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Abstract: To achieve deep tumor penetration of large-sized
nanoparticles (NPs), we have developed a reversible swelling—
shrinking nanogel in response to pH variation for a sequential
intra-intercellular NP delivery. The nanogel had a crosslinked
polyelectrolyte core, consisting of N-lysinal-N'-succinyl chito-
san and poly(N-isopropylacrylamide), and a crosslinked
bovine serum albumin shell, which was able to swell in an
acidic environment and shrink back under neutral conditions.
The swelling resulted in a rapid release of the encapsulated
chemotherapeutics in the cancer cells for efficient cytotoxicity.
After being liberated from the dead cells, the contractive
nanogel could infect neighboring cancer cells closer to the
center of the tumor tissue.

N anomedicine, typically a myriad of nanocarrier-based
drug delivery systems (DDSs), provides emerging and
promising opportunities to improve cancer therapy.!! A
number of nanoparticle (NP)-based therapeutics have been
approved for clinical applications in solid tumors,? such as
Doxil (pegylated liposomal doxorubicin, ca. 100 nm)?! and
Abraxane (albumin-bound paclitaxel NP, ca. 130 nm).
Despite of the improved therapeutic properties and reduced
adverse effects owing to the enhanced permeability and
retention (EPR) effect, it has been found that these NPs are
predominantly located near the blood vessels and only
delivered to the cells on the tumor periphery,” thus offering
modest survival benefits,[*! which is primarily attributed to the
physiological barriers of the solid tumor that impede the
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uniform distribution of the anticancer drugs throughout the
tumor in a therapeutic concentration.”

The solid tumors are characterized by an abnormal tumor
vasculaturel® and the dense tumor extracellular matrix
(ECM)." High permeability of the abnormal tumor vascula-
ture’®<! and lack of the lymphatic drainage system®! lead to
a reduced transcapillary pressure gradient and an elevated
interstitial fluid pressure (IFP),®! which causes NPs to
accumulate and release their payload only in the perivascular
space of tumor areas, along with a higher drug efflux than
influx into the tumor interstitium. Additionally, the denser
fiber network of the connective tissue in the ECM promotes
the build-up of a higher IFP and also leads to an increased
frictional resistance to penetration. Of note, the hypoxic
tumor cells in the center of the tumors harbor the stem cells,
the most aggressive tumor cells, which can regenerate the
tumor after therapy.”! Unfortunately, the core of the solid
tumors distant from the blood vessels is poorly perfused as
a result of the above characteristics, which hinders the
delivery of drugs to these tumor cells.

NPs with small particle sizes (<100 nm) give a better
tumor distribution than the larger ones.'”! For example, sub-
100 nm polymeric micelles, especially 30 nm micelles, have
been demonstrated to penetrate poorly permeable tumors to
attain an optimal antitumor efficacy."*! Small-sized gold*!
and silica™ NPs also displayed superior tumor penetration.
To improve the tumor distribution and penetration of larger
NPs, a multistage NP delivery system (QDGelNPs) has been
reported to exhibit a deep penetration into the tumor tissue.
The NP was composed of a gelatin core and a surface covered
with quantum dots (QDs).'”! When QDGelNPs (100 nm)
accumulated at the tumor site, gelatinases A and B that are
concentrated in the tumor environment hydrolyzed the
gelatin core and thereby resulted in shedding of QDs
(10 nm), which subsequently penetrated deep into the
tumor. However, this system still depends on the tumor
penetration capability of the ultra-small-sized QDs in fact. In
addition, QDs cannot be applied as a carrier with high drug-
loading efficiency alone. Accordingly, realization of the large
NPs (> 100 nm) passing over the barriers of the solid tumor
for deep penetration is very challenging but highly desirable.

Herein, we report a sequential intra-intercellular NP
delivery of a reversible swelling-shrinking nanogel (NLSC-
NG) as a novel mechanism for the large NPs to accomplish
the deep tumor penetration. The nanogel has a well-defined
core-shell crosslinked structure consisting of N-lysinal-N'-
succinyl chitosan (NLSC), poly(N-isopropylacrylamide)
(PNIPAM), and bovine serum albumin (BSA; Figure 1).
NLSC is an optimized synthesized chitosan derivative with an
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Figure 1. Schematic design of the intra-intercellular NP delivery system based on a reversible
swelling—shrinking nanogel (NLSC-NG) for deep tumor penetration. 1) Endocytosis by the
tumor cells after accumulation of Dox/NLSC-NG at the tumor site by the EPR effect;

1) transport into endo-lysosomes; 111) endo-lysosomal escape by the extensive volume
expansion and high positive surface charge of Dox/NLSC-NG accompanied by the Dox
release; IV) specific accumulation of the released Dox in the nucleus; V) cell death induced
by the released Dox; VI) liberation from the dead cell; VII) migration and infection to the

neighboring tumor cells.

isoelectric point (pI) around 6.0, which has an acid-triggered
charge reversal capability. The polyelectrolyte core of the
nanogel is constructed by polymerizing N-isopropylacryla-
mide (NIPAM) in the presence of NLSC under neutral

conditions. BSA, a biocompatible negatively
charged macromolecule, forms a capsid-like
shell by crosslinking on the polyelectrolyte
core, which retains the stability of the nanogel
during the systemic circulation and the pH-
responsive swelling—shrinking process. After
intravenous administration, NLSC-NG which
has a negative charge under physiological
conditions (pH 7.4) accumulates at the tumor
site by the EPR effect, and is subsequently
internalized by the cells at the outer layer of
the tumor tissue into the endosomes and
lysosomes (endo-lysosomes). At the endoso-
mal (pHS5.0-6.0) or Ilysosomal pH value
(pH 4.0-5.0) which is lower than pI of NLSC,
the amino groups in NLSC protonate promptly,
which produces electrostatic repulsion between
NLSC and therefore triggers the swelling of the
polyelectrolyte core of NLSC-NG, along with
the rapid release of the encapsulated anti-
cancer drug, doxorubicin (Dox). The extensive
volume expansion and positive surface charge
of NLSC-NG lead to the endo-lysosomal
bursting, which allows NLSC-NG to be trans-
ported into the cytosol (pH 6.8-7.4) where
NLSC-NG rapidly shrinks back to its original
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size. The released Dox induces the apop-
tosis and cytotoxicity to kill the tumor
cells. The contracted NLSC-NG is liber-
ated from the dead cells potentially
accompanied by exocytosis from the live
cells to repeat the process infecting neigh-
boring cancer cells closer to the center of
the tumor. This sequential intra-intercel-
lular NP delivery system, like “peeling an
onion” layer by layer, offers an efficient
nanocarrier platform with great potential
for deep tumor penetration of anticancer
drugs.

To validate our idea, NLSC was syn-
thesized by grafting lysine and succinic
anhydride to the backbone of chitosan
(Figure S1, Supporting Information). The
pI of NLSC was adjusted by changing the
feeding ratio of lysinal and succinyl groups,
and determined by measuring the optical
transmittance of the NLSC solution at
different pH values (Figure S2). NLSC
with pl of 6.0 was selected to have the
optimal pH-sensitivity, undergoing charge
conversion at the acidity of endo-lysosome
(pH 4.0-6.0) in contrast to NLC which has
a positive charge regardless of pH values.
The substitution degrees of lysinal and
succinyl groups were 43% and 66 %,

respectively (Table S1).

The core-shell NLSC-NG was then successfully fabri-
cated by chemically conjugating the BSA shell onto the
polyelectrolyte core consisting of PNIPAM and NLSC. The
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Figure 2. a) Particle size of Dox/NLC-NG and Dox/NLSC-NG at different pH values.

b) Zeta potential of Dox/NLC-NG and Dox/NLSC-NG at different pH values. c) FESEM

images of Dox/NLSC-NG at pH 7.4 and 5.5. Scale bars are 200 nm (left), 500 nm (mid-
dle), and 200 nm (right). d) Change in the particle size of Dox/NLSC-NG with pH value.
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content of BSA conjugated on NLSC-NG was about 88 ug for
1 mg of NLSC-NG. The pH-sensitivity of NLSC-NG was
assessed by monitoring the optical transmittance change with
pH value (Figure S3). The transmittance percentage changed
sharply over the pH range of 6.6-5.5, which resulted from the
dynamic dimensional variations of NLSC-NG with pH value.
Dox, a model chemotherapeutic agent, was efficiently physi-
cally encapsulated in NLSC-NG. The payload of Dox in
NLSC-NG was high, up to 27 %, while NLC-NG had a lower
drug-loading efficiency of about 5%, suggesting that the
electrostatic interaction between the negatively charged
NLSC at neutral pH values and the positively charged Dox
molecules facilitates the encapsulation of Dox into the
polyelectrolyte core of NLSC-NG.

To demonstrate the acid-responsive swelling of NLSC-
NG, we measured the particle size and zeta potential of Dox-
loaded NLSC-NG (Dox/NLSC-NG) dis-
persed in buffer solutions with different
pH values. Note that all the measurements
were at 37°C, higher than the low critical
solution temperature (LCST) of NLSC-
NG (about 32°C; Figure S4), which indi-
cated that the presence of PNIPAM had no
influence on the pH-sensitivity of the
nanogel at 37°C. When the pH decreased
from 7.4 to 4.5 (the typical lysosomal
pH value), Dox/NLSC-NG increased in
particle size from 200 nm at pH7.4 to
near 2um at pH4.5 (Figure2a and
Table S2), and showed a change in the
surface charge from —20 mV at pH 7.4 to
+35mV at pH 4.5 (Figure 2b). The field
emission scanning electron microscope
(FESEM; Figure 2c¢ and Figure S5), trans-
mission electron microscope (Figure S6),
and atomic force microscope (AFM) (Fig-
ure S7) images further demonstrated the
volumetric increase of Dox/NLSC-NG at
pH 5.5 or 4.5 relative to pH 7.4. In sharp
contrast, no volume swelling and surface
charge conversion were found in Dox-
loaded NLC-NG (Dox/NLC-NG) during
such a pH change. The percentage of
protonated amino groups in NLSC-NG at
different pH values was determined to be
about 9.5% at pH 7.4, 29.4% at pH 6.8,
89.3% at pHS5.5, and 98.8% at pH4.5
(Figure S8). It was speculated that the
prompt protonation of the amino groups
in NLSC-NG produces the electrostatic
repulsion between NLSC under acidic
conditions, causing the swelling of the
polyelectrolyte core, and thus the particle
size increase of NLSC-NG. The extensive
volume expansion and electrostatic repul-
sion between the positively charged core
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We further evaluated the pH-responsive reversible swel-
ling—shrinking property of NLSC-NG (Figure 2d and
Table S3). Dox/NLSC-NG showed a reversible swelling and
shrinking when the pH value was cycled from 7.4 to 6.8 to 4.5.
The particle size was constant about 200 nm from pH 7.4 to
6.8 (the typical tumor extracellular and cytosolic pH values),
sharply increased by 10-fold at pH 4.5, and then returned to
240 nm at pH 6.8. Apparently, the structure of NLSC-NG
remains stable owing to the BSA shell that clutches the inner
polyelectrolyte core by means of amide linkages, which avoids
the dissociation after protonation of the core at lower
pH values. The BSA shell also maintained the stability of
Dox/NLSC-NG in the presence of plasma (Figure S10).

The intra-intercellular delivery of Dox/NLSC-NG was
evaluated in/among the human hepatocellular carcinoma
(HepG?2) cells. Both Dox/NLSC-NG and Dox/NLC-NG were
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Figure 3. a) Endo-lysosomal appearance of the live HepG2 cells incubated with NLSC-NG
and NLC-NG over time observed using the live cell imaging. The late endosomes and
lysosomes were stained by LysoTracker Red. The squares indicate the bursting of endo-
lysosomes. Scale bar is 10 um. b) Migration of Dox/NLSC-NG from the infected HepG2 cells
to the untreated cells visualized using CLSM (see text for details). The Dox solution and

and Dox at lower pH values contributed to
the increased release of Dox from Dox/
NLSC-NG (Figure S9).

Angew. Chem. 2014, 126, 6367 —6372

Dox/NLC-NG were taken as references. The nuclei were stained by Hoechst 33258. Scale bar
is 20 um. c) Cellular uptake of Dox in the infected HepG2 cells. d) Apoptosis ratio of the
infected HepG2 cells induced by Dox/NLSC-NG using the Annexin V-FITC/PI staining assay.
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internalized through the clathrin-mediated endocytosis path-
way (Figure S11), and subsequent localization in the endo-
somes.'! To verify the endo-lysosomal bursting effect of
NLSC-NG upon the pH-responsive swelling, fluorescence-
labeled endo-lysosomes of HepG2 cells incubated with the
bare NLSC-NG over time were monitored by the live cell
imaging (Figure 3 a). After cell incubation with NLSC-NG for
60 min, the dot-like appearance of the endo-lysosomes
disappeared, and an originally localized “burst”
of fluorescence diffusion was observed instead. In
contrast, no significant change in the endo-lysoso-

Untreated

with exocytosis from the live cells, and infect the neighboring
cells.

To further verify the enhanced tumor penetration of drugs
by this intra-intercellular delivery mechanism, the multi-
cellular tumor spheroids, three-dimensional (3D) cell culture
systems were first used to monitor the penetration of Dox/
NLSC-NG in an invivo-like tumor (Figure 4a). After the
tumor spheroid treated with Dox/NLSC-NG for 8 h, Dox with

Treated

mal aspect was found during treatment with NLC-
NG. The prominent expansion and high positive
surface charge of NLSC-NG were determined to
promote the disruption of endo-lysosomal mem-
branes (Figure S12), which allows NLSC-NG to
translocate from the endo-lysosomes to the cytosol
where NLSC-NG rapidly shrinks back to the initial
size. Additionally, the AFM images showed that
NLSC-NG was still able to swell and shrink with
pH change after transport from HepG2 cells (Fig-
ure S13). It was suggested that NLSC-NG retains

Dox/NLSC-NG Dox/NLC-NG &

O
~—

its pH-responsive reversible swelling—shrinking
capacity even after the intracellular delivery,
which lays a good foundation for subsequent
intercellular delivery.

To explore the intercellular delivery of NLSC-
NG to the neighboring cells, HepG2 cells seeded
on Coverslip A were pre-incubated with Dox/
NLSC-NG for 8 h, and then co-incubated with
the fresh cells on the neighboring Coverslip B for
20 h. The infection procedure was repeated by co-
incubating the treated cells on Coverslip B with the
fresh cells on Coverslip C for another 20 h, fol-
lowed by observation using confocal laser scanning
microscope (CLSM). As shown in Figure 3b, the
red Dox fluorescence in the first treated cells (A)
with Dox/NLSC-NG indicated that Dox widely
distributed in the cells, even in the blue fluorescent
nuclei. After successive co-incubation with the
untreated cells for 20h, the infected cells (B)
showed the Dox fluorescence in the nuclei as
well, and additionally, the Dox fluorescence was
still observed in the infected cells (C). However,
free Dox and Dox/NLC-NG hardly attained the
Dox fluorescence in the cells (B, C), indicating that they have
no repeated infection properties. Quantitative analysis sub-
stantiated that Dox/NLSC-NG provided significantly higher
Dox accumulation in the infected cells than either the Dox
solution or Dox/NLC-NG (Figure 3c). The amounts of Dox
released from the infected cells treated by Dox/NLSC-NG
was much higher than that treated by Dox/NLC-NG (Fig-
ure S14a), most of which was encapsulated in the exocytosed
NLSC-NG for repeated infection (Figure S14b). Further-
more, we confirmed that Dox/NLSC-NG was able to induce
apoptosis of the infected cells during the intercellular
trafficking (Figure 3d). Taken together, Dox/NLSC-NG like
a virus is able to release Dox in the infected cells to induce
cell death, transport from the dead cells potentially along

Dox/NLC-NG

Dox/NLSC-NG

200 pm.
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Figure 4. a) In vitro penetration of Dox into the 3D multicellular HepG2 tumor
spheroids after incubation with Dox/NLC-NG and Dox/NLSC-NG for 8 h. Z-stack
images using CLSM were obtained from the top to the equatorial plane of the
tumor spheroid in 20 um thickness. The arrows indicate the cell fragments
shedding from the surface of the tumor spheroids. Scale bar is 400 um. b) In vivo
penetration of Dox into the tumors of the Heps tumor-bearing mice after intra-
tumoral injection of Dox/NLC-NG and Dox/NLSC-NG at Dox dosage of 10 mgkg™
for 48 h. The frozen tumor sections were observed at different depths below the
injection site using CLSM. The nuclei were stained by Hoechst. Scale bar is

the bright red fluorescence spread in the majority of regions,
even 80 um from the surface towards the middle. It was
determined to penetrate approximately 27% of the tumor
spheroid which has a radius of about 300 um. By comparison,
the tumor spheroids treated with Dox/NLC-NG only showed
a Dox fluorescence distribution at the periphery of the
spheroids. Moreover, a multitude of cell fragments were shed
from the surface of the tumor spheriods after treatment with
Dox/NLSC-NG, which might result from the apoptosis
induced by Dox/NLSC-NG, while no remarkable change
was observed in the morphology of the Dox/NLC-NG treated
tumor spheriods. After intravenous injection into the hep-
atocellular carcinoma (Heps) tumor-bearing mice for 48 h,
Dox/NLSC-NG rather than Dox/NLC-NG facilitated the

Angew. Chem. 2014, 126, 6367 —6372
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extravasation of Dox outside of the tumor vascu-
lature and the penetration of Dox in the surround-
ing tumor tissue (Figure S15). Furthermore, Dox/
NLSC-NG were injected intratumorally at a fixed
depth of needle insertion into the Heps tumor-
bearing mice to confirm the deep tumor penetra-
tion effect of NLSC-NG (Figure 4b).'%! At 48 h
post-injection of Dox/NLSC-NG, Dox distributed
evenly in each tumor section, even at 2000 pm
inside the tumor below the injection site, while
only very weak Dox fluorescence could be
observed after applying Dox/NLC-NG at the
depth range of 50 to 250 pm. Collectively, NLSC-
NG was able to efficiently deliver the drug cargo
from the exterior to the interior of the solid tumor.
The invitro cytotoxicity of Dox/NLSC-NG
against HepG2 cells was estimated using the 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) assay (Figure 5a,b). Dox/
NLC-NG had a lower cytotoxicity toward HepG2
cells. The viability of the cells was about 68%,
even at Dox concentration of 10 pgmL~"' for 48 h
treatment. In contrast, Dox/NLSC-NG showed
significantly enhanced cytotoxicity as incubation
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Figure 5. a,b) In vitro cytotoxicity of the Dox solution, Dox/NLC-NG and Dox/NLSC-
NG on HepG2 cells for 24 h (a) and 48 h (b). c) Tumor growth curves of the Heps
tumor-bearing mice following intravenous injection of the Dox solution, Dox/NLC-
NG and Dox/NLSC-NG at Dox dosage of 10 mgkg ™. *P < 0.05, **P < 0.01.
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time increased. The half-maximal inhibitory
concentration of Dox/NLSC-NG was about
2.6 ugmL™"' for 24 h and 0.49 pgmL™"' for 48 h,
which indicated a fourfold increase in the cytotox-
icity. When the incubation time extended to 72 h, Dox/NLSC-
NG presented a comparable cytotoxicity to the Dox solution,
which had an inhibition ratio of 80% even at Dox concen-
tration of 100 ngmL~" (Figure S16). The bare nanogels with-
out Dox did not show toxicity at any of the studied
concentrations (Figure S17).

The antitumor activity of Dox/NLSC-NG was further
evaluated using Heps tumor xenograft models. Dox/NLSC-
NG showed greater blood persistence than the Dox solution
(Figure S18 and Table S4). Such a significant difference
suggested that Dox/NLSC-NG can maintain a high concen-
tration of Dox in the blood for a longer time. As expected,
Dox/NLSC-NG showed a prominent effect on inhibiting
tumor growth compared with the Dox solution and Dox/
NLC-NG (Figure Sc). The tumor growth inhibition rate of
Dox/NLSC-NG was about 70% compared with 39 % of the
Dox solution and 17 % of Dox/NLC-NG (Figure 5d). Insig-
nificant difference in the body weights of the mice was found
during the treatment of Dox/NLSC-NG compared with saline
(Figure S19). The histologic sections stained by hematoxylin
and eosin displayed that the treatment of Dox/NLSC-NG
resulted in a large region of cancer cell remission in the tumor
tissue (Figure S20) but no apparent toxic effects in the heart
(Figure S21), such as cardiomyopathy mainly observed in
Dox cancer treatment.['?]

In summary, we have developed a new virus-like pH-
responsive intra-intercellular NP delivery system, which was
composed of all-biopolymer-based nanogels with a polyelec-
trolyte core and a crosslinked protein shell. The obtained
nanogels presented pH-sensitive reversible swelling—shrink-
ing capability, which was able to repeatedly infect the

Angew. Chem. 2014, 126, 6367 —6372
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d) Tumor weights of the Heps tumor-bearing mice after the treatment at day 10.
**P<0.01.

neighboring cells accompanied by the on-demand intracellu-
lar release of anticancer drug to induce the cell death. Based
on this intra-intercellular delivery mechanism, the nanogels
helped the drugs penetrate deep into the solid tumor for
enhanced therapeutic efficacy. We believe that this strategy
will provide opportunities to explore more intelligent drug
delivery nanoplatforms for deep tumor penetration in future.
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