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Abstract: As the tumor microenvironment (TME) develops, it is critical to take the alterations
of pH value, reduction and various enzymes of the TME into consideration when constructing
the desirable co-delivery systems. Herein, TME pH and enzyme dual-responsive core—shell
nanoparticles were prepared for the efficient co-delivery of chemotherapy drug and plasmid
DNA (pDNA). A novel pH-responsive, positively charged drug loading material, doxorubicin
(DOX)-4-hydrazinobenzoic acid (HBA)-polyethyleneimine (PEI) conjugate (DOX-HBA-PEI,
DHP), was synthesized to fabricate positively charged polyion complex inner core DHP/DNA
nanoparticles (DDN). Hyaluronic acid (HA) was an enzyme-responsive shell which could
protect the core and enhance the co-delivery efficiency through CD44-mediated endocytosis.
The HA-shielded pH and enzyme dual-responsive nanoparticles (HDDN) were spherical with
narrow distribution. The particle size of HDDN was 148.3+3.88 nm and the zeta potential was
changed to negative (—18.142.03 mV), which led to decreased cytotoxicity. The cumulative
release of DOX from DHP at pH 5.0 (66.4%) was higher than that at pH 7.4 (30.1%), which
indicated the pH sensitivity of DHP. The transfection efficiency of HDDN in 10% serum was
equal to that in the absence of serum, while the transfection of DDN was significantly decreased
in the presence of 10% serum. Furthermore, cellular uptake studies and co-localization assay
showed that HDDN were internalized effectively through CD44-mediated endocytosis in the
tumor cells. The efficient co-delivery of DOX and pEGFP was confirmed by fluorescent image
taken by laser confocal microscope. It can be concluded that TME dual-responsive HA-shielded
core—shell nanoparticles could be considered as a promising platform for the co-delivery of
chemotherapy drug and pDNA.
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Introduction

Cancers are complex diseases involving multiple pathways and complicated
microenvironment.! Combination therapy exerts synergistic effects and brings about
more efficacious therapies than single treatment.>? Among them, combination of che-
motherapy and gene therapy has emerged as an exciting method of treating cancers
due to their complementation and the genetic regulation of cancer cell signaling by
gene therapy.*® Combination of chemotherapy and gene therapy has the potential to
overcome the multidrug resistance and reduce the dosage of chemotherapeutic drugs,
which contribute to a decrease in side effects and an increase in antitumor efficiency.
For example, combinations of doxorubicin (DOX) and p53 gene, paclitaxel (PTX) and
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VEGF-siRNA, and DOX and MDR-1-siRNA were effective
in overcoming the drug resistance, reducing the side effects
and exhibiting superior antitumor effect, compared with
single drug treatment.®®

Combination therapy would be more attractive with
co-delivery system. The drug and gene would be loaded
at a ratio and then rationally released with synchronized
pharmacokinetics.”!? So far, several vehicles, including lipo-
plex, polymer nanoparticles, micelles, inorganic nanoparticles
and so on, have been used for the co-delivery of drug and
gene.'""* These systems are often based on the core—shell
structure, which is suitable for delivering two agents. The
inner core provides a carrier for the drug and gene with
desirable properties, including small particle size, efficient
transfection and stimuli-sensitive release behaviors. The shell
outside is modified for other functions, such as enhancing
the stability, improving the biocompatibility and for efficient
targeting delivery.'>!¢ In this regard, core—shell nanoparticles
are promising for the co-delivery of drug and gene.

Polyion complex (PIC), formed by the electrostatic inter-
action between cationic polymer and DNA, is the most simple
and common vector in gene delivery." Cationic polymer
poly(ethylenimine) (PEI) has shown great advantage in con-
densing genes and protecting them from digestion in serum. '
For fabrication of an inner core carrying a drug and gene, drug
loading could be realized by polymer—drug conjugation.'”!3
With the development of tumor microenvironment (TME),
there is a dynamic process of alterations at the cellular and
tissue level leading to hypoxia, acidity, release of various
enzymes and decreased resting transmembrane potential
on the tumor cells."'>! Extra- and intracellular acidity is a
primary characteristic of the TME as a result of abnormal
metabolism of the tumor cells, which leads to alteration in pH
value from 7.4 in the normal tissue to 6.0 in the tumor tissue
or 5.0 in lysosomes.!** Therefore, hydrazone bond is an
optimum linkage of drug and polymer with a pH-responsive
drug release behavior."2! For this reason, the drug would
be specifically released in the tumor cells, thus lessening the
potential side effects.

To increase the stability of cationic core in serum and
avoid erythrocyte aggregation, various electrostatic coat-
ing biomaterials including polysaccharide, polypeptide and
multiblock copolymers have been deposited onto the PIC
core.!1?2 Hyaluronic acid (HA), a linear polysaccharide,
is suitable for constructing core—shell nanoparticles with
enzyme-sensitive, less toxic, nonimmunogenic, biodegrad-
able and biocompatible characteristics.”> Without further
modification, HA itself has the potential for the negative

charge to be absorbed onto the positive core, long circulation
in the blood and targeting the tumor cells through CD44
overexpressed on some tumor cells.?>?+?* Most importantly,
high-molecular-weight (MW) HA is degraded into low-MW
HA and tetrasaccharide by hyaluronidase-2 (Hyal2) in the
tumor tissue and hyaluronidase-1 (Hyall) in the lysosomes,
which ensure disassembly of nanoparticles at the tumor
site.?®?” Thus, HA-shielded core—shell nanoparticles with
enzyme responsiveness would be suitable for drug and
gene co-delivery.?®?

Considering efficient delivery, TME dual-responsive HA-
shielded core—shell nanoparticles were fabricated for drug
and gene co-delivery in this study. DOX was chosen as the
model drug and pEGFP used as the reporter gene. In order
to co-load the drug and gene, a pH-responsive drug loading
cationic polymer was synthesized through hydrazone bond
linked between DOX and 4-hydrazinobenzoic acid (HBA)-
modified PEI. Thereafter, an inner core carrying DOX and
gene was fabricated through the electrostatic interaction
between DOX-HBA-PEI (DHP) and plasmid DNA (pDNA),
which was called DHP/DNA nanoparticles (DDN). In order to
shield the positive charge and increase the stability in serum,
the biocompatible shell HA was coated on the surface of the
core to form HA-shielded nanoparticles HA/DDN (HDDN;
Scheme 1). HA shielded on pH-sensitive core was expected
to improve the biocompatibility of DDN and protect pDNA
from degradation to increase the transfection efficiency of
HDDN in the presence of serum. The internalization of the
HDDN would be increased through CD44-targeted delivery,
and as such, the co-delivery of drug and gene would be
realized. When at the tumor tissue, HDDN disassemble by
the Hyal2 in TME and internalize through CD44-mediated
endocytosis. In the lysosome, HDDN are further degraded
by Hyall and other enzymes to expose the DDN. Because
ofthe acidic condition in the lysosome, hydrazone bonds are
broken down and DHP release DOX. With the sponge effect
of PEI, DOX and gene escape from the lysosome and exert
their antitumor effect.

In this study, the synthesis of polymer drug conjugation
DHP was confirmed by proton nuclear magnetic resonance
("H NMR) and Fourier transform infrared (FTIR) spectros-
copy. The pH sensitivity of DHP was determined in different
pH conditions. To obtain better transfection efficiency, the
ratio between polymer and gene was screened. HA-shielded
nanoparticles were confirmed to be stable in serum and
sensitive to hyaluronidases (Hyals) at the tumor site. The
transfection of HDDN was carried out in the presence of
serum. The ability of CD44-mediated intracellular uptake
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Scheme | The scheme shows the synthesis of drug loading material DHP and the rational design of the pH and enzyme dual-sensitive hyaluronic acid-coated nanoparticles
for the co-delivery of DOX and pEGFP. When arriving at the tumor tissue, HDDN is disassembled by Hyal2 in the tumor microenvironment and internalized through CD44-
mediated endocytosis. In the lysosome, HDDN are further degraded by Hyall and other enzymes to expose the DDN. Because of the acidic condition in the lysosome,
hydrazone bonds are broken and DHP releases DOX. With the sponge effect of PEIl, DOX and gene escape from the lysosome and carry out the antitumor effect.
Abbreviations: DDN, DHP/DNA nanoparticles; DHP, doxorubicin-4-hydrazinobenzoic acid-polyethyleneimine conjugate; DOX, doxorubicin; HA, hyaluronic acid;
HBA, hydrazinobenzoic acid; HDDN, hyaluronic acid-shielded nanoparticles; PEIl, polyethyleneimine.

was detected by the fluorescence of DOX. Furthermore,
co-delivery of DOX and pEGFP to the same cells was con-
firmed on HepG2 and B16 cells. Thus, tumor targeting and
TME dual-responsive HA-shielded core—shell nanoparticles
would be a potential platform for targeted co-delivery of
chemotherapy drug and gene in cancer therapy.

Materials and methods

Materials

Branched PEI (MW =25 kDa) was purchased from Sigma-
Aldrich (St Louis, MO, USA). HA (MW =79 kDa) was pur-
chased from Freda (Shandong, People’s Republic of China).
Doxorubicin-HCI (DOX-HCI) was purchased from Dalian
Meilun Biology Technology Co. Ltd. (Dalian, People’s
Republic of China). N-hydroxysuccinimide, HBA and 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
were purchased from Sigma-Aldrich. Hyals were purchased
from Sigma-Aldrich. The plasmid pPCMV-EGFP (pEGFP-N1)
carrying enhanced green fluorescent protein (EGFP) under
cytomegalovirus (CMV) promoter was propagated in
Escherichia coli and purified by Endo Free Plasmid Maxi
Kit (Qiagen, Hilden, Germany). The purity and concentra-
tion of pDNA was then measured using NanoDrop UV—Vis

Spectrophotometers (ND-2000C; Thermo Fisher Scientific,
Waltham, MA, USA). Hoechst 33342 was purchased from
Thermo Fisher Scientific. 3-(4,5-Dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide (MTT) was also obtained from
Sigma Aldrich. GoldView was purchased from BioTeke
Corporation (Beijing, People’s Republic of China). All other
reagents were of commercial special grade and were used
without further purification.

Cell culture

Human liver hepatocellular carcinoma cell lines (HepG2),
purchased from the Chinese Academy of Sciences (Shanghai,
People’s Republic of China), were kindly provided by the
Institute of Immunopharmacology and Immunotherapy of
Shandong University (Jinan, People’s Republic of China).
Murine malignant melanoma cell lines (B16) were purchased
from the Chinese Academy of Sciences (Shanghai, People’s
Republic of China). All cells were cultured in Roswell Park
Memorial Institute (RPMI) 1640 medium supplemented with
10% (v/v) fetal bovine serum (FBS) from Sijiging Co. Ltd.
(Hangzhou, People’s Republic of China), streptomycin at
100 mg/mL and penicillin at 100 U/mL in an incubator at
37°C with 5% CO,,.
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Synthesis of pH-sensitive DHP conjugates
To synthesize the pH-sensitive DHP conjugates, HBA was
used as a linker to conjugate the C13-ketone group of DOX
to the amino group of PEI through pH-sensitive hydrazone
bond. The procedure was conducted in two steps as shown
in Scheme 2.

First, 2.4 umol PEI (60 mg) and 0.19 mmol HBA
(29.2 mg) were dissolved in 5 mL dimethyl sulfoxide
(DMSO0), and then 0.28 mmol 1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride (54 mg) and 0.28 mmol
N-hydroxysuccinimide (32 mg) were added. The mixture
was stirred for 24 h at room temperature in an atmosphere of
nitrogen, after which the HBA-PEI (HP) conjugates were dia-
lyzed against H,O to remove the unreacted HBA (molecular
weight cut-off [MWCO] =8,000) and lyophilized to obtain
fine powder for the next step.

When the structure of HP was confirmed, DOX was
coupled to the HP conjugates. The HP conjugates (50 mg)
were dissolved in conjugation buffer, and DOX (56 mg) was
dissolved in DMSO. Following this, the two solutions were
mixed and stirred for 24 h at room temperature. The product
was dialyzed against H,O (MWCO =8,000) and freeze-dried
to obtain red fine powder.

The chemical structures of HP and DHP were confirmed
by 'H NMR (in D,0, 300 MHz) spectrometer and FTIR
spectra. UV-Vis spectrophotometer (A=481 nm) was used
to confirm DOX conjugation and determine the drug loading
capacity of DOX in the polymer by measuring the absorbance
of the polymer solution at 481 nm.

HN \/E\HN);\Q/:%/\NHZ
NH

PEI

OH o
o HO
NH,CI
HBA-PEI DOX-HCI

Scheme 2 Synthesis of DOX-HBA-PEI.

H
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In vitro pH-sensitive drug release

of DOX

The release of DOX from DHP conjugates was assayed
in PBS buffer of pH 7.4, 6.0 and 5.0 in a dialysis bag
(MWCO =3,500)." Thirty milligrams of dried DHP con-
jugates was dispersed in 5 mL of water and placed in a
dialysis bag. The dialysis bag was immersed in 20 mL of
release medium and incubated at 37°C. One milliliter of the
samples was removed for measurement of drug concentration
at desired time intervals and replaced by an equal volume of
fresh media. The amount of DOX released was analyzed with
a UV-Vis spectrophotometer at 481 nm. The drug release
studies were performed in triplicate for each sample.

In vitro cytotoxicity of materials

Cytotoxicity of free DOX, HP and DHP conjugates was
evaluated by MTT assay with HepG2 and B16 cells. HepG2
and B16 cells were seeded on 96-well plates at a cell density
of 6x10° cells/well in 0.15 mL RPMI 1640 supplemented
with 10% FBS. After a 24 h incubation period, the cells were
incubated with various concentrations of DOX, HP and DHP
(with the DOX concentration being 0.01, 0.1, 1.0, 2.5, 5.0,
10.0 and 20.0 pg/mL) in the culture medium for another
48 h. Following this, 0.02 mL MTT in PBS (5 mg/mL)
was added to each well and incubated for an additional
4 h at 37°C in a 5% CO, incubator. The MTT containing
media were removed, and the formazan crystals formed
by the living cells were dissolved in 0.2 mL DMSO. Cells
without treatment were used as control with 100% viability.

NN AP

KYQ
HN N\NH

(0]
HBA-PEI

H
HNS A~ N 93//\ NH,

¢
“”Y@’”{'
O‘O‘ o

OHO

HO
NH,CI

DOX-HBA-PEI

Abbreviations: DOX, doxorubicin; HBA, hydrazinobenzoic acid; PEl, polyethyleneimine.
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The absorbance at 570 nm was determined by a Microplate
Reader (Model 680; Bio-Rad Laboratories Inc., Hercules,
CA, USA). Cell viability was calculated with the for-
mula: (Abs [sample] — Abs [blank])/(Abs [control] — Abs
[blank]) x100%.

Preparation of DDN and HDDN

To obtain HA-coated nanoparticles, the inner core DDN
was first prepared. To determine the appropriate mass
ratio of DHP to DNA, DHP fine powders were diluted to
concentration gradients. With the conjugate solution being
vortexed, an equal volume of a fixed concentration of pEGFP
(80 wg/mL) was added dropwise to it. After incubating
for another 30 min at room temperature, the cationic core
was obtained.

The freshly prepared cationic core was dropped stepwise
to concentration gradients (100, 150, 200, 250, 300, 350,
400 ug/mL) of HA solution under vortexing. HDDN were
obtained after stewing for 30 min at room temperature.

Agarose gel retardation assay

To determine the DNA binding ability of DHP, agarose gel
retardation assay was carried out. DDN prepared at various
mass ratios (DHP to pEGFP: 30:512,30:256, 30:128, 30:64,
30:32,30:16, 30:8, 30:4, 30:2) were mixed with appropriate
amounts of 6x loading buffer and electrophoresed on 0.8%
(w/v) agarose gel containing 2 UL GoldView at 90 V for
20 min. Similarly, binding conditions for series of HDDN
with various mass ratios of HA to DNA (20:8, 30:8, 40:8,
50:8, 60:8, 70:8, 80:8) were evaluated to examine whether
the addition of HA led to disassembly of the complex.
The location of DNA in the gel was analyzed using a UV
transilluminator and a digital imaging system (Gel Doc™
XR+, Bio-Rad Laboratories Inc.).

Characterization of DDN and HDDN

The particle size distribution and the zeta potential of DDN
and HDDN were measured by dynamic light scattering
(DLS) using a Nano Particle Analyzer (Zetasizer Nano
ZS; Malvern Instruments, Malvern, UK). Transmission
electronic microscopy (TEM; JEM-1200EX; JEOL, Tokyo,
Japan) was used to examine the morphology of DDN
and HDDN. Samples were prepared by placing a drop of
DDN or HDDN onto a copper grid and air dried, follow-
ing which negative staining was performed with a drop of
2.0% aqueous solution of sodium phosphotungstate for
contrast enhancement.

In vitro transfection studies of DDN
and HDDN

Transfection efficiency was evaluated by flow cytometry and
observed by inverted fluorescence microscope. HepG2 and
B16 cells were seed on 12-well plates at 2x10° cells/well
and transfected after 24 h with 80%—-90% confluence. The
cells were washed twice with PBS buffer before transfection.
Following this, the media were removed and replaced by
RPIM 1640 containing DDN or HDDN with 4 ug pEGFP
per well, respectively. After transfection for 4 h at 37°C, the
transfection media were removed and the cells were reincu-
bated with 1 mL culture media for 48 h at 37°C until analysis.
During the 48 h incubation, the media were exchanged once.
The fluorescence of the cells was observed, after which the
cells were harvested for transfection efficiency quantification.
Cells transfected with PEI/DNA complexes (ratio of nitrogen
to phosphorus [N/P]=10) were used as positive control and
with equal amount of DNA as negative control.

To investigate the serum stability of HDDN, the experi-
ments were carried out in the presence or absence of 10%
FBS in the transfection media. After transfection for 4 h, the
media were also changed by culture media.

In vitro stability of HDDN in serum,
DNase | and enzyme sensitive

disassembly of HDDN

The stability of HDDN in serum was characterized by the particle
size of HDDN in the presence or absence of 20% serum. Serum
was taken from rat and this experiment was approved by the
Animal Experiment Ethics Committee of Shandong University.
The experiments were carried out in compliance with the Animal
Management Rules of the Ministry of Health of the People’s
Republic of China (Document No 55, 2001). The particle size
was measured by DLS using a Nano Particle Analyzer at differ-
ent time periods (0, 15, 30, and 60 min, 1, 2, 4, and 8 h).

The stability of DDN and HDDN in DNase [ was charac-
terized by agarose gel retardation assay. After incubation with
DNase I for 0.5, 1,2, 4, 8 and 12 h, the reaction was stopped
by adding 2.5 mM EDTA solution for 10 min and DNA was
extracted from DDN and HDDN by 8% heparin solution.
Then the sample was tested by agarose gel electrophoresis,
and DNA at the same concentration was used as control.

Characteristics of HDDN were used to analyze disassembly
of HDDN. In brief, HDDN were incubated with different con-
centrations of Hyals (0 and 120 units/mL) in 1 mL of acetate buf-
fer (pH =4.3, 37°C). The particle size distribution and the zeta
potential were measured by DLS using a Nano Particle Analyzer
at different time periods (0, 15, 30, and 45 min, 1 h).
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In vitro toxicity of DDN and HDDN

In vitro toxicity of DDN and HDDN in HepG2 and B16
cells was evaluated by MTT assay. HepG2 and B16
cells were seeded on 96-well plates at a cell density of
6x103 cells/well in 0.15 mL RPMI 1640 supplemented with
10% FBS. After a 24 h incubation period, the cells were incu-
bated with various concentrations of DDN and HDDN (with
the DOX concentration being 0.1, 0.5, 1.0,2.5,5.0 pg/mL) in
the culture medium for another 48 h. Following this, 0.02 mL
MTT in PBS (5§ mg/mL) was added to each well and incu-
bated for an additional 4 h at 37°C in a 5% CO, incubator.
The MTT containing media were removed, and the formazan
crystals formed by the living cells were dissolved in 0.2 mL
DMSO. Cells without treatment were used as control with
100% viability. The absorbance at 570 nm was determined by
a Microplate Reader (Model 680, Bio-Rad Laboratories Inc.).
Cell viability was calculated with the formula: (Abs [sample] —
Abs [blank])/(Abs [control] — Abs [blank]) x100%.

Cellular uptake

Cellular uptake of DDN and HDDN was visualized using
an inverted fluorescence microscope (BX40; Olympus
Corporation, Tokyo, Japan) and quantified by flow cytometry
(BD Biosciences, San Jose, CA, USA). CD44-positive HepG2,
B16 cells and CD44-negative NIH 3T3 cells were seeded in
12-well culture plates at a density of 1.5x10° cells/well.
After 24 h, the culture media were replaced by fresh media
containing DDN and HDDN and the cells were incubated at
37°Cin 5% CO, for 4 h. Then the cells were washed three
times with cold PBS and observed by inverted fluorescence
microscope. To quantify the cellular uptake of DDN and
HDDN, the cells were trypsinized and resuspended in 100 uL.
PBS. For each sample, 5,000 events were collected and the
fluorescence was detected using fluorescence-activated cell
sorting. For confocal microscopy, the cells were seeded on
the Coverglass-Bottom Dish. After incubation with HDDN
for 0.5, 1, 2 and 4 h, the media were removed and the cells
were washed with cold PBS for three times. Fluorescein
isothiocyanate labeled CD44-antibody was incubated with
the cells at 4°C for 2 h and then the cells were washed with
cold PBS for three times. Before being observed under a laser
confocal microscope, the cells were covered with antifade
polyvinylpyrrolidone mounting medium.

When the internalization of HDDN was inhibited by
different inhibitors, the inhibitors were added to the cells
30 min before incubation with HDDN. Chlorpromazine,
genistein and cytochalasin D were used as inhibitors of
clathrin-mediated pathway, caveolae-mediated pathway and
macropinocytosis, respectively. The CD44-antibody, which

was used to inhibit CD44-mediated pathway, was incubated
with the cells for 1 h before adding HDDN to the cells.

Co-delivery of DOX and pEGFP

Co-delivery of DOX and pEGFP was visualized using a laser
confocal microscope (LSM780; Carl Zeiss Meditec AG, Jena,
Germany) following a similar method as transfection, as
described previously. After transfection, the cells were fixed
in 4% paraformaldehyde. The fixed cells were then incubated
with Hoechst 33342 for 15 min at 37°C to label the nuclei
and washed twice with PBS. The morphologic changes and
the co-delivery of DOX and DNA were observed under a
fluorescence microscope.

Statistical analysis

All studies were repeated at least three times. All data were
reported as mean + standard deviation (SD). Statistical sig-
nificance was analyzed using the one-tail Student’s 7-test.
Comparisons between two groups were considered signifi-
cant when the P-value was <0.05 (P<<0.05).

Results and discussion
Synthesis of HP and DHP

The drug loading material was synthesized in two steps as
shown in Scheme 2. DOX and PEI were connected through a
linker containing two functional groups. The HP conjugates
were first synthesized by the reaction of amino group on PEI
with the carboxylic group on HBA through amidocarbony-
lation reactions.*® The '"H NMR spectra of HP and DNP in
D,O were as shown in Figures 1A and B. The successful
conjugation of HBA to PEI was confirmed by the appear-
ance of chemical shifts at 7.0-8.0 ppm for the aromatic
protons of HBA. In the FTIR spectrum of HP shown in
Figure 1C, carbonyl (~1,651 cm™) vibrations also proved
this conjugation. Following this, the C-13 ketone group of
DOX interacted with the hydrazine group on HP to form
hydrazone bond. After purification and freeze-drying, the
red powder DHP obtained indicated that DOX was success-
fully conjugated to the polymer. As shown in Figure 1B,
the characteristic peaks of DOX at 1.25 ppm confirmed
the addition of DOX. As some characteristic peaks
of DOX were covered by PEI and HBA, the FITR spectrum
of DOX and DHP in Figure 1D was used to verify the forma-
tion of hydrazone bond.!” Carbonyl (~1,729 cm™) vibrations
of DOX disappeared in the spectra of DHP, demonstrating
that hydrazone bond was achieved and no free DOX existed
in DHP.?! The drug loading capacity of DHP quantified by
UV-Vis spectrophotometer was 13.90%+1.87%, which is
enough for drug loading and other experiments.
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Abbreviations: DOX, doxorubicin; FTIR, Fourier transform infrared; 'H NMR, proton nuclear magnetic resonance; HBA, hydrazinobenzoic acid; PEI, polyethyleneimine.

In vitro pH-sensitive drug release
of DOX

In vitro release studies were performed at three pH levels
for mimicking different conditions including physiologic
conditions (pH 7.4), tumor sites (pH 6.0) and lysosomes in
the tumor cells (pH 5.0).** As shown in Figure 2, the cumula-
tive release was significantly lower at pH 7.4 than at pH 5.0.
At pH 7.4, the cumulative release of DOX was only 30.1%
after 48 h. With the pH value lowered to 5.0, the cumula-
tive release of DOX reached 66.4%, which revealed that the
hydrazone bond of the polymer was broken and more drugs
were exposed. The release of DOX from DHP exhibited
pH-sensitive behaviors due to the acid-cleavable hydrazone
bond between DOX and HBA. When the conjugates arrived
at the lysosomes of tumor cells, lower pH value triggered
the breakage of the hydrazone bond and the release of DOX.
This pH-triggered release profile could prevent leakage of
DOX in the blood circulation and increase the accumulation
of DOX in the tumor site.*

In vitro cytotoxicity of multifunctional
materials

The in vitro cytotoxicity of DOX, PEI, HP and DHP against
HepG2 and B16 cell lines was studied using the MTT assay

after 48 h of incubation, respectively. The concentration of
DOX, PEI, HP and DHP was equal to the concentration of
DOX in DHP. With the same concentration of PEI, the cell
viability of HP was >70% compared with <40% for PEI
(Figure 2A and B). The IC, of PEI and HP was 0.46£0.10
and 1.4440.15 pg/mL, respectively, in HepG2 cells and
0.3740.09 and 1.79£0.71 pg/mL, respectively, in B16 cells.
This result shows that HP presents good biocompatibility
through modified amino groups on PEIL.3** However, the
cell viability of HP at 5 pg/mL was only 14.07%22.25% in
B16 cells. The low cell viability of HP at high concentration
may be due to the excessive free amino group on PEL* When
DOX was conjugated to HP, the drug loading material DHP
had the potential of antitumor efficacy and exhibited a dose-
dependent cytotoxic effect in HepG2 and B16 cells. The IC,
of DHP was 0.12+0.01 and 0.36%0.25 pg/mL in HepG2 and
B16 cells, respectively. In HepG2 cells, DHP was more toxic
than DOX, of which the IC,  was 0.9940.31 ug/mL. On the
contrary, the IC, of DOX in B16 cells was 0.11+0.02 ug/mL,
which indicates that DOX was more toxic than DHP. This
opposite result obtained in different cells was due to the
respective chemosensitivity and drug resistance to DOX.3¢
In spite of this, DOX and DHP showed no significant differ-
ence in cell viability in HepG2 and B16 cells, indicating that
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Figure 2 Cytotoxicity of free DOX, PEl, HP and DHP against (A) HepG2 and (B) B16, respectively. (C) In vitro DOX release from DHP at pH 7.4, 6.0 and 5.0.

Note: *P<0.01.

Abbreviations: DHP, DOX-HBA-PEI; DOX, doxorubicin; HBA, hydrazinobenzoic acid; HP, HBA-PEI; PEI, polyethyleneimine.

DHP, as a drug loading material, exhibited obvious antitumor
efficacy in both cell lines.

Preparation and characterization of DDN
The inner core-DDN was a PIC formed by electrostatic
interaction between the cationic polymers DHP and pEGFP.
Considering the easy destruction of nucleic acid, pEGFP
was dropped into DHP solution to avoid the destruction of
pEGFP. With different mass ratios of DHP to DNA from
30:512 to 30:2, agarose gel retardation assay was carried out
to determine the DNA binding ability of DHP.

As shown in Figure 3A, free DNA could not be observed
only when the mass ratio was from 30:16 to 30:2, reflecting
that DNA could be condensed completely. This data indicated
that modification of PEI by drug loading did not influence the
binding ability of DHP. It could be used as a cationic polymer
for pEGFP delivery. DDN at different mass ratios of DHP to
DNA were performed and characterized. The particle size and
the zeta potential both increased with the mass ratio becoming
larger (Table 1) due to the augmentation of concentration of
DHP with more amino groups. The particle size was 65-90
nm and the zeta potential of DDN was around 20 mV. TEM
photo further demonstrated the formation of DDN. Figure 3B
and C shows the morphology of DDN (30:4) wherein it is

found to have a kind of analogous spherical shape with no
conglutination.

In vitro transfection of DDN
Enough transfection efficiency was required for gene delivery.’’
Therefore, it is important to consider the transfection efficiency
of DDN when making sure the prescription of inner core.
Some of the PEI-based delivery systems have been
reported in the previous studies.** In this study, we pre-
pared DDN and the PEI/DNA complexes (N/P =10) that
were chosen as the positive control. The obtained transfec-
tion efficiencies of the two gene delivery systems were all
similar in comparison with the reported systems. As shown
in Figure 4, the transfection efficiency of PEI/DNA com-
plexes (N/P =10) was 24.03%0.47% and 39.34%=0.86%
in B16 and HepG?2 cell lines, similar to that of PEI/DNA
complexes reported previously. Taranejoo and Wang chose
PEI/DNA (N/P =10) as the positive control; the transfec-
tion of PEI/DNA complexes (N/P =10) was around 20% in
HEK293 cells and 16.38%=*1.20% in HepG2 cells.?** The
transfection efficiency of DDN at 30:4 in B16 and HepG2
cells was 25.03%=1.83% and 36.65%16.63%, respec-
tively, which was similar to that of the PEI-modified DNA
delivery systems reported previously. Taranejoo prepared
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Figure 3 The characterization of DDN.

Notes: (A) The DNA retardation assay of DDN at various weight ratios of DHP to DNA: |) naked DNA; 2) 30:512; 3) 30:256; 4) 30:128; 5) 30:64; 6) 30:32; 7) 30:16; 8) 30:8;

9) 30:4; 10) 30:2. (B and C) Size distribution and morphology of DDN.

Abbreviations: DDN, DHP/DNA nanoparticles; DHP, doxorubicin-4-hydrazinobenzoic acid-polyethyleneimine conjugate.

GCS-ss-PEI/DNA and the transfection of GCS-ss-PEI/
DNA (N/P =20) was 28.6%%2.8% in HEK293 cells.®
The transfection efficiency of OTMCS-PEI-R13-h/DNA
(N/P=10) prepared by Lv was around 20%.%° These
researches proved that modification of PEI did not affect
the transfection ability of PEI. Thus, the DDN obtained
in this study could be used as gene and drug co-delivery
carriers. Compared with other mass ratios, the transfec-
tion efficiency at 30:4 was significantly higher in both
HepG2 and B16 cell lines. The fluorescence image also
showed more green fluorescence at 30:4 in agreement
with quantification. DDN at 30:4 was determined as the

Table | Summary of particle size, PDI and zeta potential of DDN
(n=3)

Mass Size (d'nm) PDI Zeta potential
ratio (mV)

30:16 68.45+7.52 0.270+0.097 14.1£5.28

30:8 71.55+6.48 0.239+0.039 17.745.11

30:4 77.83£12.96 0.23240.043 22.6+2.86

30:2 88.53+21.05 0.347+0.031 22.8+3.19

Note: Data presented as mean * standard deviation.
Abbreviations: DDN, doxorubicin-4-hydrazinobenzoic acid-polyethyleneimine
conjugate/DNA nanoparticles; PDI, polydispersity index.

optimal formulation and it would be used in the following
experiments for preparing HDDN.

Preparation and characterization
of HDDN

The procedure of shielding positive charge was carried out in
many ways, such as electrostatic interaction and PEGylation,
chemical modification.'* In this study, the biodegradable
material HA with a negative charge was chosen as a shell to
shield the positive charge of DDN. The formation of both
DDN and HDDN was through electrostatic interaction.
Therefore, it must be confirmed that the addition of HA
would not induce disassembly of the inner core.

Agarose gel retardation assay indicated that HA and
DNA at all mass ratios would not influence the structure of
the inner core (Figure 5A). In this occasion, the mass ratio
of HA to DNA from 20:8 to 80:8 was chosen for further
characterization. However, when the mass ratios were 20:8
and 30:8, HA dispersed in the solution was unable to be
absorbed on the DDN to form rounding nanoparticles observed
under TEM. The particle size, polydispersity index, and zeta
potential of other mass ratios are shown in Table 2.
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Figure 4 Transfection of nanoparticles in vitro.

Notes: (A) Fluorescent micrographs of transfection of DDN at different ratios. (B and C) Flow cytometric histogram profiles of fluorescence intensity of DDN in HepG2
cells and B16 cells, respectively. (D) Transfection efficiency of DDN in the two kinds of cells following 48 h of incubation, with PEIl as control. (E) Transfection efficiency of
HDDN in the presence or absence of 10% FBS following 48 h of incubation.

Note: *P<0.05.

Abbreviations: DDN, doxorubicin-4-hydrazinobenzoic acid-polyethyleneimine conjugate/DNA nanoparticles; FBS, fetal bovine serum; HDDN, hyaluronic acid-shielded pH
and enzyme dual-responsive nanoparticles; PEl, polyethyleneimine.
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Figure 5 The characterization of HDDN.

Notes: (A) The DNA retardation assay of HDDN at various weight ratios of HA to DNA: |) DNA; 2) DDN; 3) 20:8; 4) 30:8; 5) 40:8; 6) 50:8; 7) 60:8; 8) 70:8; 9) 80:8.
(B and C) Size distribution and morphology of HDDN.

Abbreviations: DDN, doxorubicin-4-hydrazinobenzoic acid-polyethyleneimine conjugate/DNA nanoparticles; HA, hyaluronic acid; HDDN, hyaluronic acid-shielded pH and
enzyme dual-responsive nanoparticles.
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Table 2 Summary of particle size, PDI and zeta potential of
HDDN (n=3)

Mass Size (d:-nm) PDI Zeta potential
ratio (mV)

40:8 559.5£24.66 0.700£0.344 —-13.3£2.12

50:8 346.5+30.64 0.267£0.101 —15.7£1.55

60:8 241.8+33.83 0.179£0.064 —16.7£2.23

70:8 148.3+3.88 0.093+0.042 —-18.1+2.03

80:8 222.5+4,228 0.182£0.027 —19.6£1.82

Note: Data presented as mean * standard deviation.
Abbreviations: HDDN, hyaluronic acid-shielded pH and enzyme dual-responsive
nanoparticles; PDI, polydispersity index.

With an increase in mass ratio, the particle size decreased
at first and increased later. This is related to the concentra-
tion of HA in HDDN. With more and more HA being added,
the interaction between HA and DDN was more and more
strong. When the interaction becomes maximum, more
HA would not decrease the size through interaction and,
on the contrary, increase the size because of its large MW.
Hence, HDDN at 70:8 had the least size (148.3+£3.88 nm),
polydispersity index (0.093+0.042) and proper zeta
potential (-18.1+2.03 mV), which is stable and suitable
for enhanced permeability and retention effect and cel-
lular uptake.*! TEM images showed round morphology of
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Figure 6 Stability of HDDN in serum, DNase | and Hyals.

HDDN at the optimal prescription with few agglomerations
because of the viscoelasticity of HA as a biomacromolecule
(Figure 5B and C).

Stability of HDDN in serum, DNase |
and Hyals

As HA was sensitive to Hyals in the tumor tissue and
lysosomes, disassembly of HDDN was confirmed in vitro
(Figure 6A). On incubation at 37°C, the particle size and
the zeta potential of HDDN rapidly increased at 15 min
and kept still up to 1 h. The increase of zeta potential and
particle size was caused by the degradation of HA and the
monosaccharide taken off from HDDN. HA was degraded
into low-MW HA and monosaccharide. Low-MW HA was
still on the DDN and the monosaccharide was taken off from
HDDN. The collapse of HDDN in a short time proved that
HDDN was susceptible to Hyal-1, which is in accordance
with another report.?? These results indicated the potential of
enzyme-triggered release and disassembly of HDDN.
Since genes are sensitive to the presence of serum, the
stability of HDDN in serum was determined. The particle
size of HDDN at 37°C in the presence or absence of serum
was measured to represent the stability of HDDN, as shown
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Notes: (A) The changes in size and zeta potential of HDDN incubated with different concentrations of Hyals (0 and 120 units/mL) for | h. The lines and the columns
represent the changes in zeta potential and size, respectively. (B) The stability of HDDN in the presence or absence of 20% serum for 24 h. The lines and the columns
represent the changes in zeta potential and size, respectively. (C and D) The stability of DDN and HDDN after incubation with DNase | for 12 h.

Abbreviations: DDN, doxorubicin-4-hydrazinobenzoic acid-polyethyleneimine conjugate/DNA nanoparticles; HDDN, hyaluronic acid-shielded pH and enzyme dual-

responsive nanoparticles; Hyals, hyaluronidases.
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in Figure 6B. The particle size of HDDN was increased
at the moment of adding serum. As the time went on, the
particle size did not increase, which indicated that HDDN
was stable in the presence of serum. The in vitro transfection
efficiency of DDN and HDDN also proved the stability of
HDDN. In the presence of 10% FBS, the transfection effi-
ciency of HDDN was 15.76%0.58% and 13.73%=*1.07% in
HepG2 and B16 cells, respectively, which is similar to that
of HA-based core—shell nanoparticles reported previously.*?
Badwaik et al prepared HA-Ad:CD-PEI+:pDNA for efficient
gene delivery. The HA-Ad was modified on the CD-PEI/
DNA to reduce the positive charge of the cationic gene
complex. The transfection efficiency of HA-Ad:CD-PEI+
:pDNA (N/P =5) was around 20% in Hela cells.*> There
was no significant difference in the transfection efficiency
between the groups with the presence of 10% FBS and the
absence of 10% FBS. However, there was a significant
difference in the transfection of DDN in the presence or
absence of 10% FBS, as shown in Figure 4E. Since DDN
had a positive charge, they were able to bind the negative
protein in the serum and influence the stability of gene. HA
coated on DDN supported negative charge and prevented
the gene from contacting the serum. These results indicate
that HA has the potential for protecting the gene from deg-
radation in the serum.

Furthermore, HA coated on DDN had the potential to
protect the gene from being degraded by DNase I, which was
important for gene delivery. As shown in Figure 6C, pEGFP
could be ecasily degraded by DNase I. After being loaded in
the carrier, the plasmid was not sensitive to DNase 1. After
incubation with DNase I, pEGFP was degraded at 2 h in
DDN, while it was stable for 12 h in HDDN (Figure 6D).
This result indicated that HA coated outside was favorable
to increase the stability of gene. HDDN was a stable carrier
for gene delivery.
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In vitro toxicity of DDN and HDDN

The cytotoxicity of DDN and HDDN should be taken into
consideration to determine the efficiency of nanoparticles.
As shown in Figure 7, the cell viabilities of DDN were lower
than HHDN in both cell lines. In HepG2 cells, the IC,  values
of HDDN and DDN were 13.88+1.77 and 7.33£1.85 pg/mL,
respectively. The IC,; values of DDN and HDDN were
1.3340.30 and 3.68+0.56 pg/mL, respectively, in B16 cells,
which exhibited antitumor effect in vitro. The higher toxicity
of DDN was caused by the positive charge on the surface of
DDN, which destroyed the cell membrane through aggrega-
tion on the cell surfaces.

Cellular uptake

HA-modified nanoparticles were internalized through CD44-
mediated endocytosis because of the specific affinity of HA
to CD44. As shown in Figure 8A, the red fluoresences were
observed in both HepG2 and B16 cell lines in HDDN. As illus-
trated in Figure 8B, flow cytometry was used for the quantitative
assay of the cellular uptake of HDDN in CD44-positive HepG2
and B16 cell lines and CD44-negative NIH 3T3 cell lines.
Both DDN and HDDN could be internalized efficiently after
4 h of incubation in three CD44-positive cell lines, ensuring
the entry of NPs into tumor cells and the release of DOX.
However, the fluorescence images presented in Figure 8A
show that red fluorescence did not exist in nuclear region after
incubation with DDN and HDDN. This result indicates that
DOX did not enter the nuclear region, which is in accordance
with the release behaviors of DHP at 4 h in this study.

The mechanism of internalization was carried out as
shown in Figure 8C and Figure 9. In CD44-positive cells, the
cellular uptake of DDN through the interaction between the
positive charge on DDN and the negative charge on the cell
membrane was equal to that of HDDN through CD44-medi-
ated endocytosis.”? But in CD44-negative cells, the cellular
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Figure 7 In vitro toxicity of DDN and HDDN in (A) HepG2 and (B) B16 cells.

Abbreviations: DDN, doxorubicin-4-hydrazinobenzoic acid-polyethyleneimine conjugate/DNA nanoparticles; DOX, doxorubicin; HDDN, hyaluronic acid-shielded pH and

enzyme dual-responsive nanoparticles.
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Figure 8 Cellular uptake of nanoparticles.

Notes: (A) Fluorescent micrographs and (B) quantitative data of cellular uptake in HepG2, B16 and NIH 3T3 cells after 4 h of incubation with DOX, DDN and HDDN, in
which the concentration of DOX was 20 pg/mL. (C) Mean fluorescence intensity of HDDN after incubation with different inhibitors of internalization. *P<<0.05, **P<<0.01.
Abbreviations: DDN, doxorubicin-4-hydrazinobenzoic acid-polyethyleneimine conjugate/DNA nanoparticles; DHP, DOX-4-hydrazinobenzoic acid-polyethyleneimine
conjugate; DOX, doxorubicin; HDDN, hyaluronic acid-shielded pH and enzyme dual-responsive nanoparticles; MFI, mean fluorescence intensity.

uptake of HDDN was lower than that of DDN. When CD44  B16 cells, which are CD44-positive cells lines. As HDDN
was blocked by CD44-antibody, the mean fluorescence inten-  was internalized, CD44 and HDDN were co-localized on the
sity of HDDN decreased by 20%. As shown in Figure 9, CD44  membrane at 1 h and in the cell at 2 h. After incubation with
was localized on the membrane at 0.5 h on HepG2 cellsand  HDDN for 4 h, CD44 and HDDN were separated and CD44

HepG2 B16
CD44 HDDN Nucleus Merge CD44 HDDN Nucleus

\ A

Figure 9 Co-localization of CD44 and HDDN in CD44-positive cells at different time points after incubation with HDDN.
Notes: In the figure at 0.5, | and 2 h, the white arrows indicated the co-localization of CD44 and HDDN. While in the figure at 4 h, the white arrows indicate the co-
localization of DOX and nucleus.

0.5h

1h

2h...

Abbreviations: DOX, doxorubicin; HDDN, hyaluronic acid-shielded pH and enzyme dual-responsive nanoparticles.
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recycled back to membrane. These results demonstrated that
HDDN with HA outside had the potential to target CD44
and was internalized through CD44-mediated endocytosis
to increase the accumulation in tumor cells.

Even though CD44 was inhibited by CD44-antibody,
HDDN was still internalized into the cells. In order to clarify
the endocytosis mechanism of HDDN, three inhibitors
of different pathways were added before incubation with
HDDN. As shown in Figure 8C, the uptake of HDDN was
inhibited by chlorpromazine and cytochalasin D in CD44-
positive cells, which represented that HDDN was internalized
through clathrin-mediated pathway and macropinocytosis.
In a similar way, although HDDN failed to enter NIH 3T3
cells through receptor-mediated endocytosis, there was still
54.77%%3.27% NIH 3T3 cells with HDDN inside. These
results demonstrated that HA was a CD44-targeted ligand
and HDDN was a favorable nanocarrier for DOX and
gene delivery.

Co-delivery of drug and gene

In order to identify the co-delivery ability of HDDN, we used
laser confocal microscope to investigate the fluorescence of
pEGFP and DOX in HepG2 cells and B16 cells. As shown
in Figure 10, red fluorescence of DOX was observed in both
HepG?2 cells and B16 cells, indicating that HDDN was suc-
cessfully delivered into these cells. Overlapping of red and

B16

blue fluorescence generates violet stains in the nucleus of
the cells, indicating that the DOX was released from HDDN
and entered into nucleus for causing DNA damage. At the
same time, some bright green fluorescent expressions were
also observed in both cells. Overlapping of red and green
fluorescent generates yellow stains in the merged image.
This result directly demonstrated that DOX and pEGFP were
co-delivered into the same cells by HDDN. The HA-coated
nanoparticles were found to be an ideal carrier for DOX and
pEGFP delivery and cell transfection. They provide a pro-
posal for combining DOX and gene and achieving synergistic
effect in cancer therapy.

Conclusion

In this study, we developed TME dual-responsive HA-
shielded core—shell nanoparticles for the co-delivery of
DOX and pEGFP. DHP, a drug loading material, was
successfully synthesized with high loading efficiency, pH-
sensitive release behaviors and antitumor effect. The cationic
core DDN prepared through electrostatic interaction showed
spherical or ellipsoidal shape, uniform particle size distribu-
tion, positive zeta potential and high transfection efficiency.
HA was chosen as an enzyme-responsive shell for shielding
the positive charge and targeting CD44 on the tumor cells.
HDDN was stable in serum and the gene was protected from
being degraded due to the HA shell. In vitro transfection

HepG2

Figure 10 Co-delivery of DOX and EGFP plasmid by HDDN into B16 (A-D) and HepG2 (a—d) cells.

Notes: A and a indicate the uptake of DOX (red), B and b represent EGFP transfection (green), C and c are the nuclear region of cells, D and d are the merge images of
A, B and C or a, b and c. The white arrow indicates the co-localization of DOX and EGFP (yellow).

Abbreviations: DOX, doxorubicin; EGFP, enhanced green fluorescent protein; HDDN, hyaluronic acid-shielded pH and enzyme dual-responsive nanoparticles.
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and cellular uptake indicated that HDDN showed negative
charge, high transfection efficiency in the presence of serum
and active targeting capability after HA modification. Effi-
cient co-delivery of DOX and pEGFP was proved. Based on
these results, it was concluded that TME dual-responsive
HA-shield core—shell nanoparticles could be considered as
a promising platform for the efficient co-delivery of DOX
and gene by a simplified process.
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