the late phase by 87.55, 85.06, and
87.55%, respectively.
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TABLE 1 Effect of Justicia adhatoda in different fractions on formalin-induced pain in mice.

Treatment Dose Early phase
Negative control (tween-80) 3 ml/kg (0.50%) 48.75 + 2.2¢
Morphine 5 mg/kg 8.25 + 0.62°
Ethyl acetate 150 mg/kg 25 £ 0.91°
300 mg/kg 12,5 +1°
n-Hexane 150 mg/kg 27.75 + 1.3
300 mg/kg 15+ 1.2°
Chloroform 150 mg/kg 30.75 + 0.85¢
300 mg/kg 11.5 + 0.64*
Aqueous 150 mg/kg 30.5 + 1.3¢
300 mg/kg 1325 + 0.85"
100
80
=
=
= 60
=
£ 40
ES
20
0
-
>
&%
Q)-
FIGURE 3
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60.25 + 0.70%

83.07 4.25.47° 92.94
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74.35 7 + 091 88.38

44.1 17.5 + 1 70.4

69.23 10.5 + 0.95 82.57

36.92 18 + 0.4° 70.12

61.71 7.5 + 0.28" 87.55

37.43 17.5 + 0.64 70.95

71.58 9+0.7 85.06

H Early phase
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Effect of various fractions of Justicia adhatoda at doses of 150 and 300 mg/kg in the formalin-induced licking paw test in Swiss albino mice

Tail immersion test in mice

The reflex time for tail withdrawal after administration of
different fractions increased in a dose-dependent manner
(Figure 4). Chloroform and aqueous fractions showed
preferred results as compared to the reference drug
(morphine).

Antipyretic test

The effect of different fractions of Justicia adhatoda on
pyrexia induced by brewery yeast is shown in Figure 5. The
pyrexia inhibition was dose-dependent and significantly
related to a higher dose (300 mg/kg). As compared to the
standard (85.71%), maximum inhibition (77.98%) was shown
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at 300 mg/kg of ethyl acetate fraction, while the other
fractions, viz., aqueous (77.03%), followed by n-hexane
(75.82%) (75.70%)
considerable inhibition rates.

and chloroform also  showed

2, 2'-Diphenyl-1-picrylhydrazyl free
radical-scavenging activity

The antioxidant activity was assessed by DPPH free
radical-scavenging activity (Figure 6). As compared to the
showed 76.49% and 82.33%
inhibition at concentrations of 50 and 100 pug/ml, while

standard, ascorbic acid

the ethyl acetate fraction showed a scavenging effect of

50.40% at 50 ug/ml and 66.74% at 100 pg/ml. Similarly,
the aqueous fractions were followed by n-hexane and
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FIGURE 5

Antipyretic activity of various fractions of Justicia adhatoda at doses of 150 and 300 mg/kg by brewer’s yeast-induced pyrexia in Swiss albino

mice after 1, 2, 3, and 4 h.

chloroform with inhibition rates of 77.03, 75.82, and 75.70,
respectively.

Antispasmodic activity

The antispasmodic activity of Justicia adhatoda fractions was
assessed using charcoal-induced intestinal spam in mice,
ie, 150 and 300 mg/kg (Table 2). As compared to the
standard drug, i.e., atropine sulfate, the intestinal transit was
94.57%, and significant % inhibition of the n-hexane fraction at
300 mg/kg was 72.75%. The other fractions also revealed
inhibition at a higher concentration of dose (300 mg/kg),
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i.e,, chloroform (71.55%), followed by ethyl acetate (71.47%)
and aqueous (67.94%), respectively.

Gas chromatography—mass spectrometry
analysis of the ethyl acetate fraction

The gas chromatography-mass spectrometry analysis of
Justicia adhatoda ethyl acetate fraction was carried out using
the NIST (National Institute Standard and Technology) library
of known compounds of approximately 62,000 patterns. Our gas
the
presence of 21 compounds (secondary metabolites) that could

chromatography-mass spectrometry analysis revealed
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Percent inhibition of DPPH free radical-scavenging activity of Justicia adhatoda at different concentrations.

TABLE 2 Effect of different fractions of Justicia adhatoda on intestinal transit in mice.

Treatment Dose Total intestine length Charcoal meal length % Inhibition
Atropin sulfate 10 mg/kg 51.675 + 1.4° 48.85 + 1.83¢ 94.54
Chloroform 150 mg/kg 50.775 £ 2.2* 26.4750 + 2.09* 52.13

300 mg/kg 50.1 + 3.5° 35.85 + 3.8 71.55
Ethyl acetate 150 mg/kg 49.275 + 2.5 262750 + 3.39° 53.31

300 mg/kg 47575 + 1.6* 34 + 130 7147
n-Hexane 150 mg/kg 51.25 £ 2.5° 30.2250 + 3.89" 58.96

300 mg/kg 50.1 + 0.70° 36.45+ 0.5 72.75
Aqueous 150 mg/kg 48.72 + 2.4° 22.3250 + 1.36° 45.81

300 mg/kg 50 + 2.8% 33.975 + 3.0" 67.94

possibly contribute to the medicinal properties of the plant. The
identifications of these phytochemicals were confirmed based on
peak area, molecular weight, and retention time (Table 3; Figure 7).

Discussion

Plants have been recognized as rich sources of medicines,
colors, flavors, food, cosmetics, and fuel since the dawn of human
civilization. However, compared to the other uses, medicinal
plants have been widely used for the treatment of different
disorders due to the presence of active phytochemicals (Jan
and Khan, 2016; Ullah et al., 2018; Iftikhar et al., 2019; Irfan
et al, 2019). With the tremendous technological advancements
the
phytochemicals from plants has gained more interest and

over years, isolation and identification of novel

attention, particularly via various pharmacological bioassays
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(Ibrahim et al., 2018; Khan et al., 2021). Justicia adhatoda is a
well-known medicinal plant and has been widely used for
treating a variety of infectious diseases, including asthma,
tuberculosis, bronchitis, antibacterial, bronchodilator, anti-
asthmatic, anti-tubercular, and anti-inflammatory potential.
For scientific validation as well as search for novel compound
isolation and identification, different pharmacological activities
were undertaken to evaluate the anti-inflammatory activities of
Justicia adhatoda.

Inflammation and its secondary forms like fever and pain are
recognized because of the high level of interleukins, TNF- o, and
prostaglandins (Muhammad, et al., 2012). For the assessment of
anti-inflammatory effect of J. adhatoda’s different fractions,
carrageenan-induced paw edema was considered (Linardi
et al, 2000). In the carrageenan-induced paw edema test, the
fractions exhibited significant anti-inflammatory effects in a
dose-dependent other fractions, the

manner. Among
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TABLE 3 List of phytochemicals identified in the ethyl acetate fraction of Justicia adhatoda through the gas chromatography—mass spectrometry

approach.
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chloroform fraction of 300 mg/kg was found more effective (Yam
et al., 2010; Pournamdari et al., 2018) in 1-4 h, which caused
46.51% inhibition. Our results also showed a number of
compounds via gas chromatography-mass spectrometry
analysis as shown in Table 3.

Anti-nociceptive activities of different fractions of Justicia
adhatoda were tested. Three different models were chosen to
investigate the peripheral-mediated influence of Justicia
adhatoda’s fractions. In the current study, four fractions of
Justicia adhatoda 150 and

300 mg/kg decreased the writhing, and specifically, the

in two concentrations, i.e,
ethyl acetate fraction resulted in the highest reduction of
writhing (84.18%). Our results are in alignment with
previous findings (Abdul-Wahab et al., 2012). Similarly, the
current result revealed that a higher dose of the ethyl acetate
fraction is much effective against acetic acid-induced
peripheral pain (Figure 2). The writhing (induced by acetic
acid) model in mice is a useful test for the evaluation of the
analgesic effects of therapeutic drugs (Gou et al,, 2017).
However, writhing caused by acetic acid affects the
peripheral nervous system. The abdominal writhing
procedure caused by acetic acid is a type of acute chronic
nociception and a common model for intense pain in which
acetic acid is used as a congenic agent (Feng et al., 2003).
When injected intraperitoneally, acetic acid causes acute pain
in animals by activating primary afferent sensory Ad and C
nerve fibers 16, and the procedure is typically common in
peripheral analgesic agent identification (Azi et al., 2014).
The formalin test is a reliable predictor for acute tonic pain,
which has the advantage of detecting pain in central and
both phases of the

formalin paw licking test of Justicia adhatoda showed a

peripheral mechanisms. Currently,
significant anti-nociceptive effect in a dose-dependent manner.
Ethyl acetate fractions at doses of 150 and 300 mg/kg
the

(88.38 and 77.24%, respectively) in the late and early phases.

significantly reduced formalin-induced paw licking
Furthermore, the result revealed that ethyl acetate fractions of
Justicia adhatoda are effective in both phases, while other
fractions showed minimum potential as compared to ethyl
acetate. Previously, it was concluded that formalin-induced
persistent nociception in mice paws provided a marked
response to biphasic licking (Hunskaar and Hole, 1987;
Bukhari et al., 2010).

The tail immersion model was used for the evaluation of
acute pain. In our study, mice increase in latency time was
noted, and the thermal pain threshold was inhibited. The dose
of 300 mg/kg of Justicia adhatoda had a potent anti-
nociceptive effect. Justicia adhatoda’s chloroform and
aqueous fractions have shown significant analgesic effects
in acetic acid-induced pain, as well as in the late phase of
formalin and tail immersion tests. Similar results have been
reported earlier (Saha et al, 2013). The tail withdrawal
response of mice is mainly considered to be selective for
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centrally acting analgesics, while the peripherally acting
drugs are known to be inactive on such heat-induced pain
2014). This
established on the finding that morphine-like medications

responses (Imam and Sumi approach is
extend the tail withdrawal time from hot water in mice
(Moniruzzaman and Imam, 2014).

Antipyretic effectiveness of the Justicia adhatoda fractions
was assessed by subcutaneous injection of brewer’s yeast-
induced pyrexia in animal models. Prostaglandin synthesis
was elevated during this process, and the inhibition capability
of plant-based medicine on prostaglandin synthesis was used
as a test for antipyretic capacity (Shah et al., 2017). Here, the
injection of ethyl acetate, n-hexane, chloroform, and aqueous
fractions of Justicia adhatoda significantly decreased the rectal
temperature of yeast-induced febrile mice (Figure 4). Among
these fractions, the ethyl acetate fraction at 300 mg/kg had the
effect yeast-produced
temperature by mitigation of rectal temperature as well as

most efficient antipyretic in
normal body temperature in mice. Ullah et al. (2016) used the
hydro-ethanolic extract from Monotheca boxfolia and
concluded the presence of an active antipyretic compound
oleanolic acid as well as phytol (Islam et al., 2020). Notably,
phytol and oleanolic acid were identified in the current gas
chromatography-mass spectrometry analysis (Table 3). The
strong antipyretic potential of ethyl acetate could be the
possible effect of oleanolic acid and phytol (Kashyap et al.,
2016). Oleanolic acid is a pentacyclic triterpenoid compound
that is known to have the properties of downregulation of
many intracellular and extracellular molecular targets that are
linked directly or indirectly with the disease progression
(Castellano et al.,, 2013; Xu et al., 2021). However, the
major anti-inflammatory properties of oleanolic acid and
phytol have been reported to be involved the
inactivation of STATE3/6, NF, and Akt/mTOR pathways
(Kashyap et al.,, 2016).
The ability of plant-based products to donate electrons
be evaluated by bleaching 2, 2’-diphenyl-1-

picrylhydrazyl radical (DPPH) assay. The process is based

in

can

on DPPH scavenging by adding a free radical-donating
species or any sort of antioxidants in order to decolorize
the DPPH solution. The degree of change in the color is
directly linked with the antioxidant potential (Saeed et al.,
2012). The ethyl acetate fraction was found to have a potent
scavenging activity at 50 pug/ml with 50.40%, while at 100 pg/
ml it showed 66.74%. The reason for the ethyl acetate fraction
performing better might be due to its high polarity that
solubilizes chemical components better than aqueous,
ethanolic, and methanolic fractions (Zhang et al., 2011).
However, most of the diseases due to free radicals are
neurodegenerative  diseases.  Similarly, plant-derived
antioxidants are much better for the treatment of serious
diseases like cancer because of their scavenging potential

(Veeru et al, 2009). The search for potent natural
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TABLE 4 List of biological activities of compounds of Justicia adhatoda identified through gas chromatography—mass spectrometry.

S. Compound Biological activities References
no.
1 Phenol, 2-methyl-5-(1-methylethyl)- Antioxidant, anti-inflammatory, and analgesic Majid et al. (2015)
2 1-Hexadecene Antimicrobial and antioxidant, analgesic, and anti- Mou et al. (2013)
inflammatory
3 3,7,11,15-Tetramethyl-2-hexadecen-1-ol Anti-inflammatory and antioxidant and analgesic Chansiw et al. (2019), Majid et al. (2015)
4 Z-(13,14-Epoxy)tetradec-11-en-1-ol acetate  Antioxidant, antipyretic anti-inflammatory, and Chetia and Phukan, (2014), Shaaganti and Amareshwari,
analgesic (2019)
5 Hexadecanoic acid, ethyl ester Antioxidant activities and anti-inflammatory Kim et al. (2020), Guerrero et al. (2017)
6 Phytol Anti-nociceptive, antioxidant, anti-inflammatory, Santos et al. (2013), Islam et al. (2020)
and antipyretic
8 Isophytol Anti-inflammatory and antioxidant Keawsa-Ard et al. (2012), Elsharkawy et al. (2013), Sanseera
et al. (2012)
9 9,12,15-Octadecatrienoic acid ethyl Anti-inflammatory and antioxidant Guerrero et al. (2017), Tian et al. (2018)
ester, (Z,2,7)-
10 Pentacosane Antioxidant Marrufo et al. (2013)
11 1,2-Benzenedicarboxylic acid, diisooctyl Antioxidant Sivasubramanian and Brindha, (2013)
ester
12 1-Monolinoleoylglycerol trimethylsilyl Antioxidant and anti-inflammatory Majumder et al. (2019), Mary and Giri, (2016)
ether
13 Tetratetracontane Antioxidant Rhetso et al. (2020)
14 Oleanolic acid Anti-inflammatory, anti-nociceptive, and antipyretic ~ Singh et al. (1992), Ullah et al. (2016)

antioxidants is a high priority because of the adverse effects
associated with synthetic antioxidants (Kumar et al., 2012).

Diarrhea is the release of excessive liquids through the
gastrointestinal tract, and it may lead to muotility (Kumpf,
2014). Based on ethnomedicinal uses of Justicia adhatoda in
folklore, the antispasmodic potential was also evaluated by
charcoal meal intestinal transit (Table 2). High inhibition
(72.75%) was observed at 300 mg/kg of n-hexane fraction,
which might be due to the presence of a variety of alkaloids
in the form of deoxyvasicine, vasicine, and vasicinine, and these
are previously reported to be excellent antispasmodic agents
(Rashmi et al., 2012).

Gas chromatography-mass spectrometry analysis of the
current study revealed the presence of different anti-
inflammatory compounds in Justicia adhatoda which are
active against inflammation. The gas chromatography-mass
spectrometry approach of Justicia adhatoda revealed various
biologically active compounds that possess a number of
pharmacological activities. Of the 21 compounds identified
by GCMS analysis, 14 are bioactive compounds and are
excellent

known for their anti-inflammatory, anti-

nociceptive, antipyretic, antioxidant, and other
pharmacological activities (Tables 3, 4; Figure 7), while no
activity has been reported for some compounds,
ie., cyclotetradecane, cxyclohexene, 1-methyl-4-hexenyl)-,
3-methyl-2-

pentadecyl-, stigmasta-5,22-dien-3-ol, acetate, and (34)-, a-

(S)-,  10-heneicosene  (ct), thiophene,

sitosterol.

Frontiers in Pharmacology

Conclusion

The potential of Justicia adhatoda fractions was confirmed in
different pharmacological activities. Furthermore, the gas
chromatography-mass spectrometry analysis also confirmed a
number of biological compounds that are already acknowledged
for their
antipyretic, antispasmodic, and antioxidant potential. Taken as

anti-nociceptive, analgesic, anti-inflammatory,
awhole, Justicia adhatoda plant has immense potential to be used
for such bioassays in clinical trials. These fractions identified here
could offer better sources for the isolation and identification of
different biologically active compounds that may lead to novel
plant-based drugs. However, additional studies are required for
purification, characterization, and structural elucidation of these

bioactive compounds.
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