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Supramolecular Nanogels

Smart Supramolecular “Trojan Horse”-Inspired Nanogels
for Realizing Light-Triggered Nuclear Drug Influx in

Drug-Resistant Cancer Cells

Xiaokai Chen, Xiaodong Zhang, Yuxin Guo, Ya-Xuan Zhu, Xiaoyang Liu, Zhan Chen,*

and Fu-Gen Wu*

Efficient nuclear delivery of anticancer drugs evading drug efflux transporters
(DETs) on the plasma and nuclear membranes of multidrug-resistant cancer
cells is highly challenging. Here, smart nanogels are designed via a one-step
self-assembly of three functional components including a biocompatible
copolymer, a fluorescent organosilica nanodot, and a photodegradable
near-infrared (NIR) dye indocyanine green (ICG). The rationally designed
nanogels have high drug encapsulation efficiency (=99%) for anticancer
drug doxorubicin (Dox), self-traceability for bioimaging, proper size for
passive tumor targeting, prolonged blood circulation time for enhanced drug
accumulation in tumor, and photocontrolled disassemblability. Moreover,
the Dox-loaded nanogels can effectively kill multidrug-resistant cells via two
steps: 1) They behave like a “Trojan horse” to escape from the DETs on the
plasma membrane for efficiently transporting the anticancer “soldier” (Dox)
into the cytoplasm and preventing the drugs from being excreted from the
cells; 2) Upon NIR light irradiation, the photodegradation of ICG leads to the
disassembly of the nanogels to release massive Dox molecules, which can
evade the DETs on the nuclear membrane to exert their intranuclear efficacy
in multidrug-resistant cells. Combined with their excellent biocompatibility,
the nanogels may provide an alternative solution for overcoming cancer

a major obstacle to the success of cancer
chemotherapy. Overcoming MDR has
become an urgent issue for the devel-
opment of effective cancer therapeutic
strategies. Overexpression of the drug
efflux transporters (DETs), e.g., P-glyco-
protein (P-gp), is considered as the major
mechanism causing MDR; meanwhile,
overexpressed or activated anti-apoptosis
proteins help cancer cells to escape from
apoptosis.!l In recent years, nanocarriers
have attracted much attention in com-
bating cancer MDR due to their capability
to bypass the P-gp-mediated drug efflux,?!
since the efflux channel of P-gp only
allows for the passage of small molecules
(300-2000 Da).l"" To further improve the
therapeutic effect, several measures have
been adopted to reverse MDR, including
1) the use of corresponding inhibitors to
suppress DET function,’! 2) the approach
to weaken the function of anti-apoptosis
proteins and to induce paraptosis,*l 3) the

multidrug resistance.

1. Introduction

Multidrug resistance (MDR) leading to the insufficient intra-
cellular and intranuclear accumulation of anticancer drugs is
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strategy to knock down the expression of

the genes related to drug resistance based

on ribonucleic acid (RNA) interference

technology,'%°! 4) the assistance of mag-
netic field to target and kill multidrug-resistant cells,/® and 5)
the employment of pH-, reduction-, or hyperthermia-respon-
siveness for drug release and tumor penetration.”] Although
most of these therapeutic methods can enhance the intracel-
lular uptake of drugs, their therapeutic performance is still
unsatisfactory because of the low drug accumulation in cell
nucleus which is the ultimate target of most chemotherapeu-
tics including doxorubicin (Dox), cisplatin, and camptothecin
(CPT)."™>8 Besides, the above therapeutic methods are usu-
ally encountered by one or some of the following drawbacks
including high cost, complicated synthetic procedures, poor
controllability of drug release, inaccurate targeting to multidrug-
resistant cells, and potential injury to normal issues. Although
a few reports have adopted small nanoparticles (NPs; <8 nm)
to directly transport drugs across nuclear envelope to combat
MDR,”! such a strategy still suffers from insufficient intracel-
lular and intranuclear accumulation due to the reduced circula-
tion life of small nanoparticles. Furthermore, it should be noted
that due to the presence of DETs on the nuclear membrane,”!
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few anticancer drugs that take effect in cell nucleus can pass
through the nuclear membrane, resulting in the failure of the
circumvention of cancer MDR.

On the other hand, nanogels as nanosized crosslinked
polymer networks, which combine the properties of both hydro-
gels and nanomaterials, have attracted great interest due to
their excellent properties such as high water contents, tunable
chemical and physical structures, large surface areas for biocon-
jugation, long blood circulation time, excellent tumor-targeting
performance, and good biocompatibility.'!l In recent years,
nanogels have been widely applied as drug delivery systems,1?!
imaging and sensing agents,!’®l and theranostic materials.'¥
Herein, inspired by the design of “Irojan horse,” we rationally
developed photocontrollable nanogels (denoted as SiPINGs) via
simple supramolecular self-assembly of three functional com-
ponents: biocompatible methoxypoly(ethylene glycol)5k-block-
poly(L-glutamic acid sodium salt),oy (PEG-PLE), green fluores-
cent organosilica nanodot (OSiND), and photodegradable indo-
cyanine green (ICG). The as-formed self-traceable SiPINGs play
a role of the “Trojan horse” and show great potential as a multi-
functional nanoplatform to effectively overcome MDR based on
the following two-step approach: First, the anticancer “soldier”
(Dox) itself is difficult to cross the plasma membrane which acts
as the gate of cells due to the presence of the DETs. By hiding
inside the “Trojan horse”-like nanogels with appropriate surface
coating (PEG-PLE) to escape from the recognition by DETs,
a large number of the “soldiers” (Dox molecules) are trans-
ported into the multidrug-resistant cells via caveolin-, clathrin-,
and macropinocytosis-mediated endocytosis pathways. The
numerous “soldiers” are widely distributed in the cytoplasm con-
tributing to a high local concentration near cell nucleus, serving
as a prerequisite for further delivering them into the cell nucleus.
Second, taking advantage of the phototriggered disassembly of
the nanogels, massive “soldiers” are released from the nanogels
to the cytoplasm, and then rapidly occupy the nucleus even in
the presence of DETs on the nuclear membrane, thus realizing

www.afm-journal.de

effective circumvention of MDR (Scheme 1). Overall, combined
with the significantly improved hemocompatibility and biocom-
patibility of Dox@SiPINGs, we successfully developed a facile
method to prepare a robust nanogel-based theranostic agent,
which will offer a new opportunity to combat cancer MDR.

2. Results and Discussion

The photocontrollable “Trojan horse”-inspired SiPINGs
(Figure 1a) with anti-MDR ability were prepared by a simple
mixing of three functional materials including a biodegradable
polymer (PEG-PLE) for surface coating to evade the recognition
of DETs,[! a green-emitting OSiND (synthesized according to
our previous work['®)) for selftraceability, and a photodegrad-
able cyanine dye ICG for photocontrollable drug release. To
achieve efficient tumor accumulation via the enhanced perme-
ability and retention (EPR) effect and bypass the efflux pump
of multidrug-resistant cells, the nanoparticle sizes should be
in the range of 20-250 nm.[">28 Consequently, the weight ratio
of PEG-PLE:OSiNDs:ICG was optimized to be 1:5:0.5. Trans-
mission electron microscopy (TEM) images (Figure 1b and
Figure Sla, Supporting Information) collected at low and high
magnifications and the corresponding size distribution histo-
gram (Figure 1c) showed a spherical structure of SiPINGs with
an average diameter of =39.3 nm, which is smaller than their
average hydrodynamic size (=54.2 nm, measured by dynamic
light scattering (DLS) due to the presence of a hydration layer
of the nanogel (Figure S1b, Supporting Information)). Notably,
many nanodots (similar to the OSiNDs in the TEM image of
Figure S2, Supporting Information) can be observed within
the spheroid (Figure 1b, marked by white arrows), suggesting
the important role of OSiNDs (amine-rich) as a bridge between
PEG-PLE (negatively charged) and ICG (negatively charged)
molecules to promote the formation of SiPINGs. SiPINGs had
a surface potential of —39.1 + 3.8 mV (Figure S3, Supporting

NIR Light-Activated Disassembly @

Scheme 1. Schematic illustrating the rational design of Dox-encapsulated nanogels that behave like “Trojan horses” for enhancing cellular uptake and

nuclear delivery of drugs to circumvent cancer MDR.

Adv. Funct. Mater. 2019, 29, 1807772

1807772 (2 of 11)

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

a IR (-)

d=39.3%5.8nm diol. SIPING

Em =525 nm Ex =510 nm

FL Intensity (a.u.) Q.

ICG Concentration
¢ 4 1.25ug/mL SiPING | 3
-e- -~ 250 ug/mL SiPING

ICG Concentration
~¢- 1.25 pg/mL SiPING
-~ 2,50 pyg/mL SiPING

a
o

Temperature (°C) mms
B
o

FL Intensity (a.
g &

w
=3

__o———19

-« =% ¥

@
o

n
=]

0 2 4 6 8 10
Irradiation Time (min)

3 6 9 12 15
Irradiation Time (min)

30 40 0 400 500 600
Diameter (nm) h Wavelength (nm)
d=11.9%28 nm ‘_°-° — IR (-)
=] — IR (+
S 06 *)
®
e
< 04
B
2 02
k]
<
0.0 A
12 400 600 800 1000 1200
Diameter (nm) I Wavelength (nm)
00y 60

'S
S

-u-Dox@SiPING
-o-Dox@SiPING + IR

Dox Release (%)
N
o

o

4 12

NaCl

Control Urea Triton X-100

8
Time (h)

Figure 1. a) Schematic illustration, b) TEM image (obtained at a high magpnification), c) corresponding size distribution histogram, and d) fluorescence
excitation and emission spectra of SiPING suspension before irradiation (IR). e) Schematic illustration, f) TEM image, and g) corresponding size
distribution histogram of SiPINGs after irradiation. h) Absorption spectra of SiPING suspension before and after irradiation (808 nm, 0.5 W cm™?,
10 min). i) Temperature change curves of SiPING suspension under an 808 nm laser irradiation for 10 min (the environment temperature was 25 or
37 °Q). j) Singlet oxygen production of SiPING suspension under an 808 nm laser irradiation for up to 15 min. k) Hydrodynamic sizes of the self-
assemblies formed by PEG-PLE, OSiNDs, ICG, and one of the three inhibitors (NaCl, urea, or Triton X-100; at a concentration of 0.2 m). |) Dox release
profiles from Dox@SiPINGs with and without irradiation (808 nm, 0.5 W cm2, 10 min).

Information), suggesting that the negatively charged PEG-PLE
and ICG were on the surface of the nanogels. Meanwhile, it
was found that the fluorescence (FL) properties of the green-
emitting OSiNDs were not affected after the nanogel formation
(Figure 1d and Figure S4, Supporting Information).

To demonstrate the photocontrollability of the nanogels,
the SiPING suspension was irradiated by an 808 nm laser
(0.5 W cm™, 10 min). The nanogels were disassembled
(Figure 1le) into many small nanoparticles (Figure 1f) with a
much smaller average diameter of =11.9 nm (Figure 1g), which
are similar to the assemblies of the three components including
PEG-PLE, OSiNDs, and the degradation product of ICG
(dICG) (Figure S5ab, Supporting Information). In contrast,
the assemblies of “PEG-PLE + OSiNDs,” “PEG-PLE + dICG,”
and “OSiNDs + dICG” (Figure S5c—e, Supporting Informa-
tion) had much larger sizes than the abovementioned small
nanoparticles. Further, to investigate the formation mecha-
nism of the small nanoparticles, NaCl, urea, and Triton X-100
were adopted to exert electrostatic shielding effect, destroy the
hydrogen bonds, and disassociate the hydrophobic interaction,
respectively. From the changes of hydrodynamic diameters as
revealed by DLS (Figure S5f, Supporting Information), the for-
mation mechanism of the assemblies was mainly attributed to
the electrostatic and hydrophobic interactions. Meanwhile, the
photoactivated disassembly of the nanogels was also confirmed
in the absorption spectra. ICG had a strong absorption peak at
=780 nm (Figure S6a, Supporting Information), while the peak
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of SiPINGs red-shifted to =880 nm (Figure 1h), indicating the
aggregation of ICG molecules within the nanogel. After near-
infrared (NIR) light irradiation (808 nm, 0.5 W cm~, 10 min),
the peak of SiPINGs in the NIR region moved to =800 nm,
and its intensity remarkably decreased. On the other hand,
the matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry experiments were performed.
Free ICG showed a strongest peak at =753 (Figure S6b, Sup-
porting Information), while the dICG had several peaks in the
region of m/z = 200-800 (Figure S6c, Supporting Information),
which can be assigned to the corresponding degraded products
as shown in Figure S6d in the Supporting Information. The
absorption spectroscopic data and MALDI-TOF mass spectro-
metric results confirmed the photodegradation of ICG under
NIR laser irradiation, which led to the disassembly of SiPINGs.
Besides, a negligible increase in the temperature (Figure 1i) and
a negligible production of single oxygen (Figure 1j) were detected
when the SiPING suspension (with the same concentrations as
those used in the following in vitro experiments) was under irra-
diation, which eliminated the possibility of photothermal (PT)
and photodynamic (PD) effects and ensured the biosafety of the
nanogels without side effects caused by PT or PD effect.

Next, the formation mechanism of the nanogels was also
investigated. The DLS results showed that the addition of
NaCl had a strong effect on the hydrodynamic diameter of
the nanogels, while the addition of urea and Triton X-100 also
had influence on the hydrodynamic diameters (Figure 1k),

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. a) Confocal fluorescence images of SiPINGs-treated MCF-7/ADR cells before and after NIR light irradiation. The cell nuclei were stained with
Hoechst 33342 (abbreviated as Hoechst). b) Normalized line-scan FL intensity profiles of the marked positions (white arrows in (a)). c) Cytotoxicity
evaluation results of MCF-7/ADR cells treated with different ICG concentrations of SiPINGs or SiPINGs + irradiation (808 nm, 0.5 W cm™2, 10 min).
d) Apoptosis assay results of MCF-7/ADR cells with the treatment of SiPINGs or SiPINGs + IR (808 nm, 0.5 W cm™2, 10 min). The ICG concentration

of SiPINGs was 1.25 ug mL™".

indicating that the nanogel formation was mainly due to
the electrostatic interaction, accompanied by some contribu-
tions from the hydrogen bonding and hydrophobic interac-
tion. Additionally, to verify the indispensability of the three
components (PEG-PLE, OSiNDs, and ICG) in forming the
nanogels, the photographs and DLS results of the mixtures
from various combinations of the three components were
collected (Figure S7, Supporting Information). Although the
mixture of PEG-PLE and OSiNDs was able to form nano-
gels (named as PSiNGs) with a hydrodynamic diameter of
~58.5 nm (Figure S7b, Supporting Information), the absence
of ICG made the nanogels unable to release the cargoes (such
as Dox) in a photocontrollable way. Besides, many aggregates
could be seen in the mixture containing OSiNDs and ICG
(Figure S7a, Supporting Information), and large particles
(>300 nm) were produced in the mixture of PEG-PLE and
ICG (Figure S7c, Supporting Information), demonstrating the
essential functions of PEG-PLE and OSiNDs in improving
the water dispersibility and tuning the size of the nanogels,
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respectively. Collectively, the above results confirmed that all
the three components are indispensable in forming the nano-
gels with suitable size, excellent water dispersibility, appro-
priate surface coating, and light-controllable drug release
capability.

Motivated by the above results, we next tested the feasibility
of using the photocontrollable nanogels to overcome cancer
MDR in vitro. Since the drug efflux of multidrug-resistant cells
is a main cause limiting the efficacy of chemotherapeutics, we
investigated the cellular uptake and intracellular distribution
of the nanogels in MCF-7 (a human breast cancer cell line)
and adriamycin-resistant MCF-7 (MCF-7/ADR, a multidrug-
resistant human breast cancer cell line) cells. Using the trace-
ability of OSiNDs, significant accumulation of SiPINGs was
observed in both MCF-7 and MCF-7/ADR cells (Figure 2a and
Figure S8a, Supporting Information), showing that the “Trojan
horse”-inspired nanogels could efficiently bypass the drug
efflux pumps of multidrug-resistant cells with their proper size
(=39 nm, Figure 1c) and appropriate surface coating (PEG-PLE).

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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The fluorescence signals of SiPINGs were widely distributed
in cytoplasm near cell nuclei due to the small size of nuclear
pores (9-12 nml'7)). Interestingly, apparent intranuclear fluores-
cence signals were detected for both MCF-7 (Figure S8a,b, Sup-
porting Information) and MCF-7/ADR (Figure 2a,b) cells after
NIR light exposure, demonstrating the disassembly of nanogels
and the subsequent nuclear entry of small particles (=11.9 nm
in Figure 1g). The above results suggested that SiPINGs could
behave as a platform to effectively deliver small molecule drugs
into cell nuclei.

To explore the cellular uptake mechanism of SiPINGs, the
endocytosis pathways of the nanogels were studied. Sodium
azide and the 4 °C treatment were adopted to investigate the
influence of energy since endocytosis is an energy-dependent
transport process.l'¥! In addition, different inhibitors including
chlorpromazine (CPZ), genistein, and amiloride were used to
inhibit clathrin-, caveolae-, and macropinocytosis-mediated
pathways, respectively.! The flow cytometric results indi-
cated that the internalization of SiPINGs was significantly
inhibited by genistein, CPZ, amiloride, sodium azide, and 4 °C
treatment (Figure S9, Supporting Information), revealing the
caveolin-, clathrin-, and macropinocytosis-mediated endocy-
tosis. Meanwhile, SiPINGs presented favorable biocompatibility
with low dark- and photo-toxicities detected by 3-(4,5-dime-
thyl-2-thiazolyl)-2,5-diphenyl-2- H-tetrazolium bromide (MTT)
and flow cytometry-based apoptosis assays (Figure 2c,d;
Figure S8c,d and Table S1, Supporting Information), which
can be credited to the biocompatible components (including
PEG-PLE,!"" silicon-containing nanomaterials,?” and United
States Food and Drug Administration (FDA)-approved ICG21)
and the very low content of ICG (which could not cause a sig-
nificant temperature increase in the cells). The results also
suggested that the high intracellular local concentration of
ICG had negligible influence on the cell viability. To eluci-
date whether the combination treatment of SiPINGs and NIR
light irradiation could affect the MCF-7/ADR cells, propidium
iodide (PI), which can be used as a fluorescent nuclear stain
to assess membrane integrity,?2l was used. Flow cytometric
results showed that the fluorescence intensity of PI in the cells
treated with SiPINGs + irradiation (IR) was similar to that in
the cells treated with SiPINGs alone (Figure S10, Supporting
Information), indicating that NIR light irradiation caused neg-
ligible influence on the integrity/permeability of the plasma
membranes in the SiPING-treated cells. Taken together, the
“Trojan horse”-inspired nanogels with efficient nuclear delivery
of drugs exhibit great potential as an effective nanoplatform to
fully overcome the cancer cell drug resistance.

Encouraged by the successful synthesis of photocontrollable
SiPINGs with effective nuclear delivery, Dox, an anticancer
agent on the World Health Organization’s List of Essential Med-
icines,?%] was encapsulated into the nanogels (termed as Dox@
SiPINGs, Figure S1la, Supporting Information). The TEM
images (Figure S11b and Figure S1c, Supporting Information)
and DLS result (Figure S1d, Supporting Information) of Dox@
SiPINGs were similar to those of SiPINGs (Figure 1b,c and
Figure S1a,b, Supporting Information). Importantly, the nano-
agents exhibited an ultrahigh Dox encapsulation efficiency of
~99% and loading efficiency of =23.5%. The fluorescence inten-
sities of Dox, OSiNDs, and ICG in Dox@SiPINGs decreased
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to =30%, =70%, and =30%, respectively, compared to those of
free Dox, OSiNDs, and ICG (Figure S12, Supporting Informa-
tion), indicating the strong interaction among Dox, OSiNDs,
and ICG. Nevertheless, Dox@SiPINGs still emitted strong
green fluorescence (Figure S11c and Figure S12a, Supporting
Information) due to the ultrahigh quantum yield of OSiNDs,
ensuring their self-traceable ability. Besides, owing to their
negatively charged surface with zeta potential of —34.6 + 4.2 mV
(Figure S3, Supporting Information) and PEG coating, the
Dox-encapsulated nanogels displayed good stability without
forming protein corona in fetal bovine serum (FBS)-containing
cell medium, as proved by the DLS results (Figure S13 and
Figure S1d, Supporting Information). With the characteristic
of NIR light-triggerable disassembly (Figure S11d, Supporting
Information), the size of Dox@SiPINGs changed from =40 to
=10 nm after irradiation (Figure Slle, Supporting Informa-
tion); meanwhile, the absorbance in the region >700 nm was
markedly reduced, accompanied with a blue shift of the peak
position (Figure S11f, Supporting Information). Afterward, sus-
tained and efficient drug release of Dox@ SiPINGs via the NIR
light-controllable strategy was exhibited by the rapidly increased
Dox concentration within 30 min and a final Dox release rate of
=52% after irradiation (the cyan line in Figure 1l). Notably, the
nanogels also presented excellent Dox leakage resistance in the
absence of irradiation (the orange line in Figure 1l), minimizing
their dark toxicity during their in vitro and in vivo applications.

As a proof of concept, we compared the endocytosis and
anticancer performance of free Dox and Dox-encapsulated
nanogels (Dox@SiPINGs) in MCF-7 and MCF-7/ADR cells.
Confocal images showed that the accumulation of free Dox in
MCF-7 cells was high after 6 h of incubation (Figure S14a,b,
Supporting Information), while the red fluorescence signals of
free Dox in MCF-7/ADR cells could hardly be detected during
the whole time period of 24 h due to the high expression of
DETs in MCF-7/ADR cells (Figure 3a,b). By contrast, significant
uptake of Dox@ SiPINGs was observed in MCF-7 and MCF-7/
ADR cells within 3 h (Figure 3a and Figure S14a, Supporting
Information), showing the strong capability of the nanogels
to bypass the drug efflux pumps on the plasma membranes
of the two types of cancer cells. Meanwhile, the long-time (at
least 24 h) stable accumulation in the cytoplasm with negligible
nucleus distribution demonstrated the good leakage resistance
of Dox@SiPINGs, which ensured a sufficient Dox concentra-
tion for further sustained release of the drugs into cell nuclei
upon NIR light irradiation. Besides, the bright yellow color in
the cytoplasm of MCF-7 and MCF-7/ADR cells (Figures S15
and S16, Supporting Information) exhibited the excellent colo-
calization of green-emitting OSiNDs and red fluorescent Dox,
further confirming the intracellular stability of the drug-loaded
nanocarriers. Furthermore, from the effects of genistein, CPZ,
amiloride, sodium azide, and 4 °C treatments on the internali-
zation of Dox@SiPINGs (Figure S17, Supporting Information),
we revealed a caveolin-, clathrin-, and macropinocytosis-medi-
ated endocytosis pathway that might contribute to the high
cellular internalization of Dox@ SiPINGs in MCF-7/ADR cells.
Nevertheless, sodium azide (NaNs) could negligibly affect the
cellular uptake of free Dox (Figure S18, Supporting Informa-
tion), because Dox enters cells via an energy-independent free
diffusion process.l?4

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) Confocal fluorescence images of MCF-7/ADR cells treated with the Dox or Dox@ SiPINGs for different time periods, and b) the corresponding
flow cytometric results. c) Cytotoxicity evaluation results of MCF-7/ADR cells after various treatments. d) Apoptosis assay results of MCF-7/ADR cells
without and with the treatment of Dox, Dox@SiPINGs, or Dox@SiPINGs + IR (808 nm, 0.5 W cm™2, 10 min) at the Dox concentration of 5.0 ug mL™".

e) Confocal fluorescence images showing the distribution of Dox@SiPINGs

(Dox concentration of 5.0 g mL™") in MCF-7/ADR cells before and after

irradiation (808 nm, 0.5 W cm™2, 10 min). The yellow color indicates the colocalization of the green channel (from OSiNDs) and red channel (from
Dox) of Dox@SiPINGs. f) Schematic illustration showing that Dox@SiPINGs can bypass the drug efflux pump and realize nuclear drug delivery under

the NIR light irradiation.

With their remarkable cellular uptake, the Dox@ SiPINGs
elicited significantly enhanced apoptosis toward MCF-7/ADR
cells after irradiation by an 808 nm laser (0.5 W cm™) for
10 min (Figure 3c,d). In sharp contrast, the low uptake of free
Dox resulted in its poor efficacy, which confirmed the robust
resistance of MCF-7/ADR cells against free Dox. Typically,
MCF-7/ADR cells preserved >80% of cell viability after treat-
ment with 5.0 g mL~! Dox, while Dox@ SiPINGs with the same
Dox concentration were capable to effectively induce more than
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60% cell apoptosis after irradiation. For MCEF-7 cells, although
the fluorescence intensity of the Dox channel in the Dox@ SiP-
INGs-treated group was similar to that in free Dox-treated group
(Figure S14b, Supporting Information), the anticancer efficacy
of Dox@ SiPINGs with irradiation was higher than that of free
Dox as determined by MTT and apoptosis assay (Figure Sl4c,d,
Supporting Information). This is probably because the fluo-
rescence intensity of Dox was decreased in the nanogels
(Figure S12b, Supporting Information) and the internalization

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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content of Dox@SiPINGs was much higher than that of free
Dox at similar fluorescence intensities. Meanwhile, owing to
their outstanding antileakage ability, Dox@SiPINGs presented
much lower cytotoxicity to MCF-10A (a normal breast epithelial
cell line) cells than free Dox (Figure S19, Supporting Informa-
tion). To confirm the important photoactivatable role of ICG on
the anticancer therapeutic outcome, Dox was encapsulated into
the nanogels formed by OSiNDs and PEG-PLE (abbreviated
as Dox@PSiNGs, with a hydrodynamic diameter of =58 nm,
Figure S7d, Supporting Information) for comparison pur-
poses. Although Dox@PSiNGs (without ICG) showed similar
intracellular distribution with Dox@ SiPINGs (Figure S20, Sup-
porting Information), their incapability of photocontrollable
drug release resulted in weak anticancer efficacy (Figure S21,
Supporting Information). All these observations demonstrated
the excellent performance of Dox@SiPINGs in killing tumor
multidrug-resistant cells.

We further monitored the light-triggered drug release of
Dox@SiPINGs in both MCF-7 and MCF-7/ADR cells by con-
focal microscopy (Figure 3e and Figure S14e, Supporting Infor-
mation). Different from the distribution in the cytoplasm before
irradiation, apparent intranuclear fluorescence signals were
detected in the Dox@SiPINGs-treated cells after irradiation,
illustrating the outstanding nucleus-targeted Dox delivery of the
nanogels. Notably, the intranuclear fluorescence in the MCF-7/
ADR cells exposed to Dox@SiPINGs and irradiation was
mainly located in some spherical dots inside nuclei (Figure 3e),
which were the nucleolar regions that play an important role
in cell proliferation by producing ribosome and RNA.I’!
Therefore, the dysfunction of nucleoli caused by the released
Dox might be the possible mechanism leading to the death
of MCF-7/ADR cells. Collectively, we could summarize the
reversal of MDR as an NIR light-controllable process: In sharp
contrast to the low intracellular uptake of free Dox, the Dox-
encapsulated nanogels can evade the DETs on the plasma mem-
brane via caveolin-, clathrin-, and macropinocytosis-dependent
pathways and have significantly enhanced endocytosis in
multidrug-resistant cells. The endocytosed Dox@SiPINGs
are distributed in the cytoplasm with negligible cytotoxicity
because of the excellent antileakage ability of the nanogels.
Subsequently, activated by the NIR light, the Dox@ SiPINGs are
disassembled into small particles resulting from the photodeg-
radation of ICG molecules. Meanwhile, a large number of Dox
molecules are rapidly released from the nanogels, and occupy
the cell nucleus even in the presence of DETs on nuclear mem-
brane, which can be attributed to the following mechanisms:
1) The Dox release triggered by NIR light irradiation is so fast
and massive that it exceeds the drug efflux rate of the DETs on
the nuclear membrane, and 2) during the NIR light irradiation,
the ICG molecules can induce the local hyperthermia and gen-
erate toxic reactive oxygen species (ROS), which may weaken
the efflux ability of the DETS on the nuclear membrane. Finally,
the intranuclear Dox can fully realize its therapeutic efficacy,
achieving the circumvention of MDR (Figure 3f).

Motivated by the in vitro results, we then performed in vivo
theranostic experiments using nude mice with subcutaneous
xenograft tumors via the tail vein injection with Dox or Dox@
SiPINGs. First, uterine cervical carcinoma Ul4 (a non-drug-
resistant cell line) tumor models were established in mice for
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the following experiments. The fluorescence intensity of Dox@
SiPINGs in the tumor regions (indicated by the white dotted
circles) showed a continuous increase and reached a maximum
at 24 h postinjection, whereas free Dox exhibited very weak
fluorescence signals within the whole observation time period
(Figure 4a,b). Such a direct fluorescence comparison verified
the excellent tumor targeting ability and long tumor reten-
tion time of Dox@SiPINGs, which can be attributed to their
proper size (=40 nm, Figure S11b, Supporting Information)
that endows them with excellent passive tumor targeting ability
through the EPR effect, and the presence of PEG chains, which
reduces the capture of NPs by reticuloendothelial system and
prolongs the blood circulation time. Meanwhile, the nude mice
intravenously (i.v.) injected with Dox or Dox@SiPINGs were
sacrificed at 24 h postinjection. The ex vivo images and cor-
responding statistical results (Figure 4c,d) revealed that Dox@
SiPINGs were mainly distributed in tumor with a partial dep-
osition in liver, lung, and kidneys. In contrast, the free Dox
group had much weaker fluorescence in tumor and relatively
higher fluorescence in normal organs (except liver), which may
lead to the lower antitumor efficacy of free Dox as compared
with that of Dox@ SiPINGs. Besides, we have also confirmed
that Dox@SiPINGs had much lower long-term toxicity com-
pared to free Dox by using normal liver L02 cells as a model
(Figure S22, Supporting Information), possibly due to the low
leakage rate of Dox@SiPINGs (Figure 11).

Subsequently, inspired by the efficient in vitro therapeutic
effect and the high tumor accumulation of Dox@SiPINGs,
the in vivo tumor suppression capability of the nanogels was
evaluated using both U14 and MCF-7/ADR tumor-bearing
nude mice. On the basis of the aforementioned results, 24 h
post-intravenous injection was chosen as an optimized time
point for achieving sufficient tumor retention of Dox@ SiP-
INGs for further tumor treatment. The tumor-bearing mice
were randomly divided into six groups: physiological saline
(control), SiPINGs, Dox, Dox@SiPINGs, SiPINGs + IR, and
Dox@SiPINGs + IR, and the mice in the irradiation groups
were exposed to an 808 nm laser (0.5 W cm™2, 20 min) at 24 h
postinjection. Different from the rapid tumor progression
in the control group, both the U14 and MCF-7/ADR tumor
growths of the mice in the Dox@ SiPINGs-treated group after
irradiation were remarkably inhibited during the total period
of observation (Figure 4e and Figure S23a, Supporting Infor-
mation). By comparison, free Dox treatment displayed negli-
gible tumor elimination ability in MCF-7/ADR tumor-bearing
mice and poor therapeutic performance for Ul4 tumor with a
noticeable tumor regrowth after 10 days. As indicators of sys-
temic toxicity, body weight and survival rate were monitored
(Figure 4f,g and Figure S23b, Supporting Information). Free
Dox caused severe weight loss of both U14 and MCF-7/ADR
tumor-bearing mice, and even induced the death of mice in the
U14 group, indicating the serious adverse effects of the drug.
In contrast, the SiPINGs- and the Dox@ SiPINGs-treated mice
(with or without irradiation) had similar body weight curves
as the control group. In particular, the combined treatment of
Dox@SiPINGs and NIR light irradiation apparently prolonged
host survival. These results further demonstrated the good pho-
totherapeutic efficiency and favorable biocompatibility of Dox@
SiPINGs.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. a) Time-dependent in vivo fluorescence images of U14 tumor-bearing mice after intravenous injection of Dox or Dox@SiPINGs, and
b) the corresponding fluorescence intensities of Dox or Dox@SiPINGs within the UT4 tumor areas at different time points. The white dotted circles
in (a) indicate the positions of the tumor regions. c) Ex vivo fluorescence images of major organs and U14 tumor tissues excised from mice at 24 h
post the intravenous injection of Dox or Dox@SiPINGs, and d) the corresponding fluorescence intensity results. €) U14 tumor growth curves of the
mice after various treatments. **P < 0.01, ***P < 0.001. f) Body weight changes of the U14 tumor-bearing mice after various treatments. **P < 0.01.
g) Survival rates of the mice after different treatments. h) H&E-stained U14 tumor slices from mice sacrificed on the 14th day after intravenous injec-
tion of physiological saline (control), Dox, Dox@SiPINGs, or Dox@SiPINGs + IR.

To further assess the antitumor activity and in vivo biocom-
patibility, the routine blood analysis, the evaluation of liver
and kidney functions, and the hematoxylin and eosin (H&E)
staining of tumor sections and major organs were performed
for the mice sacrificed on the 14th day after various treatments.
Unlike the compact tumor tissues of the physiological saline-
(control), free Dox-, or Dox@SiPINGs-administrated groups,
the Dox@ SiPINGs with irradiation treatment caused a distinct
drop in the number of tumor cells with significant nuclear
condensation and fragmentation (Figure 4h), confirming their
good tumor damaging effect. No abnormality from routine
blood analysis and liver/kidney function assessment results
and no tissue damage from the histopathologic results of major

Adv. Funct. Mater. 2019, 29, 1807772

1807772 (8 of 11)

organs (including hearts, kidneys, livers, lungs, and spleen)
were observed in the SiPINGs- and Dox@ SiPINGs-treated
groups (Figure 5a—c), which confirmed the excellent biosafety
of the nanogels. In contrast, some notable alterations in the
routine blood analysis data (such as the levels of white blood
cells (WBCs), hemoglobin (HGB), hematocrit (HCT), platelet
count (PLI), and plateletcrit (PCT)), subnormal liver function
observed from the significantly elevated level of alanine ami-
notransferase (ALT), and partial damage of heart, kidneys, liver,
and lung observed in the H&E-stained images were found in
the Dox-treated group, indicating the systemic toxicity of free
Dox. Collectively, the above results demonstrated that Dox@
SiPINGs can be used as a robust and safe antitumor agent.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. a) Routine blood analysis results of the mice collected on the 14th day after intravenous injection of physiological saline (control), Dox, or
Dox@SiPINGs. The results show mean and standard deviation of white blood cells (WBCs), granulocyte (Gran), red blood cell (RBC), hemoglobin
(HGB), mean platelet volume (MPV), platelets (PLT), hematocrit (HCT), and plateletcrit (PCT). b) Evaluation results of the liver and kidney functions
of the mice collected on the 14th day after intravenous injection of physiological saline (control), Dox, or Dox@SiPINGs by examining the function-
correlated biomarkers including the alanine aminotransferase (ALT), aspartate aminotransferase (AST), blood urea nitrogen (BUN), and creatinine
(CRE). ¢) H&E staining assay results of major organs excised from mice treated with physiological saline (control), Dox, or Dox@SiPINGs.

3. Conclusion

In summary, the present work developed a simple strategy to
construct supramolecular nanomedicines that realized remark-
ably enhanced cellular uptake and light-triggered nuclear
drug influx in multidrug-resistant cells, thus overcoming two
crucial issues induced by cancer MDR. As a proof of concept,
photocontrollable “Trojan horse”-inspired nanogels (SiPINGs)
with suitable size, proper surface coating, high drug encap-
sulation efficiency (=99%) and loading efficiency (=23.5%),
passive tumor-targeting ability, significantly increased cellular

Adv. Funct. Mater. 2019, 29, 1807772 1807772

endocytosis, and NIR light-triggerable nuclear delivery have
been designed to combat multidrug-resistant cancers. The
nanogels consist of three functional components: long-circu-
lating PEG-PLE preventing the nanogels from being recog-
nized by the DETs on plasma membrane for increasing tumor
and cellular accumulation efficiencies of the nanogels, photo-
degradable ICG endowing the photoactivatable disassembly
for photocontrollable drug release, and fluorescent OSiNDs as
a bridge crosslinking the two other components and probe for
bioimaging. The nanogels behaved as the “Trojan horses” that
efficiently shielded and transported anticancer “soldiers” (Dox
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molecules) into the cytoplasm of multidrug-resistant cells.
Then, sufficient Dox molecules were rapidly released from the
nanogels through an NIR light-triggered strategy and occu-
pied the cell nucleus even in the presence of DETs on nuclear
membrane. Therefore, excellent in vitro therapeutic effect
against multidrug-resistant cells and significant in vivo tumor
growth inhibition were achieved. Such a simple strategy to
construct supramolecular nanomaterials for photocontrol-
lable nuclear delivery of drugs will offer new opportunities to
develop nanomedicines for circumvention of MDR.

4. Experimental Section

Synthesis of OSiNDs: The OSiNDs were synthesized as described in
the previous work.'®l Briefly, 30 mg rose bengal (RB) was dissolved in
4 mL water, followed by the addition of 1 mL 3-[2-(2-aminoethylamino)
ethylamino]propyl-trimethoxysilane ~ (AEEA). Then, the mixture was
transferred into a 10 mL Teflon-lined autoclave, which was sealed and
maintained at a temperature of 160 °C for 4 h. After cooling down to
the room temperature, the product was dialyzed (500 Da) to remove the
residual reagents. The final sample was obtained through freeze drying.

Preparation of SiPINGs and Dox@ SiPINGs: SiPINGs were prepared by
sequentially adding the PEG-PLE (25 uL, 10 mg mL™"), ICG (12.5 pL,
10 mg mL™"), and OSiND (125 pL, 10 mg mL™") solutions to 837.5 uL
deionized water. After vortexing for 30 s, the mixture was kept under
ambient condition for 2 h to obtain SiPINGs. To prepare the Dox@
SiPINGs, 25 pL PEG-PLE solution (10 mg mL™) and 12.5 uL ICG
solution (10 mg mL™") were added to 712.5 UL deionized water,
followed by the addition of 125 uL Dox solution (4 mg mL™") and 125 uL
OSiND suspension (10 mg mL™"). Then, the mixture was vortexed for
30 s and kept under ambient condition for 2 h. After centrifugation at
10 000 rpm for 5 min, the Dox encapsulation efficiency and loading
efficiency were calculated by the following equations: Encapsulation
efficiency = (1 — weight of unencapsulated Dox/total weight of Dox fed
initially) x 100%; Loading efficiency = (total of Dox fed initially — weight
of unencapsulated Dox)/total weight of nanogels x 100%.

NIR Light-Activatable Disassembly of SiPINGs Observed by Confocal
Microscopy: MCF-7 or MCF-7/ADR cells were cultured in a 96-well
plate (5 x 10 cells per well) overnight. Then, fresh cell culture media
containing SiPINGs were used to replace the original culture media. The
ICG concentrations of SiPINGs in MCF-7 and MCF-7/ADR cells were
0.13 and 1.25 pg mL™, respectively. After incubation for 24 h, the cells
were stained with Hoechst 33342 for 10 min, followed by imaging under
a confocal microscope (Leica, TCS SP8, Germany). Next, the cells were
irradiated with an 808 nm laser (0.5 W cm™2, 10 min) and incubated at
37 °C and 5% CO, for another 6 h. Finally, the disassembly of nanogels
was observed using the confocal microscope. The excitation wavelengths
of Hoechst 33342 and OSiNDs were 405 and 488 nm, respectively.

Cytotoxicity and Apoptosis Assay of SiPINGs, Dox, and Dox@ SiPINGs
with and without Irradiation: MCF-10A, MCF-7, or MCF-7/ADR cells
were cultured in 96-well plates (5 x 103 cells per well) overnight and
then incubated with various concentrations of SiPINGs, Dox, or Dox@
SiPINGs for 24 h. Afterward, the cells were divided into two groups:
irradiation group and nonirradiation group. The cells in the irradiation
group were irradiated under an 808 nm laser (0.5 W cm=2, 10 min), while
the cells in the nonirradiation group were placed in the dark. Then, all
the cells were cultured at 37 °C and 5% CO, for another 6 h. Finally, the
cell viability was evaluated using MTT assay, and the cell apoptosis rate
was analyzed by flow cytometry using an Annexin V-FITC/PI apoptosis
detection kit (KeyGen Biotech, Nanjing, China). Each group had three
parallel samples.

NIR Light-Controllable Dox Release of Dox@SiPINGs: MCF-7 or
MCF-7/ADR cells were seeded in an 8-well plate (5 x 10° cells per
well) overnight. Afterward, the original culture media were replaced
by fresh culture media containing Dox@SiPINGs for 24 h. The Dox
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concentrations of Dox@SiPINGs in MCF-7 and MCF-7/ADR cells were
0.5 and 5.0 pg mL™", respectively. Then, the cells were divided into
two groups (group | and Il). The cells in group | were incubated in the
dark for 6 h, while the cells in group Il were irradiated with an 808 nm
laser (0.5 W cm™2) for 10 min, followed by incubation at 37 °C and 5%
CO, for another 6 h. After that, the cells were incubated with Hoechst
33342 for 10 min to stain the cell nuclei and imaged under the confocal
microscope. The excitation wavelengths of Hoechst 33342, OSiNDs, and
Dox were 405, 488, and 552 nm, respectively.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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