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ABSTRACT: To improve the therapeutic index of cisplatin (CDDP), we present here
a new paradigm of drug-induced self-assembly by harnessing phosphato-platinum
complexation. Specifically, we show that a phosphato-platinum cross-linked micelle
(PpY/Pt) can be generated by using a block copolymer methoxy-poly(ethylene glycol)-
block-poly(L-phosphotyrosine) (mPEG-b-PpY). Coating of PpY/Pt with a Ry-iRGD
peptide by simple mixing affords a targeting micelle with near neutral-charged surface
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under physiological conditions, and can withstand various environmental stresses. R W
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Importantly, the micelles demonstrate on-demand drug release profiles in response to i 9

pathological cues such as high ATP concentration and acidic pH. In vitro, the micelles
are efficiently internalized and almost equally potent compared to CDDP. Moreover,
iPpY/Pt induce greater cytotoxicity than PpY/Pt in a 3D tumor spheroid model likely
due to its deeper tumor penetration. In vivo, the micelles exhibit prolonged circulation
half-lives, enhanced tumor accumulation, excellent tumor growth inhibition in a
xenograft HeLa model and an orthotropic mammary 4T1 model, and improved safety profiles evidenced by the reduced
nephrotoxicity. Together, this work demonstrates for the first time that phosphato-platinum complexation can be exploited for
effective delivery of CDDP, and suggests a paradigm shift of constructing nanosystems for other anticancer metallodrugs.
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1. INTRODUCTION

cis-Diamminedichloridoplatinum(II) (CDDP), also known as
cisplatin, is a widely used first-line chemotherapy agent for
various cancers including lymphoma, bladder, testis, and
ovarian cancer." However, CDDP suffers rapid clearance from
the plasma, unsatisfactory efficacy, and severe systemic toxicity,
primarily nephrotoxicity. As such, the clinical use of cisplatin is
dose-limited. To improve the therapeutic index of CDDP,
Pt(II), or Pt(IV) (pro)drugs2 with additional mechanisms such
as HSA—binding,3’4 targeting, anti-inflammation,® and immu-
notherapy have been broadly explored.” Another approach
capitalizes on various delivery systems®” in which the platinum-
based drugs, sometimes together with siRNAs'*~'* or other
chemotherapeutics,””*° were encapsulated or conjugated to
carriers such as inorganic particles,”' ~>° metal—organic frame-
works (MOFs),””*" lipid based nanoparticles,” " and
polymeric nanoparticles.””~*

Cisplatin is known to be rapidly hydrated to generate the
highly reactive cis-[Pt(NH;),(H,0),]**, which ultimately leads
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to its potency and toxicity. Substantial efforts, therefore, have
been focusing on modifying the leaving group attached to
platinum to fine-tune the hydration rate. Among these
strategies, carboxylato-platinum bonding is currently the most
prevailing approach to formulating CDDP-based nanome-
19,20,394044746 B instance, carboxylato-platinum cross-
linked polyethylene glycol-block-poly(L-glutamate) (PEG-b-
PLG) micelles have advanced to different stages of clinical
trials and hold considerable promise for translating the system
from bench to bedside.””**

yields hampered drug internalization and significant loss

dince.

Nevertheless, this strategy often

(sometimes ~90%) of anticancer activity in vitro.”>*" In this
regard, further optimization of the potency and other related
pharmacological characters of CDDP through engineering the
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platinum complexation environment is of utmost impor-
tance.”" >

To improve the effectiveness of cisplatin delivery systems,
here we aim to interrogate the drug-induced self-assembly by
harnessing a relatively less-explored phosphato-platinum
bond.”® For this, we rationalize that a block copolymer
methoxy-poly(ethylene glycol)-block-poly(L-phosphotyrosine)
(mPEG-b-PpY) can serve as an excellent carrier. PpY is a
bioinspired and biodegradable poly(a-amino acid) mimicking
tyrosine phosphorylation, a vital post-translational modifica-
tion.”>> We expect that the peptidic hydrogen bonding™® and
side-chain 77—z interaction of PpY may generate additional
interactions to stabilize the nanomedicine during circulation.
Interestingly, besides the conceivable acid-triggered drug
release, we unexpectedly observe a rapid and profound ATP-
induced platinum release, suggesting a multilayered mechanism
of action for selective and intracellular delivery of this novel
nanosystem.

2. EXPERIMENTAL SECTION

2.1. Materials. All chemicals were purchased from commercial
sources and used as received unless otherwise specified. Anhydrous
N,N-dimethylformamide (DMF) was purchased from Sigma-Aldrich
(St. Louis, U.S.A.) and treated with methyl isocyanate bounded
polystyrene beads (Sigma-Aldrich, St. Louis, U.S.A.) prior to
polymerization. Dry CDCl; was prepared by treating commercial
CDCl; with CaSO, overnight. pOEt-TyrNCA was synthesized
following previously reported procedure.’”®> mPEG-NH, (My =
5000) was purchased from Aladdin Bio-Chem Technology Co. Ltd.
(Shanghai, China). CyS NHS ester was purchased from Okeanos
Tech. Co. Ltd. (Beijing, China). Peptide Ry-iRGD
(RyG,CRGDRGPDC, underline denotes disulfide bond) and Ry-
iKGD (RyG,CKGDRGPDC, underline denotes disulfide bond) were
synthesized by standard Fmoc solid phase peptide synthesis (SPPS)
on a CS Bio peptide synthesizer CS136S (CS Bio Co.) and purified
using reverse phase High Performance Liquid Chromatography (RP-
HPLC, LC20A, Shimazu, Japan).

2.2. Instruments. NMR Spectra were recorded on a Bruker-400
MHz NMR spectrometer (ARX 400, Bruker Co., Germany).
Ultraperformance liquid chromatography electrospray ionization
mass spectrometry (UPLC-ESIMS) analyses were performed on a
system equipped with an ACQUITY H-Class UPLC (Waters Corp.
US.A) and a quadrupole rods SQ Detector 2 mass spectrometer
(Waters Corp. U.S.A). For peptide analysis, separations were realized
by a peptide BEH C18 column (Waters 300 A, 1.7 um; 2.1 X 100
mm?) using ultrapure water plus 0.1% formic acid and acetonitrile as
the mobile phase. Tandem gel permeation chromatography (GPC)
experiments were performed on a system equipped with an isocratic
pump (Model 1100, Agilent Technology, Santa Clara, CA), a DAWN
HELEOS 9-angle laser light scattering detector (Wyatt Technology,
Santa Barbara, CA) and an Optilab rEX refractive index detector
(Wyatt Technology, Santa Barbara, CA). The detection wavelength of
HELEOS was set at 658 nm. Separations were performed using serially
connected size exclusion columns (500 A, 10° A, 10* A Phenogel
columns, $ ym, 7.8 X 300 mm?, Phenomenex, Torrance, CA) at 50 °C
using DMF containing 0.1 M LiBr as the mobile phase. The molecular
weight (My,) of mPEG-P(pOEt-Tyr),s was calculated based on the
dn/dc values previously reported.”® Dynamic light scattering and zeta
potential were measured on a Nanobrook Omni (Brookhaven
Instrument Corp. at 25 °C (New York, U.S.A.). ICP Mass
Spectrometry (ICP-MS) were performed on a NexION 350X
(PerkinElmer, U.S.A). Transmission electron microscopy (TEM)
experiments were performed on a JEM-2100F microscope (JEOL Ltd.,
Japan). CLSM images were taken on a Nikon AIR confocal laser
scanning microscope system attached to an inverted ECLIPSE Ti
(Nikon Corp. Japan). Circular Dichroism (CD) spectroscopy was
recorded on a MOS-S00 CD Spectrometer (Bio-Logic Science

Instruments, France) with a 0.1 cm path length quartz cell
Cytotoxicity studies were assayed with an EnSpire Multimode Plate
Reader (PerkinElmer, U.S.A.). Microvolume UV—vis (nanodrop)
measurements were recorded on a NanoPhotometer P-Class (Implen,
Germany). Flow cytometry analysis was performed on a BD LSR
Fortessa equipped with 405, 488, and 640 nm lasers (BD Bioscience.
U.S.A.). Blood biochemical analysis was recorded by Toshiba Accute
Biochemical (Analyzer TBA-40FR). The histologic section was
imaging on a Laser scanning quantitative imaging system (Vectra).

2.3. Cells and Animals. Human cervical cancer cell line HeLa,
human liver hepatocellular carcinoma cell line HepG2, human
osteosarcoma cell line Saos-2 (Sarcoma osteogenic) and U-2 OS
were grown in DMEM (Corning, Manassas, U.S.A.) supplemented
with 10% FBS, 100 U mL™" of penicillin and 100 U mL™' of
streptomycin. Mouse breast cancer cell line 4T1 and human ovarian
carcinoma cell line SKOV3 were maintained in RPMI 1640 (Corning,
Manassas, U.S.A.) supplemented with 10% FBS, 100 U mL™" of
penicillin and 100 U mL™" of streptomycin. The cells were incubated
in a humidified incubator with 5% CO, at 37 °C. Six-week old female
BALB/c mice were ordered from Vital River Laboratories (Beijing,
China). All animal experiments were performed in compliance with
the guide for the Care and Use of Laboratory Animals, and were
approved by the Experimental Animal Ethics Committee in Beijing.

2.4. Synthesis of mPEG-b-PpY. As shown in Scheme S, in a
glovebox, pOEt-TyrNCA (104.1 mg, 15.0 equiv) was dissolved in
anhydrous DMF (200 uL), to which was added mPEG-NH, (107.7
mg, 1.0 equiv) in DMF (500 uL) under stirring. The polymerization
mixture was stirred at room temperature for 48 h when pOEt-TyrNCA
was completely consumed. The product mPEG-P(pOEt-Tyr),s was
precipitated in diethyl ether (20.0 mL) and washed with diethyl ether
(20.0 mL X 4) to afford a white powder with a ~64% yield. mPEG-
P(pOEt-Tyr),s was characterized by GPC and '"H NMR spectroscopy
before deprotection.

To syntehsize mPEG-b-PpY, bromotrimethysilane (TMSBr, 600
uL, 4.5 mmol) and triethylamine (TEA, 500 uL, 3.5 mmol) were
added to mPEG-P(pOEt-Tyr),s (~128—135 mg) in DCM (1.0 mL)
under stirring at room temperature. The mixture was continuously
stirred at 60 °C for 10 h before it was concentrated under vacuum.
The crude product was dissolved in water and purified by dialysis
against 100 mM NaCl for 4 h, followed by dialysis against ultrapure
water for another 8 h (water changed every 2 h). The resulting light
yellow solution was lyophilized to afford mPEG-b-PpY as a brown
powder (yield ~60%). The product was confirmed by 'H NMR
spectroscopy.

2.5. Cy5 NHS Labeling. mPEG-b-PpY (30 mg) was dissolved in
dry methanol (2.0 mL), to which was added CyS NHS ester (2 wt %)
and triethylamine (SO yL). After incubation at room temperature for
24 h, the solution was ultrafiltrated (MWCO 3000) at 2850 g
repetitively to remove the excess dye until the fluorescence intensity of
the flow-through plunged down to ~1% of the polymer solution on
top. The purified CyS labeled mPEG-b-PpY was lyophilized to afford a
brown powder in ~55% yield.

2.6. Preparation of PpY/Pt. Cisplatin (8.0 mg, 1.0 equiv) and
AgNO; (8.2 mg, 1.9 equiv) were vigorously stirred in H,O (1.0 mL) at
room temperature in dark for 12 h. The suspension was centrifuged at
13800 g for 15 min and the supernatant was filtered by a 0.22 ym filter
to afford an aqueous solution of cis-[Pt(NH;),(H,0),](NO;),, which
was added dropwise to mPEG-b-PpY (7.6 mg) in H,O (20 mL) at a
feeding molar ratio P/Pt = 2/1. The reaction was stirred at 1200 rpm
and room temperature for 14 h to yield a light blue solution. PpY/Pt
was then purified and concentrated by ultrafiltration for three times
(4000 g X 20 min); iPpY/Pt was obtained by mixing PpY/Pt and
iRGD at a feeding polymer/peptide molar ratio of 5:3 and used
without further purification. The contents of Pt and P in the
nanoparticles were determined by ICP-MS. Drug loading content
(DLC) and drug loading efficiency (DLE) were calculated according
to the following formula:

DLC (wt%) = (weight of drug loaded/weight of nanoparticle) X 100%

DOI: 10.1021/acsami.7b03686
ACS Appl. Mater. Interfaces 2017, 9, 17757—17768


http://pubs.acs.org/doi/suppl/10.1021/acsami.7b03686/suppl_file/am7b03686_si_001.pdf
http://dx.doi.org/10.1021/acsami.7b03686

ACS Applied Materials & Interfaces

Research Article

DLE (%) = (mol of Pt loaded/mol of Pt fed) X 100%

Fluorescent dye labeled PpY/Pt and iPpY/Pt was prepared via a
similar protocol by using Cy-5 labled mPEG-b-PpY.

2.7. Transmission Electron Microscope (TEM). All samples
were diluted in Na,SO, (50 uM X 990 uL) to give nanoparticle
solutions at 0.1 mg/mL. Typically, an aliquot (10 L) of the solution
was deposited onto a 200-mesh copper grid coated with carbon, and
was allowed to dry at room temperature with the help of a filter paper
absorbing water from the other side of the grid. Transmission electron
micrographs of the nanoparticles were analyzed with a transmission
electron microscope (JEM-2100F, Japan) equipped with a field
emission gun, ultrahigh-resolution pole piece, and ultrathin window
JEOL detector at an accelerating voltage of 200 kV. Images were
obtained with an OSIS CANTEGA CCD camera.

2.8. Release Kinetics. The release kinetics of PpY/Pt and iPpY/Pt
was measured in a similar way. Briefly, for example, a PpY/Pt solution
(500 L, 698 ug Pt) was dispersed in DMEM (500 uL) to make a final
volume of 1000 yL. The solution was placed into a dialysis bag
(MWCO 1000 Da) and incubated in DMEM medium plus 10% FBS
(99.0 mL) at 37 °C. At each time point, 1.0 mL solution outside the
dialysis bag was taken out and sampled for Pt concentration by ICP-
MS. In order to keep the total volume unchanged outside the dialysis
bag, 1.0 mL fresh DMEM medium plus 10%FBS was supplied back to
the solution each time.

The release kinetics of PpY/Pt at different pHs were measured by
following a similar protocol except that the dialysis buffer was changed
to PBS. The release kinetics of PpY/Pt (0.1 mM Pt in 100 yL 1 X
PBS) in the presence 10 mM ATP, GTP, CTP or UTP were
performed in a Tube-O-dialyzer (MWCO 1000) at 37 °C. All
experiments were repeated in duplicates.

2.9. CD Analysis. All samples (0.1 mg/mL of nanoparticle) in PBS
(pH 7.5) were degassed by N, for 10 min before measurement in a
quartz cell (0.1 cm path length). CD spectra were recorded on a CD
spectrometer (Bio-Logic Science Instruments, France; wavelength:
190—250 nm; scan rate: 100 nm/min; bandwidth: 1 nm; scan point
interval: 1.0 nm; temperature: 37 °C). The molar ellipticity was
calculated following equation: [0] (deg-cm*dmol™") = (millidegrees x
mean residue weight in mg/mL)/(path length in millimeters X
concentration of polypeptide in mg/mL).

2.10. Cell Viability Assay. Cells were seeded in a 96-well plate at
a density of 5000 cells per well (for 48 h-assay) or 3000 cells per well
(for 72 and 96 h assays) 24 h prior to treatment. The cells were
incubated with CDDP or micelles at gradient concentrations for 48 h
(n=3),72 or 96 h (n = 5). Cell viabilities were determined by either
CellTiter-Blue Cell Viability Assay (Promega, U.S.A.) for HepG-2,
Saos-2 and SKOV3 cells, or 3-(4,5)-dimethylthiahiazo(-z-yl)-3,5-
diphenyltetrazoliumromide (MTT) assay for all other cell lines.
Both assays were performed by following manufacturers’ procedures.
ICs, values were obtained from GraphPad Prism version3.

2.11. Cell Uptake Analyzed by Flow Cytometry. Cells (1.0 X
10° /well) were seeded in a 12-well plate and incubated for 24 h at 37
°C. Fresh medium containing CyS-PpY/Pt or CyS-iPpY/Pt (30 or 50
M) was then supplemented to the cells. After 4 h incubation, cells
were washed sequentially with PBS buffer (1.0 mL X 2), poly(p-lysine)
(1.0 mg/mL, 1.0 mL), and PBS buffer (1.0 mL X 2). The cells were
then digested by 0.05% trypsin, centrifuged, and resuspended in PBS
for flow cytometry analysis.

2.12. Quantification of Platinum in Cell Lysates and
Genomic DNA. Cells (5 X 10°) were seeded in Corning 100 mm
TC-Treated Culture Dishes 24 h prior to experiments. The cells were
treated with CDDP or micelles at designated concentrations (10, 30,
or S0 yM platinum) for varied incubation durations (4—36 h). The
cells were washed with cold PBS (5.0 mL X 2), trypsinized, suspended
in cold PBS (5.0 mL), and then centrifuged (800 g X 4 min at 4 °C) to
afford cell pellets. After another two cycles of washing and
centrifugation, the final pellets were resuspended in PBS (1.0 mL)
and cell numbers were counted. The suspension was evenly divided
into two groups: half of the cells were digested directly with
concentrated MOS nitric acid (3.0 mL) for cellular Pt uptaking

analysis, and the other half was used for genomic DNA platination
analysis. Genomic DNA of HeLa cells was isolated by using a Wizard
Genomic DNA Purification Kit (Promega, USA) and quantified on a
NanoPhotometer P-Class (Implen, Germany). Quantification of Pt
content in both cell lysates and genomic DNAs was measured by ICP-
MS.

For platinum uptaking study in sodium azide treated cells, the cells
were incubated with sodium azide (10 mM) 1 h before CDDP or
micelles was implemented. All the experiments were performed in
triplicate.

2.13. Penetration and Growth Inhibition of PpY/Pt and
iPpY/Pt on MCTSs. MCTSs of 4T1 were prepared by following a
reported method.*® To evaluate the penetration of drugs, MCTSs were
incubated with CyS-PpY/Pt or CyS-iPpY/Pt (30 uM platinum) for 72
h and analyzed by CLSM. To estimate the growth inhibition effect of
PpY/Pt and iPpY/Pt on MCTSs, the 4T1 MCTSs were incubated
with CDDP, PpY/Pt, or iPpY/Pt (S0 uM) and growth inhibition of
the tumor spheroid was monitored by an inverted phase microscope
every 48 h.

2.14. Plasma Clearance and Tumor accumulation. BALB/c
mice (n = S) bearing 4T1 tumor model were treated with CDDP or
micelles at a 100 pg/mouse dose (based on CDDP). Mice were
sacrificed at each determined time point to collect the tumor and
blood. The blood was treated with heparin for anticlotting and
centrifuged to obtain plasma for Pt analysis. The tumors were washed
with cold PBS and weighted after removal of excess fluid. All samples
were completely digested by MOS nitric acid and evaporated to
dryness. The platinum concentration was measured by ICP-MS after
redissolving the samples in water. The plasma half-life of the samples
was determined by the following equation:

plasma half-life = 0.693 X T, .../ [ln(CPeak) - ln(Ctmugh)]

where T is the time between the peak and the lowest point, Cc.
is the maximum concentration in plasma, and Ci,uy is the
concentration at the end point. The statistical significance of different
findings between the groups was determined by two-way ANOVA
ananlysis. The results were considered statistically significant if the
two-tailed P values were less than 0.0S.

2.15. In Vivo Tumor Growth Inhibition. The human cervical
carcinoma HeLa xenograft tumor model was established by
subcutaneous injection of HeLa cells (6.0 X 10° in 100 uL PBS)
into the right flank of each BALB/c-nu mouse. When the tumor
reached ~50 mm® (~14 days after tumor inoculation), the mice was
randomized into 4 groups (n = S). PBS, CDDP, PpY/Pt, or iPpY/Pt
therapy was administrated to the mice at a 1.5 mg/kg platinum dose
once every other day via tail-vein injection. The tumor size and body
weight of the mice were recorded once every other day.

The orthotopic mammary model of 4T1 tumor was established by
subcutaneous injection of 4T1 cells (1.0 X 10°in 100 uL PBS) into the
right flank of each BALB/c mouse. When the tumor reached ~50 mm?
(~7 days after tumor inoculation), the mice was randomly grouped (n
= 10). PBS, CDDP, PpY/Pt, or iPpY/Pt therapy was administrated to
the mice at a 3.0 mg/kg platinum dose once every other day via tail-
vein injection. The tumor size and body weight were recorded once
every other day.

Tumor volume was calculated by the following formula:

V=Lx W2

Relative tumor volume was calculated by the formula: R = V/V,, where
V, is the average tumor volume on day 0 (the start date of therapy).
The relative body weight (R) was calculated by the formula: R = W/
Wy, where W, is the body weight before administration.

2.16. Histopathology Evaluation. The histopathology damage
evaluation was assessed by hematoxylin and eosin (H-E) method.
Briefly, tumor, liver, kidney, heart, lung, and spleen were dissected,
embedded with paraffin and cut into 5 ym thickness. The tissues were
stained with H-E by a standard protocol to assess histopathology
alterations by using laser scanning quantitative imaging system
(Vectra).
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Figure 1. Synthesis of PpY/Pt and iPpY/Pt micelles.

Table 1. Characterization of PpY/Pt and iPpY/Pt Micelles

size + PDI (nm)

nanoparticle in PBS in water
PpY/Pt 43 +3 47 £ 2
iPpY/Pt 35+1 40 = 1

zeta-potential (mV)

drug loading (wt %)
13
10

loading efficiency (%)
85
85

-21.5
—4.2

2.17. Blood Biochemical Analyses. At the end of therapy study,
200 pL of blood without anticoagulant was drawn from each mouse via
enucleation method and centrifuged at 4000 g for 15 min. The serum
was collected to detect the clinical biochemical parameters by
corresponding kits (Cordor Medical).

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization. To prepare the
CDDP-loaded micelle (termed as PpY/Pt), mPEG-b-PpY (M
of mPEG = 5000 Da, DP of PpY = 15; characterization results
available in the Supporting Information, SI, Figure S1) was
mixed with a freshly prepared cis-[Pt(Il) (NHj;),(H,0),]-
(NO;), solution under rigorous stirring at room temperature
(Figure 1). The PpY/Pt micelle, purified by ultracentrifugation,
exhibited a —21.5 mV zeta-potential and a narrowly dispersed
hydrodynamic sizes of ~47 nm in water as determined by
dynamic light scattering (DLS, Table 1 and Figure 2A).
Transmission electron microscopy (TEM) study with uranyl
acetate staining revealed that the average diameter of the
micellar core was ~20—25 nm (Figure 24, inset). The *'P
NMR spectra of PEG-b-PpY and PpY/Pt implied the
phosphato-platinum bonding as shown by a clear shift of the
phosphate peak (Figure S2). Circular dichroism (CD)
spectroscopy showed that the PpY domain underwent a
disorder-to-order conformational transition upon phosphato-
platinum complexation, suggesting the presence of peptidic
hydrogen bonding during the micelle formation (Figure S3).
To install a tumor targeting modality and engineer the surface

to a near neutral state, we coated the highly negatively charged
PpY/Pt micelle with a short peptide denoted as Ry-iRGD,
which contains a cationic oligoarginine for electrostatic
anchoring and an iRGD motif for tumor homing and
penetration (Figure 1).”’~>” The resultant micelle, termed as
iPpY/Pt, showed a substantially increased zeta potential from
—21.5 to —4.2 mV. Interestingly, the hydrodynamic size of
iPpY/Pt determined by DLS shrank slightly from 47 to 39 nm
(Figure 2B). Thus, it seems the sizes of both micelles were in
an optimal range for tumor accumulation and penetration.***’
ICP-MS determined the drug loading contents (DLC) of ~10—
13% and drug loading efficiencies (DLE) of ~85% for both
micelles (Table 1). Notably, mPEG-b-PpY bearing a longer
PpY block (DP = 30) resulted in similar results (data not
shown).

3.2. Stability. The two micelles were highly stable under
physiological condition and could withstand various environ-
mental stresses. For instance, both micelles remained almost
unchanged in PBS, DMEM, and DMEM with 10% FBS for at
least 1 week without aggregation or dissociation (Figures 2C
and S4). In comparison, nanoparticles such as the FDA-
approved PEG-b-poly(lactide-co-glycolide) usually cannot be
stably stored under such conditions.””*” To examine whether
the micelles can keep their integrities under highly diluted
conditions (e.g., upon administration to the body), PpY/Pt at
200 pug/mL (Pt concentration) was diluted 10 and 100 times in
PBS. Interestingly, the micelles displayed almost the same sizes
and surface properties at all concentrations 3 days after dilution

17760 DOI: 10.1021/acsami.7b03686
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Figure 2. Stability of micelles. (A,B) Sizes of PpY/Pt (A) and iPpY/Pt (B) determined by DLS and TEM (inset). (C) Sizes of PpY/Pt and iPpY/Pt
in water and PBS over time. (D and G) Sizes and zeta-potential of PpY/Pt (D) and iPpY/Pt (G) at different dilution factors over a period of 72 h. (E
and H) Sizes of resuspended of PpY/Pt (E) and iPpY/Pt (H) after lyophilization over 1 week. (F and I) Sizes and zeta-potential of resuspended
PpY/Pt (F) and iPpY/Pt (I) subjected to 4 cycles of lyophilization. Data were expressed as means + SD from three independent experiments.

(Figure 2D). To assess their stability against lyophilization
stress, PpY/Pt was freeze-dried and reconstituted in water.
Again, DLS examination indicated that the size and zeta
potential of the resuspended micelle kept unchanged for more
than 1 week in PBS (Figure 2E). Moreover, no obvious change
on the size and zeta potentials was observed for PpY/Pt
undergoing repetitive cycles of lyophilization and resuspension
(Figure 2F). It is worth noting that we obtained these results
without special handling protocol and lyoprotectant, which are
normally necessities for nanoparticle reconstiution.””** Similar
results were also observed for iPpY/Pt (Figure 2G—I). These
remarakable characters were uncommon in conventional
nanosystems and could largely facilitate the clinical translation
of the micelles. The unusual high stability was provisionally
attributed to a combinatory result of the 7—7 stacking derived
from phenyl segment and the ordered conformation of PpY
after CDDP loading, which might stabilize the micellar core in a
way similar to what the helical bundle does for CDDP-loaded
PEG-b-PLG micelles.**

3.3. Release Kinetics and Trigger Responsiveness.
Next, we studied the release kinetics of the micelles in DMEM
cell culture medium with 10% FBS at 37 °C. As illustrated in
Figures 3A and S5, PpY/Pt depicted a slow and sustained drug
release profile with a plateau of total ~70% platinum released at
~72 h, and the addition of Ry-iIRGD did not affect the release
kinetics as evidenced by the almost identical release curves of
iPpY/Pt and PpY/Pt (Figure 3A). Moreover, the drug release

profile of PpY/Pt was not affected by the initial micellar
concentrations (Figure 3B), implying an unlikelihood of burst
release upon administration to the body. Acid promoted drug
release, perhaps due to the protonation of phosphotyrosine
(pK, ~ 5.8—6.0), was validated using PpY/Pt in PBS buffers
(Figure 3C). Most interestingly, we unexpectedly found that
PpY/Pt displayed a substantially faster and more profound drug
release upon incubation with high level of ATP, but not GTP,
CTP, or UTP (Figure 3D). This result is intriguing because it
implies the micelles could potentially illicit more potent killing
to cancer cells that are known to have high intracellular ATP
concentrations.*%° Although the exact mechanism of action for
this responsiveness is still under investigation in our laboratory,
one possible hypothesis is that both adenine and phosphate of
ATP were involved in extracting platinum from PpY.*
Together, the results advocated the notion that the micelles
could release platinum in a slow and sustained manner under
normal physiology conditions, and unload the cargo more
rapidly in response to pathological or intracellular signals.
3.4. Cellular and Genomic DNA Platination. Next, we
investigated the internalization of platinum in both cell lysates
and genomic DNA by separately treating cells with CDDP or
micelles at varied concentrations and incubation duration.
HeLa and 4T1 were selected for their overexpressed RGD-
receptor integrin a,f; and neuropilin—1.67’68 ICP-MS measure-
ment indicated time-dependent increases in platinum internal-
ization from 4 to 36 h for all groups (Figure 4A,B).
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Surprisingly, both micelle-treated cells showed higher Pt Specifically, the DNA platination level was almost constant over
concentrations in the lysate compared to those incubated 36 h in CDDP-treated cells, whereas a time-dependent growth
with CDDP, and iPpY/Pt group exhibited the greatest level of pattern in DNA platination was evident for both micellar
cellular Pt (Figure 4A). In genomic DNA, however, the treatments, with iPpY/Pt group again showed the highest Pt
patterns of CDDP group and micellar groups were different. contents among the three at 36 h (Figure 4B). In contrast to
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Figure 6. In vivo antitumor efficacy of PpY/Pt and iPpY/Pt. (A,B) pharmacokinetic (A) and tumor accumulation (B) of CDDP, PpY/Pt, and iPpY/
Pt in 4T1 tumor-bearing BALB/C mice (n = 5); mice bearing orthotropic mammary 4T 1tumors received each therapy at a single injection dose of
100 ug CDDP/mouse; the Pt concentration was measured by ICP-MS; % of injected dose/mL plasma = 100% X (the measured drug content in 1
mL of plasma/total content of injected drug) ; % of injected dose/g tissue = 100% X (the measured drug content in 1 g of tumor tissue/total content
of injected drug). (C) Antitumor efficacy of CDDP, PpY/Pt, and iPpY/Pt in a xenograft mouse model bearing HeLa tumors (n = S); mice received
each therapy at a 1.5 mg/kg dose every other day via tail-vein route for a total of S injections. (D—F) Tumor size (D), histology (K-67 staining) of
tumor (E), and survival rate (F) of PBS, PpY/Pt, or iPpY/Pt treated mice (n = 10); mice bearing orthotropic mammary 4T1 tumors received each
therapy at a 3.0 mg/kg dose every other day via tail-vein route for a total of 7 injections. Red dotted lines circled representative damaged tumor
tissues. Data were expressed as means + SD; P value was determined by two-way ANOVA analysis: * p < 0.05, ¥*p < 0.001, ***p < 0.0001.

CDDP, whose nuclues transportation could be achieved by
diffusion, the slow but steadily increased DNA platination
pattern of the two micelles may be related to their particulate
nature and sustained release kinetics. To interrogate the
internalization mechanism of the micelles, cells were pretreated
with 10 mM NaNj. Unlike the CDDP group, both micellar
groups showed dramatically decreased platinum uptake in the
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cell lysates after NaN; treatment (Figure 4C), suggesting
energy-dependent pathways such as endocytosis. To validate
the receptor-dependent internalization of iPpY/Pt, a control
micelle termed as KPpY/Pt was prepared by coating PpY/Pt
with a nontargeting peptide denoted as Ry-iKGD, which has an
almost identical sequence to Ry-iRGD except that the targeting
RGD motif was mutated to a nontargeting KGD. Incubation of

DOI: 10.1021/acsami.7b03686
ACS Appl. Mater. Interfaces 2017, 9, 17757—17768


http://dx.doi.org/10.1021/acsami.7b03686

ACS Applied Materials & Interfaces

Research Article

Figure 7. Histology of major organs such as kidney (A), heart, liver, lung, and spleen (B) dissected from mice receiving PBS, CDDP, PpY/Pt, or
iPpY/Pt treatment. Arrows show representative damaged and exfoliated renal tubular epithelial cells.

this nontargeting KPpY/Pt micelle led to a much lower level of
cellular Pt compared to the iPpY/Pt treatment (Figure 4D),
confirming the importance of the RGD sequence. Dose-
dependent internalization of the micelles was also observed as
determined by both ICP-MS and FACS (Figures S6 and S7).

3.5. In Vitro Anticancer Activity in 2D Cell Culture and
3D MCTS. The in vitro anticancer toxicity of the micelles was
evaluated in several human and mouse cancer cell lines
including Hela (human cervical cancer), HepG2 (human liver
cancer), SaoS-2 (human osteosarcoma), U2-OS (human
osteosarcoma), 4T1 (mouse breast cancer), AS49 (human
lung cancer), and SKOV-3 (human ovarian cancer). PpY/Pt
and iPpY/Pt were almost equally potent compared to CDDP in
both Hela and 4T1 when incubated for 72 (Figure S8 and
Table S1) or 96 h (Figure SAB and Table S1). With less
incubation time (e.g.,, 48 h), however, both micelles were 2—3
fold less potent than CDDP in most cells tested (Figure S9 and
Table S2). This time-dependent toxicity pattern of the micelles
agreed well with their gradually increased DNA platination level

shown in Figure 4B. The reason for the comparable cytotoxicity
of the two micelles in all cell lines tested, however, is currently
unclear (Tables S1 and S2).*’ Notably, PpY/Pt resuspended
from lyophilized powders displayed almost identical toxicity
curves with the freshly prepared micelle, which reconfirmed the
lyopreservation ability (Figure S10). Overall, the micelles were
considerably more potent than most carboxylato-platinum
based delivery systems.”

To overcome the limitation of 2D cell culture, we further
assessed the micellar anticancer activity by employing an in
vitro 3D model mimicking solid tumors, namely multicellular
tumor spheroids (MCTS). Specifically, the spheroids of 4T1
cells, with an average diameter of ~600 ym, were incubated
with CDDP or micelles at 50 yM for up to 4 days. The
antiproliferative efficacies of the drugs were evaluated by
microscopy observation. Different from the 2D cell culture
results, the iPpY/Pt treatment led to the highest toxicity in 3D
MCTS, as evidenced by both the morphological change and
loss of integrity of the spheroid (Figure SC). The superior
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antiproliferative activity of iPpY/Pt prompt us to test the iRGD
promoted tumor penetration hypothesis by using confocal laser
scanning microscopy (CLSM). Indeed, high intensity fluo-
rescence lit up in both the periphery and core of the spheroidal
cross section for cells treated with CyS-labeled iPpY/Pt; in
sharp contrast, fluorescence could only be observed in the outer
layer for PpY/Pt-treated spheroids (Figure SD).

3.6. In Vivo Pharmacokinetics and Tumor Accumu-
lation. A few major advantages of nanomedicines over small
molecular drugs were their prolonged circulation half-lives,
enhanced permeation and retention (EPR) effect at tumor site,
and tailored active targeting. To this end, we intravenously
injected CDDP or micelles at ~3.0 mg/kg (Pt concentration)
to Balb/c mice bearing orthotropic mammary 4T1 tumors and
then measured the platinum contents in both plasma and
tumors at various time intervals by using ICP-MS. As shown in
Figure 6A, the Pt content in plasma plunged down to only 0.5%
of the injected dose per milliliter (ID/mL) within 1.0 h for the
CDDP group, as compared to 13.2 and 64.6% ID/mL for PpY/
Pt and iPpY/Pt at the same time point, respectively. At 24 h,
the plasma platinum contents of CDDP, PpY/Pt, and iPpY/Pt
groups were determined as 0.26, 0.97, and 1.26% ID/mL. The
half-lives of them were 0.4, 4.0, and 4.2 h, respectively. In
tumors, PpY/Pt and iPpY/Pt treatments showed 5.8 and 8.3%
of the injected dose per gram of tissue (ID/g) 24 h post
injection, which was approximately ~4.1 (*P < 0.05) and 5.9
fold (***P < 0.001) higher than the CDDP group, respectively
(Figure 6B). Together, the results indicated that micellerization
prolonged the half-lives and increased tumor accumulation of
CDDP, and Ry-iRGD coating further improved such effects for
iPpY/Pt.

3.7. In Vivo Efficacy. Next, we examined the in vivo
efficacy of the micelles by using a xenograft HeLa tumor model.
BALB/c nude mice bearing ~50 mm® s.c. implanted HeLa
tumors (n = S) received PBS, CDDP or micelles (1.5 mg Pt/
kg) every other day via tail vein injection. Whereas the HeLa
tumor in the PBS group gradually progressed, both micelles
outpermed CDDP in tumor growth inhibition at the same
platinum dosage (Figure 6C,*P < 0.001). No significant body-
weight loss was observed (Figure S11).

With this success, we continued to evaluate the in vivo
efficacy by using a more aggressive orthotropic mammary 4T1
tumors model in BALB/c mice. When the tumors reached an
average size of 50 mm?®, mice (n = 10) separately received PBS,
PpY/Pt or iPpY/Pt therapy at a 3.0 mg/kg dose every other day
via tail-vein administration. As expected, the average tumor size
of the PBS group rapidly exceeded 1000 mm?® on day 8, which
necessitates mandatory euthanasia; in contrast, mice treated
with PpY/Pt or iPpY/Pt on the same day showed an average
tumor size of only 342 and 129 mm?, respectively (Figure 6D).
Furthermore, histology analysis of the extracted tumors showed
that iPpY/Pt treatment gave more observed empty holes and
less Ki-67 staining compared to the other two groups, which
indicated higher degree of tumor tissue damage and more
effective inhibition of cancer cell proliferation, respectively
(Figure 6E). In consistent with the tumor inhibition, the
survival rate of the mice on day 16 after treatment were
extended from 0% for the PBS group to 70 and 90% for PpY/Pt
and iPpY/Pt group, respectively (Figure 6F). Notably, and in
good agreement with previously reported results,”’ mice
received CDDP therapy at 3.0 mg/kg suffered severe side
effects and significant body-weight loss (data not shown),
underscoring the improved therapeutic index of our micelles.
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3.8. In Vivo Safety. To evaluate the in vivo safety profile of
our delivery system, we performed histology studies and blood
biochemical analysis. Importantly, CDDP treatment led to
devastating kidney damage for its well-known nephrotoxicity as
evidenced by the damaged and exfoliated renal tubular
epithelial cells; in contrast, both micellar treatments at the
same platinum dosage did not show significant tissue damage
(Figure 7A), which was further confirmed by the blood urea
nitrogen (BUN) parameter analysis (Figure S12). Moreover,
we observed no major damage in organs such as heart, liver,
spleen, and lung for both micellar groups (Figure 7B).

4. CONCLUSIONS

In summary, we conceived and prepared two CDDP-loaded
PpY/Pt and iPpY/Pt micelles based on a bioinspired and
biodegradable polymer mPEG-b-PpY. The micelles, which
relied on the phosphato-platinum bonding, showed good drug
loading, optimal sizes for nanomedicine, and unusual high
stability under physiological conditions and against environ-
mental stresses. Moreover, the micelles displayed faster drug
release in responding to pathological and intracellular signals,
which could be leveraged for on-demand intracellular delivery.
In vitro, the micelles exhibited higher anticancer activity than
conventional carboxylato-platinum based nanocarriers; the
iRGD functionalized iPpY/Pt demonstrated deeper tumor
penetration and higher potency compared to PpY/Pt in a 3D
MCTS model. In vivo, both micelles showed prolonged
circulation half-lives, enhanced tumor accumulation, improved
antitumor efficacy and better tolerance than CDDP.
Furthermore, iPpY/Pt was significantly more potent in
inhibiting tumor growth than PpY/Pt in the orthotropic 4T1
model. Taken together, the present work demonstrated for the
first time that phosphato-platinum complexation can be
harnessed for effective delivery of Pt(II)-based drugs. Given
the versatility and strong metal binding ability of phosphate,
PpY could be a promising vehicle for a vast number of
anticancer metallodrugs.®””’
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