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Background: cis-Dichlorodiamineplatinum (CDDP) was one of the most common used drugs
in clinic for cancer treatment. However, CDDP caused a variety of side effects. The abundant
carboxyl groups on the surface of poly glutamic acid (PGA) could be modified with various
kinds of targeted ligands. PGA delivery system loaded CDDP for cancer therapies possesses
potential to overcome the side effects.

Materials and methods: In this study, we constructed a safe and efficient anticancer drug deliv-
ery system PGA—Asp—maleimide—cisplatin—peptide complex (PAMCP), which was loaded with
CDDP and conjugated with the transferrin receptor (TFR)-targeting peptide through a maleimide
functional linker. The size of PAMCP was identified by transmission electron microscopy (TEM)
and dynamic light scattering (DLS). Fluorescence microscopy and flow cytometry methods were
used to detect the cell targeting ability in vitro. The MTT assay was used to detect targeted toxicity
in vitro. The in vivo acute toxicity was tested in Kun Ming (KM) mice. The tumor suppression
activity and drug distribution was analyzed in nude mice bearing with HeLa tumor cells.
Results: The nano-size was 110128 nm detected with TEM and 89+18 nm detected with DLS,
respectively. Fluorescence microscopy and flow cytometry methods indicated that PAMCP
possessed excellent cell targeting ability in vitro. The MTT assay suggested that PAMCP was
excellent for targeted toxicity. The acute in vivo toxicity study revealed that the body mass
index and serum index in the PAMCP-treated group were superior to those in the CDDP-
treated group (P<<0.001), and no obvious differences were detected on comparing with the
PBS- or PGA—Asp—maleimide—P8 (PAMP)-treated groups. PAMCP reduced the toxicity of
CDDP, suppressed tumor cell growth, and achieved efficient anti-tumor effects in vivo. After
PAMCP treatment, the toxicity of CDDP was reduced and tumor growth was more remarkably
inhibited compared with the free CDDP treatment group (P<<0.01). Much stronger (5—10 folds)
fluorescence intensity in tumor tissue was detected compared with the irrelevant-peptide group
for drug distribution analysis detected with the frozen section approach.

Conclusion: Our data highlighted that PAMCP reduced the side effects of CDDP and exhibited
stronger anti-tumor effects. Therefore, PAMCP presented the potential to be a safe and effective
anticancer pharmaceutical formulation for future clinical applications.

Keywords: cisplatin, tumor suppression, side effects, targeted drug delivery system

Introduction

Currently, chemotherapy is one of the most commonly used anticancer treatments
in clinics. However, the anticancer effect is accompanied by severe side effects on
normal tissues. The anticancer drug cisplatin (CDDP) has been widely used in the
clinic for many years for the treatment of various cancer, such as metastatic testicular
tumors, metastatic ovarian tumors, advanced bladder cancer, and so on.! However,
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the shortcomings of CDDP, such as bone marrow growth
inhibition,? severe renal toxicity, nephrotoxicity, and lack
of tissue-targeting specificity limit its clinical usage.’
CDDP-loaded drug delivery systems for cancer therapy
possess potential clinical research value and are promising
novel candidates for clinical antitumor therapy.

Over the past decades, tumor therapy has shifted from
nontargeted chemotherapy to targeted therapies based on
tumor-specific pathogenesis. Many research reports have
focused on tumor-associated antigens that are overexpressed
or absent in normal tissue.* ¢ Based on the tumor microenvi-
ronment and tumor-specific antigens, monoclonal antibodies
(mAbs)-based targeted molecular therapy has attracted more
and more attention.”® Targeted therapy has become the focus
in the field of tumor therapy because of its high efficacy and
less number of side effects.” The mAbs therapies include
cellular growth factor receptors!'® and cell surface antigens.'”
However, mAbs have relatively larger molecular weights
and the protein structure occupies more space, which make
it hard for the mAb to penetrate into solid tumor tissues to
achieve its therapeutic effects.!"'> Many researchers have
screened tumor antigen-specific-targeting peptides using
phage display technology.!* The screened peptides have
smaller molecular weights, which enables penetration into
the solid tumor tissues and maintenance of a relatively high
affinity." Moreover, the short peptides can be easily obtained
from chemical synthesis approaches, which could reduce the
cost of treatment.

Transferrin receptor (TFR), as one of the tumor-specific anti-
gens, is overexpressed in tumor tissues than in normal cells.!>*®
In vivo phage display methods have effectively discovered
that peptides could target TFR and significantly enhance the
targeting ability for tumor therapy.!®2! A peptide of sequence
HAIYPRH was obtained by the phage display method from
human TFR and it harbored high affinity.?>?* CDDP has poor
solubility. However, as previously reported, an aspartylated
(Asp) poly-y-glutamic acid (PGA) drug carrier system has
good hydrophilic properties and could implement high CDDP
loading efficiency.?** The existing carboxyl groups on the
surface could be modified with targeting ligands to implement
active targeting.’*?* CDDP-loaded PGA-based drug delivery
systems conjugated with TFR-targeted peptides for cancer
therapy possess important preclinical research value.

In this research, we used maleimide-fixed Asp-y-PGA
complex to load the bulk of CDDP by a self-assembly
strategy. Maleimide conjugates with different kinds of
ligands containing the thiol group through a thio-Michael
reaction to form a thioether bond.** The CDDP-loaded
nanosized drug carrier was further conjugated with the

TFR-targeted peptide with cysteine through the click reaction
(Scheme 1). The tumor cell targeting and antitumor effects of
the nanodrug system were evaluated in vitro and in vivo.

Materials and methods

Materials

PGA was purchased from Zijin Harbor Biological Company
(Haining, China); H-Asp(OtBu)-OtBu.HCI(Asp) was bought
from GL Biochem Ltd (Shanghai, China). Anti-TFR anti-
body was purchased from Abcam (Cambridge, MA, USA).
Enhanced chemiluminescence (ECL) kit was purchased
from Beyotime (Shanghai, China). Endothelial cell culture
medium (ECM) was from ScienCell (Santiago Canyon, CA,
USA) TUNEL kit (used for detecting apoptosis) was bought
from Keygentec Co, Ltd (Nanjing, China). MTT was from
Amerosco (Solon, OH, USA). Water-soluble amidation
catalyst 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDCI) was purchased from Medpep (Shanghai, China).
N-(maleimidohexanoyl)-ethylenediamine (Mal) was bought
from Heowns (Tianjin, China). Protein content detection kit
was from Thermo Fisher Scientific (Waltham, MA, USA),
fluorescein isothiocyanate (FITC)-labeled TFR-targeting
peptide P8 (sequence: CHAIYPRH) and FITC-labeled
peptide P8X (sequence: CPITAHRHY, used as the control)
were synthesized by Qiangyao Ltd (Shanghai, China).
Trypsin, penicillin-and-streptomycin (P/S), FBS, and CDDP
were purchased from Sigma-Aldrich Co. (St Louis, MO,
USA). Human cervical cancer cell line (HeLa) and human
umbilical vein endothelial cells (HUVECSs) were purchased
from the Cell Bank of Shanghai Academy of Chinese Acad-
emy of Sciences.

Cell culture

HeLa cells were cultured in DMEM cell culture medium
with 10% FBS and 1% P/S. HUVECs were cultured in ECM
with 10% FBS and 1% P/S. All cells were incubated in a cell
incubator with 5% CO, at 37°C.

Preparation of a self-assembly biopolymer
PGA—Asp—maleimide—cisplatin—peptide
complex (PAMCP)

The biopolymer PGA-Asp-Mal (PAM) was fabricated
as previously described.’'*? Low-molecular-weight PGA
was prepared by acid degradation (pH 3.0) in 98°C for
20 minutes. Low-molecular-weight PGA (4.25 g, 33 mmol
carboxyl sites), Asp (8.5 g, 30 mmol), and EDCI (6.375 g,
33 mmol) were dissolved in ultrapure water (pH 6.7), and the
reaction was maintained at room temperature for 24 hours.
The mixture was purified by the dialysis method against
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Scheme | Schematic illustration of cisplatin (CDDP)-loaded and TFR-targeted drug delivery systems constructed by the self-assembly method.

Notes: Hydrophilic poly-y-glutamic acid (y-PGA)-aspartic acid (Asp)—maleimide (Mal) complex was loaded with hydrophobic CDDP to form PAMC. PAMC then conjugated
with TFR-targeted peptide P8 to form a thioether bond between maleimide (indicated by red arrow) and sulfydryl group (indicated by black arrow) by a click reaction to
form PAMCP. PAMCP could accomplish TFR-overexpressed cell targeting and the apoptosis of target cells.

Abbreviations: PAMC, PGA-Asp-maleimide-cisplatin complex; PAMCP, PGA-Asp-maleimide-cisplatin-peptide complex; TFR, transferrin receptor.

ultrapure water with a dialysis bag (molecular weight cutoff
[MWCO]: 10,000 Da) at pH 2.0 for 48 hours. The PGA-Asp
complex (111 mg, 0.90 mmol carboxyl groups) was dissolved
in 10 mL dimethyl sulfoxide (DMSO) for 1 hour at 37°C.
EDCI (1.8 mmol) was added into 2 mL. DMSO with PGA-
Asp. Triethylamine (TEA, 30 uL) was added, and then Mal
(0.3 mmol) was dropped into the reaction mixture. The
reaction was mixed under magnetic stirring with nitrogen
at room temperature for 24 hours. The product PAM was
extracted using diethyl ether and freeze-dried in a vacuum.
The complex PGA—-Asp—Mal-CDDP (PAMC) was obtained
by adding CDDP (30 mg) to the PAM (15 mg) aqueous solu-
tion (the final pH value was adjusted to 7.0) and shaken for
48 hours in the dark at 37°C, the free CDDP was removed by
dialysis (MW, 10 kDa) against ultrapure water for 48 hours,
then freeze-dried in a vacuum. Eventually, the P8 peptide
(1 mg) was added into PAM aqueous solution (20 mg) and
conjugated with PAM through the click reaction, and the
reaction was conducted for 12 hours at 4°C to form the empty

drug carrier PGA-Asp—maleimide-P8 (PAMP) without
loading CDDP. P8 peptide (1 mg) was further added into
PAMC aqueous solution (37 mg) to form the drug targeting
system PAMCP. Unbound peptide was removed by dialy-
sis, and then the final product was freeze-dried in a freeze
dryer (—40°C, vacuum). CDDP packaged in PAMCP was
detected with colorimetric o-phenylenediamine method.*
The drug-loading efficiency was calculated using the equa-
tion EE = M1/M2. M1 represents the weight of CDDP in
PAMCP, and M2 represents the total weight of CDDP used
in the equation.

Particle size analysis

A light scattering (Zetasizer Nano-ZS; Malvern Instru-
ments, Malvern, UK) instrument was used to detect the
PAMCP nanoparticle size and polydispersity index (PDI)
in triplicates. Characterization of PAMCP shape was carried
out with transmission electron microscopy (TEM; JEM-2100;
JEOL, Tokyo, Japan).
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The release behavior of CDDP from

PAMCP

CDDP release behavior from PAMCP was investigated by
dialysis.** CDDP released from PAMCP was examined in
phosphate buffer solution (PBS) (pH 7.4) or acetate-buffered
saline (ABS, pH 5.5, 0.14 M NaCl) using a dialysis bag with
MWCO of 8,000 Da. Furthermore, 5 mL of PAMCP or free
CDDP solution was added in a dialysis bag immersed in 100
mL dialysis buffer and was laid on a shaker with a speed of
150 rpm at 37°C. At the given time, 200 UL of sample was
acquired from the external dialysis fluid, and an equal amount
of fresh dialysis fluid was reloaded. The quantity of CDDP
released was detected with o-diaminobenzene method. The
light absorption value was detected by a microplate reader
(Epoch; BioTek, Winooski, VT, USA) at 702 nm.

Cell targeting assay

HeLaand HUVECs were cultured in a 24-well plate (5x10* cells
per well). P8 (30 ug/mL), and PAMP (peptide concentration
equaled 30 pg/mL, quantified by bicinchoninic acid [BCA]
protein quantification kit) and P8X (peptide concentration
equaled 30 pg/mL) were added into each well, respectively.
The cells were incubated at 37°C for 30 minutes, and the cells
were washed with PBS and stained with DAPI. The cells
were observed under an inverted fluorescence microscope
(DMI4000B; Leica Microsystems, Wetzlar, Germany).

The cell-binding ability of PAMP was further detected
with flow cytometery (FACScan; Becton Dickinson, Franklin
Lakes, NJ, USA). HeLa and HUVECs were digested
with 0.25% trypsin and harvested with centrifugation
(800x g, 5 minutes). The TFR low-expression HUVECs
were incubated with P8 (50 pg/mL); then, HeLa cells were
added in 2 mL PBS or incubated with P8 (50 pg/mL), P8X
(50 ng/mL, negative control peptide group), PAMP (pep-
tide concentration was equivalent to 50 pg/mL, quantified
by BCA protein quantification kit) for 30 minutes at 37°C.
PBS-treated group was used as control. Cells were washed
three times with PBS. The mean fluorescence intensity was
detected to evaluate the targeting effect. FlowJo 7.6 software
was used to analyze the cell-targeting ability.

In vitro cytotoxicity assay

HeLa cells were grown in 96-well plates at a density of
5x103 cells per well. The cytotoxicity was tested by general
and specific cytotoxicity methods. In the general cytotoxicity
assay, the culture medium was replaced with serial dilutions
of PAMCP (CDDP concentration equal to 200, 100, 50, 25,
12.5,6.25,3.125 pg/mL), PAMC (CDDP concentration equal
t0 200, 100, 50,25, 12.5, 6.25, 3.125 nug/mL), or CDDP (200,

100, 50, 25, 12.5, 6.25, 3.125 pg/mL) in fresh medium. The
incubation lasted for another 24 hours or 48 hours. In the spe-
cific cytotoxicity method, after 10 minutes of incubation, the
PAMCP-, PAMC-, and CDDP-containing culture medium
was removed and incubated with fresh medium for another
24 hours or 48 hours. Then, MTT solution (5 mg/mL) was
dropped into each well (20 UL per well) for another 4 hours.
The supernatant was removed, 100 uL. DMSO was added
to each well, and the plate was vibrated for 5 minutes. The
OD value of each well was measured at 570 nm with a
spectrophotometer (Thermo Fisher Scientific).

In vivo toxicity
The in vivo toxicity was tested on Kun Ming (KM) mice from
Shanghai Laboratory Animal Center (SLAC) model animal
center. KM mice (n=40; 5—7 weeks old) were divided into
4 groups (n=10 per group) according to body weight. Two
KM mice groups received CDDP (4 mg/kg) or PAMCP
(CDDP equivalent dose of 4 mg/kg) by tail vein injection,
respectively. The remaining groups received PAMP (equal to
200 uL PAMCP) or PBS (200 pL). Five injections for each
group were given every other day. Mice survival rate exami-
nation lasted for 16 days. As an indicator of systemic toxicity,
the body weight was measured every day. Finally, the mice
were anesthetized and the sera were collected. White blood
cells (WBCs) and red blood cells (RBCs) were counted using
a hemocytometer for the hematological assessment.*® Serum
alanine aminotransferase (ALT), aspartate aminotransferase
(AST), blood urea nitrogen (BUN), and creatinine (CRE)
were tested using a routine blood biochemical analyzer
(BM704; Hitachi Ltd., Tokyo, Japan) for renal function
(BUN and CRE) and hepatic function (ALT and AST).
The kidney, spleen, and liver were harvested and fixed in
10% neutral formalin and then processed with dehydration,
paraffin embedding, and section cutting. To detect the tissue
apoptosis, an in situ apoptosis detection TUNEL kit was pro-
cessed according to the manufacturer’s instruction. The animal
experiments conducted in the study were approved by the Ani-
mal Ethics Committee of East China Normal University and
all animal experiments followed the guidelines of East China
Normal University Animal Care and Use Committee.

The tumor suppression activity

BALB/c nude mice (female, 6 weeks old) from SLAC were
divided into 4 groups (n=8). To develop tumor-bearing
mice, 1x107 HeLa cells were injected into the right femoral
region of mice by hypodermic injection. CDDP or PAMCP
(containing 4 mg CDDP/kg) was administered by caudal vein
injection every 4 days for 5 injections and the experiment
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lasted for 25 days. The remaining groups were given PBS or
PAMP solution through caudal vein injection. The following
equation was used to measure the tumor volume:

Tumor volume (mm?) = Length x Width? x 0.5 (1)

In vivo PAMCP distribution

The distributions of PAMCP in different organs were detected
with fluorescence microscope after freezing the sections.
PAMCP (peptide concentration 6.6 mg/kg, quantified by
BCA protein quantification kit) and P8 (peptide concentration
6.6 mg/kg) were administrated into HeLa tumor-bearing
nude mice (n=4 for each group) by tail vein injection. After
24 hours, mice were anesthetized, which was followed by
heart perfusion. The tumor, spleen, kidney, brain, lung, heart,
and liver tissues were harvested for frozen sectioning. Then,
selected tissues were dyed with DAPI and then mounted in
80% glycerol. Different tissue sections were observed under
a fluorescence microscope (DMLB; Leica). The fluorescence
intensities of different organs were analyzed by Carestream
MI SE molecular imaging software.

Data analysis

The data analysis of different groups was conducted with
one-way ANOV A with GraphPad Prism 5 software. A value
of P<<0.05 was determined to be a significant statistical dif-
ference. All data are presented as mean + SD.

Results

Characterization of PAMCP

The mean particle diameter of PAMCP was 8918 nm,
which is presented in Figure 1A, and the nanosize was in the
ideal ranges®**” reported for the EPR effect in cancer treat-
ment. The PAMCP showed a relatively wide monomodal

A Size distribution
by volume

Percentage
- - N
o ()] o

a
1

0+
10 100

Nanosize (nm)

1,000

Figure | The size characterization of PAMCP.
Note: The nanosize of PAMCP was detected by (A) DLS and (B) TEM.

distribution, and the PDI value of PAMCP was 0.401, which
suggested that the PAMCP had a relatively wide dispersion.
The mean particle diameter of PAMCP detected by TEM
was 110128 nm (Figure 1B). The drug-loading efficiency
was 37%x6%. The targeting peptide P8 could effectively
conjugate with the drug carrier PAM, as detected by SDS-
PAGE (Figure S1). CDDP, being smaller in size, can quickly
be removed from the kidneys by filtration,* while PAMCP, of
nanometer size, could avoid filtration, maintain a stable blood
concentration, enhance therapeutic efficacy, and improve the
patients’ compliance.

PAMCP achieved TFR-mediated cell
targeting

Previous reports and western blotting assay (Figure S2)
have confirmed that HeLa cell is a TFR-overexpressed cell
line* and TFR is expressed in low levels in HUVECs. When
HeLa cells were incubated with P8 or PAMCP, stronger
green fluorescence signal could be detected (Figure 2A).
However, when HeLa cells were incubated with the negative
control peptide P8X or when HUVECs were incubated with
P8, almost no cells with green fluorescence were observed.
This phenomenon could be interpreted as the affinity effects
between TFR and targeting peptides.

The flow cytometry method (FCM) was further carried
out to confirm the TFR-mediated cell targeting. The lowest
fluorescence intensity (4.21) was detected when HeLa cells
were incubated with PBS (Figure 2B-a; Table 1). When
HeLa cells were incubated with P8X, the mean fluorescence
intensity (26.95) was almost consistent with that of the PBS-
treatment group (Figure 2B-b and Table 1). When HUVECs
were incubated with P8, the mean fluorescence intensity was
37.35 (Figure S3). Stronger fluorescence signals (99.7) were
detected in PAMCP-treated HeLa cells, compared with cells

B

Abbreviations: DLS, dynamic light scattering; PAMCP, PGA-Asp—maleimide—cisplatin—peptide complex; PGA, poly-y-glutamic acid; TEM, transmission electron microscopy.
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Figure 2 In vitro targeting of PAMCP.
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Notes: P8, PAMP, and P8X were cultured with Hela. (A) In vitro cell targeting detected by immunofluorescence and observed under an inverted fluorescence microscope.
(B) In vitro cell targeting detected by the FACS assay. Hela cells were digested with 0.25% trypsin and harvested with centrifugation. Hela cells were incubated with PBS (2B-a),
P8X (50 ug/mL, negative group, 2B-b), PAMCP (peptide concentration is equivalent to 50 ug/mL, 2B-c), and P8 (50 pug/mL, 2B-d) for 30 minutes at 37°C. Scale bar is 100 um.

P8, peptide with sequence CHAIYPRH; P8X, peptide with sequence CPIAHRHY.

Abbreviations: FACS, fluorescence-activated cell sorting; FITC, fluorescein isothiocyanate; PAMP, PGA-Asp—maleimide-P8; PAMCP, PGA-Asp—maleimide—cisplatin—peptide

complex; PGA, poly-y-glutamic acid.

treated with PBS, P8X, or the HUVEC (Figure S3) treatment
groups (Figure 2B-c and Table 1). The strongest fluorescence
signal (149.53) was detected when HeLa cells were incubated
with the P8 peptide (Figure 2B-d and Table 1). The in vitro
cell-targeting test indicated that PAMP could achieve cell
targeting through TFR-mediated targeting.

PAMCP reduced the in vitro toxicity

HelLa cells were cultured with CDDP, PAMC, or PAMCP and
then, the MTT assay was used to test the cell survival rates.
The results indicated that CDDP, PAMC, and PAMCP sup-
pressed cell proliferation in a CDDP concentration-dependent
manner (Figure 3 and S4). As shown in Table 2, after treat-
ment with PAMCP, PAMC, or CDDP, the IC, values of the
PAMCEP group (98.5£18.5 ug/mL, 40.47+16.3 ng/mL) were
higher than those of the CDDP group (26.5446.8 ng/mL,
7.82+4.3 pg/mL) for general toxicity at 24 hours and
48 hours, respectively, and a little lower than those of the
PAMC group (107.38+27.7 ug/mL, 68.14+11.2 ug/mL).
However, we detected more obvious cytotoxic effects
for the specific toxicity studies in the PAMCP group
(217.3£79.5 pg/mL, 120.1+17.3 ug/mL) than in the CDDP

Table | The mean fluorescence intensity of Hela cells

Groups a-PBS b-P8X PAMP d-P8
Hela 421 26.95 99.7 149.53

Notes: Hela cells were incubated with (a) PBS, (b) P8X, (c) PAMCP, and (d) P8
for 30 minutes at 37°C. P8, peptide with sequence CHAIYPRH; P8X, peptide with
sequence CPIAHRHY.

Abbreviations: PAMCP, PGA-Asp—maleimide—cisplatin—peptide complex; PGA,
poly-y-glutamic acid.

group (932.24435.8 ug/mL, 519.1£174.5 nug/mL) or the
PAMC group (2,517.3£217.6 ug/mL, 1,652.1+£189.6 pug/mL)
at 24 hours and 48 hours, respectively, on removing the drugs
after 10 minutes of incubation. This indicated that there was
a specific binding effect of PAMCP on HeLa cells and the
binding effects enhanced drug cytotoxicity on the target cells.
The results revealed that with the aid of TFR-targeted drug
carrier, CDDP could achieve target cytotoxicity in vitro.

PAMCP reduced the in vivo toxicity

The KM mice were used to evaluate the in vivo toxicity.
The changes in survival rate and body weight were indicators
of systemic toxicity of PAMCP. The whole experimental
period was 14 days. The survival rate of the mice was 100%
when administered with PAMCP (4 mg/kg CDDP); while
50% survival rates were noticed when the mice received
4 mg/kg CDDP (Figure 4A). No death appeared when the
mice received the empty drug carrier (vehicle) PAMP. Body
weight loss was another index to evaluate in vivo toxicity.
When the mice were injected with CDDP, the body weight
loss was about 17% (P<<0.001) in the end, and spleens of
the mice significantly decreased. Compared with the PBS or
PAMP treatment group, there were no obvious body weight
changes or spleen decreases observed in the PAMCP group
(Figure 4B-D). Compared with the PBS or PAMP group,
there were no obvious changes in terms of decrease in body
weight or the WBC/RBC counts in the PAMCP group
(Table 3). However, in the CDDP treatment group, the WBC
and RBC counts in mice significantly decreased (P<<0.01).
BUN and CRE are two classic renal function detection
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Figure 3 In vitro cytotoxicity of PAMCP and CDDP.
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Notes: Growth curves of Hela cells were determined by the MTT assay after incubation with CDDP (200, 100, 50, 25, 12.5, or 6.25 ug/mL) or PAMCP (equal to CDDP
concentration) for 24 and 48 hours. The values are the mean + SD of 8 wells. *P<<0.05, **P<<0.01, compared with the CDDP group.
Abbreviations: CDDP, cisplatin; PAMCP, PGA-Asp—maleimide—cisplatin—peptide complex; PBS, phosphate buffer solution; PGA, poly-y-glutamic acid.

indexes, and ALT and AST are standards to estimate liver
function. Analysis of serum urea, CRE, ALT, and AST levels
indicated that only the free CDDP treatment group brought
about obvious kidney function and liver function injury.
There were no significant differences (P>0.05) among
the remaining groups, which indicated that PAMCP reduced
the liver and kidney toxicity induced by CDDP. The TUNEL
assay was used to detect the apoptosis of the liver, kidney, and
spleen tissues. The apoptotic cells were stained with green
fluorescence. When CDDP was administered, significant
toxicity was detected as a number of positive, stained regions
in the liver, spleen, and kidney (Figure 5). Compared with the
free CDDP treatment group, the number of apoptotic cells

in the PAMCP-treated groups was significantly decreased,
and no obvious apoptosis was detected in the PBS- or
PAMP-treated group.

PAMCP exhibited pronounced tumor

suppression in vivo

The in vivo tumor suppression experiment was conducted
on HeLa cell-bearing nude mice. Five mice died when
6 mg/kg CDDP was administered and no death was noted in
the remaining groups (Figure S5). Significant tumor volume
decrease was seen when mice were exposed to CDDP or
PAMCP compared with the remaining groups (Figure 6A).
There were no significant differences in terms of tumor

Table 2 The IC50 value of Hela treated with free CDDP, PAMC, or PAMCP

Groups Exposure IC,, value (ug/mL)
time (hours) CDDP | PAMCP PAMC
Hela
General 24 26.5416.8 98.5+18.5%* 107.38+27.7
48 7.82+4.3 40.47+16.3%* 68.14£11.2%
Specific 24 932.2+435.8 217.3£79.5* 2,517.3+217.6%
48 519.1£174.5 120.1+17.3 1,652.1£189.6%

Notes: P<<0.05, **P<<0.01, Comparing with CDDP treated group. “P<<0.05, #P<<0.01, Comparing with PAMCP treated group.
Abbreviations: CDDP, cisplatin; PAMC, PGA-Asp-maleimide-CDDP; PAMCP, PGA-Asp—maleimide—cisplatin—peptide complex; PGA, poly-y-glutamic acid.
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Figure 4 Survival rate and body weight change rate of normal KM mice (n=10) that received CDDP, PBS, PAMCP, and PAMP.

Notes: (A) The survival rate of KM mice. (B) Body weight change of KM mice. (C) Observation of KM mice morphologic changes; and (D) spleen size changes of KM mice.
##%p<0.001, CDDP group compared with the other three groups. P8, peptide with sequence CHAIYPRH.

Abbreviations: CDDP, cisplatin; KM, Kun Ming; PAMP, PGA-Asp—maleimide-P8; PAMCP, PGA-Asp—maleimide—cisplatin—peptide complex; PGA, poly-y-glutamic acid.

volumes changes between the CDDP or PAMCP treatment
groups until 7 days after injection. PAMCP exhibited a
more pronounced tumor suppression effect than free CDDP
(Figure 6B and C). The inhibition of tumor proliferation by
PAMCP could be attributed to the EPR effect***? and the
targeting ability through affinity of PAMCP to TFR.

PAMCP achieved enriched tumor

distribution in HelLa-bearing mice
Distributions of PAMCP were tested in HeLa tumor-bearing
mice. The tumor-bearing mice were injected with PAMCP

and P8X and killed at 24 hours. Different tissue sections
were imaged and analyzed by Carestream MI SE to gener-
ate the corresponding fluorescence intensities. There was a
certain distribution of P8X in different organs, but we could
not detect obvious enhancement in tumor tissue. However,
compared with the P8X treatment group, more conspicuous
signals were detected after intravenous injection of PAMCP
(Figure 7). In the PAMCP treatment group, the fluorescence
intensity in different organs showed that the tumor tissue
gained 5-10 folds higher fluorescence intensity than other
tissues (Figure 8). These results suggested that PAMCP could

Table 3 The liver and kidney functions and blood biochemical indexes of KM mice

Groups AST (mmol/L) | ALT (mmol/L) | Urea (mmol/L) | CRE (mmoliL) | RBC (10°/L) WBC (10°/L)
PBS 118.58+30.872 49.1045.13 6.91+1.02 15.6242.11 9.26+0.34 19.98+4.89
PAMP 99.78+28.43 40.36+19.81 7.83+0.76 14.14+1.88 9.9240.49 20.38+4.62
CDDP 265.25+4.72° 131.97+19.62: 41.06+8.38 41.7345.55 3.00+0.64° 9.13+3.48°
PAMCP 112.33+45.77 44.86+13.92 7.01+0.77 15.48+2.27 8.940.87 22244422

Notes: P<<0.01, compared with PBS-treated group. P8, peptide with sequence CHAIYPRH.

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; CDDP, cisplatin; CRE, creatinine; KM, Kun Ming; PAMP, PGA-Asp—maleimide-P8; PAMCP,

PGA-Asp—maleimide—cisplatin—peptide complex; PGA, poly-y-glutamic acid; RBC, red blood cells; WBC, white blood cells.
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Figure 5 The detection of liver, spleen, and kidney apoptosis.
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Notes: Apoptotic cells in different organs were detected with the TUNEL assay (green). The cell nuclei were stained using DAPI (blue). Scale bar is 200 um. P8, peptide

with sequence CHAIYPRH.

Abbreviations: CDDP, cisplatin; DAPI, 4’,6-diamidino-2-phenylindole; FITC, fluorescein isothiocyanate; PAMP, PGA-Asp—maleimide-P8; PAMCP, PGA-Asp—maleimide—

cisplatin—peptide complex; PGA, poly-y-glutamic acid.

prolong retention in tumor tissues, which could be due to the
TFR-mediated cell targeting.

Discussion

The efficacies of major antitumor chemical drugs in the clinic
were hindered due to the short half-life, nonselective delivery
approaches, and side effects.**#” Enormous challenges have
been encountered in tumor treatment, and one of these is
enhancement of the efficacy by site-specific drug delivery.
The usage of targeting drug carrier for cancer treatment based
on specific protein markers presenting in tumor tissues is one
of the research highlights. Our group is focused on improving
the chemotherapeutic efficacy and selectivity of drug delivery
methods and reducing drug toxicity by coupling the drug to
biosynthesized PGA. PAMCP was designed based on a car-
rier named GAP460, synthesized by an amidation reaction
between PGA and Asp. GAP460 appeared to be sensitive
to high temperatures and extreme pH but was quite stable
at room temperature and neutral pH.* PGA—Asp complex
can overcome the disadvantages of free CDDP, such as

low solubility in water and instability under physiological
conditions. Biomacromolecules with relatively greater
molecular weights could overcome the renal filtration clear-
ance, have a longer plasma half-life, and have prolonged cir-
culating time in vivo. Previously, the PGA—CDDP complex
was mixed with plasma and dialyzed against 0.9% normal
saline, and the results showed that the release of CDDP in
PGA—CDDP complex was slow in plasma, and the drug
release rate was only 55% at 100 hours.*’ In this research, we
also find PAMCP showing sustained CDDP release proper-
ties, compared with the free CDDP (Figure S6). Compared
with the neutral environment, PAMCP presented faster
CDDP release efficiency under relatively acidic conditions.
The tumor-targeting peptide, with low molecular weight
and high affinity, conjugated with the drug delivery system
conferred obvious therapeutic advantage compared with
mAbs. In our research, we used a peptide screened from an
in vivo phage display method to implement TFR targeting of
the drug carrier. The delivery system improved the systemic
efficiency and decreased the side effects of CDDP. As a small
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peptide with sequence CHAIYPRH.

Abbreviations: CDDP, cisplatin; PAMP, PGA-Asp—maleimide-P8; PAMCP, PGA—-Asp-maleimide—cisplatin—peptide complex; PGA, poly-y-glutamic acid.

molecule, CDDP could rapidly implement the drug efficacy,
but it was hard to maintain stable blood drug concentration.*
The CDDP encapsulation rate of PAMCP reached 37%16%,
which is a high encapsulation efficiency. PAMCP was a
slow-release system and was present for a long time in the
blood circulation. The CDDP emulsification method using

the self-assembly approach displayed a favorable character
of high encapsulation efficiency, low energy consumption,
and mild preparation conditions, which are promising for
development of more number of hydrophobic substances.
The MTT study suggested that PAMCP reduced the cytotox-
icity of CDDP. These results suggest that PAMCP is stable
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Figure 7 The in vivo PAMCP distribution.
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Notes: PAMCP (peptide concentration 6.6 mg/kg) and P8X (peptide concentration 6.6 mg/kg) were administered into Hela tumor-bearing mice (n=4 for each group) by tail
vein injection. The distribution of PAMCP in different organs was observed by fluorescence after frozen sectioning. The tumor, spleen, kidney, brain, lung, heart, and liver
tissues were harvested for frozen section. Scale bar is 100 um. P8X, peptide with sequence CPIAHRHY.

Abbreviations: FITC, fluorescein isothiocyanate; PAMCP, PGA-Asp—maleimide—cisplatin—peptide complex; PGA, poly-y-glutamic acid.

and suitable for the EPR effect and can target TFR-positive
tumor cells in vitro.

The capillary endothelium in malignant tumors tends to be
impaired, and the aperture is probably >200 nm (mostly, in
the range of 1-100 nm). The disorder of capillary endothelia
enables the extravasation and retention of macromolecules
and nanocarriers at pathological sites. The size of PAMCP
was determined with dynamic light scattering (DLS)
(89£18 nm) and TEM (110£28 nm). The size detected by
DLS in aqueous phase (smaller than 100 nm) was similar
to that in the physiological state. The TEM and DLS results

120 4

intensity (%)
3 8

Relative fluorescence
w
o

. e B

indicate that the particle size of our newly-formed PAMCP
was in the range for EPR effects for tumor tissue,*! and our
in vivo experiment suggested that PAMCP was efficaciously
accumulated for tumor targeting.

Our group is focused on improving the chemotherapeutic
efficacy and reducing the drug toxicity by coupling the drug
to biosynthesized PGA. In the present study, the in vivo tox-
icity — such as bone marrow suppression, acute nephrotoxic-
ity, and hepatotoxicity — restricted the clinical application of
CDDP. The in vivo results suggested that the PAMCP could

prolong the retention in tumor tissues, which could be due to

P8X
I PAMCP

[y

'H FY

Tumor Heart Kidney

Spleen Brain Liver Lung

Figure 8 The mean relative fluorescence intensities of different organs calculated by Carestream Ml SE software.

Notes: Values are the mean + SD. P8X, peptide with sequence CPIAHRHY.

Abbreviations: PAMCP, PGA-Asp—maleimide—cisplatin—peptide complex; PGA, poly-y-glutamic acid.
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the TFR-mediated endocytosis. In the current study, PAMCP
reduced the death of mice treated with CDDP and decreased
the toxicity in vivo, which suggested that PAMCP was
safe for in vivo usage. PAMCP could inhibit the malignant
tumor proliferation and reduce the cytotoxic effect against
normal cells. TFR, aiding cells in transferring iron ions, was
expressed in low amounts in normal cells. In most tumor
cells, however, more iron ions were obtained to facilitate
cell growth. TFR was expressed in different tissues, and
PAMCEP could bind with the normal tissues. Although a large
number of PAMCP molecules were distributed in normal
tissues within 24 hours after injection, the TFR expression
in tumor tissue was much higher than in normal tissues.
High enrichment of PAMCP in tumor tissue was detected
by FITC fluorescence intensities. The drug delivery system
was capable of improving therapeutic agent concentration in
the tumor tissue, limiting systemic toxicity, and extending
agent half-life in blood relative to the free agents. PAMCP
was not only highly enriched in tumor tissues but it also
significantly reduced the side effects on liver and kidney, as
well as prominently decreased the mortality induced by free
CDDP. Therefore, PAMCP represents a very effective drug
candidate for tumor therapy, with low adverse side effects.

Conclusion

A novel TFR-targeted drug carrier with loaded CDDP was
fabricated, and the targeting carrier could improve the curative
effect of CDDP and reduce the side effects. PAMCP could
serve as an agent for developing novel antitumor therapy and
promises to extend the clinical application of CDDP.
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Figure S| The detection of the conjugation between P8 and PAM, as determined by 15% SDS-PAGE, and the gel image was recorded under a Tanon gel imaging system

(2500R) under ultraviolet light.
Notes: Lane |: P8 peptide fixed with FITC; Lane 2: PAM conjugated with P8 peptide (2 mg/mL) fixed with FITC; Lane 3: PAM conjugated with P8 peptide (I mg/mL) fixed

with FITC; Lane 4: drug carrier PAM. P8, peptide with sequence CHAIYPRH.
Abbreviations: FITC, fluorescein isothiocyanate; PAM, PGA—Asp—maleimide; PGA, poly-y-glutamic acid.
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Figure S2 The expression of TFR (CD71) in HUVECs and Hela cells was detected by western blotting assay.

Notes: The Hela and HUVEC culture medium was removed, and the cells were washed with PBS three times; the cells were lysed with RIPA buffer on ice for 30 minutes.
Cell lysate was quantified with BCA protein quantification kit, and SDS-PAGE (10%) and western blotting with nitrocellulose membrane were conducted; then, the membrane
was blocked with 1% BSA and incubated with TFR antibody and secondary antibody; TFR expression was detected using an ECL reagent.

Abbreviations: BCA, bicinchoninic acid; ECL, enhanced chemiluminescence; HUVEC, human umbilical vein endothelial cell; TFR, transferrin receptor.
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Figure S3 The targeting ability of P8 on HUVECs was detected by cellular immunofluorescence method (A-C) and flow cytometry (D).

Notes: HUVECs were incubated with P8 (30 ug/mL) for 30 minutes at 37°C, and cells were fixed with 10% neutral formaldehyde fixative and stained with DAPI solution.
(A) Cells stained with DAPI; (B) cells stained with P8; (C) merged; (D) the targeting ability of P8 on HUVECs was detected by flow cytometry method. HUVECs were
digested with 0.25% trypsin and harvested with centrifugation (800X g, 5 minutes). Then, the cells were added in 2 mL PBS and incubated with P8 (50 pg/mL) for 30 minutes
at 37°C. Cells were washed three times with PBS. The mean fluorescence intensity was determined to evaluate the targeting effect. FlowJo 7.6 software was used to analyze
the cell targeting ability. P8, peptide with sequence CHAIYPRH.

Abbreviations: FITC, fluorescein isothiocyanate; HUVEC, human umbilical vein endothelial cell.
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Figure S4 Hela cells were grown in 96-well plates (5x10° cells per well).

Notes: In general cytotoxicity, culture medium was displaced by serial dilutions of PAMC (CDDP concentration equal to 200, 100, 50, 25, 12.5, 6.25, or 3.125 ug/mL)
in fresh medium. The incubation lasted for another 24 hours or 48 hours. In specific cytotoxicity, after 10 minutes of incubation, the PAMC-containing culture medium
was removed and replaced with fresh medium for another 24 hours or 48 hours. Then, MTT solution (5 mg/mL) was dropped into each well (20 uL per well) for another
4 hours. The supernatant was removed, 100 uL of DMSO was added to each well, and the plate was vibrated for 5 minutes. The OD value of each well was measured at
570 nm with a spectrophotometer.

Abbreviations: CDDP, cisplatin; DMSO, dimethyl sulfoxide; PAMC, PGA—Asp—maleimide—cisplatin complex; PGA, poly-y-glutamic acid.
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Figure S5 The nude mice survival rate after the injection of PAMCP.

Notes: Nude mice bearing the Hela cells were divided into 4 groups (n=10) and received free PBS, PAMP, CDDP, and PAMCP, respectively. The mice survival rate was
detected and recorded each day. P8, peptide with sequence CHAIYPRH.

Abbreviations: CDDP, cisplatin; PAMP, PGA-Asp—maleimide-P8; PAMCP, PGA—Asp-maleimide—cisplatin—peptide complex; PGA, poly-y-glutamic acid.
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Figure S6 CDDP release behavior from PAMCP was investigated by dialysis method.

Notes: CDDP released from the PAMCP was examined in PBS (pH 7.4) or ABS (pH 5.5, 0.14 M NacCl) using a dialysis bag with membrane cutoff of 8,000 Da). Then, 5 mL
PAMCP or free CDDP solution was added into the dialysis bag immersed in 100 mL dialysis buffer and was laid on a shaker with a speed of 150 rpm at 37°C. At the given
time, 200 pL of sample was acquired from the external dialysis fluid, and equal amount of fresh dialysis fluid was reloaded. The quantity of CDDP released was detected with
o-diaminobenzene method.

Abbreviations: ABS, acetate-buffered saline; CDDP, cisplatin; PAMCP, PGA-Asp—maleimide—cisplatin—peptide complex; PGA, poly-y-glutamic acid.
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