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Purpose: A novel folate receptor-targeted f-cyclodextrin (-CD) drug delivery vehicle was
constructed to improve the bioavailability, biosafety, and drug loading capacity of curcumin.
Controlled release and targeted delivery was achieved by modifying the nanoparticles with
folic acid (FA).

Methods: Folate-conjugated B-CD-polycaprolactone block copolymers were synthesized
and characterized. Curcumin-loaded nanoparticles (FA-Cur-NPs) were structured by self-
assembly. The physicochemical properties, stability, release behavior and tumor-targeting
ability of the fabricated nanoparticles were studied.

Results: The average particle size and drug loading of FA-Cur-NPs was 151.8 nm and
20.27%, respectively. Moreover, the FA-Cur-NPs exhibited good stability in vitro for 72
h. The drug release profiles showed that curcumin from FA-Cur-NPs was released signifi-
cantly faster in a pH 6.4 phosphate buffered solution (PBS) than in pH 7.4, indicating that
curcumin can be enriched around the tumor site compared with normal cells. Additionally,
the internalization of FA-Cur-NPs was aided by FA receptor-mediated endocytosis, and its
cytotoxicity was proportional to the cellular uptake efficiency. Furthermore, in vivo studies
confirmed that FA-Cur-NPs exhibited marked accumulation in the tumor site and excellent
antitumor activity.

Conclusion: These findings suggest that FA-Cur-NPs are a promising approach for improv-
ing cancer therapy through active targeting and controllable release.

Keywords: curcumin, f-CD-polycaprolactone copolymers, folate receptor, targeted drug
delivery, HeLa cells

Introduction

Cancer is the most fatal disease threatening human health. According to
GLOBOCAN estimates, there were approximately 19.3 million new cases and
almost 10.0 million deaths in 2020." Current therapeutic approaches developed
for cancer treatment include chemotherapy, immunotherapy, radiation therapy, and
surgical excision;>* among them, chemotherapy is the most effective and inexpen-
sive treatment.” However, poor targeting selectivity is the main drawback of
traditional drugs, which usually cannot distinguish tumors from normal tissues.®
Therefore, a high dose is administered, resulting in serious adverse effects (eg, side
effects and multidrug resistance).” Curcumin exhibits a wide range of pharmacolo-
anti-inflammation, antioxidant, antimicrobial, and

gical activities such as

anticancer.” '° Moreover, the anticancer activity with a high safe dose'' and ability
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of multiple cell signaling pathways to regulate different
tumors, such as breast, cervical, stomach, liver, and pan-
creatic cancers as well as colon and epithelial cell carci-
nomas have received the most attention.'> !> However, the
low water solubility, rapid decomposition, and lack of
specific targeting of curcumin under physiological condi-
tions limited its clinical application.'®

To overcome these barriers, nanotechnology has been
applied for drug delivery,'” and active targeted delivery
through tumor microenvironment-stimuli responsive sys-

18,19 0 and

tems, such as pH-responsive, redox—sensitive,2
targeting molecule-conjugated nanocarriers,”’ has been
employed for tumor diagnosis and treatment. Targeting
molecule-conjugated nanocarriers have been widely inves-
tigated due to their excellent selectivity. Folic acid receptors
are a promising antitumor target as they are overexpressed
on the surface of 40% of solid tumors,”*** but negligible in
the majority of healthy tissues.** Folate-drug delivery sys-
tems can enter tumor cells through receptor-mediated endo-
cytosis and avoid non-specific effects on normal tissues.
Meanwhile, cellular uptake by target cells increased and the
therapeutic agents were transferred to tumor cells.”> p-
cyclodextrin (B-CD) is cyclic oligosaccharides that possess
a hydrophilic external surface and a hydrophobic internal
cavity and has become a research hotspot due to its moder-
ate lumen size, high drug loading, low production cost,
improved lipophilic drug stability, easy modification by
molecules, and good toxicological characteristics.?®*’
Recently, nanocarriers based on f-CD have been employed
to improve drug bioavailability. Popat et al*® studied the
therapeutic effect of curcumin-loaded cyclodextrin chitosan
nanoparticles (CUR-CD-CS) on a skin cancer cell line
(SCC25) and found that cyclodextrin not only increased
the solubility of curcumin but also promoted its cellular
uptake. Hyun et al*” prepared a new targeting nanoparticle
(CDPF) consisting of folic acid (FA), B-CD, and polyethy-
lene glycol (PEG) to improve doxorubicin targeting for
breast cancer. However, these nanoparticles exhibited
uncontrollable drug release (ie, fast drug release rate and
few differences in the drug release rate between tumor areas
and normal cells). These drawbacks may be overcome by
modification the hydrophilic/lipophilic properties of the
drug-carrying polymers. In addition, the drug loading of
the previously studied nanoparticle is less than 10% due to
the large molecular weight of the carrier materials.” In order
to ensure a sufficient drug dosing so as to guarantee an
adequate therapeutic effect, it is undesirably necessary to
include a large number of non-therapeutic carrier materials,

which would enter the body during the drug administration
and potentially cause side effects. Therefore, improving the
drug loading and reducing even eliminating the overuse of
such carrier materials is a critical task that needs to be nicely
accomplished.

In view of this, we attempted to develop a nano-drug
system consisting of FA, B-CD, and e-caprolactone (e-
CL) for improved curcumin delivery to cervical cancer
tissues, which overexpress folic receptors (FRs), to
achieve controllable release in vitro and in vivo. In this
system, FA was used as a targeting molecule to specifi-
cally bind to FRs. B-CD, the main skeleton for drug
encapsulation, was modified by e-CL and FA to adjust
the hydrophilic/lipophilic properties for controlling drug
release and achieving target delivery in tumors, respec-
tively. Curcumin was selected as a model drug to limit
The FR-

targeting, curcumin-loaded, B-CD-based nanoparticles

multidrug resistance after administration.

(FA-Cur-NPs) were prepared by self-assembly using
a solvent volatilization method. Thanks to the cyclic
structure of B-CD, the drug loading efficiency of the
nanoparticles was remarkably improved. Thereafter, the
pharmacokinetics and pharmacodynamics of FA-Cur-NPs
were further studied to evaluate cellular uptake, targeted
drug delivery, and controllable release.

Materials and Methods

Material

Curcumin and B-CD were purchased from GuangLin
Biological Pharmaceutical Co. Ltd. (Hangzhou, China)
and Boao Biotechnology Co. Ltd. (Shanghai, China),
respectively. Stannous 2-ethylhexanoate [Sn(Oct)2] was
purchased from Sigma-Aldrich (St. Louis, MO). Dialysis
bags [molecular weight cut-off (MWCO)= 14,000 Da)
were purchased from Gene Star Co. (Shanghai, China).
Other FA,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT), serum (FBS), and N,
N-carbonyldiimidazole (CDI) were obtained from
Aladdin Chemicals (Shanghai, China). Dulbecco’s modi-
fied (DMEM)
purchasedfromThermo FisherScientificSuzhou Co., Ltd

chemical reagents, including

fetal bovine

Eagle’s medium was
(Suzhou, China). HeLa cells and L929 mouse embryonic
fibroblasts were obtained from the Cell Resource Center,
Shanghai Institute of Life Sciences, Chinese Academy of

Sciences (Shanghai, China) and the Cell Bank of the
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Chinese Academy of Sciences (Beijing, China),

respectively.

Synthesis of $-CD-Polycaprolactone
Copolymers (3-CD-CL)

B-CD-CL copolymers were synthesized by ring-opening
polymerization of caprolactone monomers in the presence
of B-CD taking stannous octoate (0.1% w/w) as a catalyst
with a B-CD: e-CL ratio of 1:210 (w/w). The reaction was
performed for 36h at 120°C under dry nitrogen. The
obtained copolymers were dissolved in dichloromethane
(15 mL) and then purified by precipitation in ether. The
purification process was repeated three times, and the
product was obtained and vacuum drying at 40°C. The
structure of the B-CD-CL copolymers was confirmed by
Fourier transform infrared (FT-IR) spectroscopy (Nicolet
6700; Thermo Fisher Scientific, Waltham. MA) and
"H-nuclear magnetic resonance (‘H-NMR) spectroscopy
(AC-III, 500 MHz; Bruker Daltonics, Billerica, MA).

Preparation of Folate-Conjugated 3-CD-
CL Block Copolymers (B-CD-CL-FA)

B-CD-CL-FA block copolymers were synthesized accord-
ing to a previous report.*° Briefly, B-CD-CL copolymers
(0.05 mmol) were activated by adding CDI (0.35 mmol)
and triethylamine (TEA;0.35 mmol) in DMSO (10 mL) at
25°C in nitrogen atmosphere for 6 h. Then, FA solution
was prepared by dissolving FA (0.35 mmol) in DMSO
(1 mL) and added dropwise to the activated B-CD-CL
copolymer solution. Afterwards, the solution was stirred
in nitrogen atmosphere darkly for 24 h at 25°C. The
obtained solution was dialyzed in a dialysis bag (MWCO
=14,000 Da) for 72 h to remove the organic solvent,
unreacted monomers and oligomers. Finally, B-CD-CL-
FAcopolymers were lyophilized for further use. The struc-
ture of the B-CD-CL-FA copolymers was confirmed by
FT-IR spectroscopy and 'H-NMR spectroscopy.

Preparation and Characterization of
Curcumin Loaded B-CD-CL
Nanoparticles (Cur-NPs) and B-CD-CL-

FA Nanoparticles (FA-Cur-NPs)
FA-Cur-NPs and Cur-NPs were fabricated as previously

described.’'** The optimal conditions were as follows:
a total of 7 mg B-CD-CL-FA or B-CD-CL and 1.4 mg of
curcumin were dissolved in ImL acetone and added

dropwise to 10mL purified water. The mixture was stirred
at 600 rpm for 4 h at 37°C, after which the obtained nano-
preparations (FA-Cur-NP and Cur-NP suspensions) were
centrifuged at 4000 g for 30 min to remove the unencap-
sulated curcumin. Blank B-CD-CL nanoparticles (blank
NPs) and blank B-CD-CL-FA nanoparticles (FA-NPs)
were prepared in the same manner as Cur-NPs and FA-
Cur-NPs (without Cur in the acetone), respectively.
Particle size, polydispersion index (PDI), and zeta poten-
tial of FA-Cur-NPs and Cur-NPs were measured by a laser
particle analyzer (Zetasizer NanoZS90; Malvern
Panalytical, Malvern, UK). Additionally, the amount of
drug present in the FA-Cur-NPs was determined by ultra-
violet spectrophotometry (UV-2102; Shanghai Instrument
Ltd., Shanghai, China) at a detection wavelength of 420
nm. The drug loading (DL) and entrapment efficiency
(EE) of FA-Cur-NPs and Cur-NPs were calculated against
the standard curve using the following equations:

weight of drug in nanoparticles
weight of feed drug

EE% = x 100% (1)

DLY% weight of drug in nanoparticles
0 =

100¢ 2
weight of nanoparticles % % @

Transmission Electron Microscopy (TEM)
TEM was used to analyze the microstructure of FA-Cur-
NPs and Cur-NPs at a magnification of 20,000x. A droplet
of the nano-preparations was placed on a film-coated cop-
per grid, then 1% (w/v) phosphotungstic acid was placed
onto the surface of the sample-loaded grid. Finally, the
sample was air-dried and imaged using TEM (JEM-1010;
Jeol Ltd., Tokyo, Japan).

X-Ray Diffraction (XRD)

To verify the distribution of curcumin in the nanoparticles,
the surface properties of curcumin, FA-NPs, and FA-Cur-
NPs were measured by XRD analysis at an output voltage
of 40 kV, output current of 40 mA, and a wavelength of
0.1546 nm. The
measurement.

samples were freeze-dried before

Stability Study

FA-Cur-NPs (1 mL) and DMEM (8 mL, containing 10%
FBS complete medium) were co-incubated at 37°C for 72
h. At the indicated time points (1, 2, 4, 8, 24, 48, and 72 h),
1 mL of the mixture solution was removed, and the sample
was treated with excess acetonitrile to remove the serum
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protein. The supernatant was collected, and the variation in
and PDI
a granulometer (Zetasizer NanoS90; Malvern Panalytical).

particle diameter were monitored using

All experiments were carried out in triplicate.

In vitro Drug Release

Release behavior of FA-Cur-NPs in vitro was investigated
using dialysis. Briefly, FA-Cur-NPs with a curcumin con-
tent of 150 pg/mL was prepared and placed in a dialysis
bag (MWCO =14,000 Da). Subsequently, the dialysis bags
were transferred into 50 mL of pH 7.4, 6.4, and 5.0 PBS
and shaken at 700 rpm and 37+0.5°C for 120 h. At the
indicated time points (1, 2, 4, 6, 12, 24, 36, 48, 60, 72, 96,
and 120 h), 4 mL of release medium was removed for
analysis and replaced by an equivalent volume of fresh
dissolution medium.

In vitro Cytotoxicity

L929 cells and HeLa cells (human cervical cancer cell
line) were cultured in 96-well plates at a density of
1.0x10° per well in 100 pL growth medium supplemented
with 10% (v/v) FBS and 1% (v/v) penicillin/streptomycin
at 37°C and 5% CO, for 24 h before the addition of
various nanoparticles. HeLa cells were cultured in
DMEM while 1929 cells were cultured in RPMI 1640
medium. 1929 cells were co-cultured with various doses
of sterilized blank NPs, FA-NPs, free FA+FA-NPs
(0.5 mg/mL free FA was added to pre-incubate for 30
min before FA-NPs were added), or medium (negative
control) for 24 h to assess the biosafety. HeLa cells were
co-cultured with various doses of sterilized curcumin-
loaded nanoparticles (Cur-NPs, FA-Cur-NPs, and free FA
+ FA-Cur-NPs) or medium (negative control) for 24 h to
evaluate the antitumor effect in vitro. Thereafter, cell via-
bility was quantified using the MTT assay.>> All samples
were prepared in triplicate. Furthermore, the IC50 value of
each carrier was calculated.

Cellular Uptake

HeLa cells were seeded in a 6-well plate at a density of 2x10°
cells per well in 2 mL growth medium and incubated for 24 h at
37°C and 5% CO,. The medium was then replaced with 2 mL
of fresh DMEM medium containing Cur-NPs, FA-Cur-NPs, or
FA+FA-Cur-NPs with a curcumin content of 30 ug/mL and co-
cultured for 3 h. Fluorescence microscopy (1x73P1F;
Olympus, Tokyo, Japan) was used to evaluate cellular uptake
at a magnification of 200x.

Flow Cytometry

HeLa cells were seeded in a 6-well plate at a density of
5x10° cells per well and incubated for 24 h. Subsequently,
the medium was replaced by fresh medium containing
Cur-NPs, FA-Cur-NPs, or FA+FA-Cur-NPs with
a curcumin content of 30 ug/mL. HeLa cells without any
treatment were used as the control group. The cells were
incubated for 3 h and rinsed three times with PBS. Then,
cells were harvested by trypsin and centrifuged at 100
g for 5 min. Finally, cells were resuspended in PBS and
analyzed by flow cytometry (CytoFLEX; Beckman
Coulter, Brea, CA).

Animal Model

Female BALB/c nude mice (weighing 15—17g, 4 weeks old)
were obtained from Zhejiang Academy of Medical Sciences
(Hangzhou, China). All mouse experiments were approved by
the Ethics Committee of Zhejiang University of Technology
(No. 39/2018). All experimental procedures were conducted
in accordance with the Institutional Animal Care and Use
Committee (IACUC) and use of laboratory animals at
Zhejiang University of Technology and the National
Institutes of Health Guide for Care and Use of Laboratory
Animals (publication no. 85-23, revised 1996). The nude
mice were acclimatized for 4 days after arrival. HeLa cells
(1x107, 0.2 mL) was subcutaneously inoculated into the left
foreleg of mice to establish cervical carcinoma xenografts.
When the tumors reached an average volume of ~100 mm®,
we evaluated biodistribution and antitumor activity in vivo.

Biodistribution

Cur-DMSO [0.2 mL of 6.25 mg/kg; DMSO: H,O 1:1000(v/v)]
aqueous solution (control group), Cur-NPs, or FA-Cur-NPs
were injected into tumor-bearing mice via the tail vein.
Thereafter, mice were anesthetized at 3 and 7 h, and images
of curcumin biodistribution in vivo were obtained with a small
animal imager (IVIS Lumina XRMS III; PerkinElmer,
Waltham, MA) at excitation and emission wavelengths of
488 nm and 520 nm, respectively. After 8 h, the mice were
sacrificed, and the tumors, heart, liver, spleen, lungs, and
kidneys were collected. The fluorescence intensity of these
organs was also examined by the small animal imager.

In vivo Antitumor Activity and
Histological Analysis

The tumor-bearing mice were randomized into four groups
(n=5/group); a single administration of saline (negative
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control) or a 6.25 mg/kg of Cur-DMSO, Cur-NPs, or FA-
Cur-NPs was injected via tail vein (0.2 mL) every three
days. Weights and tumor volumes were recorded. After
thirty days treatment, the mice were sacrificed, after which
the main organs (heart, liver, spleen, lungs, kidneys, and
tumors) were weighed and fixed in 4% paraformaldehyde.
Histological sections were then prepared stained with
hematoxylin and eosin (H&E).

Statistical Analysis

Statistical analysis was carried out by SPSS 19.0 (SPSS,
IBM, Armonk, NY, USA) using a two-tailed #-test and
analysis of variance (ANOVA). Data are presented as the
mean * standard deviation (SD). P-values < 0.05 were
considered statistically significant. All experiments were
conducted at least three times.

Results and Discussion
Synthesis and Characterization of 3-CD-
CL-FA Copolymers

FT-IR is one of the main methods used to determine the
functional groups of compounds. The FT-IR spectra of B-
CD, B-CD-CL, and B-CD-CL-FA are shown in Figure 1A.
For B-CD, the peak at 3394.1 cm ' corresponds to hydroxyl (-
OH) bond stretching, while the peaks at 2935.3 and
1417.4 cm " are attributed to the asymmetric stretching vibra-
tion and in-plane bending vibration of methylene (-CHj-),
respectively. Compared with those of B-CD and B-CD-CL,
the newly emerged characteristic peaks of f-CD-CL at 2867.5

and 1726.7 cm™ " reflect the methylene (-CH,-) and ester group
(C=0) corresponding to the stretching vibration of the PCL
fragments. Additionally, the strength of the -OH stretching
vibration peak (3439.9 cm ') was greatly weakened, indicat-
ing that the primary hydroxyl group on B-CD was displaced.
Based on these results, the covalent grafting between §-CD
and e-CL were successfully reacted, and fabrication of -CD-
CL was achieved. A further comparative analysis between [3-
CD-CL-FA and B-CD-CL demonstrated that the characteristic
peaks of FA appeared at 1607.2 and 1512.9 cm™', which were
attributed to the benzene ring skeleton (C=C), indicating that
B-CD-CL-FA was successfully synthesized.

The "H-NMR spectra and peak assignments of f-CD-CL
-FA are shown in Figure 1B. The chemical shifts of the
methylene group (-CH,-), hydroxyl (-OH), and N-H bonds
(-NH-) in FA was observed at 4.48 ppm (4), 11.44 ppm (2),
and 6.95 ppm (5), respectively. Peaks at 8.65 ppm (3), 7.64
ppm (6), 6.64ppm (7), and 4.32 ppm (9) correspond to the
C-H bonds of FA. For the $-CD-CL unit, the methylene
group (-CH,-) peaks were at 3.99 ppm (a), 1.30 ppm (b),
2.28 ppm (c), 1.54 ppm (d), while those at 5.70 ppm (f), 4.48
ppm (g) and 4.83 ppm (h) correspond to the C-H bonds.
Moreover, the chemical shift of the (-CH,-) group in FA and
the (C-H) group in B-CD-CL overlapped at 4.48 ppm.

Additionally, the ratio of the integral of the hydrogen
between B-CD (e-h) and &-CL (a-d) was 1:7, demonstrat-
ing that the seven chains of B-CD were modified by &-CL.
Similarly, for B-CD-CL-FA, the value of FA: B-CD-CL
was 7:1, indicating that FA was attached to each branch
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Figure | Characterization of copolymers. (A) FT-IR spectra of p-CD, -CD-CL, and B-CD-CL-FA, (B) 'H-NMR spectra of f-CD-CL-FA.
Abbreviations: FT-IR, Fourier transform infrared; 'H-NMR, 'H-nuclear magnetic resonance; 3-CD, B-cyclodextrin; f-CD-CL, B-CD-polycaprolactone copolymers; 3-CD-

CL-FA, folate-conjugated B-CD-CL block copolymers.
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of B-CD-CL. Altogether, the results indicate that the seven
chains of B-CD are connected to &-CL, and each branch of
B-CD-CL is also modified by FA. Thus, B-CD-CL and f-
CD-CL-FA were successfully synthesized.

Characterization of Curcumin-Loaded
Nanoparticles

The prepared nanoparticles were characterized by TEM
and laser particle analyzer (Table 1 and Figure 2A-C).
Both FA-Cur-NPs and Cur-NPs
spherical nano-sized shape that was approximately 150

exhibited a near-

nm in size with a narrow distribution (PDI<0.1) and nega-
tive zeta potential. The DL of FA-Cur-NPs was slightly
higher than that of Cur-NPs, while their EE was similar.
The DL values were greater than 15%, indicating a high
drug-loaded delivery system. Moreover, XRD analysis
showed almost overlapping FA-Cur-NPs and Cur-NPs
lines, while the characteristic peaks of native curcumin
disappeared in Cur-P-NPs. XRD results indicated that
curcumin was trapped in the FA-Cur-NPs (Figure 2D).

Stability of FA-Cur-NPs

The stable structure of nanocarriers in the physiological
environment is a critical element for obtaining excellent
drug delivery systems. To evaluate the stability of FA-Cur-
NPs in blood, FA-Cur-NPs were mixed with DMEM sup-
plemented with 10% FBS (simulated blood environment)
and incubated at 37°C for 72 h. The variation in particle size
and PDI was monitored, and the results are shown in
Figure 2F. During the first 4 h, the particle size and PDI of
FA-Cur-NPs increased slightly, then remained stable until 72
h, indicating that the FA-Cur-NPs have excellent stability.**

In vitro Drug Release

For FA-Cur-NPs, we assessed in vitro drug release at 37°C at
pH 7.4, 6.4, and 5.0 to mimic the pH conditions of systemic
circulation, the slightly acidic tumor environment, and intra-
cellular lysosomes, respectively. As shown in Figure 2E, all
release curves showed a fast release rate in the first 6

Table | Characterization of Curcumin-Loaded Nanoparticles

Characteristics Cur-NPs FA-Cur-NPs
Mean diameter (nm) 127.4%£1.9 151.8%1.3
Polydispersity index 0.095+0.026 0.073+0.024
Zeta potential (mV) —7.06+0.46 —15.81%1.05
Encapsulation efficiency (%) 96.24+1.89 95.64+0.92
Drug loading (%) 17.51£1.93 20.27+1.36

h followed by a slow-release phase. These results are consistent
with the regulation of drug release by free diffusion. Curcumin
on the surface or in superficial layers of the FA-Cur-NPs was
easily diffused into the releasing medium, in contrast to the
encapsulated curcumin; this led to a fast release rate in the first
phase driven by osmotic diffusion and material degradation,
followed by a slow-release phase mainly driven by the degra-
dation of nanoparticles. Moreover, the slowest released pattern
was measured in pH 7.4 buffer, where only 20.89% of curcu-
min was released after 120 h of incubation. On the other hand,
at pH 6.4 and 5.0, the release curves were similar in the fast
release phase; thereafter, the cumulative release rate of curcu-
min reached 62.31% and 72.18% at 120 h, respectively. Due to
the accelerated degradation of ester bonds in weakly acidic
environments,** the releasing medium could more easily dif-
fuse into the inner layers of the nanoparticles; thus, FA-Cur-
NPs displayed a faster release rate at pH 6.4 and 5.0 than at pH
7.4. Additionally, due to the stronger degradation efficiency of
the ester bonds, FA-Cur-NPs showed a faster release rate in
the second phase at pH 5.0 than at pH 6.4, indicating that
curcumin is released from FA-Cur-NPs faster and at a greater
extent after entering tumor cells. These results demonstrate that
the FA-Cur-NP delivery system can overcome the problem of
fast drug release in a B-CD-based nano delivery system and
achieve slow drug release. Moreover, as the release rate of
curcumin from FA-Cur-NPs was 3-folds faster at pH 6.4
(tumor microenvironment) than at pH 7.4 (systemic circula-
tion), more curcumin can be enriched around the tumor than
around normal cells, indicating potentially enhanced antitumor
therapeutic effects and reduced toxicity and adverse side
effects during treatment.

In vitro Cytotoxicity

To assess biosafety, we performed MTT assays with the
fibroblast 1.929 cells as model cells after 24 h of incubation
with the nanoparticles. As shown in Figure 3A, cell viability
in the presence of blank NPs, FA-NPs, and free FA+FA-NPs
slightly decreased as the concentration increased from 0.25
to 1.20mg/mL. However, the cell viability of all samples
was above 85% when the carrier concentration reached
1.2 mg/mL, indicating good biocompatibility of all groups.

In vitro Anticancer Activity

Folate receptor (FR)-positive HeLa cells were chosen, and the
cell viability was assayed by MTT to evaluate the anticancer
activity of different curcumin-loaded nanoparticles at curcu-
min concentrations of 2.5-40 pg/mL in vitro. As shown in
Figure 3B, all curcumin-loaded carriers exhibited anticancer
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diffraction curve of curcumin (Cur), FA-NPs, and FA-Cur-NPs, (E) In vitro release profiles of curcumin from FA-Cur-NPs at different pH values, (F) In vitro stability of FA-

Cur-NPs in DMEM supplemented with 10% FBS at 37°C for 72h (n=3).

Abbreviations: TEM, transmission electron microscopy; FA-Cur-NPs, curcumin-loadedf-CD-CL-FA nanoparticles; Cur-NPs, curcumin-loadedp-CD-CL nanoparticles; FA-
NPs, blank 3-CD-CL-FA nanoparticles; DMEM, Dulbecco’s modified Eagle’s medium;FBS, fetal bovine serum.

activity in a curcumin dose-dependent manner. Additionally,
the IC50 values of Cur-NPs, FA-Cur-NPs, and free FA+FA-
Cur-NPs for HeLa cells were 27.34, 13.88, and 20.53 pg/mL,
respectively, showing decreasing anticancer effects in the
order FA-Cur-NPs > free FA+FA-Cur-NPs > Cur-NPs.
Moreover, free FA was pre-incubated with HeLa cells to
analyze FR-mediated endocytosis of FA-Cur-NPs.
Comparing with free FA+FA-Cur-NPs, FA-Cur-NPs dis-
played stronger anticancer activity, indicating the superior
cytotoxic activity of FA-Cur-NPs through FR-mediated

endocytosis pathways. Moreover, the growth inhibition effect
of FA-Cur-NPs on HelLa cells was significantly stronger than
that of Cur-NPs, which can be explained by the same principle.
We performed further cellular uptake studies to confirm these
findings.

Cellular Uptake
Cellular uptake efficiency of curcumin-loaded nanoparti-
cles

was investigated by fluorescence microscopy

(Figure 4A) and quantitatively by flow cytometry
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Figure 3 In vitro cytotoxicity and anticancer activity. (A) Cytotoxicity of blank NPs, FA-NPs, and free FA+FA-NPs after incubation with L929 cells, (B) Cell viability of HeLa

cells in the presence of Cur-NPs, free FA+FA-Cur-NPs, and FA-Cur-NPs.

Abbreviations: blank NPs, blank B-CD-CL nanoparticles; FA-NPs, blank B-CD-CL-FA nanoparticles; Cur-NPs, curcumin-loadedB-CD-CLnanoparticles; FA-Cur-NPs,

curcumin-loadedf-CD-CL-FA nanoparticles.

(Figure 4B). Compared with control, HeLa cells treated
with curcumin-loaded nanoparticles exhibited higher fluor-
escence intensities, indicating that the nanoparticles were
successfully internalized by HeLa cells. Internalization
occurred at different extents, as the fluorescence intensity
decreased in the order FA-Cur-NPs > free FA+FA-Cur-
NPs > Cur-NPs. The results obtained by fluorescence
microscopy was consistent with that of flow cytometry.
The lower fluorescence intensity of free FA+FA-Cur-NPs
compared with the FA-Cur-NPs indicates that the interna-
lization of FA-Cur-NPs was followed by FR-mediated
endocytosis. Moreover, the mean fluorescence intensity
values of free FA+FA-Cur-NPs and FA-Cur-NPs were
1.8- andl.6-folds higher than that of Cur-NPs, respec-
tively, suggesting that FR-mediated endocytosis contri-
butes to the enhanced drug uptake.’® These findings are
consistent with those of the in vitro anticancer activity
assay, supporting the superior cytotoxic activity of FA-
Cur-NPs through FR-mediated endocytosis pathways.
Thus, we can speculate that polymeric nanoparticles
based on FA as a targeting molecule have great potential
as vehicles for anticancer drug delivery.

In vivo and ex vivo Imaging

The tumor-targeting ability of the developed FA-Cur-NPs
was assessed in a HeLa xenograft mouse model by in vivo
and ex vivo near-infrared fluorescence (NIRF) imaging
(Figure 5A). After injecting Cur-DMSO, a small amount

of curcumin was found accumulated in the tumor site at
3h. Thereafter, most of the curcumin was distributed
throughout the body at 7 h, with no sign of specific
tumor targeting. In contrast, the fluorescence intensity in
the tumor sites of both nanoparticle groups was higher
than that of the Cur-DMSO group. This may have resulted
from the enhanced permeability and retention (EPR) effect
(passive targeting) and the interaction between FA and FR
(active targeting). The biodistribution of intravenously
injected nanoparticles was observed by ex vivo NIRF
imaging 7h after injection (Figure 5B). The fluorescence
intensity of the Cur-DMSO group in the liver and kidney
was significantly higher than that of the other two nano-
particle groups, while the highest fluorescence intensity
was observed in tumors in the FA-Cur-NP group. These
results support the successful tethering of FA onto the
nanoparticles and in vivo tumor targetability after intrave-
nous injection. FR-mediated endocytosis pathways are
considered responsible for the more efficient accumulation
of FA-Cur-NPs in the tumor sites. These results are also
consistent with those of the cellular uptake study.

In vivo Suppression of Tumor Growth

The in vivo antitumor ability of FA-Cur-NPs using the
HeLa-xenograft mouse model was further assessed.
Tumor-bearing mice were treated with saline (control
group), Cur-DMSO, Cur-NPs, or FA-Cur-NPs. Tumor
growth was significantly inhibited in the experimental
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Figure 4 Cellular uptake in Hela cells. (A) Cellular uptake of Cur-NPs, free FA+FA-Cur-NPs, and FA-Cur-NPs, (B) Flow cytometry profiles of Hela cells incubated with
Cur-NPs, free FA+FA-Cur-NPs, and FA-Cur-NPs for 3 h. Fluorescence intensity values are shown (n=4). ***P < 0.001.
Abbreviations: Cur-NPs, curcumin-loadedB-CD-CLnanoparticles; FA-Cur-NPs, curcumin-loadedp-CD-CL-FA nanoparticles.

groups compared to the control group. Tumor growth
profiles revealed that tumor volumes increased nearly
30-, 22-, 16-, and 5-fold after 30 days when treated
with saline, Cur-DMSO, Cur-NPs, and FA-Cur-NPs,
respectively (Figure 5C). Tumor growth inhibition is
attributed to passive targeting achieved by the EPR
effect, as nanoparticles with a size < 300 nm can
pass through the leaky vasculature to access tumors.
In addition, the tumor inhibitory effect was signifi-
cantly higher in the FA-Cur-NP group than in the
This

others. enhanced antitumor activity can be

attributed to the EPR effect and active targeting of
FA. Meanwhile, the body weight profiles showed that
the body weights of mice treated with Cur-DMSO,
Cur-NPs, and FA-Cur-NPs did not change signifi-
cantly, whereas mice in the control group lost more
than 15% body weight after 30 days, indicating
reduced side effects associated with the nanoparticles
(Figure 5D). Furthermore, tumor volume and body
weight were negatively correlated, where rapid growth
of the tumor corresponded to a decrease in body
weight.
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Figure 5 Biodistribution and antitumor efficacy (A) Whole-body NIRF imaging of a HeLa xenograft mouse model, (B) Ex vivo NIRF image of dissected organs and tissues (liver,
spleen, kidney, heart, lung, and tumor), (C) Tumor volume and (D) body weight after intravenous administration of the indicated preparations.*P < 0.05, **P < 0.01, **P < 0.001.

Abbreviation: NIRF, near-infrared fluorescence.

H&E staining of the major organs showed no discernible
injuries after treatment with FA-Cur-NPs (Figure 6). There
was a marked infiltration of lymphocytes in the liver and
kidney in Cur-DMSO and Cur-NP groups. H&E staining
also confirmed that FA-Cur-NPs show the most enhanced
therapeutic efficacy, as evidenced by the large area of tissue
necrosis in the tumor. Considering that the only difference
between Cur-NPs and FA-Cur-NPs is the folate linkage to -
CD-CL copolymers, we can attribute the enhanced thera-
peutic efficiency to FA-induced accumulation and cellular
internalization in tumor tissues. These results also demon-
strate the high biosafety of FA-Cur-NPs.

Conclusion
Here, a novel FR-targeted drug delivery system using curcu-
min for cervical cancer treatment was fabricated. To this end,

a B-CD-CL copolymer was synthesized and conjugated with
folate, which was then formulated as nanoparticles by emul-
sion-solvent evaporation. The carrier showed good biocom-
patibility, targeting ability, and high drug loading capacity with
a curcumin loading rate of 20.27+0.92% and EE of 95.64
+0.92%. The in vitro release rate of curcumin from FA-Cur-
NPs under tumor microenvironment conditions (pH 6.4) was
three times faster than that under systemic circulation condi-
tions (pH 7.4), demonstrating that the delivery system is
suitable for rapid drug release in the tumor microenvironment.
Moreover, FA-Cur-NPs showed significantly improved ther-
apeutic efficacy in vivo. FA was thus successfully utilized as
both a tumor-targeting moiety and ligand to enhance cellular
internalization. Therefore, this nanocarrier can provide
insights into improving the design of drug delivery systems
and represents a potential strategy for cancer therapy.
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Figure 6 H&E-stained sections of organs resected from mice sacrificed 30 days after treatment. Straight arrows indicate tissue necrosis, and curved arrows indicate

lymphoid infiltration.
Abbreviation: H&E, hematoxylin-eosin.
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