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Introduction: A multifunctional redox- and pH-responsive polymeric drug delivery system
is designed and investigated for targeted anticancer drug delivery to liver cancer.
Methods: The nanocarrier (His-PAMAM-ss-PEG-Tf, HP-ss-PEG-TY) is constructed based
on generation 4 polyamidoamine dendrimer (G4 PAMAM). Optimized amount of histidine
(His) residues is grafted on the surface of PAMAM to obtain enhanced pH-sensitivity and
proton-buffering capacity. Disulfide bonds (ss) are introduced between PAMAM and PEG to
reach accelerated intracellular drug release. Transferrin (Tf) was applied to achieve active
tumor targeting. Doxorubicin (DOX) is loaded in the hydrophobic cavity of the nanocarrier
to exert its anti-tumor effect.

Results: The results obtained from in vitro and in vivo evaluation indicate that HP-ss-PEG-
T/DOX complex has pH and redox dual-sensitive properties, and exhibit higher cellular
uptake and cytotoxicity than the other control groups. Flow cytometry and confocal micro-
scopy display internalization of HP-ss-PEG-Tf/DOX via clathrin mediated endocytosis and
effective endosomal escape in HepG2 cancer cells. Additionally, cyanine 7 labeled HP-ss-
PEG-Tf conjugate could quickly accumulate in the HepG2 tumor. Remarkably, HP-ss-PEG-
T{/DOX present superior anticancer activity, enhanced apoptotic activity and lower heart and
kidney toxicity in vivo.

Discussion: Thus, HP-ss-PEG-Tf is proved to be a promising candidate for effective
targeting delivery of DOX into the tumor.

Keywords: poly(amidoamine) dendrimers, histidine, transferrin, doxorubicin, pH and
redox sensitivity

Introduction

Polyamidoamine (PAMAM) dendrimers have been widely investigated as carriers
for drug delivery due to their unique dendrite structure and globular architecture
features. PAMAM dendrimers are highly branched macromolecules possessing a
well-defined core, an interior hydrophobic region, and a large number of end amino
groups.'™ The interior region could be employed to encapsulate hydrophobic
drugs, and the surface amine of PAMAM could be attached to many substances
including drugs, polypeptide, antibody and functional groups.’ The PAMAM itself
has cytotoxicity and hemolysis toxicity, so it is often modified with polyethylene
glycol (PEG). PEGylation could reduce its own toxicity and prolong the circulation
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time in blood via enhanced permeability and retention
(EPR) effect.®® Unfortunately, excessive PEGylation can
prevent the extent of interactions of PAMAM with target
cells, resulting in decreased cellular uptake. To overcome
this problem, various ligands such as transferrin,g’10 folic

12-14 1516 are introduced at

acid,™'" peptides and antibodies
the terminal ends of PEG moieties to produce active tumor
targeting and increased binding. Anticancer drugs that are
encapsulated within ligand modified PEG-PAMAM has
been proven to have higher cytotoxicity and even
improved therapeutic efficacy, compared with non-targeted
PEG-PAMAM conjugate.’'%'>'” However, the introduc-
tion of PEG or ligand-PEG may limit the drug release
from PEG-PAMAM conjugates. Inadequate or slow intra-
cellular drug release is still a key challenge in the devel-
opment of drug delivery system.'®'® Therefore, it is highly
desired to develop nanocarriers which are stable in circu-
lation but rapidly respond to intracellular environment for
quick drug release.

Glutathione (GSH) is the most abundant thiol species
(2-10 mM) in the cytoplasm and subcellular compartment,
while GSH in plasma is low (2—-10 pM) because of rapid
enzymatic degradation. Furthermore, GSH in the tumor
tissues is at least four times higher than the normal
tissues.’>*! The significant differences in GSH concentra-
tion provide evidence for disulfide-linked conjugate as
potential carrier for intracellular drug delivery.**** For
example, Zhong et al'' reported a biodegradable micelle
based on disulfide-linked poly(ethylene glycol)-b-poly
(epsilon-caprolactone) (PEG-SS-PCL) diblock copolymer.
The micelle was proved to be stable in water while fast
disaggregation due to the cleavage of the disulfide bonds
under reducing conditions (10 mM dithiothreitol). The
PEG-SS-PCL showed higher cumulative release of DOX
and anti-tumor effect than those of PEG-PCL. It is known
that tumor tissue has, in the extracellular media, a reduced
average pH of about 6.5 to 7.0, and the pH on the surface
of cancer cells may even fall to 5, whereas the pH in
normal tissue and in blood is about 7.2 to 7.5.%*°
Additionally, nanoparticles may undergo different extents
of pH decrease when internalized into cells via different
endocytic pathways, such as the pH of the early lysosomes
is between 5.0 and 6.5 and the late lysosomes is between
4.5 and 5.0.2°*® Although PAMAM dendrimer is regarded
as “proton sponges” polymer and showed the characteris-
tic of pH-sensitive, it is still not efficient enough to escape
from endosomes/lysosomes to release drug in cytoplasm.
Modification of PAMAM with histidine residues is one of

the solutions to assist PAMAM to overcome the barriers
indicated above.””*® Histidine is an essential amino acid
which has an imidazole functional group. The imidazole
group is a weak base with a pKa around 6, which has the
ability to absorb protons when the pH of the environment
drops below 6. Thus, histidine displays positive charges in
the acidic environment of endocytosis vesicles or
endosomes.?*? They can produce electrostatic interac-
tions with endocytic vesicles or endosomal membrane,
thereby inducing water and ions to enter the endosome,
and leading to the swelling of lysosome. Finally, lyso-
somes broken up, drug carriers escape from endosome to
avoid drug degradation in lysosomes. The introduction of
histidine promoted the “proton sponges” effect and accel-
erate the drug release.’® Based on the high GSH and low
pH microenvironment characteristics of tumors, an excel-
lent pH and redox-sensitive drug delivery system can be
constructed by introduction of disulfide bonds and histi-
dine to PAMAM, aiming in enhanced acid sensitivity and
faster drug release compared to PAMAM alone.

In this study, we report a highly effective drug delivery
system base on redox-sensitive nanocarrier (PAMAM-ss-
PEG) that developed previously in our laboratory.>* Here,
we sought to further functionalize this nanocarrier for high
efficiency targeted drug delivery. Histidine (His) was first
conjugated with the PAMAM to improve the acidic sensi-
tivity of nanocarrier. Then, disulfide bonds were intro-
duced between His-PAMAM (HP) and PEG to achieve
pH and redox dual-responsive HP-ss-PEG conjugate.
Transferrin (Tf) was grafted on the end of PEG (HP-ss-
PEG-Tf) to obtain active tumor targeting. Doxorubicin
(DOX, desalt), a widely used anticancer drug, was loaded
into the interior hydrophobic region of PAMAM to exert
its antitumor activity. Various measurements, including 'H
NMR, DLS and UV-vis, were performed to characterize
the structure, size and drug loading capacity. In vitro drug
release behavior, cytotoxicity, cellular uptake, subcellular
localization and uptake mechanism, in vivo imaging and
antitumor activity were studied in detail.

Materials and Methods

Materials

Generation 4 PAMAM (G4.0 PAMAM) dendrimer was
purchased from Dendritech, Inc. Michigan (Midland, MI,
USA). Transferrin (Tf) was obtained from Qcbio
Technology Co., Ltd. (Shanghai, China). Fmoc-His(Trt)-
OH was purchased from GL Biochem Ltd. (Shanghai,
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China). Methoxy-PEG-Succinimidyl carboxymethyl ester
(MPEG;(p0-SCM), Methoxy-PEG-Thiol (mPEG;p00-SH)
and Thiol-PEG-Carboxymethyl (HS-PEG;p0o-COOH)
were purchased from JenKem Technology Co., Ltd.
(Beijing, China). N-hydroxybenzotriazole (HOBt), 2-(1H-
benzotriazole-1-yl)-1, 1, 3, 3-tetramethyluronium hexa-
fluorophosphate (HBTU) and Triisopropylsilane were
purchased from Aladdin Chemistry Co. Ltd. N,
N-diisopropylethylamine (DIPEA), Glutathione (GSH)
and Trifluoroacetic acid were purchased from Sinopharm
Chemical Reagent Co. Ltd (Shanghai, China).
Doxorubicin hydrochloride (DOX-HCI) was purchased
from Beijing Hua Feng United Technology Co., Ltd
(Beijing, China). The HepG2 Cell line was purchased
from Cell Bank of Chinese Academy of Sciences.

Synthesis of Histidine Activated PAMAM
(His-PAMAM, HP)

Histidine activated PAMAM dendrimer (His-PAMAM,
HP) was prepared using a previously reported method
with minor modification.?**> Briefly, HP was synthesized
by the reaction between primary amine group of PAMAM
and carboxyl group of Fmoc-His(Trt)-OH. PAMAM,
Fmoc-His(Trt)-OH, HOBt, HBTU, and DIPEA were dis-
solved in anhydrous DMF, with a molar ratio of
1:32:32:32:64. The mixture was reacted for 24 h with
stirring at room temperature, followed by twice precipita-
tion in an excess amount of cold diethyl ether. The
obtained product was re-dissolved in a piperidine/DMF
(v/v, 30/70) solution, and the reaction was continued for
6 h to remove the Fmoc-protecting group. The cold diethyl
ether precipitated the product again and the precipitated
intermediate was re-dissolved with a THF/triisopropylsi-
lane/H,0 (v/v/v, 95/2.5/2.5) solution and reacted for 1 h to
deprotect the trt group on the histidine unit. The final
product was dialyzed against purified water for 48 h
(MWCO = 3500) and lyophilized to obtain HP. The HP
was characterized by '"H NMR in D,0.

Synthesis of His-PAMAM-Ss-PEG (HP-Ss-
PEG), His-PAMAM-PEG (HP-PEG) and
PAMAM-PEG Conjugates

His-PAMAM-ss-PEG (HP-ss-PEG) conjugate was synthe-
sized using the previously reported method in our
laboratory.* Briefly, HP and SPDP (mol/mol, 1/16) were
both dissolved in methanol (with 10 uL TEA) and the
reaction mixture was stirred for 5 h in the dark at room

temperature. Then, mPEG-HS (HP/mPEG-HS, mol/mol,
1/16) was added and the reaction carried on for another
24 h. The product was dialyzed (MWCO = 8000-14,000)
against purified water for 48 h and lyophilized to obtain
off-white solid powder. HP-ss-PEG was characterized by
"H NMR in D,O.

His-PAMAM-PEG (HP-PEG) without disulfide bond
was prepared in one step. The mPEG-NHS was added to
a solution of HP (mPEG-NHS/HP, mol/mol, 16/1) in 4 mL
phosphate buffer (0.1 M, pHS8.2) and allowed to react for
24 h with gentle stirring at room temperature. The result-
ing solution was dialyzed (MWCO = 8000-14,000)
against purified water for 48 h to remove the unreacted
PEG. The final product was retrieved by freeze drying and
characterized by 'H NMR in D,O. The synthesized
method of PAMAM-PEG (P-PEG) without histidine resi-
dues was same as HP-PEG and it was also characterized
by '"H NMR in D,O.

Synthesis of His-PAMAM-Ss-PEG-Tf (HP-
Ss-PEG-Tf) Conjugate

Briefly, HP was crosslinked with HS-PEG-COOH via a
disulfide bond to obtain the HP-ss-PEG-COOH. The
synthesized method was same to HP-ss-PEG. Next, HP-
$s-PEG-COOH (0.1 pmol), EDC and NHS were dissolved
in phosphate buffer (0.1 M, pH 8.2) and stirred for 1 h in
the dark at room temperature. Then, Tf (0.3 pmol) was
added and the mixture was stirred for another 12 h. The
resulting crude product was placed in an ultrafiltration tube
(MWCO = 100 KDa) and centrifuged at 6000 rpm for 10
min (7-8 times) to remove free Tf. The supernatant was
collected and lyophilized to obtain HP-ss-PEG-Tf. HP-ss-
PEG-Tf was characterized by '"H NMR in D,O. The con-
jugated number of Tf on per PAMAM was determined by
BCA protein assay.

Preparation and Characterization of

DOX-Loaded Complexes

The P-PEG/DOX, HP-PEG/DOX, HP-ss-PEG/DOX and
HP-ss-PEG-Tf/DOX were prepared as previously described.
Briefly, DOX-HCI was dissolved in methanol and appro-
priate TEA was added to obtain DOX. Then, each conjugate
was mixed with DOX solution at a ratio of 1:30 (mol/mol)
and the reaction mixture was stirred at room temperature for
24 hrs. Afterwards, the methanol was removed completely
by rotary evaporation under reduced pressure and a small
amount of purified water was added to dissolve the
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complex. The solution was placed in an ultrafiltration tube
(MWCO = 100 KDa) and centrifuged at 10,000 rpm for 30
min to remove free DOX. Finally, the supernatant was
lyophilized for 48 h to obtain the DOX-loaded complexes.

The particle size and Zeta potential of all the com-
plexes were measured by dynamic light scattering (DLS)
using Nicomp™ 380 ZLS (PSS Nicomp, Santa Barbara,
USA). Samples were dissolved in PBS (0.0l M pH 7.4)
and filtered through 0.45 pm cellulose acetate membrane
before measurement, respectively. All measurements were
performed at 37°C and carried out for three times.

The entrapment efficiency (EE) and drug loading (DL)
of DOX were determined by UV-vis spectrophotometer
(UV-2600, Shimadzu, Japan) at the wavelength of 497
nm. The calibration curve was generated using known
concentration of DOX. The EE and DL were calculated
by the following equations:

weight of DOX incomplex

0 —
EE (%) = weight of DOX added

x 100%

_ weight of DOX incomplex
~ weight of DOX added + weight of conjugate

DL (%) % 100%

In vitro Redox- and pH-Triggered Release

of DOX-Loaded Complexes

The redox and pH sensitivity of DOX-loaded complexes
were investigated in vitro using a dialysis method. The
release conditions were D acetate buffer (0.1 M, pH 5.0),
@ PBS buffer (0.1 M, pH 7.4) and ® PBS buffer with 10
mM GSH (0.1 M, pH 7.4 + 10 mM GSH). The P-PEG/
DOX, HP-PEG/DOX, HP-ss-PEG/DOX and HP-ss-PEG-
T{/DOX (0.5 mg DOX, n=3) were dissolved in 2 mL of
release medium and placed in a dialysis bag (MWCO =
3500), respectively. The dialysis bag was then immersed
into 20 mL of release medium and incubated in a shaking
incubator with a stirring speed of 100 rpm at 37°C. 4.0 mL
of release solution was taken out at predetermined times
(0.5, 1, 2, 4, 6, 8, 12 and 24 h) and the same volume of
fresh buffer was added. The amount of released DOX was
analyzed using a UV-vis spectrophotometer at a wave-
length of 497 nm.

In vitro Cytotoxicity Assay

The cytotoxicity of nanocarrier and DOX-loaded complexes
against HepG2 cells was evaluated by the MTT assay. The
tested concentration ranges were 25-800 pg/mL for
PAMAM, P-PEG, HP-PEG, HP-ss-PEG and HP-ss-PEG-

Tf, and 0.01-15 pg/mL DOX-conc. for free DOX, P-PEG/
DOX, HP-PEG/DOX, HP-ss-PEG/DOX and HP-ss-PEG-Tf/
DOX. Briefly, HepG2 cells were seeded in a 96-well plate at
a density of 1x10* cells/well and incubated for 24 hrs. Then,
100 pL of the fresh medium containing various amounts of
nanocarrier or DOX-loaded complexes were added. After
48 h incubation, 100 pL of MTT solution (0.5 mg/mL) was
added and incubated for another 4 h. The solution was
removed carefully and 100 pL. DMSO was added into each
well to dissolve the received blue formazan crystals. The
optical density (OD) was measured at 490 nm using a micro-
plate reader (MultiskanMK3, Thermo, USA).

In vitro Cellular Uptake Study

In vitro cellular uptake, study was evaluated by both fluor-
escence microscope and flow cytometry. HepG2 cells were
seeded in a 6-well culture plate at a density of 5x10* cells/
well and incubated for 24 hrs. Serum-free culture medium
with P-PEG/DOX, HP-PEG/DOX, HP-ss-PEG/DOX or
HP-ss-PEG-Tf/DOX (5.0 pg/mL DOX-conc.) was added
and then incubated for 2 hrs. After the incubation, DOX-
containing medium was removed and the cells were washed
three times with cold PBS. Fluorescence microscope: the
treated cells were visualized under fluorescence microscope
(IX51, Olympus, Japan); Flow cytometry: the treated cells
were harvested and resuspended in 0.5 mL of PBS, and a
total of 10,000 was analyzed using flow cytometer
(BD, USA).

Subcellular Localization and Cellular
Uptake Mechanism

To trace the intracellular trafficking of the synthetic nano-
carrier HP-ss-PEG-TT at the cellular level, we used rhoda-
mine B isothiocyanate (RB) as a fluorescent probe to
prepare the RB-HP-ss-PEG-Tf conjugate. HepG2 cells
were grown on 22-mm glass coverslip in 6-well plates at
a density of 5 x 10* cells/well and incubated for 24 hrs at
37 °C. Afterwards, cells were incubated with RB-HP-ss-
PEG-Tf conjugate for 2 hrs and 6 hrs. After incubation,
hoechst 33,342 (5 pg/mL, 15 mins) and lysotracker Green
DND-26 (80 nM, 30 mins) were used to visualize the
nuclei and lysosome, respectively. The cells were washed
three times with cold PBS and observed by a confocal
laser scanning microscope (CLSM, LSM710, Zeiss,
Germany).

To study the uptake pathways of HP-ss-PEG-Tf/DOX
complex, cells were individually pretreated with the
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following inhibitors:***’

chlorpromazine (10 pg/mL),
sucrose (150 mg/mL), filipin (5 pg/mL), genistein
(200 uM) and colchicine (40 pg/mL). After incubation of
1 h, HP-ss-PEG-Tf/DOX (5 pg/mL DOX) was added and
incubated for another 1 h. Subsequently, the cells were
harvested, and a total of 10,000 was analyzed using flow
cytometer (BD, USA). The cell without inhibitors treat-

ment was used as a control and the value was set as 100%.

In vivo Imaging

All experiments of animal study were performed in com-
pliance with the relevant laws and institutional guidelines of
Soochow University, and the institutional committee had
approved the experiments. Female BALB/c nude mice
(18-22 g) were purchased from SLAC (Shanghai, China),
and all of the animals were kept in standard housing con-
ditions with free access to food and water. To examine the
in vivo biodistribution of Cy7-labeled HP-ss-PEG and HP-
ss-PEG-Tf conjugates, the model of HepG2 tumor-bearing
mice was established. HepG2 cells (1x 107) were injected
subcutaneously in the abdomen of female BALB/c nude
mice. When the tumor reached approximately
150200 mm?, 0.1 mL of Cy7-HP-ss-PEG and Cy7-HP-
ss-PEG-Tf were intravenously injected through a tail vein,
respectively. The biodistribution of conjugates in HepG2
tumor-bearing nude mice was imaged by near-infrared
fluorescence imaging system (IVIS Lumina, Caliper, USA,
excitation filter, 745 nm; emission filter, 805 nm.) at the
time points of 1, 6, 12, 24 and 48 hrs post-injection. After
48 hrs, mice were sacrificed and tumor, heart, liver, spleen,
lung and kidney were collected for fluorescent intensity
measurement. The fluorescence intensity of tumor at each
time point was calculated using the region of interest (ROI)
function of Living image®™ version 4.3.1 software.

In vivo Antitumor Efficacy of DOX-
Loaded Conjugates

The anti-tumor efficacy of DOX-loaded complexes was inves-
tigated using the xenograft tumor model. HepG2 cells (1x 107)
were implanted subcutaneously in the abdomen of nude mice
(18-22 g). When the tumor volume reached approximately
80 mm?, the mice were randomly divided into six groups (n =
6) and treated with 200 pL of saline, DOX, P-PEG/DOX, HP-
PEG/DOX, HP-ss-PEG/DOX and HP-ss-PEG-T{/DOX (10
mg/kg DOX) via tail vein injection every 2 days for five
times. The body weights and tumor sizes were measured and
recorded every day during the process of the treatment. After

treatment, mice were sacrificed and tumor, heart, liver, spleen,
lung and kidney were collected for histological analysis. The
cell apoptosis of tumor tissue was detected by the terminal
deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay according to the manufacture’s protocol.
The cell nucleus was stained by Hoechst 33,342 and the
samples were analyzed under CLSM (LSM710, Zeiss,
Germany). Tumor volume was calculated using the following
formula: V = (a x b%)/2, where a and b is the major and minor
axes of the tumor, respectively.

Statistical Analysis

All experiments were performed in triplicate and the data
were presented as mean =+ standard deviation (SD).
Multiple comparisons between the groups were performed
using the Student-Newman-Keuls method. P-values < 0.05
were considered statistically significant.

Results and Discussions
Synthesis and Characterization of HP-Ss-
PEG-Tf Conjugate

The synthesis route of HP-ss-PEG-Tf conjugate was shown
in Scheme 1. HP was first synthesized and the structure of it
was confirmed by 'H NMR (Figure 1). Figure 1A was the
"H NMR spectrum of G5 PAMAM. 'H NMR spectrum of
HP showed signals at 6 2.45-3.30 attributable to the methy-
lene protons of PAMAM as well as resonance at 6 7.00 and
7.60 to the protons of imidazole group of His moiety
(Figure 1B). The comparison of the integrals of signals at
0 2.45 and 7.60 revealed an average of 25 His molecules
per PAMAM dendrimer. Then HP was activated by SPDP
and crosslinked with HS-PEG-COOH to obtain HP-ss-PEG.
As shown in Figure 1C, the peaks appeared at 6 =~ 3.60-3.80
ppm belong to the protons of -CH,CH,0- repeat units of
PEG, which demonstrated the successful synthesis of HP-
ss-PEG-COOH. The PEGylation degree was calculated by
the proton integration method, and the conjugated number
of PEG molecule was estimated to be 12. Finally, Tf was
conjugated to HP-ss-PEG-COOH at a theoretical molar
ratio of 3 via amide reaction. BCA assays confirmed that
the Tf substitution degree (Tf %) of terminal amino groups
(64 terminal amino groups per PAMAM molecular) was
2.4% (molar ratio), which corresponds to 1.5 Tf molecules
per PAMAM on average. The structures of P-PEG and HP-
PEG were also confirmed by 'H NMR and the results

International Journal of Nanomedicine 2020:15

suggested that they were successfully synthesized
(Figure S1 and Table 1).
submit your manuscript 2755

Dove


https://www.dovepress.com/get_supplementary_file.php?f=238536.docx
http://www.dovepress.com
http://www.dovepress.com

Hu et al

Dove

Fmoc NS
2o O ) G
OH HBTU, HOBY, DIPEA NH <\~\ﬁ SPoP
O—ému)ﬂ Y N“—Q DMF, 24h NH,  S=NH/LT MethanolEtN
N:/ NH2) 300C 5h
@ 64-m
PAMAM Fmoc-His(trt)-OH His-PAMAM (HP)
N OOH
N he~AO~ AL
" <\,NH __HsPEGCOOH <_.
64-m-n\H2N " SSZ m T wcaan o 6dm " HaN o ‘A COOH)
ol o
HiS-PAMAM-SS-PEG COOH (HP-ss-PEG-COOH)
0
64—nrn<H2N
TENH, EDC/NHS

PBS, pH8.2, 12h

(O,

( )“L ”\g/vSS\JOWKOH)

S/\’(O\/V,\” > His-PAMAM-ss-PEG-Tf (HP-ss-PEG-Tf)

Scheme | The synthesis route of HP-ss-PEG-Tf conjugate.

HP-ss-PEG-Tf/DOX  was
through a co-incubation method. As shown in Table 1,

conveniently  prepared

the particle size and size distribution were measured by
DLS in aqueous solution at room temperature. The aver-
age diameter of HP-ss-PEG-Tf/DOX was 22.09 =+
0.48 nm, larger than that of HP-ss-PEG/DOX (14.24 +
0.65 nm). With regard to the nanoparticle, particle size is
an important factor which may affect their in vivo perfor-
mance. In our study, the DOX-loaded complexes were all
smaller than 200 nm with a narrow distribution, indicating
that these NPs could avoid the clearance of RES during the
blood circulation and accumulate at the tumor site through
EPR effect. In the measurement of Zeta potential, the HP-
ss-PEG-Tf/DOX showed negative potential at around —3
mV, suggesting potential capacity for prolonging the cir-
culation time in blood. Because positive surface charges of
NPs are likely to interact with negative charge of serum
protein in the blood, leading to agglomeration. In addition,
both DL% and EE% are around 10 wt% and above 80%,
respectively, indicating DOX was able to effectively incor-
porate inside the conjugates.

In vitro Redox- and pH-Triggered Release
of DOX

In vitro release behaviors of DOX from complexes were
carried out at pH5.0, pH7.4 and pH7.4 + 10 mM GSH. To

confirm the pH response, in vitro drug release behaviors of
the P-PEG/DOX, HP-PEG/DOX, HP-ss-PEG/DOX and
HP-ss-PEG-Tf/DOX were studied at both physiological
pH of 7.4 and acidic pH of 5.0, respectively. As shown
in Figure 2A, the drug release rate was influenced by the
pH value. The lower the pH value was, the faster the drugs
were released. The accumulative release amount of
P-PEG/DOX at pH 5.0 (47%) was higher than that at pH
7.4 (35%) after 24 h. The pH-responsive release behavior
was partly due to the protonation and deprotonation of
terminal amines of PAMAM and the conformation change
of PAMAM at different pH conditions,*®
rapid release of DOX from the complexes. Notably, the
value of accumulated DOX released from the P-PEG/DOX
was 47% at pH of 5.0, which increased significantly to
64% in HP-PEG/DOX. The observed pH-triggered accel-
eration of DOX might be attributed to the protonation and

which promoted

deprotonation of terminal imidazole of Histidine. These
findings revealed that the pH-responsive property of com-
plex was enhanced by the modification of Histidine. In
addition, the introduction of both disulfide bond and Tf
neither reduce nor increase DOX release.

Redox responsive of the HP-PEG/DOX, HP-ss-PEG/
DOX and HP-ss-PEG-Tf/DOX complexes was also con-
firmed by in vitro drug release with or without 10 mM
GSH. GSH is a strong reducing agent which can break the
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Figure | 'H NMR spectrum of PAMAM (A), His-PAMAM (B) and HP-ss-PEG-COOH (C).

disulfide bond between PEG and PAMAM. The results
were summarized in Figure 2B. The GSH did not affect
the drug release behavior of HP-PEG/DOX, but HP-ss-
PEG/DOX showed redox dependence. The accumulative
release of DOX from the HP-ss-PEG/DOX reached
approximately 38% after 24 h at pH 7.4, and up to 50%
at pH 7.4 with 10 mM GSH. This is attributed to the
breakage of disulfide bond under redox environment,
resulting in detachment of outer PEG corona from
PAMAM,
Similarly, the conjugated Tf had no effect on the DOX

release. These results indicated that the carrier of HP-ss-

and showed enhanced release of DOX.

PEG-Tf had sustained drug release behavior and pH and
redox sensitivity. This carrier is highly desirable for treat-
ment of cancer, since tumor tissues are known to be acidic,
and the concentration of GSH in cytoplasm of tumor cells
is higher than the level in the bloodstream and healthy
cells, which can cleave disulfide bonds.

In vitro Cytotoxicity Assay

The cytotoxicity of nanocarrier and DOX-loaded com-
plexes against HepG2 cells was evaluated using MTT
assay, and the results were presented in Figure 3.
PAMAM dendrimers showed significant cytotoxicity
against HepG2 cells. Introduction of PEG, His and Tf
reduced the cytotoxicity of PAMAM, and more than
90% of the cells were still alive even at the highest
concentration (800 pg/mL, Figure 3A). Figure 3B
showed the cytotoxicity of free DOX and DOX-loaded
complexes after incubation with HepG2 cells for 48 h.
The free DOX and DOX-loaded complexes signifi-
cantly inhibited cancer cell proliferation in a concen-
tration-dependent manner. The cytotoxicity of HP-ss-
PEG/DOX complex was higher than that of HP-PEG/
DOX and P-PEG/DOX. The half-maximal inhibitory
concentration (ICso) values for P-PEG/DOX, HP-PEG/
DOX, and HP-ss-PEG/DOX were calculated to be
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Table | Characteristics of DOX-Loaded Complexes
Complexes Conjugated Number per PAMAM? Size® Zeta® DOX*
. (nm) (mV)
His PEG Tf EE% DL%
P-PEG/DOX - 15 - 11.50 +0.36 2.14 £0.28 853+ 15 9.4 + 04
HP-PEG/DOX 25 13 - 13.05 +0.10 3.12 £ 046 878 % 1.7 1.1 +£0.2
HP-ss-PEG/DOX 25 12 - 14.24 +0.65 354 +£0.18 86.6 2.5 10.7 £ 0.2
HP-ss-PEG-Tf/DOX 25 12 1.5 22.09 +0.48 —2.94 +0.53 806 * 1.6 9.6 0.1

Notes: *Determined by 'H NMR; ®Determined by Nicomp 380 ZLS; “Determined by UV-vis spectrometry.

1.568, 0.743 and 0.449 ug/mL, respectively. The higher
cytotoxicity observed for HP-ss-PEG/DOX could be
attributed to rapid intracellular DOX release in the
cytoplasm with high concentration of GSH. As
expected, the HP-ss-PEG-Tf/DOX had a lower ICsg
(0.243 pg/mL) than the HP-ss-PEG/DOX. The conju-
gated Tf did enhance the cytotoxicity of the complex,
most likely via their targeting effects for HepG2 cells.

A —s— P-PEG/DOX,pH7.4
804 —— P-PEG/DOX,pH5.0
——  HP-PEG/DOX,pH5.0
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Figure 2 In vitro release behaviors of DOX-loaded complexes at pH5.0 and pH 7.4
(A) and pH7.4 with|0 mM GSH and with GSH (B). Data are presented as mean *
SD (n = 3, *P <0.05, N.S.: no significance).

It was worth noting that the ICs5q value of free DOX
was 0.082, which was lower than the other DOX-
loaded complexes. This may be due to the sensitivity
of HepG2 and the diffusion mechanism of DOX
through cell membrane. Time-, redox- and pH-depen-
dent drug release characteristics of HP-ss-PEG-T{/
DOX caused a delay effect, resulting in lower cyto-
toxicity than free DOX.

A 120 (I PAVAM mmm PPEG E3 HP-PEG
= HP-ss-PEG mmmm  HP-ss-PEG-Tf
100
S 80-
£
3 60-
g
S 40+
204
0-
25 50 100 200 400 600 800
Polyer concentration(pg/mL)
B Formulation 1Cg (pg/mL)
Il P-PEG/DOX 1.170+0.09
120+ [ HP-PEG/DOX 0.743+0.08
HP-ss-PEG/DOX 0.449+0.12
100- ]
[ HP-ss-PEG-TUDOX 0.243+0.08
80 B vox 0.082+0.02
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-
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Figure 3 In vitro cytotoxicity of blank conjugates (A), and free DOX and DOX-
loaded complexes (B) against HepG2 cells after treatment for 48 h. Data are
presented as mean = SD (n = 3, *P <0.05, ***P<0.001).
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In vitro Cellular Uptake Study

The cellular uptake efficiency of DOX-loaded complexes was
investigated by flow cytometry and fluorescence microscope.
Figure 4A showed the mean fluorescence intensity (MFT)
values of HepG2 cells incubated with P-PEG/DOX, HP-
PEG/DOX, HP-ss-PEG/DOX and HP-ss-PEG-Tf/DOX at
37°C for 2 h, respectively. On the basis of fluorescent intensity,
the uptake rate of the complexes follows the order: HP-ss-
PEG-T{/DOX > HP-ss-PEG/DOX =~ HP-PEG/DOX > P-PEG/
DOX. The MFI value for the cells treated with HP-ss-PEG/
DOX (51.25) or HP-PEG/DOX (48.93) was statistically higher
than those treated with P-PEG/DOX (32.45) (P<0.01), indicat-
ing His-modified conjugates could enhance membrane fusion
with cells, promote endocytosis, and increase cell uptake. The
cellular uptake of HP-ss-PEG-Tf/DOX (97.31) was 1.9-fold
higher than HP-ss-PEG/DOX (P<0.001). The conjugated Tf
on the PEG terminal could bind preferentially to the highly
expressed Tfreceptor (TfR) on the surface of HepG2 cells, and
thus efficiently internalized into the cells. Similar results were
observed on the images of fluorescence microscope
(Figure 4B). Strong red fluorescences were presented in the
group of HP-PEG/DOX, HP-ss-PEG/DOX and especially in
HP-ss-PEG-Tf/DOX, but weak in P-PEG/DOX group. These

600 w— Control
e P-PEG/DOX
e HP-PEG/DOX
e HP-55-PEG/DOX
e HP-55-PEG-Tf/DOX
400
-
f—4
3
o
(&)

200

10° 10 10? 10° 10*

FL2-H

Mean fluorescence intensity

results further confirmed efficient and specific cellular uptake
of HP-ss-PEG-T{/DOX.

In our study, the His-PAMAM conjugates with differ-
ent molar ratios of His to PAMAM (8:1, 16:1 and 32:1)
were prepared at first. Then, His-PAMAM/DOX com-
plexes were optimized by the experiments of drug release,
cytotoxicity, and cellular uptake. The obtained results
showed that the pH-sensitivity, cytotoxicity against
HepG2 cells and cellular uptake of complexes increased
significantly with the degree of His modification
(Figure S2). Therefore, we chose His-PAMAM (32:1,
molar ratio) as a basis to construct other conjugates includ-

ing HP-PEG, HP-ss-PEG and HP-ss-PEG-TT.

Subcellular Localization and Uptake
Mechanism

As shown in Figure 5A, CLSM observations showed that
RB-HP-ss-PEG-Tf (red) mostly colocalized with late
endosomes/lysosomes (green) of HepG2 cells after 2 hrs
incubation. At 6 hrs, strong red fluorescence owing to RB-
HP-ss-PEG-Tf was observed in the merged image, indicat-
ing that most part of RB-HP-ss-PEG-TTf has escaped from
endosomes. These results indicate that HP-ss-PEG-Tf can

150 4

100 4

fj 1 I [

ope60% peG'“°* eG'°°* e““’“

Figure 4 (A) Flow cytometry of HepG2 cells after 2 h incubation with the DOX-loaded complexes. Data are presented as mean + SD. (n = 3, **P <0.01, ***P <0.001, N.S.:
no significance). (B) Fluorescence microscope images of HepG2 cells after 2 h incubation with the DOX-loaded complexes (% 100): (a) P-PEG/DOX, (b) HP-PEG/DOX, (c)

HP-ss-PEG/DOX and (d) HP-ss-PEG-Tf/DOX (bar: 100 pm).
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effectively escape from endo/lysosomes. The high endo-
some disruption activity of HP-ss-PEG-Tf is likely due to
the fact that protonation of HP-ss-PEG-Tf (PAMAM and
His) in acidic endosomes that promote fusion with endo-
somal membranes.

The cytotoxicity of specific concentrations of inhibitors
was first detected by MTT assay. Figure S3 showed that more
than 95% of the cells were alive at these concentrations of
inhibitors. Figure 5B presented the results of cellular uptake
of HP-ss-PEG-Tf/DOX complexes in the presence of various
inhibitors. Cells were exposed with hypertonic sucrose or
chlorpromazine which is known to disrupt the formation of
clathrin-coated pits.****** The cell uptake was reduced by
51% and 54% when treated with sucrose and chlorpromazine,
respectively, indicating that HP-ss-PEG-Tf/DOX was taken
up by clathrin mediated endocytosis. The effects of caveolin
mediated endocytosis and macropinocytosis on the internali-
zation of the complex was evaluated using filipin, genistein
and colchicine,”” and no significant uptake difference was
observed compared with the control. This suggested that
caveolin mediated endocytosis and macropinocytosis might
not be involved in the endocytosis process of HP-ss-PEG-T{/
DOX. Furthermore, uptake of HP-ss-PEG-T{/DOX was com-
petitively inhibited by free Tf, in which the mean fluores-

cence intensity was decreased to 48% of control value. The
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Figure 5 (A) Endosomal escape of Cy7 labeled HP-ss-PEG-Tf in HepG2 cells
following 2 or 6 h incubation observed by confocal microscopy (bar: 10 pm). (B)
Influence of endocytic inhibitors on cellular uptake after pre-treating the HepG2
cells with specific endocytic inhibitors for | h followed by co-treatment with HP-ss-
PEG-Tf/DOX for | h. The data are reported as the mean = SD (n = 3), **p <
0.001, N.S.: no significance.

results revealed that HP-ss-PEG-Tf/DOX was possibly inter-
nalized by clathrin and TfR mediated endocytosis and subse-
quently delivered to the lysosomal compartments.

In vivo Imaging

A non-invasive near-infrared optical imaging technique
(NIR) was used to visualize the biodistribution of Cy7-
labeled HP-ss-PEG (Cy7-HP-ss-PEG) and HP-ss-PEG-Tf
(Cy7-HP-ss-PEG-Tf) in the HepG2 tumor-xenograft nude
mice. As shown in Figure 6A, both Cy7-HP-ss-PEG and
Cy7-HP-ss-PEG-Tf displayed a remarkable fluorescence
signal at the tumor site after 1 h post-injection. The fluor-
escence intensity continued to increase and reached the
maximum at 12 h after injection, indicating superior accu-
mulation in the tumor. Furthermore, the fluorescence signal
of Cy7-HP-ss-PEG-Tf was stronger than that of Cy7-HP-ss-
PEG over 48 h, signifying the importance of ligand-receptor
interaction for HP-ss-PEG-TT in achieving high target abil-
ity and accumulation in the HepG2 tumor in vivo.

HepG2 tumor bearing mice were sacrificed at 48 h post-
injection, tumor and main organs (heart, liver, spleen, kid-
ney, and lung) were excised and tissue fluorescence was
measured. Cy7-HP-ss-PEG-Tf exhibited higher tumor
uptake than Cy7-HP-ss-PEG as shown in Figure 6B. The
result supported that HP-ss-PEG-TT could efficiently target
to HepG2 tumor. Notably, the fluorescence in the kidney of
both groups was stronger than the other tissues, indicating
intravenously administered HP-ss-PEG-Tf and HP-ss-PEG
could be trapped by the renal glomeruli to achieve long
circulation. Overall, both HP-ss-PEG-Tf and HP-ss-PEG
can efficiently accumulate in the tumor through the EPR
effect, and the tumor accumulation was markedly increased
by the interaction of Tf-TfR.

In vivo Antitumor Efficacy of DOX-
Loaded Complex

The therapeutic effect of DOX-loaded complexes was
studied in HepG2 hepatic carcinoma bearing nude mice
at a dosage of 10 mg/kg DOX. The drug was given every 2
days for five injections in total. As expected, saline-treated
group showed fast tumor growth (Figure 7A). The tumor
volume of the mice treated with different DOX formula-
tion followed the order: Control (saline) > P-PEG/DOX >
HP-PEG/DOX > HP-ss-PEG/DOX > HP-ss-PEG-Tf/DOX
~ free DOX. Both HP-ss-PEG-Tf/DOX and free DOX
group almost completely suppressed tumor growth, but
severe body weight loss, mild diarrhea and humpback
were observed in free DOX group (Figure 7B), indicating
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ss-PEG conjugates treated mice were sacrificed, the major organs (heart, liver, spleen, kidney and lung) and tumors extracted, and measured by NIR.
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Figure 7 In vivo antitumor efficacy of saline, P-PEG/DOX, HP-PEG/DOX, HP-ss-PEG/DOX, HP-ss-PEG-Tf/DOX and free DOX in HepG2 tumor bearing nude mice. (A)
Relative tumor volume change; (B) Mice body weight change; (C) Tumor tissue images extracted from the mice at the end of treatment by various formulations; (D) Tumor
growth inhibition of the different treatment groups. During the in vivo experiment, no mice died. The survival rate of tumorigenic mice models was 100%. Data were
presented as mean = SD (n = 6, ¥p< 0.05, **p< 0.001, N.S.: no significance).
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the severe systemic toxicity of free DOX solution. The
other treated groups had barely any body weight loss,
indicating that the treatments are well tolerated. The
tumor growth inhibition rate was determined by compar-
ing the weights of tumors at the end of treatment to that of
the control receiving saline only. The tumor inhibition
rates of P-PEG/DOX, HP-PEG/DOX, HP-ss-PEG/DOX,
HP-ss-PEG-T{/DOX and free DOX were 41.8%, 55.7%,
70.9%, 81.9% and 80.8%, respectively (Figure 7C and D).
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Merge

The result indicated more efficient intracellular drug
release and better tumor targeting ability could improve
the antitumor effect in vivo.

The systemic toxicity of DOX-loaded complexes and free
DOX was further investigated by histopathology assay. As
shown in Figure 8A, in the saline group, the tumor cells were
spindle and round, with rich cytoplasm and more nuclear
division. The groups treated with DOX-loaded complexes
and free DOX showed spotty necrosis and nuclear fission in

Figure 8 (A) H&E staining images of the major organs and tumor of mice treated with different formulations (x100). (B) TUNEL staining images of the tumor of mice

treated with different formulations (%100, apoptotic cells: green, nuclei: blue).
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the tumor section, especially obvious in HP-ss-PEG-Tf/DOX
and free DOX. The H&E staining of major organs recovered
from mice treated with normal saline and DOX-loaded com-
plexes revealed no significant damage or pathological fea-
tures. However, the mice group treated with free DOX
showed more acute inflammatory cell infiltration with
obvious organ damage of necrosis in heart and kidney tissues
than in other mice. Furthermore, the apoptosis in tumor cells
was detected by TUNEL staining assay, in which the apop-
totic cells stained green (Figure 8B). The TUNEL staining
revealed significantly more apoptotic cells in both HP-ss-
PEG-T{/DOX and free DOX group. These findings demon-
strated that HP-ss-PEG-Tf/DOX significantly improves the
safety, targetability and treatment effects of DOX to TfR
positive HepG2 tumor xenografts.

Conclusion

In this study, a pH and redox dual-responsive Tf modified
conjugate was successfully synthesized and used as func-
tional nanocarrier to fabricate HP-ss-PEG-Tf/DOX complex.
The multifunctional complex was systematically evaluated in
vitro and in vivo. The HP-ss-PEG-T{/DOX with high drug
content and excellent tumor cell uptake, and demonstrated
that DOX could be responsively released in pH- and redox-
dependent manner. After intravenous injection, the HP-ss-
PEG-Tf/DOX could accumulate at the tumor site through the
EPR effect, and significantly internalized into HepG2 cells
through specific interaction between Tfand TfR, escape from
the lysosomes via a proton sponge effect, and de-shield the
PEG shells triggered by high concentration of intracellular
GSH and finally release the DOX to the cytoplasm to exert its
anti-tumor activity. These results suggest the HP-ss-PEG-Tf
conjugate may be an appropriate carrier for anticancer drug
delivery in tumors.
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