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Abstract: Further specific target-ability development of biodegradable nanocarriers is extremely
important to promote their security and efficiency in antitumor drug-delivery applications. In this
study, a facilely prepared poly(lactic-co-glycolic acid) (PLGA)—polyethylene glycol (PEG)—folic
acid (FA) copolymer was able to self-assemble into nanoparticles with favorable hydrodynamic
diameters of around 100 nm and negative surface charge in aqueous solution, which was
expected to enhance intracellular antitumor drug delivery by advanced dual tumor-target effects,
ie, enhanced permeability and retention induced the passive target, and FA mediated the posi-
tive target. Fluorescence-activated cell-sorting and confocal laser-scanning microscopy results
confirmed that doxorubicin (model drug) loaded into PLGA-PEG-FA nanoparticles was able to
be delivered efficiently into tumor cells and accumulated at nuclei. In addition, all hemolysis,
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium,
and zebrafish-development experiments demonstrated that PLGA-PEG-FA nanoparticles were
biocompatible and secure for biomedical applications, even at high polymer concentration
(0.1 mg/mL), both in vitro and in vivo. Therefore, PLGA-PEG-FA nanoparticles provide a
feasible controlled-release platform for secure and efficient antitumor drug delivery.
Keywords: tumor target, biodegradable nanoparticle, security, efficient, drug delivery, tumor
therapy

Introduction

Security and efficiency are essential criteria in drug-delivery carrier design. In the last
few decades, rapid development of biodegradable polymeric carriers has attracted
considerable attention, because of their versatile functional construction and biocompat-
ibility for wide applications in biomedicine, such as drug delivery, gene delivery, tissue
engineering, diagnosis, antibacterial/antifouling properties, and medical devices."”’
With regard to security, with rational design, biodegradable polymeric carriers are
able to degrade into friendly biological catabolites, which is particularly important
to reduce systemic cytotoxicity caused by the carrier. On the other hand, simplex
biodegradable carriers cannot always meet rigorous demands, owing to the extremely
hostile and complex environments in vivo. Therefore, in the interests of efficiency,
further development of sophisticated carriers with sufficient target capability can not
only promote therapeutic efficiency but also reduce drugs’ systemic side effects.!®!
The targeting ability of carriers is as important as their biodegradability, and both are
essential for design of feasible candidate agents for potential clinical applications.
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For antitumor purposes, owing to the incomplete endothe-
lial lining and basement membranes of the tumor vascular
system leading to leaky vascular structure, the nanosize
carrier (usually from several nanometers to 200 nm) favors
extravasating and accumulating within tumor tissues through
the enhanced permeability and retention (EPR) effect in the
vast majority of solid tumors. As such, nanocarriers inher-
ently possess the passive target function to enhance antitu-
mor therapy.'®?® However, it is notable that passive target
efficiency is relatively low and limited in terms of providing
sufficient therapy efficacy for significant acceleration of
tumor-cell apoptosis. By contrast, specific overexpressed
antigens or receptors on tumor-cell surfaces have been widely
exploited to help in nanocarrier targeted delivery to tumor
locations by modifying paired ligands or antibodies on carrier
surfaces. The receptor-mediated uptake pathway, a positive
target strategy, is beneficial in promoting subsequent targeted
recognition and internalization by tumor cells.?! Folic acid
(FA) is one representative of the most used and efficient
receptors to enhance antitumor targeting through pairing
of overexpression of FA receptors on various tumor-cell
surfaces. For example, Jiang et al constructed target-ligand
FA and cell-penetrating octaarginine-coupled gene vectors,
which were of benefit in promoting targeted antitumor therapy
by enhanced FA-mediated location and endocytosis.”” Lee
et al developed FA-secondary lymphoid tissue chemokine-
upconversion fluorescent nanoparticles. In the contrast test,
the FA-conjugated nanoparticles showed specific targeting
ability to FA receptors expressing an ovarian carcinoma
cell line, and exhibited no significant cytotoxicity effects.?
Furthermore, based on the FA endowing tumor-targeting
properties, a large number of FA-conjugated nanosystems
have also been exploited for specific tumor diagnosis and
imaging.>*?” With the synergistic effects of nanosize-
mediated passive target and FA-mediated positive target,
FA-modified nanocarriers are expected to be a great candidate
for improving antitumor efficiency and biocompatibility for
potential clinic usage.

The US Food and Drug Administration-approved
poly(lactic-co-glycolic) acid (PLGA) is an excellently bio-
degradable copolymer. As the most attractive and efficient
polymeric nanocarrier, PLGA nanoparticles are widely
used in clinical applications.?® *? Additionally, polyethylene
glycolated (PEGylated) PLGA nanoparticles have been
developed to improve bioavailability and antitumor targeting
further.?$33** In other words, besides the hydrophobic region
of PLGA being efficient in hydrophobic drug encapsulation,
the hydration on the hydrophilic PEG corona can further

prevent nanocarriers from aspecific protein adsorption
and reticuloendothelial system clearance for prolonging
blood circulation in vivo.*>3° Therefore, PEGylated PLGA
nanoparticles are advanced platforms to enhance targeted
antitumor drug delivery.

In this study, the tumor target copolymer PLGA-PEG-FA
was successfully synthesized by a facile one-step reaction.
In aqueous solution, PLGA-PEG-FA was able to self-assemble
into nanoparticles with a PLGA core and PEG corona with
FA exposed on the surface. PLGA-PEG-FA efficiently solu-
bilized the hydrophobic model drug — desalted doxorubicin
(Dox) — by encapsulating it in the hydrophobic region of
PLGA for targeted antitumor drug delivery. Dox-loaded
PLGA-PEG-FA (PLGA-PEG-FA@Dox) nanoparticles were
specifically delivered to tumor locations by EPR and subse-
quently efficiently endocytosed by tumor cells, because of
FA-mediated coupling with overexpressed FA receptors on
tumor-cell surfaces. Benefiting from the enhanced antitumor
drug-delivery efficiency by the dual-target effects, desirable
intracellular Dox release is capable of providing sufficient
therapeutic concentration to induce tumor-cell apoptosis
rapidly (Scheme 1). In this proof of concept, PLGA-PEG-FA@
Dox nanoparticles exhibited uniform spherical morphology
with an average hydrodynamic diameter of 136.5 nm, con-
firming by dynamic light scattering (DLS) and transmission
electron microscopy (TEM). According to confocal laser-
scanning microscopy (CLSM) and fluorescence-activated
cell-sorting (FACS) results, more Dox-fluorescence overlap
with tumor-cell nuclei revealed that PLGA-PEG-FA@Dox
nanoparticles exhibited enhanced efficacy for intracellular
drug delivery. In addition, in cytotoxicity studies, PLGA-
PEG-FA nanoparticles also showed low cytotoxicity to
cells and zebrafish. Toxicity results demonstrated that
PLGA-PEG-FA is well biocompatible for potential in vivo
applications. Therefore, PLGA-PEG-FA nanoparticles are a
feasible candidate for secure and efficient targeted antitumor
drug delivery in potential clinical applications.

Materials and methods

Materials

FA-PEG-NH, >95% (PEG molecular weight [MW] 2 kDa)
was purchased from Hunan Huaten Pharma (Changsha,
China). Carboxyl-terminated 50:50 PLGA (MW 90 kDa) and
Dox-HCI >98% were obtained from Melone Biotechnology
(Dalian, China). Dicyclohexylcarbodiimide (DCC; 98%)
and 4-dimethylaminopyridine (DMAP; 99%) were pur-
chased from Aladdin Biological Technology (Xi’an,
China). Dimethyl sulfoxide (DMSO) was purchased from
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Scheme 1 lllustration of dual tumor-targeted PLGA-PEG-FA nanoparticles for secure and efficient antitumor drug delivery.
Abbreviations: PLGA, poly(lactic-co-glycolic acid); PEG, polyethylene glycol; FA, folic acid; Dox, doxorubicin; EPR, enhanced permeability and retention.

Bodi Chemical Holding (Tianjin, China) and used after
dehydration. Desalted Dox was obtained using triethylamine
as previously reported.*** HeLa cells were purchased
commercially from the Cell Bank of the Chinese Academy
of Sciences (Shanghai, China). All other reagents without
further instruction were used as received. Ultrapure water
with a resistivity of 18.2 M was used throughout.

Synthesis and characterization of
PLGA-PEG-FA

For positive target functionalization, carboxyl groups of
PLGA and the amine group of FA-PEG-NH, were chemically

conjugated through amidation. Synthesis of PLGA-PEG-FA
was achieved by PLGA (900 mg, 0.01 mmol), FA-PEG-NH,
(49 mg, 0.02 mmol), DCC (41 mg, 0.2 mmol), and DMAP
(3 mg, 0.02 mmol) being dissolved in DMSO (5 mL). The
mixture was stirred at 40°C for 48 hours. After dilution with
40 mL of ultrapure water, the resulting solution was dialyzed
against ultrapure water to remove solvent and unreacted
FA-PEG-NH, (MW cutoff [MWCO] 8,000-14,000 Da).
PLGA-PEG-FA was obtained as a slight yellow powder
through lyophilization from the residual solution (yield
817 mg, 88.3%). To confirm PLGA-PEG-FA modification,
proton nuclear magnetic resonance (‘H NMR) spectra were
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recorded with a Bruker Avance (AVII-400; Bruker Optik
GmbH, Ettlingen, Germany) at 400 MHz in DMSO-d, using
tetramethylsilane as an internal standard.

Preparation and characterization of

nanoparticles

Nanoparticles were prepared using dialysis. After PLGA-
PEG-FA or PLGA (100 mg) had absolutely dissolved into
DMSO (5 mL), ultrapure water was added dropwise. The
mixture was stirred for 3 hours. The final solution was dia-
lyzed against ultrapure water to remove DMSO. The resulting
PLGA-PEG-FA nanoparticle solution was passed through a
0.45 wm filter and stored at 4°C for further measurements.
Preparation of Dox-loaded nanoparticles used the same opera-
tion, except adding a determined amount of desalted Dox into
the DMSO mixture before ultrapure water was added.

Hydrodynamic diameter, {-potential, and size distribu-
tion of nanoparticles were measured by DLS (Zetasizer
Nano ZS 90; Malvern Instruments, Malvern, UK) with a
helium—neon laser (A=633 nm) at a scattering angle of 90°.
The final concentration of PLGA-PEG-FA or PLGA was
fixed at 0.5 mg/mL. Before transferred into a sample cuvette,
the polymer solution was subjected to ultrasonic treat-
ment. Each sample was measured three times at 37°C, and
hydrodynamic diameter obtained from the average of three
measurements (n=3).

Morphologies of nanoparticles were observed by TEM
(H-600; Hitachi, Tokyo, Japan) at an accelerating voltage of
75 kV. A drop of prepared copolymer solution (0.5 mg/mL)
was deposited on a carbon-coated copper grid (200 meshes).
After thorough air-drying, samples were photographed.

Hemolytic assay

Fresh whole blood obtained from the New Zealand White rab-
bit was mixed with the anticoagulant ethylenediaminetetraa-
cetic acid dipotassium salt and diluted with commercial saline
(0.9% NaCl). The commercial saline and ultrapure water were
used as negative control and positive control, respectively.
Briefly, samples were added to the saline to prepare polymeric
samples with different concentrations. The mixtures were incu-
bated at 37°C for 30 minutes. After 60 UL of the diluted whole
blood had been added, the mixtures were further incubated at
37°C for 1 hour. Finally, the absorbance of the centrifuged
supernatant was measured at 545 nm by ultraviolet-visible
spectrophotometry (DU-800; Beckman Coulter, Brea, CA,
USA). The hemolysis ratio (%) was calculated thus:

OD. —OD
T TN 2 100% (1)
oD,.—0D

NC

where OD_, OD, .,
the tested sample, negative control, and positive control,

and OD, . were the mean absorbance of

respectively.

Quantification of loaded Dox

After the Dox-loaded lyophilized samples had been
redissolved in DMSO, Dox-loaded content was detected
by fluorescence-correlate spectrophotometry (LS55;
PerkinElmer, Waltham, MA, USA) using excitation wave-
length, emission wavelength, and slit at 480, 555, and 3 nm,
respectively. Subsequently, according to the established cali-
bration curve, Dox-loading efficiency (LE) and -entrapment
efficiency (EE) were calculated using Equations 2 and 3:

M
o 4100% (2)
M

Polymer Dox

Loading efficiency (%) =

M
Encapsulation efficiency (%) = —22-x100% (3)

added

where M was the mass of Dox loaded in nanoparticles,
M Pobymer the mass of polymer in formulations, and M ,, , the

mass of added Dox.

In vitro drug-release behavior

The drug-release behavior of Dox-loaded nanoparticles was
handled in phosphate buffer saline (PBS, 0.01 M). Dox-loaded
nanoparticle solution (10 mL, 0.5 mg/mL) was added to dialy-
sis tubes (MWCO 3,500). Subsequently, dialysis tubes were
immersed in 90 mL PBS to incubate at 37°C in an incubator
shaker (100 rpm). At predetermined time intervals, the exter-
nal drug-released buffers of dialysis bags were collected and
replaced by equal volume of fresh PBS. The concentration
of released Dox was detected using fluorescence-correlate
spectrophotometry (LS55) using excitation wavelength, emis-
sion wavelength, and slit at 480, 555, and 3 nm, respectively.
The cumulative amount of released Dox was calculated accord-
ing to a preestablished calibration curve. Finally, Dox content
released from nanoparticles was plotted against time.

Intracellular trafficking

Intracellular trafficking behavior of Dox-loaded nanoparticles
was determined by CLSM (TCRS SP5; Leica, Germany)
using HeLa cells. In brief, HeLa cells in culture media
(DMEM) were incubated for 1 day in specialized cell culture
dishes with ~70% cell confluence (~2x10* cells/dish). Then,
the culture medium was replaced by fresh medium con-
taining Dox-loaded nanoparticles (filtered through 0.2 um
syringe-driven filters before use, 0.5 mg/mL). After 4 and
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24 hours, the culture medium was removed and cells washed
three times with PBS (pH 7.4). Then, cells were fixed with
4 w/v% formaldehyde at 4°C for 20 minutes. Cell skeletons
were stained with commercial fluorescein isothiocyanate
(FITC)-labeled phalloidin (0.5 mg/mL) for 40 minutes. After
another three washes using PBS, cell nuclei were stained
with Hoechst 33342 (5 ug/mL) for an additional 10 minutes.
Finally, stained samples were subjected to fluorescence imag-
ing by CLSM. Excitation/emission was fixed at 480/555 nm,
495/513 nm, and 352/504 nm for Dox, phalloidin—FITC, and
Hoechst 33342, respectively. The only difference in the FA
receptor-blocked control group was for pretreated HeLa cells
using dissolved FA for 4 hours before HeLa-cell coculture
with PLGA-PEG-FA@Dox nanoparticles.

Cellular uptake study

Internalization efficiency of the loaded nanoparticles was
evaluated using HeLa cells by FACS (BD Biosciences, San
Jose, CA, USA). HeLa cells were seeded in six-well plates
at 10° cells/well and incubated at 37°C for 24 hours. Then,
the culture medium was replaced by fresh medium containing
Dox-loaded nanoparticles (filtered through 0.2 pum syringe-
driven filters before use, 0.5 mg/mL) to coculture for 4 hours.
Thereafter, cells were harvested with trypsin by centrifuga-
tion, washed three times with PBS, fixed with 70% alcohol for
2 hours, and rewashed three times with PBS. Dox uptake was
examined by analyzing Dox-fluorescence intensity at 488 nm
using FACS. The FA receptor-blocked PLGA-PEG-FA@
Dox control group was treated as previously described.

Cytotoxicity studies

The in vitro cytotoxic behavior of nanoparticles was evalu-
ated by standard M TS assay using HeLa cells. Polymer-free
DMEM-cultured HeLa cells were used as control. In brief,
the cells were cultured in DMEM at 37°C in an atmosphere
of 5% CO, and 95% relative humidity. Growing cells
(5%x10° cells/well) were seeded on a 96-well microplate
(Nunc, Wiesbaden, Germany) and incubated in 100 uL
DMEM/well for 24 hours. Then, fresh culture medium con-
taining serial dilutions of polymeric nanoparticles was used to
treat cells for 48 hours. After that, cells were incubated with
20 uL of MTS stock solution in PBS (0.5 mg/mL) in each
well for 2 hours. Absorbance at 490 nm was measured by a
microplate reader (EL X800, BioTek Instruments Inc., MA,
USA). Relative cell viability (%) was calculated thus:

4,
e % 100% (4)

control

where 4, and A were the mean absorbance value of the

treatment group and the mean absorbance value of the control

control
group (without polymer), respectively.

Zebrafish development

Guide for Chinese Animal Care and Use Committee stan-
dards were followed for animal housing and surgical proce-
dures. All procedures were done in accordance with protocols
approved by the Laboratory Animal Welfare and Ethics
Committee of the Third Military Medical University before
commencement of the animal studies. Fertilized eggs of AB
wild-type zebrafish were collected within 6 hours postfertil-
ization (hpf). For experiments, healthy embryos in the same
development stage were selected and randomly placed in
24-well culture plates, with ten embryos each well (n=3).
At 12 hpf, embryos were incubated with 0.033, 0.05, and
0.1 mg/mL of polymeric nanoparticles in distilled water.
Embryos in wells with distilled water only were used as blank
control. The viability and malformation of embryos were
examined under stereomicroscopy (Stemi 2000-C; Carl Zeiss
Meditec AG, Jena, Germany) at 24 and 48 hpf, respectively.
After anesthesia with 100 UL of tricaine (4 mg/mL; Sigma-
Aldrich, St Louis, MO, USA), viability and malformation of
the hatched zebrafish larvae were examined at 96 hpf.

Results and discussion

Synthesis and characterization of
PLGA-PEG-FA

Functional modification of biodegradable PLGA polymers
is an important strategy to construct rational and versatile
carriers to cope with the extremely hostile and complex
environments in vivo. PEGylated and FA-modified PLGA
(PLGA-PEG-FA) was facilely synthesized by one-step ami-
dation (Figure 1). Compared with the 'H NMR spectrum of
unmodified PLGA, the new presence of characteristic peaks
at3.51 and 6.62-8.65 ppm were respectively ascribed to the
resonance of methylene groups in PEG and partial hydrogen
groups in FA (Figure S1), which confirmed the successful
synthesis of PLGA-PEG-FA.

Physicochemical characterization of

PLGA-PEG-FA self-assembly

With regard to hydrophilicity—hydrophobicity balance, PLGA
and PLGA-PEG-FA are both able to self-assemble into nano-
particles with favorable thermodynamic stability in aqueous
solution. As such, these nanoparticles are still feasible for
biomedical drug-delivery applications, even under extremely
high-dilution conditions.!**** In this study, copolymer
self-assembled nanoparticles were prepared using dialysis.
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According to DLS results (Figures 2A and S2), hydrodynamic
diameter/surface potential of PLGA and PLGA-PEG-FA
were 82.5+4.1 nm/-27.2+1.2 mV and 130.8%£3.4 nm/—
25.310.7 mV, respectively. Interestingly, the slight increase
in PLGA-PEG-FA hydrodynamic diameter and slight reduc-
tion of PLGA-PEG-FA surface potential may be ascribed to
better hydrophilic ability and the surface charge-shielding
effect caused by the modified hydrophilic PEG outermost
layer, respectively. In addition, the hydrodynamic diameter/
surface potential of Dox-loaded nanoparticles PLGA@Dox

and PLGA-PEG-FA@Dox were 124.8+2.4 nm/-23+0.4 mV
and 136.5+4.3 nm/-23.310.5 mV, respectively. Compared
with the blank nanoparticles, the slight hydrodynamic
diameter increase and slight surface-potential reduction of
Dox-loaded nanoparticles may have been caused by hydro-
phobicity and the positively charged Dox group, which also
infers Dox loading was driven by not only physical encapsula-
tion effects in the hydrophobic region of PLGA nanoparticles
but also electrostatic interaction on the negatively charged
surface of PLGA nanoparticles. The multi-efforts of physical
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Figure 2 (A) Average hydrodynamic diameter and {-potential; (B) TEM of samples at a concentration of 0.5 mg/mL.

Note: TEM scale bars in micrographs are 200 nm.

Abbreviations: TEM, transmission electron microscopy; PLGA, poly(lactic-co-glycolic acid); PEG, polyethylene glycol; FA, folic acid; Dox, doxorubicin.
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encapsulation and electrostatic interaction interacted drug
loading in carriers are expected to prevent undesirable prema-
ture drug loss during the drug-delivery process. The favorable
hydrodynamic diameter (around 100 nm)* and negative sur-
face charge™ are paramount in meeting advanced antitumor
drug-delivery demands. The morphology of nanoparticles
was observed visually by TEM. PLGA and PLGA-PEG-FA
were capable of self-assembling into spherical nanoparticles
with a dehydrated diameter of ~60—70 nm (Figure 2B). In
contrast, Dox-loaded nanoparticles showed spherical mor-
phology with dehydrated diameter of ~40—50 nm (Figure 2B).
Different to the diameter-change tendency measured by DLS,
the diameter of Dox-loaded nanoparticles was relatively
small, which may have been caused by the hydrophilic Dox
encapsulation causing a more volume-compressed effect
when dry than when hydrated.

Hemolytic study of polymeric

nanoparticles

Despite all these advantages in size and surface properties,
intravenously injected nanoparticles always show potential
risk of causing serious red-cell damage, termed hemo-
lysis activity (lysis of red blood cells). Even excessive
hemolysis activity may be seriously life-threatening.’'->*
Therefore, the hemolytic activity investigation is one of the
most important security factors to avoid serious side effects
for in vivo drug-delivery applications. Despite the practically
applied polymer concentration in clinic will being extremely
dilution in blood, the exaggeratedly high polymer concen-
tration in this study was examined for insuring its sufficient
security. Hemolytic images show no significant hemolysis
in any polymer concentration (Figure 3, Table S1). Although

hemolysis increased slightly at higher polymer concentration,
hemolysis of PLGA and PLGA-PEG-FA nanoparticles
was less than 5%, which is regarded as nontoxic for secure
in vivo applications.’' Low hemolysis reveals their favorable
biocompatibility and low toxicity, even at polymeric concen-
trations up to 0.1 mg/mL. In addition, Dox-loaded nanopar-
ticles rarely caused obvious hemolysis increase (Figure 3).
Therefore, the hemolytic results suggest that PLGA-PEG-FA
is potentially feasible for targeted antitumor drug delivery
through blood circulation.

In vitro drug release and cellular uptake

Owing to its broad-spectrum antitumor effects and fluores-
cence properties, hydrophobic Dox is one of the most popular
and efficient antitumor drugs.>>® As mentioned, Dox as the
model drug can be loaded in the hydrophobic region of PLGA-
based nanoparticles through interactions, ie, physical encap-
sulation and electrostatic attraction. Dox LE/EE in PLGA
and PLGA-PEG-FA were determined to be 8.2%/89.3%
and 7.9%/85.8%, respectively (Table S2). Compared with
PLGA, the slightly lower Dox-loading content in PLGA-
PEG-FA may be ascribed to relatively less hydrophobicity
and negative charge, which is in agreement with the DLS and
{-potential tests. Subsequently, in vitro drug-release profiles
of PLGA@Dox and PLGA-PEG-FA@Dox were evaluated
in PBS solution. The Dox-release profile was also similar:
more than 50% of the loaded Dox was release rapidly in the
first 12 hours, gradually released until 36 hours, and finally
reached its peak after 36 hours (Figure 4A). The similar Dox-
release profiles imply that the PEG-FA polymer-formed outer
layer of nanoparticles rarely affected Dox-release behavior,
which also provides a beneficial precondition for contrasting

5
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<
>
=
>
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©
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‘ | I
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0.05 mg/mL 0.1 mg/mL
Figure 3 Hemolytic results and digital images at different polymeric concentrations.
Abbreviations: PLGA, poly(lactic-co-glycolic acid); PEG, polyethylene glycol; FA, folic acid; Dox, doxorubicin.
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intracellular Dox-release behavior by CLSM-quantified
fluorescence intensity.

Benefiting from the specific coupling of FA ligands and
overexpressed FA receptors, the FA-modified carrier is
capable of facilitating its retention on tumor-cell surfaces and
subsequently promoting its endocytosis through time- and
concentration-dependent effects. In order to evaluate cellular
uptake and subsequent intracellular Dox release, intracellular
Dox release from carriers was studied by visually observing
fluorescence distribution in tumor cells using CLSM.
Only a small amount of red fluorescence of PLGA@Dox

R . . . .

Figure 4 (A) In vitro Dox-release profiles from PLGA@Dox and PLGA-PEG-FA@Dox; (B) fluorescence-activated cell sorting of Hela cells after 4 hours of incubation with
Dox-loaded nanoparticles; (C) confocal images (x63) of hela cells incubated with samples for 4 hours.

Notes: Blue, hoechst 33342; green, phalloidin—FITc; red: Dox.
Abbreviations: PLGA, poly(lactic-co-glycolic acid); PEG, polyethylene glycol; FA, folic acid; Dox, doxorubicin; FITC, fluorescein isothiocyanate.

was observed overlapping with phalloidin—FITC green
fluorescence-stained cytoskeleton. Compared with PLGA@
Dox, the red fluorescence of PLGA-PEG-FA@Dox was
relatively strong, which suggests more intracellular Dox
released (Figure 4C). It is notable that the red fluorescence
of PLGA-PEG-FA@Dox mainly overlapped with Hoechst
33342 blue fluorescence-stained cell nuclei. To confirm
the enhanced intracellular drug-delivery phenomenon was
caused by FA-mediated target effect but not PEG-block
influence, PLGA-PEG-FA@Dox was cocultured with FA
receptors to block HeLa cells using another control sample.
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Figure 5 (A) Cell viability at different polymer concentrations; (B) concentration- and time-dependent toxicity of PLGA and PLGA-PEG-FA nanoparticles on zebrafish
embryos and larvae.
Abbreviations: PLGA, poly(lactic-co-glycolic acid); PEG, polyethylene glycol; FA, folic acid; hpf, hours postfertilization.
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Compared to PLGA-PEG-FA@Dox, red fluorescence of
FA-pretreated PLGA-PEG-FA@Dox was relatively weaker,
and mostly overlapped with phalloidin—FITC green
fluorescence-stained cytoskeleton. To confirm enhanced
PLGA-PEG-FA@Dox internalization by tumor cells, intra-
cellular Dox content released from carriers was detected
by FACS quantification. The results demonstrated that the
intracellular Dox-fluorescence intensity of PLGA-PEG-FA@
Dox was several times higher than the control group, which
was consistent with the CLSM determination (Figure 4B).
As such, the FACS and CLSM results both indicated that
PLGA-PEG-FA@Dox was preferentially endocytosed by
tumor cells and subsequently enhanced intracellular Dox
release. After 24 hours’ incubation, more strong Dox red
fluorescence of all samples was detected, and focused on
Hoechst 33342 blue fluorescence-stained cell nuclei to induce
tumor-cell apoptosis (Figure S3).

Cytotoxicity and biocompatibility

To verify biocompatibility and cytotoxicity, a series of
polymeric nanoparticles with different concentrations were
cocultured with HeLa cells for 48 hours. At polymer con-
centrations lower than 0.1 mg/mL, acceptable cell viability
(>80%) of PLGA and PLGA-PEG-FA revealed low toxicity
(Figure 5A), which has been identified to meet adequate secu-
rity standards for biomedical applications.>*¢ With polymer-
concentration increase, cell viability reduced gradually,
exhibiting concentration-dependent cytotoxicity. Toxicity
to zebrafish development was also investigated to confirm
the security of these polymeric nanoparticles at a relatively
high concentration (0.1 mg/mL). No serious malformation
or death was observed at the embryo-development stage or
for hatched zebrafish larva, implying reliable security in
zebrafish development (Figures 5B and S4). These toxicity
studies confirm that targeted modification by PEG-FA block
will not lead to additional toxicity, showing favorable bio-
compatibility. Despite the applied polymeric concentration
being far lower than 0.1 mg/mL under extreme blood dilution
during antitumor drug delivery, systemic investigation of the
security of the operating concentration of PLGA-PEG-FA
can provide particularly important clues for biomedicine
design and application.

Conclusion

In conclusion, a facile modification of biodegradable poly-
meric nanoparticles with a dual tumor target, ie, EPR, result-
ing in a passive target and an FA-mediated positive target,

was studied for use as a secure and efficient nanocarrier
for further improving antitumor drug delivery. Successful
modification of PLGA-PEG-FA was confirmed by '"H NMR
measurement. In aqueous solution, PLGA-PEG-FA was
able to self-assemble into nanoparticles with hydrodynamic
diameter around 100 nm and negative surface charge, which
was desirable to meet the demands of advanced antitumor-
carrier design. Enhanced internalization of Dox-loaded
PLGA-PEG-FA nanoparticles by FA receptors in overex-
pressed tumor cells was proved by CLSM and FACS investi-
gations, revealing favorable efficacy. In addition, hemolysis,
MTS, and zebrafish-development results confirmed the
formulation’s security in biomedical applications, even at
polymeric concentrations up to 0.1 mg/mL. Therefore, these
dual tumor-targeted PLGA-PEG-FA nanoparticles could
be a feasible nanocarrier for secure and efficient antitumor
drug delivery.
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Figure S2 Size distribution of nanoparticles at a concentration of 0.5 mg/mL.
Abbreviations: PLGA, poly(lactic-co-glycolic acid); PEG, polyethylene glycol; FA, folic acid; Dox, doxorubicin.

Table S1 Hemolysis ratios caused by nanoparticles

Diameter (nm)

Sample Hemolysis ratio (%)

0.033 mg/mL 0.05 mg/mL 0.1 mg/mL
PLGA 0.73£0.22 1.93+0.25 0.8%0.16
PLGA-PEG-FA 0.83+0.2 3.38+0.15 1.8+0.1
PLGA@Dox 0.34+0.2 0.51+0.19 1.1+0.16
PLGA-PEG-FA@Dox 1.224+0.85 2.5+0.33 3214033
Abbreviations: PLGA, poly(lactic-co-glycolic acid); PEG, polyethylene glycol; FA, folic acid; Dox, doxorubicin.
Table S2 Summary of Dox content loaded in nanoparticles
Sample Polymer/drug (wiw) LE (%) EE (%)
PLGA@Dox 10:1 82 89.3
PLGA-PEG-FA@Dox 10:1 79 85.8

Abbreviations: PLGA, poly(lactic-co-glycolic acid); PEG, polyethylene glycol; FA, folic acid; Dox, doxorubicin; LE, loading efficiency; EE, encapsulation efficiency.
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Figure S3 Confocal images (x63) of Hela cells incubated with samples for 24 hours.
Notes: Blue, hoechst 33342; green, phalloidin—FITC; red, Dox.
Abbreviations: PLGA, poly(lactic-co-glycolic acid); PEG, polyethylene glycol; FA, folic acid; Dox, doxorubicin; FITC, fluorescein isothiocyanate.
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Figure S4 Concentration- and time-dependent toxicity studies of Dox-loaded polymer nanoparticles on zebrafish embryos and larvae.
Abbreviations: PLGA, poly(lactic-co-glycolic acid); PEG, polyethylene glycol; FA, folic acid; Dox, doxorubicin; hpf, hours postfertilization.
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