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ABSTRACT: A poly(p,L-lactide-co-glycolide) (PLGA) copolymer was synthesized using the
ring-opening polymerization of p,L-lactide and glycolide monomers in the presence of zinc proline
complex in bulk through the green route and was well characterized using attenuated total
reflectance—Fourier transform infrared, '"H and "*C nuclear magnetic resonance, gel permeation
chromatography, differential scanning calorimetry, X-ray diffraction, matrix-assisted laser
desorption/ionization time-of-flight, etc. Furthermore, PLGA-conjugated biotin (PLGA-B) was
synthesized using the synthesized PLGA and was employed to fabricate nanoparticles for
irinotecan (Ir) delivery. These nanoparticles (PLGA-NP-Ir and PLGA-B-NP-Ir) were tested for
physicochemical and biological characteristics. PLGA-B-NP-Ir exhibited a stronger cellular uptake
and anticancer activity as compared to PLGA-NP-Ir in CT-26 cancer cells (log p < 0.05). The
accumulation and retention of fluorescence-labeled nanoparticles were observed to be better in
CT-26-inoculated solid tumors in Balb/c mice. The PLGA-B-NP-Ir-treated group inhibited tumor
growth significantly more (log p < 0.001) than the untreated control, PLGA-NP-Ir, and Ir-treated
groups. Furthermore, no body weight loss, hematological, and blood biochemical tests demonstrated the nanocarriers’ nontoxic
nature. This work presents the use of safe PLGA and the demonstration of a proof-of-concept of biotin surface attached PLGA
nanoparticle-mediated active targeted Ir administration to combat colon cancer. To treat colon cancer, PLGA-B-NP-Ir performed
better due to specific active tumor targeting and greater cellular uptake due to biotin.

PLGA-B-NP-It

1. INTRODUCTION The genetic toxicity caused by the presence of tin in the PLGA
microsphere has been demonstrated using the comet test in
mesenchymal stem cells (MSCs) and human umbilical vein
endothelial cells (HUVECs)."* The scientific challenge is the
innovative synthesis of nontoxic biomaterials. Polymerization of
monomers in the presence of suitable metal complexes yields
biocompatible polymers.' "

We synthesized low-molecular-weight p,L-lactide-co-glycolide
copolymers (PLGA) with zinc L-proline (Zn-proline) through
the green route, tested its biocompatibility using in vivo study,
and reported them to be nontoxic and safe for biomedical use.'®
Similarly, using the same biocompatible initiator (Zn-proline),
we synthesized the poly(ethylene glycol)-block-poly(L-lactide-
co-glycolide) copolymer in our laboratory and utilized it as a
polymer carrier for targeted irinotecan delivery to combat colon

The emergence of poly(p,L-lactide-co-glycolide) (PLGA)
copolymer in drug delivery application has revolutionized
modern drug delivery for chemotherapy. PLGA exhibits
tremendous research interest due to its excellent low
immunogenicity, biocompatibility, biodegradability, and desired
mechanical properties which are very important for the ideal
carrier to be used in the drug delivery."” The versatility of PLGA
controls drug delivery systems by altering the ratio of lactide and
glycolide compositions, stereochemistry, catalyst concentration,
and molecular weight (M,,), which influence polymer proper-
ties.” ™ Sutures made with synthetic biodegradable polymers,
such as Dexon and Vicryl, have been used since 1970.”~°
Risperdal, Consta, Vivitrol, Zoladex, Eligard, Suprecur,

Enant d Profact th FDA- d o .
PzéglA(—)E:;e;nprOdr;)Ctasc Lsaercllm;g b?omeifl’iczlr eapplica:ilc)) Ez%‘i% cancer in vivo.'” The drug release (paclitaxel—methylene blue

Encapsulating an anticancer drug in a polymeric matrix in the conjugate) from poly(lactic-co-glycolic acid) (PLGA) nano-

. . . ST
nano form (polymeric nanomaterials) protects it from particles (NPs) (nanocarriers) with redox activity.
enzymatic breakdown and increases its stability.'”
Stannous octoate is a commercial catalyst (US-FDA Received:  October 8, 2023
approved) used to produce PLGA where the concentration of Revised:  December 18, 2023
tin should be less than 20 ppm for biomedical applications. The Accepted:  December 21, 2023
removal of toxic tin from the polymer matrix by repeated Published: January 10, 2024
extraction and purification method enhances the production
cost based on current good manufacturing practice (cGMP).
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Colon cancer is the third most common cancer and is the
second leading cause of cancer-related deaths worldwide. Most
colon cancer patients have localized or distant metastases and
need adjuvant therapy after surgery. In metastatic cancer,
chemotherapy, biological therapies that target the vascular
endothelial growth factor (VEGF), and epidermal growth factor
receptor (EGFR) pathway, and immunotherapy increase
patients’ survival.

Irinotecan (Ir), is a semisynthetic BCS-II DNA topoisomer-
ase I inhibitor and damages DNA through replication and
transcription. Nausea, diarrhea, vomiting, and neutropenia side
effects limit its clinical success. The solubility of Ir is 1.07 X 10~
g/L (pH = 4) and the efficacy is reduced due to low solubility
and high permeability. The overexpression of p-glycoprotein
efflux in cancer cells increases Ir resistance, reduced Ir
metabolite formation, and causes toxicity.”” To overcome the
formulation barrier of Ir, more effective and targeted delivery
strategies are required to increase the local Ir concentration at
the targeted site while minimizing side effects to healthy tissues.
Cancer treatment practices 1381 out of 1575 nanoformulations
registered for clinical trials.”' ¢

PLGA polymeric NPs are not only biodegradable, biocom-
patible, and nontoxic, but they also have other benefits such as
reduced frequency of administration, lower dose, active
targeting, prolonged drug release, and less systemic adverse
effects.”” To achieve active tumor-targeting, these polymer NPs
can be functionalized with a specific ligand, such as folic acid,
saccharides, biotin, peptides, vitamins, antibodies, aptamers, and
antibody fragments.””*® The delivery strategy targets the colon
which improves to provide specific drugs to the diseased site,
increases drug bioavailability, and improves response rates.””*’

Biotin has several benefits, for instance, including limited
effect on formulation pharmacokinetics and immunogenicity
and helps carboxylase enzymes to produce branched chain
amino acids and fatty acids and is also essential for cell growth.
Solid tumor cells need biotin due to their high metabolic activity,
and many tumor cells overexpress biotin, allowing it for
diagnostic purpose. Biotin receptor overexpression occurs in
several antagonistic cancer cell lines.”’ Humans have two biotin
transporters: sodium-dependent multivitamin transporter
(SMVT) and high-affinity biotin transporter, which are available
for biotin uptake in the cell. Human keratinocytes and peripheral
blood mononuclear cells have biotin uptake saturation depend-
ent at 10 uM and 10 nM, respectively. The biotin-targeted
nanocarrier system mainly requires SMVT for endocytosis to
encourage the selective targeting of NPs and promote the
delivery of the hydrophilic drug, which cannot easily cross the
cell membrane. Desthiobiotin, lipoic acid, pantothenic acid, and
biotin analogues compete with SMVT-mediated biotin uptake,
and cancer cells exhibit a higher biotin uptake or SMVT
<expression.32’33

In the literature, biotin-decorated PLGA developed by DCC/
NHS cross coupling and the residual traces of byproduct,
dicyclohexylurea (DCU)), are difficult to remove and confirm
toxicity. This conjugated PLGA has been used to prepare SN-38
encapsulated NPs for active targeting, improve pharmaceutical
delivery to cancer cells, and decrease side effects on healthy
tissues. However, the toxic metabolite produced from SN-38,
caused gastrointestinal damage and diarrhea.”* Biotin-function-
alized PEGylated poly(amidoamine) dendrimer conjugation
improved paclitaxel solubility and active targeting to lung cancer
(A549) cell lines.” The biotin-decorated lipid nanostructure
was developed to overcome the systemic side effects of sunitinib
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in lung chemotherapy by active targeting to A549 cell lines.*
Biotin-conjugated multilayer PLGA—lecithin—polyethylene
glycol NPs enabled targeted delivery of doxorubicin, demon-
strating considerable in vivo tumor development and an effective
delivery for tumor-targeting treatment.”® C,-streptavidin’s
receptor-mediated endocytosis of biotin-conjugated tumor
suppressor protein P53 into tumor cells proved the usefulness
of biotin’s targeting ligand.”” Due to the overexpressed biotin
receptor, biotin-conjugated gold NPs showed delivery to HeLa
cell xenograft mice and decreased tumor growth by 3.8-fold.*®

In our previous study, we synthesized the low-molecular-
weight D,L-lactide-co-glycolide copolymer (PLGA) using zinc L-
proline (Zn-proline) in bulk using green synthetic approach and
evaluated its biocompatibility in vivo.'® In continuation of our
previous work, we investigate the systematic synthesis of PLGA
by the ring opening polymerization of p,L-lactide and glycolide
in the presence of Zn-proline complex to generate copolymers
ranging from low M,, (11,000 Da) to high M,, (90,000 Da) and
polydispersity (PDI < 2). Because of the effective conjugation
technique under mild conditions and the nontoxic byproduct,
diisopropyl urea, the synthesized PLGA (M,, = 21,000) was
employed as a precursor for conjugation reaction with biotin
ligand using diisopropyl carbodiimide. Biotin-conjugated PLGA
and PLGA copolymer (M,, = 21,000) were used as the matrix for
NPs formulations for active targeted delivery of Ir. It is apparent
that the demonstrated method has the potential for drug
delivery (Ir) as a proof of concept to combat cancer, where the
drug cannot easily cross cell membranes. The nanoprecipitation
technique was used to encapsulate Ir in PLGA (PLGA-NP-Ir)
and biotin conjugated copolymer PLGA-B (PLGA-B-NP-Ir),
and the physicochemical characterization of these nano-
formulations was performed successfully. In the biotin-
expressing CT-26 cell line, the cytotoxicity, active targeting,
and cellular uptake properties of PLGA NPs (biotin-targeted or
non-biotin-targeted) were investigated. The active targeting
efficiency and biodistribution of PLGA-B-NP-Ir in CT-26
xenograft tumor bearing Balb/C mice was studied. Biotin-
targeted NPs demonstrated exciting results via active targeting
and greater accumulation in biotin-overexpressed tumors.
Additionally, in an in vivo animal model, these NPs displayed
very high hemocompatibility, biocompatibility, and low toxicity.
In the case of CT-26 xenograft tumors, Ir-loaded biotin-targeted
NPs demonstrated significant antitumor efficacy as compared to
nontargeted NPs.

2. EXPERIMENTAL SECTION

2.1. Materials. p,L-Lactide, glycolide from Corbion PURAC
(Netherlands), irinotecan (generous gift from Emcure Pune,
India),1,1’-dioctadecyl-3,3,3',3’-tetramethylindotricarbocya-
nine iodide (DiR),1,1’-dioctadecyl-3,3,3’,3'-tetramethylindo-
carbocyanine perchlorate4’ (DiL), 6-diamidino-2-phenylindole
(DAPI), and dialysis tubing (MWCO 2000 Da). Snake skin
dialysis tubing (MWCO 10,000 Da) was purchased from
Thermo Fisher (USA). Cremophor RH 40, methylene chloride,
acetone, absolute ethanol, dimethyl sulfoxide (DMSO), and
diethyl ether (ultrapure grades) were obtained from Sigma-
Aldrich (India). RPMI-1640 media, fetal bovine serum (FBS),
penicillin/streptomycin, trypsin/EDTA, and phosphate-buf-
fered saline (PBS) were obtained from Gibco, Invitrogen
(India). All of the reagents were used without further
purification.

2.2, Synthesis of PLGA Using Ring Opening Polymer-
ization. The polymerization of L-lactide has been reported with

https://doi.org/10.1021/acsomega.3c07833
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our research group”” and the same procedure was adopted with
some modification for PLGA. The polymerization reaction was
carried out in bulk in a sealed glass ampule (inner diameter of 2
and 10 cm in height). Glass ampules were passivated using 20%
in trimethylsilyl chloride (TMSCI) dissolved in acetone before
polymerization and dried properly in the oven. The addition of
monomer and initiator was carried out in a MBRAUN UNilab
glovebox. Ampules were subjected to 3—4 freeze-pump—thaw
cycles in vacuo. Ampules containing monomers such as D,L-
lactide, glycolide, and zinc proline initiator were sealed under
vacuum. Ampules were then immersed in a Techne SBL-2D
fluidized sand bath previously set at the desired temperature.
Ampules were cooled and broken at different time intervals. The
solid material containing the PLGA copolymer, unreacted p,L-
lactide, and glycolide was dissolved in a small amount of
dichloromethane and precipitated in excess n-hexane to obtain a
pure PLGA copolymer. Polymer samples were dried at 40 °C
under a vacuum for 48 h. Similarly, PLGA copolymers (PLGA-1
to PLGA-10) were synthesized and characterized.

2.3. Characterization of PLGA Copolymer. The copoly-
mers were characterized by '"H NMR, 13C NMR, matrix assisted
laser desorption/ionization time-of-flight mass spectrometry,
differential scanning calorimetry (DSC), gel permeation
chromatography (GPC), and attenuated total reflectance—
Fourier transform infrared (ATR—FTIR). Detailed methods are
illustrated in the Supporting Information (SI).

2.4. Conjugation Reaction of Biotin with PLGA. The
biotin-conjugated polymer was prepared by using N,N’-
diisopropylcarbodiimide (DIPC)/4-dimethylaminopyridine
(DMAP) in dry dimethylformamide (DMF) as described in
the earlier literature with some modification.” Biotin (25 mg,
0.102 mmol) was added to a two-neck round-bottom flask
(RBF) 50 mL, and then DIPC (18.2 mg, 0.144 mmol) was
added simultaneously with stirring under an inert atmosphere.
Finally, the catalytic amount of DMAP was added and the
reaction mixture was stirred at 25 °C for 24 h. The obtained
functionalized biotin was used for conjugation. The hydroxy-
terminated poly(p,L-lactide-co-glycolide) (1.296 g, 0.102 mol)
in dry dichloromethane (DCM) was added slowly into the
reaction mixture and stirred for 24 h at 25 °C. After completion
of the reaction, the reaction mixture was diluted with
dichloromethane, and the byproduct DIPC—urea was filtered
off. The isopropyl urea byproduct derived from DIPC is claimed
to be nontoxic and FDA approved.*>*' The white solid product
was further purified by dissolution in dichloromethane
(CH,CL,), and precipitated with excess n-hexane. The reaction
mixture was filtered, and the white ppt was redissolved in DCM
and finally, precipitated in ice cold diethyl ether. The final
product was dialyzed against 2000 Da cut off of dialysis
membrane in the presence of phosphate buffer solution until the
removal of all unreacted biotin (measured by optical density)
and finally lyophilized. The equivalent amount of biotin was
conjugated with the carboxyl group of PLGA. In the biotin-
conjugated PLGA polymer, 0.099 mmol biotin/mg of polymer
sample was calculated. The synthesized biotin conjugated PLGA
was used for the formulation of the NPs.

2.5. Formulation of the Nanoparticles. The suitable
optimization batch of NPs was performed using the method as
reported in the literature with some modification.** All
nanoformulations were prepared using a similar nanoprecipita-
tion method. The optimization was achieved by varying the
concentrations of PLGA and surfactant. In the optimization
process, surfactant was varied from 0.04 to 0.02 (% w/v), Ir to
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PLGA ratio was selected as 1:5 and 1:10, and is illustrated in
Table S1. The particle size, zeta potential, PDI, and drug
encapsulation efficiency of different formulations are depicted in
Table S2. In the final optimization batch, 10 mg of PLGA or
PLGA—Dbiotin conjugate and 1 mg of Ir were dissolved in 2 mL
of acetone. The polymeric Ir solution was added dropwise with a
syringe to S mL of aqueous Cremophor RH 40 solutions (0.02%,
w/v) in deionized water with continuous stirring at 1500 rpm.
The NPs were stirred for 3 h to remove the residual organic
solvent. The final volume of the colloidal suspension was
adjusted to S mL after the confirmation of complete removal of
the organic solvent. The Ir NP with PLGA and PLGA-B
matrices was designated as PLGA-NP-Ir and PLGA-B-NP-Ir
NP, respectively.

2.6. Characterization of the Formulated NPs. 2.6.1. De-
termination of Percentage Encapsulation Efficiency. The
encapsulation efficiency (EE %) of Ir-loaded NPs was
determined by measuring the concentration of the free drug in
the NP suspension. The unencapsulated Ir was separated by
centrifugation. The amount of free drug in the filtrate was
measured using a UV—vis spectrophotometer (model UV-1601
PC; Shimadzu, Kyoto, Japan) by measuring the absorbance at
360 nm as previously described.”>**

The EE (%) was calculated by

EE (%) = ([Drug] total — [Drug] free)/[Drug] total)
X 100

The percentage of drug loading efficiency (% LE) was
calculated using the following equation

LE (%) = Amount of Ir encapsulated (mg) /weight of all
excipients (polymer and surfactant) X 100

2.6.2. Size and Zeta Potential Measurements. NPs size, PDI
and zeta potential were determined by using Zetasizer (PCS,
Nano ZS90 Zetasizer, Malvern Instruments Corp, U. K). Charge
on the NPs surface was determined using a Zetasizer 300HSA
(Malvern Instruments, Malvern, UK). Disposable polystyrene
cells and disposable plain folded capillary zeta cells were used.
The NP suspensions were diluted in deionized water, and
measurements were performed at 25 °C. Electrophoretic
mobility was used to calculate the zeta-potential using the
Helmholtz—Smoluchowski equation. Analysis time was kept for
3 min, and hydrodynamic size was presented as the average value
of 20 runs, with triplicate measurements within each run.

2.6.3. Transmission Electron Microscopy. Transmission
electron microscopy (TEM) imaging of NPs was carried out
using an (FEI Technai G2 T20) instrument with an acceleration
voltage of 200 keV. The TEM sample was prepared by
transferring the NP suspension (4 mg/mL) onto a 200-mesh
carbon-coated copper grid. Samples were blotted away after 30
min incubation, and grids were negatively stained for 10 min at
room temperature with freshly prepared, 2% (w/v) phospho-
tungstic acid aqueous solution. The grids were then washed
twice with distilled water and air-dried before imaging.

2.6.4. Atomic Force Microscopy. The atomic force
microscopy (AFM) measurements were performed on silicon
wafer using a Multimode scanning probe microscope equipped
with a Nanoscope IV controller from Veeco Instrument Inc.,
Santa Barbara, CA. All the AFM measurements were carried out
under ambient condition using the tapping-mode AFM probes
model Tap190Al purchased from Budget Sensors. The radii of
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tips used in this study were less than 10 nm, and their height was
~17 um. The cantilever used had a resonant frequency of ca. 162
kHz and nominal spring constant of ca. 48 N/m with a 30 nm
thick aluminum reflex coating on the back side of the cantilever
of the length 225 um. For each sample, three locations with a
surface area of 1 X 1 yum?* and 500 X 500 nm?, each were imaged
at a rate of 1 Hz and at a resolution of 512 X $12.

2.6.5. Release Profile In Vitro. In vitro release of Ir from
PLGA-NP-Ir and PLGA-B-NP-Ir NPs were performed. 20 mg of
NPs were suspended in 10 mL of PBS buffer in a dialysis bag
(mol. wt. cutoff: 10, 000 Da, Sigma-Aldrich) and sealed. The
dialysis bag was kept in 100 mL of PBS buffer solution (pH 7.4)
and 50% fetal bovine serum in PBS solution (pH 7.4) at 37 °C.
The release amount was analyzed at 360 nm using UV—visible
spectroscopy PerkinElmer calculated using a calibration curve
for Ir dissolved in the same media as the dialysate (R* = 0.99995
over the range between 1 and S0 ug/ mL).**** A control
experiment was set up alongside in which the same amount of Ir
was dissolved in dimethyl sulfoxide (DMSO) and dialyzed for
comparison. This control was set up to eliminate the nonspecific
adsorption of the drug to the dialysis membrane. The same
experimental conditions were used for PLGA-B-NP-Ir.

2.6.6. Thermal Characterization by DSC. Thermal analysis
was performed with a DSC (DSC Q100, TA Instruments)
equipped with a refrigerated cooling system. The glass transition
temperature (T,), crystallization temperature (T.), melting
temperature (T,), enthalpy of crystallization (AH.), and
melting enthalpy (AH,,) were calculated from the DSC curves.
DSC measurements were carried out by heating the samples
(Irinotecan, PLGA-B-polymer, PLGA-NP-Ir, and PLGA-B-NP-
Ir) from —90 to 250 °C at a rate of 10 °C/min, holding for 1 min,
and cooling to —90 °C at a rate of 100 °C/min, holding for 1 min
at =90 °C, followed by repeating the heating cycle at a rate of 10
°C/min up to 250 °C. All measurements were performed under
an atmosphere of nitrogen. DSC runs from the second heating
cycle are presented.

2.6.7. Powder Wide-Angle X-ray Diffraction of Nano-
particles. The NPs were analyzed using wide-angle X-ray
diffraction (WAXD) in the range of 260 = 5—55° at room
temperature (25 °C). The WXRD patterns of NP sample were
analyzed by a Philips 1830 X-ray diffractometer (Philips, Almelo,
The Netherlands) using a Cu Ka source at a (4 = 1.5406 A) to
get more insights about the nature of the sample.

2.6.8. Shelf Life Stability of Nanopatrticles. NP’s suspension
was sealed in 10 mL glass vials and stored at 4 °C for 28 days.
The stability of the NP suspension was tested by visual
inspection of the physical properties (color, aggregation, phase
separation, and opacity) and also by size and zeta-potential
measurements. The measurements were taken in triplicate and
presented as an average (mean + SD).

2.6.9. In Vitro Antitumor Efficacy Studies. The in vitro
antitumor efficacy of the blank PLGA-NP, PLGA-B-NP, PLGA-
NP-Ir, and PLGA-B-NP-Ir NPs was examined in CT-26 murine
carcinoma cells by the MTT assay. Cells were cultured (2 X 10*
cells per well) in a 96-well plate in RPMI media supplemented
with 10% FBS, 1% penicillin, and 1% streptomycin in 5% CO,
atmosphere at 37 °C. After 24 h of incubation, different
concentrations of irinotecan (5—100 pg/mL dispersed in
media), PLGA, PLGA-B, PLGA-Ir, and PLGA-B-Ir NPs were
added into wells. Following 24 h of incubation, wells are washed
with PBS, and 200 gL of MTT (0.5 mg/mL) was added.
Formazan crystals formed after 4 h were dissolved in 200 yL of
DMSO. Optical absorbance was recorded at 570 nm using a
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microplate reader (Epoch2, BoiTek). The results were ex-
pressed as the percentage cell survival (mean + SE) and
calculated by using the following equation

% Cell survival = (A 570 nm of treated cells/A 570 nm of

untreated control cells) X 100

2.6.10. Fluorescence Labeling of NPs. Fluorescent-labeled
DiL and DiR dye-loaded NPs were prepared for in vitro uptake
and in vivo tumor targeting and biodistribution studies by an in
vivo imaging system (IVIS). DiL, emitting in the red region, and
DiR, a fluorophore with near-infrared emission, are hydrophobic
fluorescent markers that were incorporated into the organic
phase at 0.5% (w/v) (dye/organic phase) for in vitro and in vivo
studies, respectively. Formulations were protected from light
and covered with aluminum foil and utilized for in vitro (PLGA-
NP-DiL and PLGA-B-NP-DiL) and in vivo (PLGA-NP-DiR and
PLGA-B-NP-DiR) studies.

2.6.11. Cellular Uptake. CT-26 cells were seeded on
coverslips at a density of 1 X 10° cells/well. To check the
uptake efficiency of the NPs, cells were treated with DiL tagged
PLGA and PLGA-biotin NPs (PLGA-NP-DiL and PLGA-B-
NP-DiL). After 4 h, media containing NPs were removed, and
cells were fixed with 4% paraformaldehyde for 20 min. The
coverslips were mounted on top of slides and uptake was
visualized using a Leica spS confocal microscope. In separate
experiments, cells were treated with cold temp (4 °C), sodium
azide (0.1%), and sucrose (0.5 M) for 1 h as inhibitor of uptake
pathways prior to treatment with NPs followed by confocal
analysis.

2.6.12. Cell Cycle Analysis. Effect of irinotecan-loaded
PLGA-NP-Ir and PLGA-B-NP-Ir on cell cycle progression in
CT-26 cells was analyzed by fluorescence-activated cell sorting
(FACS). Briefly, CT-26 cells were seeded in a 60 mm dish at a
density of 2 X 10° cells/dish and treated with NPs (50 ug/mL)
for 24 h. After treatment, cells were fixed overnight in 95%
ethanol at 4 °C and were washed in chilled PBS two times, and
the pellet was resuspended in 50 yL of RNase A (0.5 mg/mL)
and incubated for 20 min at 37 °C. After that, 450 uL of
propidium iodide (50 pg/mL) was added. The proportion of
cells at different phases of the cell cycle was monitored by an
FACS Caliber (BD Biosciences).

2.6.13. In Vivo Biodistribution Study. All animal procedures
were performed in accordance with the guidelines approved by
the “Committee for the Purpose of Control and Supervision of
Experiments on Animals” (CPCSEA), Government of India.
The project entitled “Evaluation of the Anticancer Activity and
Pharmacokinetics of Irinotecan NPs in CT-26 cell induced
tumor” was approved (EAF animal Ethical approval no: B-286).
All experiments were approved by Institutional Animal Care and
Use Committee (IACUC) of National Centre for Cell Science
(NCCS), Pune, India. 6—8 week’s old female BALB/c mice
were used to perform the in vivo studies. CT-26 colon cancer
cells (1 X 10°) mixed with matrogel was injected subcutaneously
into the right flanke of mouse, and tumor growth was observed.
After tumor generation, DiR-loaded PLGA and PLGA-B loaded
NPs (PLGA-NP-DiR and PLGA-B-NP-DiR) were injected
intravenously through the tail vein of the mice. The
biodistribution of DiR loaded NPs monitored at various time
points up to 7 days by in vivo imaging. The biodistribution of the
DiR loaded NPs in major organs (heart, lung, liver, spleen,
intestine, and kidney) and tumor was examined after 7 days by ex
vivo imaging after sacrifice of mice using the IVIS system (IVIS
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Table 1. Ring Opening Polymerization of p,L-Lactide and Glycolide

Vs c

n Mw
polymer  monomer feed ratio L/G (mol)® monomer incorporation” L/G (mol) temp. (°C) time (h) [M,]/[l,]  (g/mol) (g/mol)  PDI® (D)

PLGA-1
PLGA-2
PLGA-3
PLGA-4
PLGA-§
PLGA-6
PLGA-7
PLGA-8
PLGA-9
PLGA-10

50:50
50:50
50:50
50:50
50:50
50:50
50:50
50:50
50:50
50:50

48:52
46:54
49:51
45:55
48:52
46:54
48:52
41:59
47:53
49:51

180 3 100 5500 11,000 1.98
180 8 100 5300 12,400 2.34
200 1 200 12,700 21,000 1.65
200 2 200 10,000 18,500 1.85
200 3 200 5600 16,400 2.92
200 4 200 8100 13,900 1.71
200 6 200 8890 16,500 1.85
140 48 1179 29,800 49,700 1.66
140 48 1571 39,870 60,800 1.53
140 48 2361 40,200 87,636 2.18

“L = lactide, G = glycolide. *Determined by using '"H NMR spectrum. “Determined using GPC where polystyrene is used as reference, chloroform

as eluent.

Scheme 1. Synthesis of the PLGA Copolymer Using Zinc Proline Initiator (A), and Bioconjugation of Biotin to PLGA by the
Coupling Reaction (B)
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spectrum, Xenogen). In separate experiments, CT-26 tumor
bearing mice were injected with (PLGA-NP-Dil and PLGA-B-

NP-Dil) and tumor retention of NPs was analyzed for 9 days

using IVIS.

2.6.14. In Vivo Tumor Imaging. In vivo fluorescence imaging
of PLGA-NP-DiR and PLGA-B-NP-DiR NPs was performed to
identify tumor targeting ability and biodistribution of the NPs in
living mice bearing CT-26 biotin-enriched colon tumor

xenograft models. After systemic administration of DiR loaded
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Figure 1. '"H NMR spectrum (400 MHz) of PLGA-3 in CDCl; (A), ATR—FTIR spectrum of PLGA-3 (B), and size exclusion chromatography of

PLGA-3 (P-3) (C).

NPs via the tail vein, whole body imaging was monitored up to
72 h. The high intensity fluorescence was detected in the tumor
region in both PLGA-NP-DiR and PLGA-B-NP-DiR NPs
treated mice which increases over time and reached the
maximum at 72 h.

2.6.15. In Vivo Antitumor Efficacy Studies. CT-26 colon
cancer cells (1 X 10°) mixed with metrogel, was injected
subcutaneously into the right flanke of female BALB/c mice, and
tumor growth was observed. After tumor initiation, mice were
treated with irinotecan, PLGA-NP-Ir and PLGA-B-NP-Ir NPs
(10 mg/kg body weight corresponding Ir concentration),
intratumoral twice a week for 2 weeks. The tumor size was
monitored with the help of a Vernier caliper during the
experiment. After 2 weeks, mice were sacrificed, and tumors
were harvested and weighed. Furthermore, tumor sections were
prepared for histopathological analysis.

2.6.16. In Vivo Toxicity Studies. All the experiments
illustrated in the project were approved by Institutional Animal
Care and Use Committee (IACUC) of National Centre for Cell
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Science (NCCS), Pune, India. 6—8 week-old healthy female
BALB/c mice were treated with irinotecan, PLGA-NP-Ir, and
PLGA-B-Ir NPs (20 mg/kg body weight corresponding to Ir
concentration) every day for 1 week. After 1 week, blood was
drawn from mice through the retro-orbital sinus and
hematological and biochemical analysis was performed to
examine the toxicity.

2.6.17. Statistical Analysis. For all experiments, data were
presented as mean =+ SD. Significant differences were examined
using one-way ANOVA. p < 0.05 was considered statistically
significant in all studies varied at the highest (M/I) ratio (2361),
lowest reaction temperature (140 °C), and maximum polymer-
ization time, produced the PLGA copolymer (M,, = 90,000).
Using the ROP of p,-lactide and glycolide, PLGA (M,, =
21,000) was prepared using the conditions as shown in Table 1.
PLGA of M,, = 21,000 with PDI = 1.65 was selected and used for
bioconjugation with biotin and further nanoformulation of
applications because it shows the combination of low molecular
weight with comparable narrow PDI, ease of solubility in
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Figure 2. "H NMR spectra of biotin (A) and biotin-conjugated PLGA (B).

chloroform, dichloromethane, amorphous in nature, and
suitable for drug delivery applications.

3. RESULTS AND DISCUSSION

3.1. Ring Opening Polymerization for PLGA Copoly-
mer. Poly(p,L-lactide-co-glycolide) is a unique copolymer
among all synthetic polymers explored worldwide for bio-
medical applications and has gained huge interest due to its
extraordinary biodegradability and biocompatibility properties.
Sustained release of PLGA formulations has been clinically
approved by the FDA for injectable preparations since 1989.

3813

The most important drug formulated products available in the
US market are used for cancer disease, hormonal replacement
therapy, dental disorders, and opioid dependence and also
provide numerous benefits such as improved patient com-
pliance, reduced dosing frequency, lower drug toxicities, and
improved therapeutic actions. PLGA has been prepared
commercially by ring opening polymerization using stannous
octoate as a catalyst. The removal of toxic tin from the polymer
matrix is a scientific challenge that requires extensive purification
and extraction steps, at a high cost. With zinc complex initiators,
the toxicity concern of tin-based PLGA formulations has been
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considerably reduced.”~*’ Dichloromethane (DCM), has been
approved for use in pharmaceuticals as a solvent, typically makes
PLGA copolymers soluble.

In this work, we used a zinc proline initiator for the ring
opening polymerization of p,L-lactide and glycolide in order to
overcome these limitations. The polymerization reaction
condition was optimized by varying reaction parameters such
as monomer to initiator (M/I) ratio, polymerization temper-
ature, and polymerization time at a constant molar monomer
feed ratio of p,L-lactide and glycolide (50:50), as shown in Table
1. The polymerization times in Scheme 1A,B show the synthesis
of the PLGA copolymer by ring opening polymerization using a
zinc proline initiator and bioconjugation of biotin to PLGA by
DIPC and DMAP using the coupling reaction, respectively.

The synthesized PLGA exhibited desired molecular weight,
molecular weight distribution, and most importantly amorphous
in nature. In the literature, the toxic nature of PLGA carrier
prepared using stannous octoate suggests a genotoxic effect on
cells. A detailed study of the PLGA genotoxic profile in
biological systems has been explored to overcome these toxicity
issues.” Biotin-conjugated PLGA has been used as a targeting
ligand for the tumor because biotin overexpressed its receptor in
aggressive tumors like CT-26, breast cancer, pancreatic, and

. 31,32
ovarian cancer.

3.2. Characterization of PLGA and PLGA-Conjugated
Biotin. 3.2.1. "H NMR Spectroscopic Analysis. The structure of
the PLGA copolymer was confirmed by the "H NMR spectrum,
as shown in Figure 1A. The molar compositions of p,L-lactide
and glycolide were calculated using 'H NMR analysis. The CH
and CH; of lactide appear at 1.52 and at 5.2 ppm and CH, of
glycolide appears at 4.8 ppm. 'H NMR has been used for
calculation of incorporation ratio for lactide and glycolide and is
illustrated in detail. Similar "H NMR results have been obtained
in the literature.>

3.2.2. 3C NMR Spectroscopic Analysis. '>3C NMR analysis of
PLGA-3 is depicted in Figure S1 where the carbonyl of lactide
and glycolide of PLGA appear at 169 and 165 ppm respectively.

3.2.3. ATR—FTIR Analysis. ATR—FTIR spectrum of the
PLGA-3 copolymer is illustrated in Figure 1B. The FTIR
spectrum of PLGA exhibited major bands at 1065 cm™" (O—
CH, stretching) and 1740 cm™" (ester C=O stretching). The
band appears at 3500 cm™" (O—H stretching) owing to the
terminal hydroxyl groups in the copolymer. The absorptions in
the range 2900—3000 cm ™' represent C—H stretching of —CH—
and CH, band, respectively. These assigned bands confirmed
the structure of PLGA and all bands matched to the results
reported in the literature.'®

3.2.4. Molecular Weights by Size Exclusion Chromatog-
raphy. The various molecular weights of synthesized PLGA
copolymers were obtained with GPC and are shown in Table 1,
and Figure 1C represents the GPC trace where (M, = 12,700,
M,, = 21,000, and PDI = 1.65).

The literature studies inspired us to design and synthesize a
biocompatible zinc proline initiator to prepare the PLGA
copolymer using the ROP technique in bulk through a green
route. Subsequently, the PLGA copolymer of (M,, = 21,000) was
synthesized using ROP using D,L-lactide and glycolide in the
presence of zinc proline initiator and used for bioconjugation
reaction with biotin. Biotin-conjugated PLGA copolymer was
used as a drug carrier for irinotecan. Figures S2—S11 show size
exclusion chromatography of synthesized PLGA copolymers
(PLGA-1 to PLGA-10).

3.2.5. MALDI-TOF Analysis. MALDI-TOF analysis results are
shown in Figure S12. The end group of PLGA was analyzed with
MALDI-TOF using 2a DHB (2,5-dihydroxybenzoic acid) matrix.
The MALDI-TOF spectra were in the range of 1300—1550.
These peaks showed that the p,L-lactide and glycolide were
sequentially arranged, and the end groups of PLGA appeared as
hydroxyl (—OH) and carboxyl group (—COOH).

(LA),, + (GA), + 18 (OH group of COOH, H)Na*, 1340
(LA),.4+1 + (GA),,, + (OH group of COOH, H), 1470
(LA),,.» + (GA),,, + (OH group of COOH, H), 1600

(LA),, + (GA), + 18 (OH group of COOH, H)K*, 1356
(LA),,,; + (GA),,, + 18 (OH group of COOH, H)K", 1486

LA + (GA) ., + 18 (OH group of COOH, H)K', 1616
( )m+2 ( n+2 group

3.2.6. Conjugation of Biotin to PLGA. The biotin-conjugated
PLGA was synthesized by the conjugation of biotin with PLGA
copolymer, as shown in Scheme 1B. The structure of biotin-
conjugated PLGA was confirmed by 'H NMR as well as
fluorescence spectroscopy using the HABA/avidin complex
through biotin binding integrity. "H NMR of biotin group was
known through two methine protons (c, ¢’) from the cyclic
biotin structure at 4.2 and 4.3 ppm and two urea protons (b’, b)
from the cyclic biotin structure at 6.35 and 6.45 ppm. '"H NMR
spectrum of biotin—PLGA conjugate shows; H-d = 3.36, H-c =
42,H-c' = 4.3, H-eA = 3.01, H-eB = 2.78, H-f = 2.22, H-i = 2.19,
H-h = 2.15, NH-b’ = 6.35, NH-b = 6.45, PLA(CH;) = 145,
PLA(CH) = 5.16, and PGA (CH, = 4.70). The carboxyl group
of biotins appeared at 12.0 ppm, as shown in Figure 2A. The
NMR spectrum of PLGA-biotin (M, = 21,000), the
disappearance of the —COOH group at 12.0 ppm occurred,
the biotin protons (¢, ¢/, b/, b) at 4.3, 4.2, 6.33, and 6.45 ppm
appeared. However, the peaks at 1.46 (a) and 5.16 (c) ppm
regions which are attributed to PLA signals and 4.7 ppm (b) due
to the PGA signal, as shown in Figure 2B. In the literature, biotin
conjugation has been reported for chitosan as the carrier for
cancer drug delivery,”’ biotin-conjugated PLGA by click
chemistry has also been reported for doxorubicin hydrochloride
delivery to breast cancer sites.”” This study reports only an in
vitro study. However, no in vivo study has been reported in the
details. Avidine shows strong biological noncovalent interaction
where four biotin molecules bind to one molecule of avidine due
to the availability of four binding sites and the strong association
constant of biotin—avidine as compared to avidine—HABA.
When biotinylated-PLGA was added to the avidine—HABA
sample, the decrease in the absorbance of avidine—HABA was
observed due to displacement of the HABA by biotinylated-
PLGA schematic presentation, as shown in Figure S13.

The amount of biotin was determined by the following
equations

AA 500 = 0.9 X (HABA/Avidin absorbance)
— (HABA/Avidin and PEG — biotin

absorbance)

Biotin concentration (uM) = (AA 500/34) x 10

In the bioconjugation, 0.099 mmol of biotin/mg of polymer
sample was calculated.
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Figure 3. Characterization of NPs: dynamic light scattering particle size distribution (A), TEM analysis (B), and AFM analysis (C).

Table 2. Physicochemical Characterization of PLGA-Based NPs*

formulation”  day

PLGA-Ir 0
7

28

PLGA-B-Ir 0
7

28

hydrodyzl;x;% }hameter
18 +2.6
21 £ 4.5
25+33
2152
25+78
28 +2.1

P
0.225 + 0.04
0.227 + 0.03
0.229 + 0.02
0.227 + 0.03
0.228 + 0.01
0.229 + 0.04

zete(ig\o]t)ebr}tial encapsulatic:z)g[}iciency (EE loading ecyiz';ce{;:ncy (LE
—18.71 £ 3.9 88.1 £3.2 9.5+ 43
—14.76 + 5.4
—1342 +£ 34
—11.15 £ 3.9 80.6 £ 3.5 93+£352
—10.13 £ 7.2

-94 +3.1

“Ir § mg, 25 mg PLGA/PLGA-B, 2 mL acetone, 5 mL distilled water, Cremophor RH 40, 50 mg. “Measured by dynamic light scattering. “Surface
charge measured by electrophoresis. 4 Calculated as percentage of initial drug added, determined by spectrophotometry. “Calculated as mass of
incorporated drug divided by the weight of polymer, determined by spectrophotometry. JExpressed as mean + SD (n = 3).

The structure of biotinylated-PLGA was confirmed by 'H

NMR and colorimetric analysis.

The biotin-conjugated PLGA was confirmed with '"H NMR

and HABA—avidin colorimetric assay. Similar characterization

results have been reported.”

4. FORMULATION AND PHYSICOCHEMICAL AND
MORPHOLOGICAL CHARACTERIZATION OF NPS

The cancer chemotherapy mostly embraces obstacles like low
tumor uptake of chemotherapeutic drugs. The poor phys-
icochemical properties of drugs, for instance, poor permeability,
solubility, and rapid degradation, to poor bioavailability at the
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Figure 4. XRD curves of Ir, PLGA, PLGA-B, Ir-loaded PLGA-NP-Ir, and PLGA-B-NP-Ir (A), and DSC curves of Ir, PLGA-B, and Ir-loaded PLGA-

NP-Ir and PLGA-B-NP-Ir (B).
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Figure S. In vitro release study of NPs: PBS, pH 7.4 (A), and 50% serum in PBS, pH 7.4 (B).

tumor region. Irinotecan is sparingly soluble in water and shows
many side effects.”® Numerous scientific approaches have been
adapted to enhance the water solubility of irinotecan, in addition
to better pharmacokinetics. The literature study reveals that
several applications of PLGA NPs and nanofibers have been
made in several cancer diseases such as glioma, breast, and
pancreatic cancer and also target cancer stem cells. However,
there are a few literature reports available so far where irinotecan
formulation has been used in chemotherapy against colorectal
cancer.”*™® The nonionic solubilizer and emulsifying agent
(Cremophor RH 40) is generally used herewith to solubilize
hydrophobic active drug (irinotecan) in purely aqueous
solutions. NP formulation was carried out using the nano-
precipitation method using Cremophor RH 40 as a surfactant.””
NP was well characterized for physicochemical, morphological,
thermal properties, stability, and shelf life study.

NPs were formulated using synthesized PLGA and biotin-
decorated PLGA as matrices. The nanoformulation was
prepared by nanoprecipitation method and designated Ir-loaded
PLGA (PLGA-NP-Ir) and Ir-loaded PLGA-B (PLGA-B-NP-Ir).
All nanoformulations were prepared using a similar nano-
precipitation method. In the optimization process, the surfactant
was varied from 0.04 to 0.02 (% w/v), Ir to PLGA ratio was
selected as 1:5 and 1:10, and is illustrated in Table S1. The
particle size, zeta potential, PDI, and drug encapsulation
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efficiency of different formulations are depicted in Table S2.
Zeta potential is generally related to the charge on the surface of
the NP and so influences a wide range of properties of colloidal
materials, such as their stability, interaction with electrolytes,
and suspension rheology.

The P-3 batch of NPs with surfactant 0.02 (w/v) and drug to
polymer ratio (1:5) exhibited particle size of 18 nm and zeta
potential of —15 mV which was used as optimized batch for
further characterization because of the least particle, as shown in
Figure 3A. There was no significant difference in average size
between PLGA-NP-Ir and PLGA-B-NP-Ir formulations as
shown in Figure 3A, which was measured by dynamic light
scattering. The homogeneity of all the formulations was
confirmed by PDI which was lower than 0.3.

The negative zeta-potential was observed in the range of —10
to —15 mV which was imparted by the PLGA polymer to NPs
and displayed similar physicochemical characteristics. Table 2
shows the encapsulation efficiency (EE %) of the drug in NPs,
ranging from 80 to 88%. The encapsulation of Ir in NPs did not
significantly affect the mean diameter or the zeta-potential
values of the NPs. The unencapsulated drug was removed using
a centrifugation method. In the literature, similar zeta potential
value and particle size were reported.””

Figure 3A shows the particle size distribution of NPs by
dynamic light scattering which indicates monodispersed NP size
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Figure 6. PLGA-B-NP-DiL NPs exhibit higher cellular uptake in colon cancer cells. (A) Intracellular uptake of PLGA-NP-DiL and PLGA-B-NP-DiL
was monitored by confocal microscopy in CT-26 murine colon carcinoma cells. Briefly, cells grown on glass coverslips incubated with PLGA-NP-DiL
and PLGA-B-NP-DiL for 4 h, mounted on glass slides, and images were captured. (B) Corrected total cell fluorescence (CTCF) of CyS.S was
quantified from the images by NIH Image]J software (Image] Freeware; http//rsb.info.nih.gov/ij) and represented in the form of bar graph (mean +
SEM). (C,D) Cells were treated with cold temp (4 °C), sucrose (0.5 M), and sodium azide (0.1%) for 1 h prior to treatment with NPs followed by
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represented in the form of bar graph (mean + SEM).

and their particles sizes are not significantly different. The inner
structure of formulated NPs, was observed by TEM in order to
confirm the structural characteristics. The size of the NPs was
measured in a partially dried state. The average diameters were
observed to be in the range of 15—25 nm. for PLGA-NP-Ir and
PLGA-B-NP-Ir NPs, as shown in Figure 3B. Figure 3C depicts
the images of NPs by AFM, which again confirmed the spherical
morphology of NPs with uniform distribution.

Sizes and zeta potential of formulated NPs are in the similar
range with the NPs reported in the literature using commercially
available PLGA copolymers.*°
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4.1. Wide Angle X-ray Diffraction of Powder Samples.
Figure 4A illustrates the diffraction pattern for Ir, PLGA, PLGA-
B, Ir-loaded PLGA-NP-Ir, and PLGA-B-NP-Ir NPs. The WXRD
spectra confirmed that Ir showed a sharp crystalline diffraction
angle in the range 20 = 7—25°. PLGA and PLGA-B copolymer
showed a decrease in the intensity, and broad diffraction peaks
were observed which indicated the amorphous nature of the
polymer. However, the diffraction peaks of the Ir did not appear,
which confirmed its uniform distribution in PLGA-NP-Ir and
PLGA-B-NP-Ir NPs.

4.2. Thermal Characterization by Differential Scan-
ning Calorimetry Analysis. The thermal behaviors of Ir,
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Figure 7. In vitro toxicity and cell cycle analysis: (A) CT-26 cells were treated either with blank PLGA-NP or with various Ir equivalent doses (0—100
pug/mL) of free Ir and PLGA-NP-Ir and cell viability was examined by the MTT assay. Error bars represent mean + SEM, *p < 0.05. (B) CT-26 cells
were treated either with blank PLGA-B-NP or with various Ir equivalent doses (0—100 yg/mL) of free Ir and PLGA-B-NP-Ir and cell viability was
examined by the MTT assay. Error bars represent mean + SEM, *p < 0.05. (C,D) Cell cycle analysis of CT-26 cells treated with Ir equivalent
concentrations (S0 pug/mL) of free Ir, and quantification for Ir-loaded NPs compared with free I, PLGA-NP-Ir, and PLGA-B-NP-Ir. Bar graph

represents the percentage of cells in various cell cycle phases.

PLGA, PLGA-B, and Ir-loaded PLGA-NP-Ir and PLGA-B-NP-
Ir were studied using DSC and are shown in Figure 4B. DSC
curve showed the endothermic melting peak T, at 245 °C
demonstrating the crystalline nature of Ir. The T, of the PLGA
copolymer is at 30.8 °C. PLGA—Dbiotin displayed T at 41.8 °C.
PLGA-NP-Ir and PLGA-B-NP-Ir polymeric NPs showed the T,
at 15.4 and 21.2 °C respectively. The disappearance of the Ir
melting point (T,,) in both PLGA-NP-Ir and PLGA-B-NP-Ir
also confirmed the uniform distribution or amorphous phase
transformation of Ir in the polymer matrix.***

4.3. Release Profile In Vitro. The drug release profile and
serum stability are shown in Figure SA,B. It was observed that
PLGA-NP-Ir and PLGA-B-NP-Ir exhibited a similar release
profile (15—25% drug release) up to 1 h in the absence or
presence of serum. In the absence of serum, a total of 40—50% of
the drug was released over the first 24 h. In the presence of
serum, approximately 60% of the drug was released over 24 h,
where no significant release difference was observed. The NPs
exhibited swelling in DMSO due to the solvent interaction.
However, the in vitro release study of NPs was carried out in PBS
and in 50% serum in PBS pH 7.4. The initial burst release of the
irinotecan was possibly caused due to large surface area of the
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NPs and the discharge of surface-bound irinotecan and the short
diffusional distance.”” The diffusion of irinotecan into the
release medium [50% serum in PBS (pH 7.4)] is the key for
better drug release and, in other words, the solubility of the drug
in the medium.

In contrast, DMSO control showed the rapid release of the
drug into the dialysate and more than 95% of the drug released
within 24 h. Figure S14 shows the initial release study of NPs up
to 24 h: (A) in PBS, pH 7.4, and (B) in 50% serum in PBS, pH
7.4. The sustained release of Ir up to 24 h from the polymeric
matrix may be due to by diffusion/erosion. Figure S15A,B shows
the percent drug released versus time (Korse—Peppas model
fitting with the equation). This model ascribes the mechanism of
drug release from the polymeric NPs system, or when the release
follows several kinetics mechanisms. The percent drug released
versus time are fitted using this equation M,/M,, = K-t", where
M,/M,, = percent drug released at time t, K = constant
incorporating structural and geometrical characteristics of the
sustained release device, and n = exponential which characterizes
mechanism of drug release. If the dissolution time becomes
somewhat longer, 100% irinotecan release cannot be obtained
because the release of irinotecan molecules by diffusion will be
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Figure 8. PLGA-B-NP-DiR NPs exhibit efficient active tumor targeting. (A) CT-26 tumor bearing BALB/c mice were treated with PLGA-NP-DiR and
PLGA-B-NP-DiR intravenously, and NIRF images were taken at 30, 1, 24, 48, and 72 h (n = 3). (B) NIRF images of tumor and major organs dissected
from PLGA-NP-DiR and PLGA-B-NP-DiR treated mice after 72 h, and the images were captured by ex vivo imaging at various time points. (C) NIRF
intensity was measured using the region of interest and plotted in the form of bar graph (mean + SE, n = 3).

more difficult because of the physically cross-linked polymeric
matrix formed because of several interactions. The similar
release behavior has been observed for hydrophobic drugs.>
4.4. In Vitro Cellular Uptake. Biotin-mediated targeting of
NPs was established by an in vitro cellular uptake study in CT-26
cells using confocal laser scanning microscopy (CLSM). Dil dye
was chosen because it does not react with the cell membrane and
is a widely used carbocyanine membrane dye that labels cell
membranes by inserting its two long (C,4 carbon) hydrocarbon
chains into the lipid bilayer. To confirm the intracellular delivery
of the NPs loaded with DiL dye, CT-26 cells were treated with
PLGA-NP-DiL and PLGA-B-NP-DiL NPs and fluorescence
imaging and measurements were carried out by CLSM. The
uptake of the NPs was confirmed by the presence of red signals,
as revealed in Figure 6A. The results established the higher
cellular uptake of PLGA-B-NP-DIiL in CT-26 cells, as
demonstrated by enhanced red fluorescence as compared to
PLGA-NP-DiL. The quantitative estimation of the cellular
uptake further supported these data (Figure 6B). Such results
together with total fluorescence measurements showed the
accomplishment of selective uptake and active targeting of
biotin-targeted NPs in cancer cells overexpressing biotin
receptors. To further examine the uptake mechanism of NPs,
we treated CT-26 cells with PLGA-B-NP-DiL at 4 °C or with
metabolic inhibitors such as hypertonic sucrose and sodium
azide (NaN;) at 37 °C. Figure 6C shows the reduced
fluorescence which was observed in the CT-26 cells labeled
with PLGA-B-NP-DiL NPs at 4 °C or pretreated with sucrose or
NaN;. As lower temperature and metabolic inhibitors such as
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sucrose and NaNj; negatively affect the energy production in
cells, lower uptake of NPs after pretreatment with these agents
shows that the primary mechanism of cell uptake is an energy-
dependent active endocytosis.

4.5. In Vitro Antitumor Efficacy Studies. The MTT assay
was used to examine the in vitro antitumor activity of the Ir-
loaded NPs in CT-26 murine colon carcinoma cells, as shown in
Figure 7A,B. Cells were incubated with a range of drug
concentrations (5—100 pug/mL) for 24 h. The data suggested
that PLGA-NP-Ir and PLGA-B-NP-Ir showed improved cell
toxicity against CT-26 cells as compared to free Ir. Competitive
inhibition normally plays a certain important role on cells and
living systems. In living organisms, the products of enzymatic
reactions are involved in numerous cell signaling and regulatory
pathways, together with those that initiate cellular activities, for
instance, cell division and growth, which regulate the function of
tissues and organ systems. The products from competitive
inhibition can significantly alter cell and system function.
Therefore, a competitive inhibition control might be a better
way to confirm targeting. Here, biotin-conjugated PLGA-
containing irinotecan NPs may bind with p-glycoprotein
suppressing biotin molecules and blocks the production of
nucleic acids that are necessary for DNA synthesis. Furthermore,
the cell cycle analysis after treatment with Ir, PLGA-NP-Ir, and
PLGA-B-NP-Ir is shown in Figure 7C,D. The results suggested
that free drug (Ir), as well as Ir-loaded NPs, induced cell cycle
arrest in the G2M phase of cell cycle which might be the cause
for subsequent apoptosis. However, PLGA-B-NP-Ir induced
higher cell death as depicted by the increase in sub GO
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Figure 9. In vivo antitumor efficacy of nanoformulations: (A) Digital photographs of tumor bearing mice and excised tumors from different groups
after sacrifice. (B) Tumor volumes were calculated and analyzed statistically. The graph represents the change in mean tumor volume with respect to
time +SE, n = 4. (C) Tumors were excised, weighed, and analyzed statistically. Bar graph represents mean tumor weight +SD, n= 4. (D) H & E images
of tumor slices after treatment with NPs. The scale bar is 20 ym. *p < 0.1, ¥¥p < 0.01, ***p < 0.001, and n.s. representing no significance.

population in PLGA-B-NP-Ir NPs-treated cells as compared to
free Ir and PLGA-NP-Ir. Hence, PLGA-B-NP-Ir showed better
antitumor efficacy with ICg, of 65 pg/mL against free Ir (125
ug/mL) due to the active targeting of the NPs which is
statistically significant (p-value <0.05) as compared to Ir as
depicted in Figure 7A,B.*

4.6. In Vivo Tumor Imaging. In vivo fluorescence imaging
of PLGA-NP-DiR and PLGA-B-NP-DiR NPs was performed to
identify the tumor targeting ability and biodistribution of the
NPs in living mice bearing CT-26 biotin enriched colon tumor
xenograft models. After systemic administration of DiR loaded
NPs via tail vein, whole body imaging was monitored up to 72 h,
as depicted in Figure 8A. The high intensity fluorescence was
detected in tumor region in both PLGA-NP-DiR and PLGA-B-
NP-DiR NPs treated mice which increases over time and
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reached the maximum at 72 h, suggesting that these nano-
formulations possess effective tumor targeting ability. Moreover,
the higher fluorescence intensity was observed in PLGA-B-NP-
DiR NP-treated mice as compared to PLGA-NP-DiR which can
be attributed to selective active targeting which was achieved
due to the PLGA surface decorated biotin ligand. In contrast to
NP injected mice, no fluorescence signals were detected from
control mice. The fluorescence image of excised organs is shown
in Figure 8B where the highest fluorescence intensities were
measured from the liver and spleen followed by tumors as
compared to other organs. Fluorescence intensities from each
organ were further computed, and the results are elaborated in
Figure 8C. The rest of the tissues exhibit lower values which
were anticipated from the fluorescence image. These in vivo and
ex vivo imaging data proved that PLGA-B-NP-DiR NPs showed
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Figure 10. In vivo haematological parameter analysis (A) % haemoglobin, (B) RBC count (C) % neutrophil, and (D) % lymphocyte.

higher uptake in the tumor due to their selective uptake in
biotin-enriched CT-26 cell bearing tumor and active targeting.
Comparative study from fluorescence intensity graph as shown
in Figure 8C, demonstrated that PLGA-B-NP-DiR have higher
mean fluorescence intensity as compared to PLGA-NP-DiR
suggesting higher uptake of these NPs. Interestingly, the lower
accumulation of PLGA-B-NP-DiR was significantly observed in
liver and spleen as compared to PLGA-NP-DiR, suggesting that
active targeting via biotin reduced the nonspecific accumulation
of NPs in normal tissue. Furthermore, in vivo tumor site
retention of PLGA-NP-DiR and PLGA-B-NP-DiR in biotin-
enriched colon tumor xenograft model up to 9 days, as shown in
Figure S16A. PLGA-B-NP-DiR NPs showed better fluorescence
intensity at the tumor site as compared to PLGA-NP-DiR NPs
for longer duration as shown in Figure S16B. Overall, these
findings indicate that PLGA-B-NP-DiR can actively target
tumor tissue with higher retention while reducing nonspecific
biodistribution which would lead to higher therapeutic efficacy
with lower toxic side effects.

4.7. In Vivo Antitumor Efficacy Studies. The in vivo
anticancer potential of Ir, PLGA-NP-Ir, and PLGA-B-NP-Ir NPs
was studied in CT-26 in vivo tumor models. Mice were treated
with four doses of Ir (10 mg/kg) or PLGA-NP-Ir or PLGA-B-
NP-Ir (Ir equivalent content) intratumoral, twice a week post
tumor inoculation. The PLGA-NP-Ir and PLGA-B-NP-Ir
showed a statistically significant difference in the delay of
tumor growth as compared to the Ir and vehicle control group (p
< 0.001), as depicted in Figure 9A,B. The tumor volume graph
shows that rapid growth was observed for the control and Ir
group and there was no statistically significant difference
between the control and Ir treatment group. Among all the

3821

groups, the PLGA-B-NP-Ir-treated group exerts the strongest
tumor growth inhibition. After the sacrifice, tumor weights for
different treatment groups were measured and results are
illustrated in Figure 9C. The data exhibited that PLGA-B-NP-Ir
treated mice have significantly lower tumor weight as compared
to the other groups, indicating superior antitumor efficacy of
these NPs. Furthermore, to confirm the safety of the NPs, mice
injected with different NPs, were sacrificed after completion of
the treatment and the major organs such as liver, heart, lung,
spleen, tumor, stomach, and kidney were collected and sliced for
histology analysis with H & E images, as shown in Figure 9D. No
noticeable tissue abnormality or n.s. or adverse effects was
detected for each treatment group, which showed biocompat-
ibility of all NPs. Therefore, the results suggested that Ir-loaded
NPs exhibited no obvious toxicity in mice. Overall, these data
depict that PLGA-B-NP-Ir treatment exerted the strongest
tumor growth inhibition as evident from statistically significant
results in the case of in vivo tumor delay in the Balb/C model
without inducing any apparent toxicity in mice.

4.8. In Vivo Toxicity Study. Acute toxicity assessment of
free Ir, PLGA-NP-Ir, and PLGA-B-NP-Ir groups was performed
in healthy BALB/c mice after treatment with Ir equivalent doses
(20 mg/kg). These NPs were administrated by oral route every
day for 1 week. The blood routine examination and biochemical
examination were tested after 1 week. Hematological parameters
are depicted in Table S3 and Figure 10A—D and the results
showed no significant effect on the treatment group except
decrement percentage of neutrophil count for the Ir treatment
group. The percentage of neutrophil count for the Ir treatment
group was lower as compared to PLGA-NP-Ir and PLGA-B-NP-
Ir NPs treatment group where the statistically significant
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Figure 11. In vivo toxicity study for liver and kidney biomarker: (A) hemoglobin, (B) alanine transaminase (ALT), (C) urea, (D) aspartate
transaminase (AST), (E) blood urea and nitrogen (BUN), (F) creatinine, and (G) body weight change.

difference (P < 0.05) was observed, as shown in Figure 10C. For
other treatment groups of NPs, the result normally indicates that

these NPs decrease the side effect of neutropenia associated with

Ir. To examine the probable toxicity of NPs on the kidney and

liver, biochemical analysis of kidney and liver function markers
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was performed. Figure 11 shows the results of liver and kidney
biomarkers, and the result demonstrated no significant change in
the apparent toxicity. After 1 week of treatment, mice were
sacrificed and histopathological evaluation was carried out with

H & E staining with slices of major organs such as liver, heart,
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Figure 12. Histopathological study H & E images of mice organs after the treatment. The scale bar is 20 ym for safety study.

kidney, lungs, stomach, and spleen, as shown in Figure 12. The
toxicity results showed that no significant difference was
observed except for hematological analysis. The safety
evaluation of NPs was studied successfully, and these NPs
demonstrated biocompatibility as no abnormality and defect
was observed. The body weight changes of mice monitored for
all different groups under the study did not show <5% changes
which confirmed nontoxicity and safety of Ir loaded nano-
carriers, as shown in Figure 11G.

Acute toxicity study confirmed safety and nontoxicity of these
NPs in Balb/C mice at 20 mg/kg. In this study, Ir or Ir
equivalent NPs of 20 mg/kg was given once a day for 1 week
which was lowest dose as compared to literature dose of 30—60
mg/kg.*’ Neutropenia side effect of Ir was reported with PLGA-
NP-Ir and PLGA-B-NP-Ir which was a serious dose limiting side
effect of Ir. The drug (irinotecan) in tumor immunity is not fully
explored until date. However, literature study reveals that the
depletion of immunosuppressive regulatory T cells occurs due to
irinotecan.” In this study, the irinotecan and its NP have not
altered blood leukocyte populations, which was attributed to
insufficient dose (irinotecan) to lessen the cells populations or
the cell numbers during sampling period. Furthermore, we
emphasize the achievement of the antitumor activity without the
neutropenia associated with irinotecan. The result obtained
from PLGA-B-NP-Ir NPs is highly promising and demonstrated
as an effective nanomedicine in the field of active targeted drug
delivery. The PLGA-B-Ir nanoformulation might be an
alternative for commercially available Onivyde, which is the
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only FDA approved irinotecan nanoformulation made of
PEGylated liposomes. This finding would be interesting in the
future, especially when dual chemotherapy drugs will be used.

5. CONCLUSIONS

The PLGA copolymer was synthesized from p,L-lactide and
glycolide in the presence of zinc proline complex using the ring
opening polymerization technique which was confirmed as a
biocompatible and safe initiator. The molecular weight and PDI
of PLGA were confirmed by GPC. The range of weight-average
molecular weight (M,,) was observed in the range of 11,000 to
90,000 Da. However, PLGA copolymer (M,, = 21000 Da) and
biotin-conjugated PLGA were used for further formulation
study. The MALDI-TOF analysis of the PLGA copolymer
showed the presence of end groups such as carboxyl and
hydroxyl groups. DSC and XRD studies confirmed its
amorphous nature. The chemical structure of biotin-conjugated
PLGA was confirmed by 'H NMR and HABA-avidin
colorimetric assay. The polymeric formulations were prepared
by the nanoprecipitation method using Cremophor RH 40 as
the surfactant. The encapsulation efficiency of Ir was achieved
~88% and exhibited sustained drug release profiles in the
absence, or presence of 50% serum. Effective cell killing was
achieved in CT-26 cells in vitro which was higher for PLGA-B-
NP-Ir as compared to PLGA-NP-Ir. The prolonged blood
circulation profile and good tumor accumulation were observed
in the presence of PLGA-B-NP-Ir which facilitated the active
targeting in addition to the EPR effect, resulting in a delay in
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significant tumor growth after multiple systemic injections in
mice model as compared with PLGA-NP-Ir. The overall
promising results suggest the potential application of the
synthesized biotin-conjugated PLGA polymer as a matrix for
Ir NP (PLGA-B-NP-Ir) in an active targeted drug delivery
application for colon cancer.
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