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fAbstract: Multidrug resistance (MDR) poses a major burden
to cancer treatment. As one important factor contributing to
MDR, overexpression of P-glycoprotein (P-gp) results in a re-
duced intracellular drug accumulation. Hence, the ability to
effectively block the efflux protein and to accumulate the
therapeutics in cancer cells is of great significance in clinical
practice. In this work, we successfully developed a smart
stimulus-responsive  short  peptide-assembled  system,
termed as PD/VER nanogels, which synergistically combined

the acid-activatable antitumor prodrug doxorubicin (Dox)
with the P-gp inhibitor verapamil (VER) for reversing MDR.
Systematic studies demonstrated that such an inhibitor-en-
capsulated nanogel could effectively enhance the accumula-
tion of Dox in resistant cancer cells, thereby revealing signifi-
cantly higher antitumor activity compared to free Dox mole-
cules. This work showed that the assembly of bioactive
agents with a synergistic effect into nano-drugs could pro-
vide a useful strategy to overcome cancer drug resistance.

Introduction

Currently, multidrug resistance (MDR), where cancer cells ex-
hibit multiple resistance to numerous structure- and mechanis-
tically independent therapeutic agents, remains a major chal-
lenge for successful cancer therapy." Among the numerous
mechanisms, the overexpression of the ATP-dependent drug
efflux transporter P-glycoprotein (P-gp), one type of cell mem-
brane protein that can transport a broad range of anticancer
drugs out of cells, plays as an important role in reducing intra-
cellular drug accumulation to cause serious MDR.™?

Therefore, approaches to efficiently overcome drug resist-
ance are highly crucial to improving the efficacy of cancer ther-
apy. Up to now, a variety of strategies have been exploited to
achieve effective reversal of MDR. Among them, the rational
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development of simple and unique small-molecule reagents
that can suppress the efflux transporter P-glycoprotein func-
tion, thereby greatly enhancing the localized drug concentra-
tion in cancer cells, will be a promising strategy to deal with
MDR.®! So far, some small-molecule-based inhibitors have ach-
ieved promising results in early clinical trials.”) However, lack of
specificity into tumor areas and harmful effects on healthy
cells may potentially impede their extensive clinical applica-
tion.®

The latest advance of nanomedicine witnessed the great
success that nanosized materials can act as promising trans-
porters to effectively carry therapeutic agents for improving
therapeutic efficacy.” Extensive studies have shown that these
nanocarriers with appropriate particle sizes could achieve
longer blood circulation and higher accumulation at the site of
diseases areas (e.g., at the tumor) by taking advantages of the
enhanced permeability and retention (EPR) effect.”? Moreover,
these nanomaterials may also circumvent the efflux mecha-
nism through different internalization pathways.® For example,
some nanoscale delivery vehicles could cross the cellular mem-
brane based on the process of endocytosis,”” which will pre-
vent the encapsulated drugs from being recognized by drug
efflux pumps.

Recently, nanogels, formed by the self-assembly of short
peptides, have emerged as a promising material and exhibited
enormous potential in the biomedical field." In general, such
short peptide-based nanogel materials demonstrated a unique
chemical composition, mechanical properties, bioactivity, mor-
phology, and size that could be precisely controlled to cater
for various applications."” Furthermore, these materials also
contained a higher water content and can therefore display ex-
cellent biocompatibility and higher loading capacity as com-

744 © 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://dx.doi.org/10.1002/asia.201601704
http://dx.doi.org/10.1002/asia.201601704
����<?up><?tic=Keine><?tvs=-9dd><?trubyboff=-2h><?trubybth=1h><?ruby=1><?trubyfmt=1><?rt=1><?tdw=32mm><?th=35dd>H<?rt><?ruby><?down>���<?tvs=-0.7mm><$>\vskip-0.1mm\raster(25truemm,p)=

Asia emica
Editorial Society

CHEMISTRY

AN ASIAN JOURNAL
Full Paper

N o oH 0 07

O

Peptide-Dox prodrug
i)

SEES

Inhibiting P-gp

Acid triggered drug release

ik /5) JLN/\WNJL IO T SN ] e

OH O

Self-assembl
Y P-glycoprotein inhibitor

::ﬁ%%:‘ Acid responsive nanogel

%7 Cell membrane

S

Lysosome

Nucleus

Scheme 1. lllustration of the co-assembly of peptide-Dox (PD) and P-gp inhibitor into an acid-responsive nanogel for controllable drug release to overcome

cancer drug resistance.

pared to other conventional nanomaterials. Most importantly,
these peptide-based nanogels can rapidly respond to various
environmental stimuli, such as pH, temperature, light, enzyme
or ionic strength, which thus make them attractive platforms
for controllable drug release, detection of biomolecules, and
regenerative medicine."?

Herein, we present an environmentally responsive nanogel
system that can self-assemble with peptide-Dox (PD) and P-gp
protein inhibitor, and can exhibit an acid-sensitive property for
controlled drug release and simultaneously inhibit the efflux
function of P-gp, thus effectively reversing multidrug resistance
for improved tumor treatment. Typically, the chemotherapeutic
agent doxorubicin (Dox) is conjugated to a short peptide se-
quence Fmoc-GFLGG through an acid-responsive hydrazine
bond to afford a peptide-Dox prodrug (Scheme 1). This small-
molecule-based peptide sequence is then co-assembled with
verapamil (VER), one of the potent inhibitors for efflux protein
P-gp, in aqueous solution to generate PD/VER nanogels. Upon
cellular internalization, the PD/VER nanogels were accumulated
in endo/lysosomes, where the acidic environment will lead to
the hydrolysis of the pH-sensitive hydrazone bonds in the pep-
tide conjugate to release free Dox drug and VER molecules.
Subsequently, the released VER will suppress the efflux func-
tion of P-gp and prevent the free Dox molecules from being
expelled. Therefore, the free Dox molecules will be highly accu-
mulated in cancer cells to ensure an effective concentration,
thereby countering the drug efflux effect and improving drug
therapeutic efficacy.
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Results and Discussion
Preparation and characterization of peptide-Dox conjugate

The designed peptide sequence Fmoc-GFLGG was prepared by
standard Fmoc solid-phase peptide synthesis. A hydrazine
agent was selected as a pH-sensitive moiety and introduced to
the peptide sequence, which could further react with Dox mol-
ecules to afford the peptide-Dox conjugate (Figure S1 in the
Supporting Information). The final products were purified by
reverse-phase HPLC (Figure S2) and further characterized by
NMR and mass spectrometry. After successfully obtaining the
peptide-Dox conjugate, a spectroscopic analysis was carried
out to investigate its photophysical properties. The absorption
spectra (Figure S3a) showed that the peptide-Dox conjugate
and free Dox molecules exhibited similar absorption properties
from 300 to 600 nm with a maximum at 482 nm. Similarly, the
fluorescence emission of the peptide-Dox conjugate showed
no obvious difference from that of free Dox molecules (Fig-
ure S3b). These results indicated that the conjugation of pep-
tide had no significant effect on the spectroscopic properties
of Dox molecules.

Preparation and characterization of PD nanogels and
PD/VER nanogels

We examined the possibility of the peptide-Dox conjugate to
self-assemble into nanogels in water solution. To this end,
a stock solution of peptide-Dox conjugate was added dropwise
into pre-warmed water (60°C, pH 7.4). The resulting solution
was stirred at 60 °C for 5 min and then kept at room tempera-
ture (25 °C) for 30 min. The morphological property of the con-
jugate was investigated by transmission electron microscopy
(TEM). The TEM images (Figure S4) revealed that the sample

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. (a) TEM image and DLS analysis of PD/VER nanogels. (b) Tyndall effect of 1 (20 um PD/VER nanogel in PBS buffer at pH 7.4) and 2 (20 um PD/VER
nanogel in acetate buffer at pH 5.0). (c) Fluorescence spectra of Dox and PD/VER nanogels with the same concentration (50 um in pH 7.4 buffer) under
480 nm excitation. (d) Fluorescence enhancement of 50 um PD/VER nanogels when dispersed in pH 5.0 buffer at different time intervals under 480 nm excita-

tion.

prepared from peptide-Dox conjugate solution exhibited
a spherical morphology, indicating the successful self-assembly
of the designed peptide-Dox prodrug. Moreover, dynamic light
scattering (DLS) measurements showed that the average hy-
drodynamic diameter of the self-assembled PD nanogels was
about 198.947.0 nm. Further studies showed that the mixture
of peptide-Dox and VER in water solution also resulted in simi-
lar monodisperse spheres (PD/VER) (Figure 1a), clearly suggest-
ing that the addition of VER had no significant influence on
the self-assembly behavior of the peptide-Dox prodrug. Fur-
thermore, an obvious Tyndall effect, which is the scattering of
light as a light beam passes through a colloid, was observed in
buffer of pH 7.4 containing PD/VER (Figure 1b), which also
confirmed the successful formation of nanogels in solu-
tion.'*"3 |n addition, the DLS results shown in Figure S5a and
S5b revealed that the critical micelle concentration (CMC) for
the peptide-Dox conjugate and peptide-Dox conjugate with
inhibitor (VER) is 10.0 and 9.1 um, respectively, indicating that
the peptide-Dox conjugate without and with inhibitor have
similar self-assembly abilities.

We next studied the loading of Dox molecules and VER in-
hibitor in PD/VER nanogels by HPLC analysis. The results dem-
onstrated an effective drug loading in the nanogel structures,
and the loading amount of Dox was determined to be 44.8 %,
clearly suggesting the unique advantage of self-assembled
nanogels to greatly increase the drug loading efficiency. In ad-
dition, HPLC measurement also indicated that the loading con-
tent of VER in PD/VER nanogels was about 3.6% (w/w), which
subsequently could exert an inhibitory effect on efflux P-gp
protein upon release from nanogels.
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Furthermore, we performed spectroscopic studies for evalu-
ating the self-assembling properties of nanogels. Typically, the
fluorescence of PD/VER nanogels in buffer solution with differ-
ent pH values was measured by using a fluorescence spec-
trometer. As presented in Figure 1c¢, the PD/VER nanogels ex-
hibited negligible fluorescence in pH 7.4 buffer solution. In
contrast, free Dox displayed a strong fluorescence emission
with the maximum excitation at 480 nm under the same con-
ditions. Moreover, when PD/VER nanogels were dispersed in
pH 5.0 buffer, the fluorescence of Dox was restored as the in-
cubation time increased (Figure 1d). These results implied that
the fluorescence of Dox in PD/VER nanogels was quenched
when the peptide-Dox conjugate assembled into nanogels,
probably owing to the si—m stacking of the conjugate in nano-
gels."™ Moreover, a negligible Tyndall effect was detected
when the pH value of the PD/VER nanogel solution was de-
creased from 7.4 to 5.0 (Figure 1b), which further indicated
that the nanogels could be disassembled in an acidic environ-
ment.

Controlled drug release in buffer solution

The designed PD/VER nanogels are expected to release Dox
molecules and VER inhibitors under acidic conditions (Fig-
ure 2a). To quantitatively study the release properties of both
bioactive molecules from PD/VER nanogels, HPLC analysis was
carried out via detecting Dox and VER in buffer solutions at
pH 7.4 and 5.0. As shown in Figure 2¢, the accumulative re-
lease percentage of VER at pH 5.0 reached to about 70.4% at
10 min. There was more release observed (up to 88.2%) after

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. (a) lllustration of the acid-responsive release of VER and Dox from PD/VER nanogels. (b) HPLC traces of Dox and peptide-Dox prodrug after incuba-
tion of PD/VER nanogels at pH 5.0 and 37 °C for different times. (c) The release profiles of VER from PD/VER nanogels in PBS solution at pH 7.4 and in acetate
buffer at pH 5.0 at 37 °C. (d) The cumulative release percentage of Dox from PD/VER nanogels in PBS solution at pH 7.4 and 5.0 at 37°C.

incubation for 2 h. In comparison, only 5.8% and 22.1% of VER
were released at pH 7.4 after 10 min and 2 h, respectively, indi-
cating the rapid pH-responsive property of the designed nano-
gel system. As compared with VER release behavior, PD/VER
nanogels exhibited a relatively slower Dox release rate. As
shown in Figure 2b, a new component with a retention time
of 7.5 min was observed when the PD/VER nanogel was incu-
bated in pH 5.0 buffer solution. The new component was fur-
ther confirmed to be free Dox by mass spectroscopy (Fig-
ure S6). The release amount of Dox gradually increased with
prolonged incubation of the PD/VER nanogel. In addition, the
cumulative release percentage of Dox in buffer solution with
pH 5.0 and 7.4 were also quantitatively analyzed (Figure 2d). In
the buffer solution with pH 5.0, there was 15.7% Dox release
detected within 2 h, and more drug release (41.3%) was ob-
served after 24 h incubation. Subsequently, there was 61.7 % of
Dox released from the nanogels within 96 h incubation in a sus-
tained manner. As a control, a small release of Dox (up to
17.1%) was observed even after 96 h in pH 7.4 buffer. These re-
sults revealed that PD/VER nanogels were sufficiently stable at
pH 7.4 and quickly disassembled at acidic conditions. Such
unique environment-responsive nanogel could effectively re-
spond to pH change and thus act as a useful therapeutic plat-
form for controlled drug release.

Uptake and distribution of nanogels in living cells

Encouraged by the favorable pH-sensitive properties of the
self-assembled nanogels, the intracellular uptake and distribu-
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tion of PD/VER nanogels were further determined by monitor-
ing the fluorescence of Dox in live cells. In this study, two
cancer cell lines, that is, non-resistant A2780 cells and Dox-re-
sistant ovarian A2780/ADR cells, were chosen as our targets
mainly due to their significant difference in P-gp expression
level, which have been proven by flow cytometry (Figure S7).
Both A2780 cells and A2780/ADR cells were incubated with
10 um PD/VER nanogels at 37 °C for 4 h and confocal microsco-
py was used for imaging analysis. As shown in Figure 3, red
fluorescence signals were detected in both A2780 and A2780/
ADR cells, which were mostly localized in the lysosome as con-
firmed by co-staining of LysoTracker green DND-26 in cell
endo/lysosome organelles. The imaging results indicated that
PD/VER nanogels could be internalized by both A2780 and
A2780/ADR cells. Prolonged incubation (e.g., 24 h, 48 h and
72 h) of the PD/VER nanogels in A2780/ADR cells would result
in the red fluorescence accumulating more in the cell nuclei
than in the cytoplasm (Figure S8), demonstrating the dynamic
trafficking process of the PD/VER nanogels in A2780/ADR cells.
As controls, similar cellular imaging studies were also carried
out with free Dox molecules. After 4 h of incubation in A2780
cells, an obvious fluorescence was observed in the cell nuclei
and relatively weak fluorescence in the lysosome. In contrast,
there was no significant fluorescence detected in the A2780/
ADR cells. These cellular imaging studies clearly demonstrated
that the designed PD/VER nanogels could work as effective
platform to facilitate the delivery of anticancer drugs into re-
sistant cancer cells, and more importantly, higher cellular inter-
nalization of therapeutic reagents could probably contribute

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Confocal laser scanning microscopic images of A2780 cells and
A2780/ADR cells. (a,b) A2780 cells incubated with 10 um free Dox and10 um
PD/VER nanogel at 37 °C for 4 h, respectively; (c,d) A2780/ADR cells incubat-
ed with 10 um free Dox and 10 um PD/VER nanogel at 37 °C for 4 h, respec-
tively. Green: Lyso Tracker green (4: 488 nm, Ag,: 500-545 nm), red: Dox
(Agc: 488 nm, Ag,: 560-620 nm). Scale bar=10 pm.

to circumventing the drug resistance and therefore dramatical-
ly improve chemotherapy efficacy.

Inhibition of VER on P-glycoprotein activity

To evaluate the possibility whether VER can act as an inhibitor
to suppress P-gp efflux function, we selected the extensively
used calcein AM as an indicator to study the P-gp activity. In
general, calcein AM, a cell-permeable nonfluorescent dye, is
cleaved by intracellular esterase to produce the impermeable
fluorescent molecule calcein. Calcein AM can be actively ex-
cluded from cells expressing P-gp.'™ Therefore, the inhibition
of P-gp function can increase calcein AM accumulation within
the cells, which will lead to an obvious fluorescence enhance-
ment after esterase cleavage. Here, the effect of VER on P-gp
function can be assessed by measuring intracellular calcein
fluorescence through flow cytometry. Typically, A2780/ADR
cells were treated with VER (1 pum) for 2 h, followed by incuba-
tion with calcein AM for 20 min. As shown in Figure S9, an in-
creased fluorescence intensity was detected in A2780/ADR
cells pretreated with VER as compared to that of cells without
VER pretreatment, suggesting that the activity of P-gp was
greatly inhibited by VER. Moreover, flow cytometry analysis of
VER-treated cells further indicated that VER had an inhibitory
effect on efflux P-gp in a dose-dependent manner. Similarly,
the inhibitory efficiency of VER from the PD/VER nanogel was
also evaluated by calcein AM accumulation assay. As shown in
Figure S10, there was no significant fluorescent change ob-
served in A2780/ADR cells pretreated with PD nanogels, indi-
cating that PD nanogels without VER could not enhance the
accumulation of calcein in A2780/ADR cells. In contrast, pre-
treatment with PD/VER nanogels resulted in fluorescent en-
hancement, demonstrating that VER from PD/VER nanogels in-
creased intracellular calcein concentration in A2780/ADR cells.

Chem. Asian J. 2017, 12, 744 -752

www.chemasianj.org 748

CHEMISTRY

AN ASIAN JOURNAL
Full Paper

These data showed that VER within PD/VER nanogels remarka-
bly suppressed the P-gp efflux function in resistant cells.

With the promising inhibitory effect of VER in the PD/VER
nanogel, intracellular Dox accumulation of PD/VER nanogels
was further quantitatively studied using flow cytometry
through measuring the fluorescence intensity of Dox. In this
study, both A2780 and A2780/ADR cells were cultured and in-
cubated with PD/VER nanogels at different time intervals. As
controls, these two cell lines were also incubated with free
Dox and PD nanogels, respectively. As shown in Figure 4, incu-
bation of PD/VER nanogels with A2780 and A2780/ADR cells
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Figure 4. Quantitative analysis of mean fluorescence intensity (MFI) of Dox
in (a) A2780/ADR cells and (b) A2780 cells after incubation with Dox, PD
nanogels and PD/VER nanogels for various time durations (1, 2, 4, and 8 h).
An equivalent Dox dosage of 10 um was applied.

resulted in an obvious fluorescence signal in living cells. More-
over, prolonged incubation led to a significant enhancement in
the fluorescence intensity due to an increased release and ac-
cumulation of Dox in cells. In addition, PD nanogels exhibited
lower fluorescence intensity in both A2780 and A2780/ADR
cells in comparison with PD/VER nanogel-treated cells. This ob-
servation was probably due to the inhibitory effect of VER
from PD/VER nanogels on P-gp activity, which enhanced the
accumulation of the released Dox molecules in cells. As com-
parison to incubation of PD/VER nanogels in A2780/ADR cells,
cells treated with free Dox showed a greatly weaker fluores-
cence intensity, even after prolonged duration. These results
further demonstrated that PD/VER nanogels could effectively
increase the accumulation of Dox molecules in cancer cells, es-
pecially in resistant cancer cells.

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Cytotoxicity

Finally, we evaluated the intracellular antitumor activity of the
developed PD/VER nanogels in living cells. The cell viability
was assessed by standard Tox-8 assay.'® In this typical study,
A2780 and A2780/ADR cells were incubated with PD/VER
nanogels, free Dox and PD nanogels. As shown in Figure 5a
and b, A2780/ADR cells incubated with 10 um PD/VER nano-
gels for 48 h resulted in an obvious cytotoxicity with about
48% cell viability; a similar cell viability (43%) was also found
in the sensitive A2780 cells incubated with PD/VER nanogels
(10 um). Both A2780 and A2780/ADR cells displayed an in-
creased cytotoxicity (e.g., 16% cell viability for A2780 cells and
42% for A2780/ADR cells) when higher concentrations of PD/
VER nanogels (e.g., 20 um) were used (Figure 5a and b). More-
over, at similar effective Dox concentration, PD/VER nanogels
exhibited a higher antitumor activity in A2780/ADR cells when
compared with cells treated with free Dox or PD nanogels. As
negative controls, similar measurements were also performed
by incubation of A2780 and A2780/ADR cells with peptide
(Fmoc-GFLGG-NHNH,) and VER. Both peptide and VER did not
lead to obvious cytotoxicity against A2780 and A2780/ADR
cells, even at high concentrations (Figure 5¢ and d). These re-
sults strongly indicated an enhanced antitumor activity of PD/
VER nanogels in resistant cancer cells. In order to quantitatively
compare the cytotoxicity of free Dox and PD/VER nanogels,
the IC;, (i.e., inhibitory concentration to produce 50% cell
death)"” values of free Dox and PD/VER nanogels were calcu-
lated in both cell lines. For A2780 cells, the IC;, value of free
Dox was 1.9 um, whereas a relatively higher 1Cs, value (5.5 pum)
was determined for the same cell line upon incubation with
PD/VER nanogels. However, unlike the potent activity observed
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in A2780 cells, free Dox displayed only an ICs, value as high as
23.3 um in A2780/ADR cells, whereas PD/VER nanogels results
in an 1Cs, of 10.2 um, suggesting that PD/VER nanogels exhibit-
ed a higher antitumor activity than free Dox for A2780/ADR
cells. Most importantly, we also investigated the resistance in-
dices (RI, defined as the ICs, value of a given agent in resistant
cells, divided by its IC, value in sensitive cells)"® to demon-
strate the feasibility of nanogels to efficaciously overcome
drug resistance. The Rl value of PD/VER nanogels was deter-
mined to be 1.8 (10.2 um/5.5 um), which was about 6.8-fold
lower than that of free Dox (12.3=23.3 um/1.9 pum), suggesting
that the PD/VER nanogels have the ability to effectively reverse
the MDR of cancer cells. These results suggested that PD/VER
nanogels offered a promising therapeutic platform to increase
drug efficiency in resistant cancer cells.

Conclusions

In summary, we present a novel and smart pH-responsive
cancer therapeutic platform in which chemotherapeutic and
drug resistance-reversing agents were integrated for controlled
drug release in resistant tumor cells. This self-assembled nano-
gel platform exhibited an improved cellular accumulation, con-
trolled drug release and synergistic effect of VER and Dox.
More importantly, compared to free Dox molecules alone, PD/
VER nanogels had a 6.8-fold increased anti-MDR effect on Dox-
resistant A2780/ADR cancer cells. This smart system provided
a useful strategy to overcome cancer drug resistance for im-
proved antitumor treatment in the near future.
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Figure 5. Cell viability assay of (a) A2780/ADR cells and (b) A2780 cells after incubation with free Dox, PD nanogels, and PD/VER nanogels for 48 h. Cell viabili-
ty assay of A2780/ADR cells and A2780 cells treated with different concentrations of (c) peptide and (d) VER for 48 h.
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Experimental Section
Materials

2-Chlorotrityl chloride resin and all Fmoc-amino acids were pur-
chased from GL Biochem Ltd (Shanghai). Calcein green, AM, Lyso
Tracker Green DND-26, PRMI-1640 medium and fetal bovine serum
were purchased from Life Technologies. Anti-P glycoprotein anti-
body [UIC2] (FITC) was purchased from Abcam. All other chemicals
were obtained from Sigma-Aldrich unless otherwise mentioned.

Instruments

"H NMR spectra were recorded using a Bruker AV400 spectrometer
(400 MHz). ESI-MS spectrometric analyses were recorded using
a Thermo LCQ Deca XP Max instrument. Reverse-phase high per-
formance liquid chromatography (HPLC) analysis was performed
on a Shimadzu HPLC system with a Kromasil C-18 (250x 10 mm)
column at a flow rate of 3.0 mLmin~' for preparation and a C-18
(250%4.6 mm) column at 1.0 mLmin~' for analysis. Transmission
electron microscopy (TEM) images were measured on an FEl
EM208S transmission electron microscope (Philips) operated at
100 kV. UV/Vis absorption spectra were performed on a Cary 100
UV/Vis Spectrophotometer. Fluorescence emission spectra were re-
corded on a Varian Cary Eclipse Fluorescence spectrometer. The
size distribution of the self-assembled nanoparticles was performed
using dynamic light scattering (DLS, Brookhaven Instruments Cor-
poration). Flow cytometry (FACS) was carried out using a Fortes-
sax 20 instrument. Confocal laser scanning microscopy (CLSM) was
performed on a LSM 510 instrument (Carl Zeiss Inc., Jena, Germa-
ny). The cell viability tests were performed using TOX-8 assay with
a Tecan’s Infinite M200 microplate reader.

Preparation of Peptide Fmoc-GFLGG (1)

The synthesis of peptide 1 was performed by Fmoc-based solid-
phase peptide synthesis (SPPS) on a 2-chlorotrityl chloride resin.
The coupling reaction of two amino acids was carried out at room
temperature for 2 h using 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetrame-
thyluronium hexafluorophosphate (HBTU) and N,N-diisopropyle-
thylamine (DIPEA) as coupling reagents. The removal of the Fmoc
group was performed with 20% piperidine in dimethyformamide
(DMF) for 25 min. The final peptide was cleaved from the resin by
using 1% trifluoroacetic acid (TFA) and 2.5% triisopropylsilane
(TIPS) in dichloromethane (DCM) for 1T min (x 10). The solvent was
removed via rotary evaporation, followed by precipitation of the
product with cold diethyl ether. The crude product was used in
the next step without further purification; Yield: 87%. MS (70 eV):
m/z: 672.08 [M+H]*.

Preparation of Fmoc-GFLGG-NHNH-Boc (2)

Peptide 1 (200 mg, 0.3 mmol) and tert-butyl carbazate (39.6 mg,
0.3 mmol) were dissolved in 5 mL DMF followed by addition of
HBTU (113.7 mg, 0.3 mmol) and DIPEA (100 pL). The mixture was
stirred at room temperature for 4h and extracted twice with
EtOAc. The combined organic phases were washed twice with
water and thrice with saturated aqueous sodium chloride, and
dried over anhydrous magnesium sulfate. After evaporation of the
solvent, the residue was subjected to flash column chromatogra-
phy (DCM/MeOH=10:1) to give compound in 85% yield as
a white solid. "H NMR (400 MHz, [Dg]DMSO, 25 °C, TMS): 6 =8.16 (d,
J=7.1Hz, 1H), 8.11-7.98 (m, 2H), 7.89 (d, J=7.5Hz, 2H), 7.70 (t,
J=9.7Hz, 2H), 752 (s, 1H), 7.42 (t, J=7.4Hz, 2H), 733 (t, J=
73 Hz, 2H), 7.23 (d, J=4.1Hz, 3H), 7.19-7.12 (m, 1H), 4.36-4.18
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(m, 3H), 3.76 (s, 3H), 3.69-3.59 (m, 1H), 3.54 (d, J=16.2 Hz, TH),
342-334 (m, 6H), 3.04 (d, J=9.0Hz, 1H), 2.82 (dd, J=254,
15.7 Hz, 1H), 1.49 (t, J=12.1 Hz, 2H), 1.45-1.33 (m, 9H), 1.26 (dd,
J=10.7, 4.7 Hz, 3H), 0.86 ppm (dd, J=16.5, 6.3 Hz, 6H); MS (70 eV):
m/z: 808.30 [M+Na*].

Preparation of Fmoc-GFLGG-NHNH, (3)

Peptide 2 was deprotected by using 50% TFA in DCM at room
temperature for 1 h. After removing the solvent, the residue was
washed with cold diethyl ether to afford the product as a white
solid (90%). The white solid was used for the next step without
any further purification. MS (70 eV): m/z: 686.30 [M+H]".

Preparation of Fmoc-GFLGG-Dox (4)

Peptide 3 (60 mg, 0.087 mmol) and doxorubicin hydrochloride
(58 mg, 0.10 mmol) were dissolved in 5 mL anhydrous methanol.
The reaction was allowed to proceed in the dark at 40°C for 24 h.
The final product was purified by HPLC with elution by a linear
gradient of A (50 mm ammonium acetate aqueous solution) and B
(acetonitrile), monitored by UV absorbance at 280 nm and 480 nm.
The linear gradient stretched over 20 minutes from t=0 min at
30% solution B to t=20 min at 90% solution B. The peptide-Dox
conjugate was obtained after lyophilization in 46% vyield as a red
solid. "H NMR (400 MHz, [Ds]DMSO, 25°C, TMS): 6=11.13 (s, TH),
10.57 (s, 1H), 8.14 (d, J=8.1 Hz, 1H), 8.06 (d, J=8.0 Hz, 2H), 7.98
(s, TH), 7.95-7.83 (m, 5H), 7.67 (dd, J=16.7, 6.8 Hz, 3H), 7.53 (t, /=
59Hz, 1H), 7.39 (dd, J=13.4, 6.7 Hz, 2H), 7.33-7.27 (m, 2H), 7.24-
7.12 (m, 5H), 5.75 (s, TH), 5.39 (d, J=5.7 Hz, 1H), 5.31 (s, 2H), 4.98
(s, TH), 454 (dd, /=128, 86 Hz, 1H), 445 (d, /=144 Hz 2H),
4.33-4.17 (m, 4H), 4.15-4.08 (m, 1H), 3.96 (d, J=18.8 Hz, 4H), 3.76
(d, J=21.1 Hz, 2H), 3.65 (d, J=6.7 Hz, 2H), 3.61 (d, J=6.0 Hz, TH),
3.51 (dd, J=16.5, 5.8 Hz, 2H), 3.18 (d, J=17.2 Hz, TH), 3.02 (dd, J=
14.1, 44 Hz, 2H), 2.89 (d, J=17.7 Hz, 1H), 2.78 (dd, J=13.9, 9.4 Hz,
1H), 2.42-2.32 (m, 1H), 2.23 (d, J=8.1 Hz, 1H), 1.93-1.79 (m, 2H),
1.69 (d, J=82Hz, 1H), 1.62-1.53 (m, TH), 1.53-1.44 (m, 2H), 1.17
(d, J=6.5Hz, 3H), 0.85 ppm (dd, J=16.5, 6.4 Hz, 6H); MS (70 eV):
m/z: 1211.33 [M+H] ™.

Preparation of PD nanogels and PD/VER nanogels

Stock solutions of the peptide-Dox prodrug (50 mm, DMSO 4 pl)
and of VER (50 mm, DMSO 4 L) were co-dissolved in DMSO (2 L)
and then dropwise added to 1T mL pure water (60°C, pH 7.4) under
vigorous agitation. The resulting solution was stirred at 60°C for
5 min and then kept at room temperature (25 °C) for 30 min. Nano-
gels were formed after cooling to room temperature. Free VER was
removed by centrifugation at 5000 rpm for 10 min and washing
with water for three times. The PD nanogels were also prepared as
described for PD/VER nanogels except for the absence of VER.

Critical micelle concentration (CMC) measurements

The CMC values of peptide-Dox conjugate in the presence and ab-
sence of the inhibitor were determined by dynamic light scattering
(DLS) with a laser light scattering spectrometer at 632.8 nm at
room temperature (25 °C). Solutions containing different concentra-
tions of peptide-Dox conjugates and inhibitors were tested, and
the light scattering intensity was recorded for each sample.
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Characterizations of PD nanogels and PD/VER nanogels

Size distributions of PD nanogels and PD/VER conjugated nanogels
were measured by DLS. The morphologic examinations of PD
nanogels and PD/VER nanogels were performed using TEM. In
brief, 5uL of the solution was dropped onto a carbon-coated
copper grid. The excess solution was removed by using a small
piece of filter paper. The sample grid was then placed to dry at
room temperature prior to imaging. The encapsulated VER concen-
tration was measured by HPLC after disruption of the PD/VER
nanogels with DMSO. The disassembled PD/VER solution was in-
jected into an HPLC column, and the concentration of VER was de-
termined by using the absorption at 280 nm according to the stan-
dard calibration curve for pure VER.

The drug loading of the peptide-Dox prodrug is given as the Dox
weight as a percentage of the total molecular weight: Drug load-
ing (%) = Wp oW iota X 100 %. The inhibitor VER loading capacity (DL)
was calculated using the following equation: DL=W,g/W, g X
100%, where W, is the weight of inhibitor VER and W, is the
total weight of nanoparticles.

Drug release in buffer solution

The release of Dox and VER from nanogels was measured in 0.1m
phosphate-buffered saline (PBS, pH 7.4) and in 0.1 m acetate buffer
solution (ABS, pH 5.0) at 37 °C. Briefly, a solution of 20 um PD/VER
nanogel in either PBS or ABS was incubated at 37°C. At different
time points, 100 pL aliquots were taken out and analyzed by HPLC.
The release of Dox and VER was monitored by spectroscopic analy-
sis, in which the absorption at 480 nm was used for the detection
of Dox and 280 nm for the detection of VER. The hydrolysis degree
was determined based on the standard calibration curve of free
Dox and VER. The drug release experiments were conducted in
triplicate.

Cell culture

A2780 (Human ovarian carcinoma cells) and A2780/ADR (Adriamy-
cin-resistant A2780 cell line) cells, obtained from European collec-
tion of cell cultures (ECACC), were cultured in RPMI 1640 medium
containing 10% fetal bovine serum, 100 UmL™" penicillin and
100 pgmL ™" streptomycin sulfate at 37°C and 5% CO, in a humidi-
fied incubator. To maintain a highly drug-resistant cell population,
A2780/ADR cells were periodically cultured in the presence of Dox.
A2780/ADR cells were cultured in Dox-free medium for 5 days
before experiments.

P-glycoprotein expression

A2780 and A2780/ADR cells were allowed to grow in 6-well plates
until 80% confluence. Cells were then trypsinized and centrifuged
to get a cell pellet. The cell pellet was resuspended in PBS (pH 7.4)
to achieve a density of 3x10°cellsmL™". Cells were then treated
with 5 uL of FITC-labeled antibody against P-glycoprotein (UIC2).
Cells were incubated for 1 h on ice according to the manufacture’s
protocol. After the incubation, cells were centrifuged and washed
twice with ice-cold PBS and analyzed using flow cytometry (FACS)
for the green fluorescence intensity. Untreated cells were taken as
controls.

Calcein acetoxymethyl ester (AM) assay

A2780 or A2780/ADR cells were cultured at a density of 2x
10° cellwell™" in 12-well plates for 24 h. The culture medium was
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then changed to fresh PRMI 1640 medium with various concentra-
tions of VER, 10 um PD nanogel or 10 um PD/VER nanogel. After in-
cubation for 2 h at 37°C, calcein-AM was added to a final concen-
tration of 0.5 pum, and the cells were incubated for 20 min at 37°C.
At the end of experiment, the cells were washed three times with
ice-cold PBS, trypsinized and collected by centrifugation at
1200 rpm for 5 min, and finally resuspended in 300 pL of ice-cold
PBS. Green fluorescence intensity was measured using a BD
LSRFortessa™ x20 FACS flow cytometer equipped with a 488 nm
argon laser. Acquisition of events was stopped at 10000.

Cellular uptake

The A2780 cells or A2780/ADR cells were cultured at 2x
10° celldish™ in a 35 mm diameter dish with a plastic bottom
(ibidi GmbH, Germany) for 24 h. Serum starvation was performed
in cells for 1 h, and the culture medium was changed to fresh cul-
ture medium (RPMI 1640 medium containing 10% fetal bovine
serum, 100 UmL™" penicillin and 100 pgmL~" streptomycin sulfate)
with free Dox or PD/VER nanogels (10 um Dox and 1.5 pm VER)
and then incubated at 37°C for 3.5 h, followed by staining with
Lyso Tracker Green for additional 0.5 h at 37°C in the dark. The
cells were washed three times with PBS to remove free Dox and
nanogels. The cells were visualized using a Carl Zeiss LSM 510 con-
focal laser scanning microscope.

Flow cytometry assay

A2780 or A2780/ADR cells were seeded in 12-well plates at a densi-
ty of 2x10° cells per well. After 24 h pre-incubation, the cells were
serum starved for 1h and then treated with Dox, PD nanogels
without inhibitor, PD/VER nanogels or fresh culture medium for dif-
ferent time durations (i.e., 1, 2, 4 and 8 h) at an equivalent Dox
concentration of 10 um and VER concentration of 1.5 um. At the
end of experiment, the cells were washed three times with ice-cold
PBS, collected by centrifugation at 1200 rpm for 5 min, and finally
re-suspended in 500 pL of ice-cold PBS. The cellular fluorescence
intensity of Dox was measured using flow cytometry. Each assay
was repeated in triplicate.

Cell cytotoxicity

Intracellular antitumor activity measurements were performed on
the basis of a standard Tox-8 assay (resazurin-based reagent, from
Sigma-Aldrich). Briefly, A2780 and A2780/ADR cells were evenly
seeded into 96-well plates with a density of 6.0x10° cells per well
in 100 L RPMI-1640 with 10% FBS and incubated at 37°C and 5%
CO, for 24 h. Then different concentrations of Dox, PD nanogels
and PD/VER nanogels in fresh medium were added to each well.
After incubation for 48 h, the medium was replaced with fresh
RPMI-1640 (phenol red-free) containing 10% TOX-8 reagent, and
the plate was incubated for 2 h at 37 °C. The fluorescence intensity
was measured at 590 nm with excitation at 560 nm by using
a Tecan'’s Infinite M200 microplate reader. The wells without cells
but with Tox-8 reagent were set as blank controls. The cell viability
was calculated as the (absorbance of treated cells)/(absorbance of
untreated cells) x 100 %.

Statistical analysis

Data are presented as mean =+ standard error. All statistical analyses
were performed using Student’s t-test. Differences were considered
statistically significant at a level of p <0.05.
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