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PEGylation has been widely applied to prolong the circulation times of nanomedicines via the steric shielding
effect, which consequently improves the intratumoral accumulation. However, cell uptake of PEGylated nano-
formulations is always blocked by the steric repulsion of PEG, which limits their therapeutic effect. To this end,
we designed and prepared two kinds of poly(i-glutamic acid)-cisplatin (PLG-CDDP) nanoformulations with
detachable PEG, which is responsive to specific tumor tissue microenvironments for prolonged circulation time
and enhanced cell internalization. The extracellular pH (pH)-responsive cleavage 2-propionic-3-methylmaleic
anhydride (CDM)-derived amide bond and matrix metalloproteinases-2/9 (MMP-2/9)-sensitive degradable
peptide PLGLAG were utilized to link PLG and PEG, yielding pHe-responsive PEG-pH.-PLG and MMP-sensitive
PEG-MMP-PLG. The corresponding smart nanoformulations PEG-pHe-PLG-Pt and PEG-MMP-PLG-Pt were then
prepared by the complexation of polypeptides and cisplatin (CDDP). The circulation half-lives of PEG-pH.-PLG-Pt
and PEG-MMP-PLG-Pt were about 4.6 and 4.2 times higher than that of the control PLG-Pt, respectively. Upon
reaching tumor tissue, PEG on the surface of nanomedicines was detached as triggered by pHe or MMP, which
increased intratumoral CDDP retention, enhanced cell uptake, and improved antitumor efficacy toward a fatal
high-grade serous ovarian cancer (HGSOC) mouse model, indicating the promising prospects for clinical appli-
cation of detachable PEGylated nanoformulations.

prolonged blood circulation time and increased drug accumulation in
the target site by the enhanced permeability and retention (EPR) effect

1. Introduction

The technique of binding poly(ethylene glycol) (PEG) to a given
platform is known as "PEGylation", which is a well-established strategy
to develop drug delivery systems for systematic administration [1,2].
PEGylation generates a hydrated cloud with a large excluded volume
around nanoparticles to sterically block the interaction between the
nanoparticles and components in the blood [3]. Meanwhile, the flexi-
bility of PEG provides considerable conformational freedom, which was
thermodynamically unfavorable to the penetration of foreign matters
into PEG corona [4]. Therefore, PEGylation leads to reduced protein
adsorption and clearance in vivo and endows the nanoparticles with
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[4-6].

However, PEGylation always causes limited nanoparticle internali-
zation by cancer cells because of the steric repulsion and water-cushion
effect between PEG chains and cell membrane [7], which inevitably
reduces the bioavailability of nanomedicines [8]. To overcome this "PEG
dilemma", various tumor microenvironment-responsive dePEGylation
strategies have been extensively investigated, including physical and
chemical stimuli-responsive dePEGylation, aiming to trigger the extra-
cellular shedding of PEG when nanoparticles enter the tumor tissue [1,
9]. Specifically, physical stimuli-responsive dePEGylation is mainly
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based on the non-covalent adsorption of PEG to the nanoparticle surface
[10], and chemical stimuli-responsive dePEGylation is based on the
covalent bond with stimuli-responsive cleavage to bridge the PEG and
nanoparticles, such as benzoic-imine bond, p-aminoacrylate bond, and
peptide GGGVPLSLYSGGGG [11]. Upon reaching the tumor tissue,
physical or chemical dePEGylation is triggered by specific tumor mi-
croenvironments, e.g., low pH, redox potential, overexpressed enzymes,
so that the nanoparticles without PEG shell could enter and deliver the
drug to cancer cells more effectively. With this dePEGylation strategy,
nanoparticles can benefit from both long circulation time and efficient
drug delivery to target cancer cells [1].

Compared with other polymer nanoparticles, the polypeptide
nanoparticles have gained wide attention in the field of biomaterials due
to their unique properties, especially special secondary structure,
excellent biocompatibility, and nontoxicity of degradation products
[12]. Moreover, the polypeptide could be easily modified by function-
alized PEG through chemical reactions. In this study, we developed two
kinds of poly(i-glutamic acid)-cisplatin (PLG-Pt) nanocomplexes with
detachable PEG that is responsive to tumor microenvironments, e.g., low
pH and matrix metalloproteinases-2/9 (MMP-2/9). The enhanced
therapeutic effect could be achieved with these detachable PEGylated
nanoformulations for high-grade serous ovarian cancer (HGSOC). As
shown in Scheme 1, the bridged chemical bond between PEG and PLG
was extracellular pH (pHe)-responsive 2-propionic-3-methylmaleic an-
hydride (CDM)-derived amide bond [13] or MMP-cleaved peptide
PLGLAG [14], corresponding to the graft copolymers PEG-pH-PLG or
PEG-MMP-PLG, respectively. Cisplatin (CDDP), the most widely used
first-line chemotherapeutic drug [15,16], was incorporated to the co-
polymers to form the polymer—metal complex nanoformulations,
referred to as PEG-pH.-PLG-Pt and PEG-MMP-PLG-Pt. The PEGylated
PLG-CDDP nanoformulations showed prolonged blood circulation times
and increased CDDP contents in the tumor tissue mediated by the EPR
effect [12,17]. Upon accumulation in the tumor tissue, the acidic pHe or
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overexpressed MMP in the tumor microenvironments cleaved the
bridged chemical bond between PEG and PLG. The released PLG-Pt had
an enhanced cell uptake and upregulated antitumor efficacy. Compared
with  undetachable PEG-PLG-Pt, both PEG-pH.-PLG-Pt and
PEG-MMP-PLG-Pt with tumor microenvironment-responsive detachable
PEGylation showed improved antitumor efficacies toward the HGSOC
tumor model. Given the fascinating properties, the smart PLG-CDDP
nanoformulations with detachable PEGylation exhibited promising
prospects for clinical cancer therapy.

2. Materials and methods
2.1. Materials

y-Benzyl-i-glutamate N-carboxyanhydride (BLG NCA), 3-benzylox-
ycarbonyl-i-lysine N-carboxyanhydride (ZLL NCA), and PEG-PLG were
synthesized as described in our previous works [18,19]. BLG NCA and
ZLL NCA were recrystallized twice from ethyl acetate before use.
Methoxy poly(ethylene glycol) with M, 5000 Da and N-hydrox-
ysuccinimide (NHS) were obtained from Signa-Aldrich (Shanghai, P. R.
China). cis-Diaminodichloroplatinum (II) was purchased from Shandong
Boyuan Chemical Company (Jinan, P. R. China). CDM was purchased
from Jilin Chinese Academy of Sciences-Yanshen Technology Co., Ltd.
(Changchun, P. R. China). mPEG-SH with M;, = 5000 Da was purchased
from Ponsure Biotechnology (Shanghai, P. R. China). MI-PLGLAG and
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDC-HCI) were purchased from GL Biochem (Shanghai, P. R. China)
Ltd. n-Hexylamine, 33 wt% solution of HBr in acetic acid, and tri-
fluoroacetic acid (TFA) were from Aladdin (Shanghai, P. R. China). All
other reagents and solvents were purchased from Sinopharm Chemical
Reagent Co. Ltd. (Shanghai, P. R. China) and used as received.

Ovarian cancer

PEG-R,-PLG-Pt

Scheme 1. Schematic illustration for preparation of PLG-CDDP nanoformulations with detachable PEG response to tumor microenvironments for enhanced therapy
of peritoneal metastasis of ovarian cancer. Upon reaching the tumor tissue, dePEGylation is triggered by acidic pH or overexpression MMP, and the nanoformulations
without PEG shell enter and deliver the drug to the cancer cells more effectively, leading to improving antitumor efficacy.

2689



Z. Jiang et al.
2.2. Synthesis of PEG-pH,-PLG

PEG-pH,.-PLG was synthesized by the reaction between polypeptide
and mPEG-CDM. Briefly, P(LG-co-LL) (0.41 g, 0.02 mmol) was dissolved
in ice water and adjusted to pH 8.0 by adding sodium hydroxide (NaOH)
aqueous solution. mPEG-CDM (1.04 g, 0.20 mmol) was added gradually
to the P(LG-co-LL) solution, and the solution was maintained at pH 8.0
— 9.0 for 2 h adjusted by NaOH aqueous solution. The solution was
moved into a dialysis bag (molecular weight cut-off (MWCO) = 14,000
Da) and dialyzed against NaOH aqueous solution at pH 8.0 — 9.0 for 24
h. Finally, PEG-pH,-PLG was obtained after lyophilization.

2.3. Synthesis of PEG-MMP-PLG

PLGLAG, a MMP-sensitive cleavage peptide, was utilized to link PLG
and mPEG for the synthesis of PEG-MMP-PLG. Briefly, mPEG-SH (1.00 g,
0.20 mmol) and MI-PLGLAG-COOH (0.15 g, 0.22 mmol) were dissolved
in 20.0 mL of N,N-dimethylformamide (DMF) and stirred for 12 h. Then,
EDC-HCI (126.5 mg, 0.66 mmol) and NHS (76.0 mg, 0.66 mmol) were
added, and the reaction was maintained for 24 h. The solution was
dialyzed against DMF to remove extra EDC-HCI and NHS. The solution of
mPEG-PLGLAG-NHS was obtained and added gradually to the P(LG-co-
LL) solution. The reaction was continued at room temperature for 24 h
and then was moved into a dialysis bag (MWCO = 14,000 Da) and
dialyzed against deionized water for 24 h. Finally, the solution was
lyophilized, and PEG-MMP-PLG was obtained.

2.4. Assessment of pH,- and MMP-responsiveness

The obtained PEG-pH,-PLG was dissolved in deionized water, and pH
was adjusted to 6.5 by using hydrochloric acid. At selected time in-
tervals, 0.5, 2, 4, and 6 h, 1.0 mL of solution was taken out. The PEG
content was determined by high-performance liquid chromatography
(HPLC) analysis.

PEG-MMP-PLG (1.0 mg mL™!) was incubated with 2.0 pg mL™?
MMP-2 in 25.0 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid (HEPES) buffer at pH 7.4 containing 5.0 mM calcium chloride
(CaCly) at 37 °C. At selected time intervals, 0.5, 1, 2, and 4 h, 1.0 mL of
solution was taken out and lyophilized. Then, the PEG content was
detected by HPLC analysis.

2.5. Preparation of PLG-CDDP nanoformulations

The PLG-CDDP nanoformulations were prepared by the complexa-
tion of carboxyl group in the LG unit with CDDP in an aqueous solution.
Typically, PLG, PEG-PLG, PEG-pH,-PLG, or PEG-MMP-PLG (100.0 mg on
a PLG equivalent) and 25.0 mg (0.083 mmol) of CDDP were dissolved in
deionized water and shaken at 37 °C for 72 h. Free CDDP was removed
by dialysis (MWCO = 3,500 Da) against NaOH aqueous solution at pH
8.0 — 9.0 for 24 h. The PLG-CDDP nanoformulations were obtained by
lyophilization. The drug loading content (DLC) and drug loading effi-
ciency (DLE) were calculated by the following equations.

Weight of CDDP in PLG — CDDP nanoformulation
Weight of PLG — CDDP nanoformulation

DLC= x 100% (1)

_ Weight of CDDP in PLG — CDDP nanoformulation

DLE
Weight of feeding CDDP

x 100%  (2)

2.6. Pharmacokinetics

Female Sprague-Dawley rats were purchased from Beijing HFK
Bioscience Co., Ltd. (Beijing, P. R. China) and randomly divided into five
groups (n = 3; average weight: 180 g). CDDP, PLG-Pt, PEG-PLG-Pt, PEG-
PHe-PLG-Pt, or PEG-MMP-PLG-Pt was administered via the tail vein at an
equivalent CDDP dose of 3.0 mg per kg body weight (mg (kg BW)™1). At
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predefined time points 5, 15, and 30 min, and 1, 3, 6, 12, and 24 h,
200.0 pL of blood samples were collected from the orbital cavities of
rats, heparinized, and centrifuged (12,000 rpm, 5 min) to obtain plasma.
Then, plasma samples were decomposed by heating with nitric acid, and
the platinum contents were determined by inductively coupled plasma-
mass spectrometry (ICP-MS, NexION, PerkinElmer, USA). All of the data
obtained by ICP-MS were analyzed using the PKSolver program (China
Pharmaceutical University, Nanjing, P. R. China) [20].

2.7. Biodistribution

To investigate the biodistribution of free CDDP and PLG-CDDP
nanoformulations in the peritoneal metastasis of ovarian cancer xeno-
grafted nude mouse, female BALB/c nude mice (n =3;18 —20g,5 -6
weeks) were inoculated intraperitoneally with 5.0 x 10® SKOV3 cells.
After seven days, CDDP or various PLG-CDDP nanoformulations was
administered intravenously at a dose of 3.0 mg (kg BW) ! on a CDDP
equivalent. The mice were sacrificed at 24 h after injection. The heart,
liver, spleen, lung, kidney, and tumor were excised. Then, the tissues
were decomposed by heating with nitric acid, and the platinum con-
centration in the solution was measured by ICP-MS.

2.8. In vivo antitumor efficacy

The antitumor efficacies of free CDDP and PLG-CDDP nano-
formulations were assessed toward the peritoneal metastasis of ovarian
cancer xenografted nude mouse. The female BALB/c nude mice (18 —
20 g, 5 — 6 weeks) were bought from Charles River Laboratories (Bei-
jing, P. R. China). All animals received care in compliance with the
guidelines outlined in the "Guide for the Care and Use of Laboratory
Animals", and all procedures were approved by the Animal Care and Use
Committee of Institute of Chemistry, Chinese Academy of Sciences
(Beijing, P. R. China). The mice were intraperitoneally injected with the
LUCY/RFP* OVCARS cells at a dosage of 1.5 x 10° cells per mouse to
establish the HGSOC model [21]. Then, the mice were randomly divided
into six groups (n 5) and intravenously injected with
phosphate-buffered saline (PBS), CDDP, PLG-Pt, PEG-PLG-Pt, PEG--
PpHe-PLG-Pt, or PEG-MMP-PLG-Pt at an equivalent CDDP concentration
of 3.0 mg (kg BW) ! every four days. Luciferase signals of the tumors in
each group were imaged in vivo periodically. Changes in signal in-
tensities determined by measuring the average photon flux in radians
were compared to baseline, enabling normalization for differences in
imaging area between mice and in the same mouse over time. The body
weight of mouse was also recorded every four days. At the end of
treatment, the mice were sacrificed, and normal organs, i.e., the heart,
liver, spleen, lung and kidney, and tumor were collected for histopath-
ological analysis.

2.9. Statistical analysis

All experiments were performed as means + standard deviation (SD).
Data were analyzed for statistical significance using SPSS 21.0 (SPSS
Inc., Chicago, IL, USA). *P < 0.05 was considered statistically signifi-
cant, and **P < 0.01 and ***P < 0.001 were considered highly
significant.

3. Results and discussion

3.1. Synthesis and characterizations of PEG-pH.-PLG and PEG-MMP-
PLG

The synthesis routes of PEG-pH.-PLG and PEG-MMP-PLG were
shown in Supplementary Fig. S1. Polypeptides were synthesized by the
ring-opening polymerization (ROP) of a-amino acid NCA monomers
initiated by various amino groups, according to the protocols described
in our previous studies [19,22]. Poly(y-benzyl-i-glutamate-co-N
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(¢)-benzyloxycarbonyl-i-lysine) (P(BLG-co-ZLL)) was synthesized by the
ROP of BLG NCA and ZLL NCA using n-hexylamine as an initiator, and
poly(i-glutamic acid-co-1-lysine) (P(LG-co-LL) was obtained through the
deprotection of P(BLG-co-ZLL) with hydrogen bromide solution, 33 wt%
in acetic acid [23]. The signals of proton nuclear magnetic resonance
(*H NMR) spectra for various polymers were shown in Supplementary
Table S1. The successful synthesis of P(BLG-co-ZLL) and P(LG-co-LL)
were demonstrated by 'H NMR, as shown in Supplementary Fig. S2, and
Fig. 1A. Furthermore, the polymerization degrees of LG and LL were
calculated to be 149 and 10, responsively.

Thereafter, PEG-PLG was synthesized by the condensation reaction
between the carboxyl group in the LG unit and the terminal hydroxyl
group of mPEG according to the protocol reported in our previous work
(Supplementary Fig. S1) [24]. PEG was successfully modified to be
mPEG-CDM after the synthesis of chlorine-substituted CDM through the
reaction between the CDM and oxalyl chloride, as shown in Supple-
mentary Fig. S3 [13]. The characteristic resonances at 2.14 and 2.76
ppm belonged to the methyl protons (a) and methylene protons (b) of
CDM, and the signal at 4.24 ppm (—OCH3;CH,;0C(0O)—, e) proved the
successful synthesis of mPEG-CDM. PEG-pH.-PLG was synthesized by
the ring-opening reaction between the anhydride group in mPEG-CDM
and the amino group in the LL unit of P(LG-co-LL). The signal at 3.58
ppm in 'H NMR spectra proved the existence of PEG, indicating the
successful synthesis of PEG-pH.-PLG.

For the preparation of PEG-MMP-PLG, mPEG-PLGLAG-COOH was
first synthesized by the Michael addition reaction between the terminal
thiol group in mPEG-SH and maleimide (MI) group in the functional
peptide MI-PLGLAG-COOH. Then, mPEG-PLGLAG-COOH was activated
by NHS catalyzed by EDC-HCl to synthesize mPEG-PLGLAG-NHS.

Bioactive Materials 6 (2021) 2688-2697

Finally, PEG-MMP-PLG was synthesized by the reaction between the
NHS-activated carboxyl group in mPEG-PLGLAG-NHS and the amino
group in the LL unit of P(LG-co-LL). The successful preparation of PEG-
MMP-PLG was proved by the signal of PEG at 3.58 ppm in 'H NMR
spectra.

In addition, the synthesis of polypeptide was also confirmed by the
appearance of typical amide bonds at 1654 cm ™ (vc_o) and 1548 cm™?
(vccoynn) in Fourier-transform infrared (FT—IR) spectra (Supplemen-
tary Fig. S4). Meanwhile, the absorption peak of C-H bonds appeared at
2753 em ™! in FT-IR spectra, indicating the existence of PEG. Further-
more, the grafting density of PEG was examined by 'H NMR and gel
filtration chromatography (GFC) (Supplementary Table S2). The molar
ratio of Glu unit and PEG monomer unit and M;, of PEG-PLG, PEG-pH,-
PLG, and PEG-MMP-PLG were very close, proving similar grafting
density.

According to our design, tumor microenvironment could lead to the
PEG deshielding from PEG-pH-PLG and PEG-MMP-PLG. To confirm this
hypothesis, the PEG release behavior was detected by HPLC. The PEG
peak was exhibited at an elution time at 16.7 min. PEG-pH,-PLG showed
a rapid PEG release at pH 6.5, with a nearly 80% of cumulative release
within 4 h (Fig. 1B). Similarly, the MMP-2-sensibility of PEG-MMP-PLG
was also detected by HPLC after coincubation with MMP-2.76.8% of the
linker was cleaved within 2 h (Fig. 1C). The above data demonstrated
that the pH- and MMP-sensitive linkages between polypeptide and
mPEG could be efficiently cleaved in the specific microenvironments of
tumor tissue.
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Fig. 1. Characterizations of P(LG-co-LL), PEG-PLG, PEG-pH,-PLG, and PEG-MMP-PLG. (A) H NMR spectra of PLG, PEG-PLG, PEG-pH,-PLG, and PEG-MMP-PLG. (B)
PEG detachment kinetics from PEG-pH-PLG at pH 6.5. (C) PEG detachment kinetics from PEG-MMP-PLG in presence of MMP-2. The statistical data are represented

as mean =+ standard deviation (SD; n = 3).
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3.2. Preparation and characterizations of PLG-CDDP nanoformulations

To exploit the benefits of a detachable PEGylation strategy for cancer
therapy, CDDP was incorporated to the copolymers to form nano-
formulations. The PLG has abundant carboxyl groups in the LG units that
are able to form complex with Pt(II) in CDDP to prepare various poly-
mer—metal complex nanoformulations. According to this protocol,
various PLG-CDDP nanoformulations, including PLG-Pt, PEG-PLG-Pt,
PEG-pH.-PLG-Pt, or PEG-MMP-PLG-Pt, were prepared through the
ligand exchange reaction between P(LG-co-LL), PEG-PLG, PEG-pH,-PLG,
or PEG-MMP-PLG and CDDP in aqueous solution, respectively [25,26].
The DLCs and DLEs of CDDP in the above nanoformulations were pro-
vided in Supplementary Table S3, which proved the efficient and close
CDDP-loaded capacity of various copolymers.

The hydrodynamic diameters (Dys) of PLG-CDDP nanoformulations
were examined by dynamic laser scattering (DLS) in intensity model,
which were 9.2 £ 1.6, 13.2 £ 3.3, 12.6 £+ 3.6, and 14.2 + 4.0 nm,
respectively, as shown in Fig. 2A and Supplementary Table S3. The size
distributions of different PLG-CDDP nanoformulations were appropriate
to the required scale ranges for passive tumor targeting by the EPR effect
[27,28]. The ¢ potentials of PLG-Pt, PEG-PLG-Pt, PEG-pH.-PLG-Pt, and
PEG-MMP-PLG-Pt were —27.2 + 2.1, —17.9 + 2.5, —16.5 + 0.6, and
—15.5 &+ 1.3 mV, respectively. Compared with PLG-Pt, the increased {
potentials of PEG-PLG-Pt, PEG-pH.-PLG-Pt, and PEG-MMP-PLG-Pt
should be attributed to the modification of PEG, which decreased the
density of LG unit in the polypeptide chain. The negative charges
favored the prolonged circulation times of PLG-CDDP nanoformulations.

In order to examine the drug release behavior of nanoformulations in
vitro, CDDP release in PBS at pH 7.4, 6.8, or 5.5 with or without previous
pre-incubation with MMP-2 was detected by the dialysis method. As
shown in Fig. 2B, none of the PLG-CDDP nanoformulations showed an
initial burst release of CDDP within 24 h. Less than 30% of CDDP was
released from PLG-CDDP nanoformulations at pH 7.4 within 72 h. The
sustained release behaviors of PLG-CDDP nanoformulations were
similar to our finding in the previous report [24]. It was owing to the
stable coordination between CDDP and the carboxylate groups of PLG
moiety at pH 7.4. Meanwhile, the cumulative release of CDDP from
PLG-CDDP nanoformulations could be accelerated by decreasing pH
from 7.4 to 6.5 and 5.5. Typically, the amount of drug release from
PLG-Pt, PEG-PLG-Pt, PEG-pH,-PLG-Pt, and PEG-MMP-PLG-Pt at 72 h
reached 78.8%, 58.4%, 69.6%, and 55.2% at pH 5.5, respectively. The
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higher release rate of CDDP in acidic conditions should be attributed to
the stronger protonation of free carboxylic groups of PLG at acidic pH,
which weakened CDDP and PLG-CDDP nanoformulations coupling [29].
A higher percentage of CDDP was released from PEG-pH.-PLG-Pt
compared with PEG-PLG-Pt at pH 5.5. Meanwhile, pre-incubation with
MMP-2 solution resulted in faster drug release from PEG-MMP-PLG-Pt
than that without MMP-2 pre-incubation. These data demonstrated that
dePEGylation caused by acidic or MMP-2 cleavage led to rapid CDDP
release from PLG-CDDP nanoformulations. This finding was similar to
other reported studies [30]. All these data demonstrated that the
PEG-pHe-PLG-Pt and PEG-MMP-PLG-Pt could reduce the CDDP release
in blood circulation and achieve effective and controlled drug release in
tumor tissue.

3.3. Invitro cell uptake and toxicity of various PLG-CDDP
nanoformulations

After dePEGylation, the released PLG-Pt, which should have better
cell uptake ability, is expected to increase CDDP concentration in cancer
cells. To demonstrate this assumption, the intracellular internalization
of free CDDP and PLG-CDDP nanoformulations toward SKOV3 cells and
LUC*/RFP' OVCARS cells was investigated by a confocal laser scanning
microscope (CLSM) (Fig. 3A). In order to observe the cell uptake be-
haviors, the PLG-CDDP nanoformulations were labeled with FITC. As
shown in Fig. 3A, the PEG-PLG-Pt showed the weakest signal of intra-
cellular FITC fluorescence in SKOV3 cells compared with other groups.
This was because of the limited cell endocytosis caused by the steric
interactions between grafted PEG chains and the cell membrane.
Meanwhile, compared with PEG-PLG-Pt, PEG-pH.-PLG-Pt showed a
similar cell uptake at pH 7.4, and a higher cell uptake at pH 6.5. This was
because the CDM-derived amide bond between PEG chains and PLG was
stable at pH 7.4 but was cleaved at pH 6.5. After dePEGylation, the
remaining uncoated PLG-Pt core showed an enhanced cell uptake and
CDDP release efficacy. Similarly, due to the overexpressed MMP-2 in the
ovarian cell line [31], PEG-MMP-PLG-Pt also showed a higher cell up-
take and CDDP content than PEG-PLG-Pt. More cellular uptake leads to
higher drug content. As expected, the free CDDP group showed the
highest CDDP content in SKOV3 cells (Fig. 3B). This was because the cell
uptake of PLG-CDDP nanoformulations was achieved via the endocytosis
pathway, while free CDDP entered cells via diffusion [27]. Meanwhile,
there were higher CDDP contents of PEG-pH.-PLG-Pt and
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Fig. 2. Characterizations of PLG-Pt, PEG-PLG-Pt, PEG-pH.-PLG-Pt, and PEG-MMP-PLG-Pt. (A) Dys of PLG-Pt, PEG-PLG-Pt, PEG-pH.-PLG-Pt, and PEG-MMP-PLG-Pt.
Scale bar indicates 50 nm. (B) CDDP release profiles from PLG-CDDP nanoformulations. The statistical data are represented as mean =+ standard deviation (SD; n = 3).
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Fig. 3. Cell uptake and proliferation inhibition
after treatment with various PLG-CDDP nano-
formulations. (A) Typical CLSM images of SKOV3
cells treated with FITC-labeled PLG-Pt, PEG-PLG-Pt,
PEG-pH.-PLG-Pt, and PEG-MMP-PLG-Pt for 6 h.
Scale bar indicates 50 pm. (B) Cell internalization of
CDDP, PLG-Pt, PEG-PLG-Pt, PEG-pH.-PLG-Pt, and
PEG-MMP-PLG-Pt after coincubation with SKOV3
cells for 6 h. (C) Cytotoxicity of various groups at
different concentrations of CDDP for 48 h. The
statistical data are represented as mean + SD (n = 3;
*%p < 0.001).
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PEG-MMP-PLG-Pt compared with PEG-PLG-Pt group due to the dePE-
Gylation. Furthermore, the enhanced cell uptake and increased intra-
cellular CDDP content of PEG-pH.-PLG-Pt and PEG-MMP-PLG-Pt were
also determined in LUC/RFP™ OVCARS cells (Supplementary Fig. S5
and Fig. S6), which were consistent with those of SKOV3 cells. The
endocytosis of nanoformulations was affected by many factors, such as
size, {-potential, secondary structure of PLG (a-helix and f-sheet), and
PEGylation [32-34]. However, the PEGylation is likely to be the main
factor affecting endocytosis in our study, because the main difference
among nanoformulations was the bridged chemical bond between PLG
and PEG. All results confirmed that the PLG-CDDP nanoformulations
with detachable PEGylation had enhanced cell uptake and intracellular
CDDP content.

The increased accumulation of CDDP in cancer cells was beneficial in
terms of improving anti-proliferation activity. Thus, the cell viability
was evaluated by Alamar blue assay in SKOV3 cells with different con-
centrations of polypeptides or PLG-CDDP nanoformulations. In Supple-
mentary Fig. S7, cancer cells treated with polypeptides for 48 h showed
viabilities of around 100% even at high concentrations, revealing
outstanding biocompatibility of the copolymers to cells. Furthermore,
the pH- and MMP-responsive PEG-R-PLG-CDDP nanoformulations
showed more potent antitumor efficacy than non-responsive ones at the
same CDDP concentration (Fig. 3C). The half-maximal inhibitory con-
centration (ICso) values of free CDDP, PLG-Pt, PEG-PLG-Pt, PEG-pH,-
PLG-Pt (pH 7.4), PEG-pH.-PLG-Pt (pH 6.5), and PEG-MMP-PLG-Pt were
1.2, 4.8, 11.0, 8.5, 5.8 and 6.9 pug rnL’l, respectively (Supplementary
Table S4). The cytotoxicities of PEG-pH.-PLG-Pt and PEG-MMP-PLG-Pt
were higher than that of PEG-PLG-Pt. It was because dePEGylation of
PLG-CDDP nanoformulations, which led to enhanced cell uptake and
faster CDDP release. Meanwhile, the cytotoxicity of various PLG-CDDP
nanoformulations was also evaluated in LUC"/RFP" OVCARS cells.
Similarly, all polypeptide groups showed no apparent toxicity even at
high concentrations (Supplementary Fig. S8). The PEG-PLG-Pt, PEG-
PHe-PLG-Pt (pH 7.4), PEG-pH-PLG-Pt (pH 6.5), and PEG-MMP-PLG-Pt
had ICsq values of 10.6, 7.6 4.0, and 5.3 pg mL7}, respectively (Sup-
plementary Fig. S9), similar to the results in SKOV3 cells. These findings
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indicated that the PLG-CDDP nanoformulations with detachable PEG
resulted in enhanced cytotoxicity due to effective cell uptake and rapid
intracellular CDDP release.

3.4. In vivo pharmacokinetics and biodistribution of CDDP

The evaluation of pharmacokinetics is a crucial step to enter the
clinical study. The pharmacokinetics of free CDDP and various PLG-
CDDP nanoformulations were evaluated by single tail vein injection
into healthy rats (3.0 mg (kg BW)_1 on a CDDP basis). The serum was
collected at the selected time points and decomposed on heating in nitric
acid before determining platinum contents by ICP-MS. The mean serum
concentration-time curves of platinum were shown in Fig. 4A. The half-
lives (t;,2) of CDDP, PLG-Pt, PEG-PLG-Pt, PEG-pH.-PLG-Pt, and PEG-
MMP-PLG-Pt groups were 0.4, 1.9, 8.8, 7.9, and 7.8 h, respectively.
Meanwhile, the drug concentration-time curves (AUCy.,) were 23.0,
92.7, 460.1, 407.7, and 363.0 h pg mL~?, respectively (Supplementary
Table S4). As expected, the free CDDP groups showed the shortest t1 /2
and lowest AUCy.; values, owing to rapid clearance in vivo. The PEG-
PLG-Pt, PEG-pH-PLG-Pt, and PEG-MMP-PLG-Pt showed higher ¢,
and AUCy, values as compared with PLG-Pt. These results were
consistent with our previous work [18,24]. Meanwhile, compared with
PEG-PLG-Pt, PEG-pH.-PLG-Pt, and PEG-MMP-PLG-Pt showed slightly
smaller t;,5 and AUCy.; values. It could be explained that the pH,-res-
ponsive CDM-derived amide bond and MMP-responsive PLGLAG pep-
tide was less stable in vivo compared with the ester bond in PEG-PLG.
Overall, these results indicated that the PEG chain on the particle surface
could prolong the circulation time by providing a shield for nano-
particles from rapid clearance by the organism and increased the op-
portunity to accumulate in tumor tissue through the EPR effect.

The distribution of antitumor agents is influential to their thera-
peutic efficacy and toxicity to normal organs [35,36]. The bio-
distribution of free CDDP and PLG-CDDP nanoformulations was
detected in tumor-bearing mice. Seven days after intraperitoneal injec-
tion of SKOV3 cells, free CDDP or other nanoformulations was injected
through the tail vein. After 24 h, major organs (heart, liver, spleen, lung,
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Fig. 4. In vivo pharmacokinetics and biodistribution of CDDP, PLG-Pt, PEG-
PLG-Pt, PEG-pH,-PLG-Pt, and PEG-MMP-PLG-Pt. (A) Pharmacokinetics of CDDP
and PLG-CDDP nanoformulations after intravenous injection into Sprague-
Dawley rats. (B) Concentrations of CDDP in organs (the heart, liver, spleen,
lung, and kidney) and tumors at 48 h post-injection. The statistical data are
represented as mean + SD (n = 3; *P < 0.001, ***P < 0.001).

and kidney) and tumors were collected and decomposed on heating in
nitric acid to detect platinum content by ICP-MS. As shown in Fig. 4B,
PEGylated PLG-CDDP nanoformulations showed an increased CDDP
concentration in each organ compared with free CDDP and PLG-Pt
within 24 h after intravenous injection, which was due to their
enhanced circulation times in vivo [18]. In addition, the PEG-pH.-PLG-Pt
and PEG-MMP-PLG-Pt showed reduced accumulation in normal organs
and 1.7- and 1.4-folds higher accumulation in tumor tissue compared
with PEG-PLG-Pt, respectively, indicating the enhanced antitumor effect
and reduced side effects. It was because the tumor
microenvironment-responsive detachable PEGylated PLG-CDDP nano-
formulations facilitated the retention in tumor tissue. Upon accumula-
tion in tumor tissue, the acidic pH, or overexpressed MMP in the tumor
microenvironment cleaved the bridged chemical bond between PEG and
PLG, and the PLG-CDDP nanoformulations without PEG chain showed
enhanced cellular uptake. Overall, the PEG-pH.-PLG-Pt and
PEG-MMP-PLG-Pt with enhanced drug retention in the tumor tissue
exhibited the advantageous drug-delivery performance.
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3.5. In vivo antitumor efficiency

The antitumor efficiencies of CDDP-loaded PLG-CDDP nano-
formulations were evaluated in nude mice bearing disseminated LUC*/
RFP™ OVCARS ovarian cancer. 15 days after the injection of cancer cells,
the mice were injected via tail vein with PBS, free CDDP, or various PLG-
CDDP nanoformulations (3.0 mg (kg BW)~! on a CDDP basis) every four
days. The tumors in mice were monitored every seven days by in vivo
imaging system. The luminescent signal intensities emanating from the
tumors of each group confirmed the antitumor activity [37]. As ex-
pected, the PEG-PLG-Pt group showed an obvious antitumor effect and
extended survival time compared to the free CDDP and PLG-Pt groups
(Fig. 5 and Supplementary Fig. S10). This can be attributed to the pro-
longed circulation time and sustained drug release in the tumor tissue of
PEGylated PLG-CDDP nanoformulations, which was also proved in our
previous works [18,24]. Meanwhile, PEG-pH.-PLG-Pt and
PEG-MMP-PLG-Pt exhibited better antitumor efficiency and extended
survival time in comparison with the PEG-PLG-Pt group. The improved
therapeutic effects of PEG-detachable nanoformulations were in accor-
dance with their enhanced tumor accumulation and effective cell uptake
owning to their stimuli-responsive dePEGylation in tumor tissue.

The histological analysis supported the enhanced therapeutic effect
described in Fig. 5D and Supplementary Fig. S11. As expected,
compared with other groups, PEGylated PLG-CDDP nanoformulations
showed a larger area of necrosis with morphological features by he-
matoxylin and eosin (H&E) staining. Meanwhile, there were also more
active-caspase-3-positive apoptotic cells and fewer PCNA-positive
proliferating cells confirmed by immunohistochemical studies. In addi-
tion, the PEG-pH.-PLG-Pt and PEG-MMP-PLG-Pt with the most potent
antitumor effect could be observed among PEGylated PLG-CDDP, which
was consistent with the result of antitumor efficacy. The above findings
verified that detachable PEGylated nanoformulations could achieve
superior anticancer efficacy.

In addition, the PEGylated PLG-CDDP nanoformulations showed
reduced systemic toxicity of free CDDP. As shown in Supplementary
Fig. 512, the body weight decreased in the CDDP group, while the body
weights remained almost unchanged in PEG-pH,-PLG-Pt and PEG-MMP-
PLG-Pt groups, further suggesting the increased systemic safety. Hence,
the PEG-pH.-PLG-Pt and PEG-MMP-PLG-Pt are promising platforms in
cancer treatment.

4. Conclusion

PEGylated PLG-CDDP nanoformulations significantly prolong the
circulation time in the blood and increase drug accumulation in the
tumor tissue. However, PLG-CDDP nanoformulations with PEG chains
showed limited cell uptake and bioavailability, which reduced the
therapeutic potential of nanomedicines. In this study, we developed two
tumor microenvironment-responsive detachable CDDP-loaded PEGy-
lated PLG complex nanoformulations, PEG-pH,-PLG-Pt and PEG-MMP-
PLG-Pt, whose bridged chemical bond was pHe-responsive CDM-derived
amide bond or MMP-2-responsive PLGLAG, respectively. The CDDP-
loaded pHe- and MMP-responsive PEGylated PLG-CDDP nano-
formulations with diameters of 12.6 4+ 3.6 nm, and 14.2 &+ 4.0 nm,
respectively, showed prolonged blood circulation, evidenced by
increased t; 2 and AUCy... Upon accumulation in tumor tissue, the acidic
pH. or overexpressed MMP at the tumor microenvironment cleaved the
bridged chemical bond between PEG and PLG. The PLG-CDDP nano-
formulations without PEG shell had enhanced cell uptake and cytotox-
icity. Furthermore, PEG-pH,-PLG-Pt and PEG-MMP-PLG-Pt, especially
the former oner, showed enhanced inhibition efficacy and survival rate
in vivo. Therefore, the tumor microenvironment-induced detachable
CDDP-loaded PEGylated PLG complex nanoformulations provided an
effective strategy for designing CDDP nanomedicines.
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List of abbreviations
H NMR proton nuclear magnetic resonance

AUCy., area under the drug concentration-time curve
BLG NCA y-benzyl-1-glutamate N-carboxyanhydride

CaCl, calcium chloride

CDDP cisplatin, cis-diaminodichloroplatinum (II)

CDM 2-propionic-3-methylmaleic anhydride

CLSM confocal laser scanning microscope

Dys hydrodynamic diameters

DLC drug loading content

DLE drug loading efficiency

DLS dynamic laser scattering

DMF N,N-dimethylformamide

EDC-HCl 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride

EPR effect enhanced permeability and retention effect

FT-IR Fourier-transform infrared

GFC gel filtration chromatography

H&E hematoxylin and eosin

HEPES  N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
HGSOC high-grade serous ovarian cancer

HPLC high-performance liquid chromatography

ICso half-maximal inhibitory concentration

ICP-MS inductively coupled plasma-mass spectrometry

MI maleimide

MMP-2/9 matrix metalloproteinases-2/9

M, number-average molecular weight
MWCO  molecular weight cut-off

NaOH  sodium hydroxide

NHS N-hydroxysuccinimide

P(LG-co-LL) poly(i-glutamic acid-co-r-lysine)

PCNA  proliferating cell nuclear antigen

PEG poly(ethylene glycol)

PEG-MMP-PLG matrix metalloproteinases -responsive poly(r-glutamic
acid)-g-methoxy poly(ethylene glycol)

PEG-MMP-PLG-Pt matrix metalloproteinases -responsive poly(r-
glutamic acid)-g-methoxy poly(ethylene glycol)-cisplatin

PEG-pH-PLG extracellular pH-responsive poly(i-glutamic acid)-g-
methoxy poly(ethylene glycol)

PEG-pH.-PLG-Pt extracellular pH -responsive poly(r-glutamic acid)-g-
methoxy poly(ethylene glycol)-cisplatin

PEG-PLG poly(i-glutamic acid)-g-methoxy poly(ethylene glycol)

PEG-PLG-Pt poly(i-glutamic acid)-g-methoxy poly(ethylene glycol)-
cisplatin

pHe extracellular pH

PLG-Pt  poly(rt-glutamic acid)-cisplatin

P(BLG-co-ZLL) poly(y-benzyl-L-glutamate-co-N(¢)-benzyloxycarbonyl-
L-lysine)

t1/2 half-life

TFA trifluoroacetic acid

ZLL NCA 3-benzyloxycarbonyl-i-lysine N-carboxyanhydride
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