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Nanodiamonds (NDs) as drug delivery vehicles are of great significance in anticancer therapy through
enhancing drug retention. However, the major barrier to clinical application of NDs is insufficient tumor
penetration owing to their strong aggregation and low passive penetration efficiency. Herein, the core-
crosslinked pullulan carrier, assembled using the visible light-induced diselenide (Se—Se) bond
crosslinking method for encapsulating nanodiamonds-doxorubicin (NDX), is proposed to improve
monodispersity. Furthermore, the core-crosslinked diselenide bond provides the nanosystem with
redox-responsive capability and improved structural stability in a physiological environment, which
prevents premature drug leakage and achieves tumor site-specific controlled release. What's more,

ultrasound (US) is utilized to promote nanosystem intratumoral penetration via enlarged tumor vascular
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Accepted 22nd March 2020 endothelium cell gaps. As expected, the nanosystem combined with ultrasound can enhance anti-tumor

efficacy with deep penetration and excellent retention performance in a HepG2 xenograft mouse model.

DOI: 10.1039/d0ra01776k This study highlights the ability of the integrated therapeutic paradigm to overcome the limitation of
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1. Introduction

Drug delivery technology is a critical issue in cancer therapy.
Conventional small-molecule chemotherapeutic drugs are
severely restricted from accessing the intratumoral environ-
ment due to heterogeneous vessels, high interstitial pressures,
and other barrier effects, which results in relatively poor anti-
tumor efficacy.* Thus, nano-sized vehicles, including lipo-
somes, polymeric micelles, dendrimers and nanoparticles, have
been widely applied in delivering additional dosages and
relying on the enhanced permeability and retention (EPR) effect
to increase drug accumulation within the tumor.> Although the
EPR effect can improve delivery of nano-sized agents into the
tumor compared to normal tissue, it is still inefficient and only
a low concentration of nano-sized agents can accumulate
intratumorally.>* Therefore, exploring a method to further
enhance drug accumulation within the tumor may be pivotal to
improving the therapeutic efficacy of nano-sized agents.
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nanodiamonds and the potential for further application in cancer therapy.

Nanodiamonds (NDs), a new promising carbon nano-
material with the property of preventing drug efflux, have
attracted extensive attention as drug delivery vehicles to
enhance drug retention in tumor cells.>* Moreover, NDs
surfaces possess charge property that enables chemothera-
peutic drugs to conjugate via physical absorption.”” The NDs-
DOX complex has been shown to prevent drug efflux by over-
coming ABC transporter-mediated multidrug resistance,
thereby improving drug retention in tumor cells.*'* However,
NDs normally tend to form aggregates owing to their hydro-
phobic nature and high specific surface areas, which results in
poor monodispersity, and limits their application in drug
delivery.

ND surface modification via polymer coating is a promising
method for reducing the NDs' aggregation tendency and
improving their monodispersity based on the shielding effect of
the polymeric steric barrier, diminishing the surface interaction
between NDs. ND surface modification using hydrophilic poly-
ethylene glycol (PEG) or PEG derivatives exhibited excellent
aqueous dispersion and markedly improved tumor therapeutic
efficacy."*"® Glycopolymer-coated NDs also reduced the
tendency to aggregate, thus increasing NDs dispersion stability
in aqueous solutions.' In our previous work, hydrophilic pul-
lulan polysaccharide nanocarriers were demonstrated to
possess favorable properties of good stability and high drug
loading contents.'”* Therefore, we propose that the pullulan
can be employed to form a hydrophilic shell to prevent the
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aggregation of NDs. However, achieving the optimal drug
delivery effect still faces a challenge, as the NDs undergo early
nanoparticle disintegration and premature drug release prior to
reaching the target tumor site due to interaction between blood
proteins and nanoparticles in the blood circulation.*

As such, the core crosslinking strategy was developed to
minimize premature drug leakage during blood circulation and
realize efficient drug delivery.>* Among the numerous available
techniques, the reversible crosslinking method based on dis-
elenide bond was determined to be the most effective. In
addition to its crosslinked properties, diselenide bonds were
confirmed to be responsive to the tumor redox microenviron-
ment, which can be employed to achieve controlled tumor site-
specific drug release. For instance, Zhai et al. reported three
kinds of dual drug-loaded diselenide-rich polymers for pin-
pointed intracellular drug release.”® Given these advantages,
diselenide bonds might endow nanoparticles with a robust and
stable structure during systemic circulation, as well as the
ability to efficiently and effectively perform drug delivery.
Current nanoparticles based on EPR effect mainly accumulate
around the tumor vessels due to the physiological barriers
inside tumor tissue, leading to poor passive tumor penetration
efficiency.>®*” As a drug delivery tool, ultrasound (US) is widely
accessible, non-invasive, and can precisely target the tumor.
Thus, delivery of nanoparticles to the tumor can be mediated by
the combination of US, which enables deep tumor penetration
by opening up tight junctions of tumor vascular endothelium
cells and increasing vessel permeability.”***

Herein, the rational design of a core-shell structure was re-
ported to form a monodispersed and stable nanosystem for
effective cancer drug delivery. The NDX core, prepared by the
physical adsorption of DOX to NDs, facilitated enhanced drug
retention and promoted delivery of the drug contents. The core-
crosslinked pullulan shell, containing diselenide bonds, was
responsive to the tumoral redox microenvironment and ach-
ieved site-specific drug release, while minimizing premature
drug leakage under normal physiological conditions. US was
simultaneously employed to increase blood vessel permeability
and subsequently enhance intratumoral penetration of nano-
system. Therefore, this combined therapeutic design is ex-
pected to effectively deliver anticancer drugs to deep tumor sites
and significantly inhibit tumor growth in vivo.

2. Results and discussion

2.1. Synthesis and characterization of NDX-CCS

NDX-CCS, a unique nanosystem structure comprised of
a nanodiamonds-doxorubicin (NDX) core and pullulan-di-(4,1-
hydroxybenzylene) diselenide (Pu-HBSe) shell, was rationally
constructed in order to enhance drug retention, improve long-
term stability, and facilitate site-specific drug release. Upon
external ultrasound irradiation, NDX-CCS was readily trans-
ported within the blood vessel, deeply penetrated into the
tumor vascular endothelium cells, and preferentially accumu-
lated in the tumor regions (Scheme 1). This nano-sized NDX-
CCS was fabricated by the self-assembly of Pu-HBSe conjugate
and NDX, followed by visible light-induced metathesis and
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Scheme 1l Schematic illustration of anti-tumor therapeutic process of
NDX-CCS upon ultrasound irradiation.

regeneration, among which, Pu-HBSe was synthesized by graft
modification of HBSe containing rich Se-Se bond to carbox-
ymethyl pullulan (CMP) backbone for excellent dispersibility of
nanocarriers, stable blood circulation and minimal drug
leakage, and then NDX was prepared through physical absorp-
tion hydrophobic DOX to the hydrophobic surfaces of NDs for
overcoming drug efflux (Fig. 1a and Fig. S1t). The chemical
structure of Pu-HBSe was determined using nuclear magnetic
resonance (‘H-NMR) and Fourier transform infrared (FTIR)
spectroscopy by comparing the peaks of CMP, HBSe, and Pu-
HBSe. The protons chemical shifts (ppm) of Pu-HBSe were
indicated in the "H-NMR spectrum (600 MHz, D,0, ), corre-
sponding to: 3.00-4.00 (4H, glucose C2, C3, C4, and C5), 4.70-
5.60 (glucose, -OH), 4.82 (1H, s, 1-glueose a-1,6), 5.04 (1H, s, 2-
glueose a-1,4), 7.17 (4H, d, a-H2), 7.44 (4H, d, b-H2). The 'H-
NMR analysis showed that the Pu-HBSe resonance signal
peaked at 3-4 ppm and 7-8 ppm, which corresponded to CMP
and HBSe, respectively, and implies successful synthesis of the
conjugate. In the FTIR spectra of Pu-HBSe, the characteristic
absorption peak at 1600 cm ™" was attributed to the stretching
vibration of phenyl ring of HBSe, indicating successful coupling
of HBSe containing benzyl group to CMP. The absorption peaks
at 1734 cm™ ' could be clearly attributed to the carbonyl group,
further indicating the successful incorporation of CMP onto
HBSe (Fig. S27).

As shown in Fig. 1b, the as-fabricated NDX-CCS displayed
desirable monodispersity and uniform spherical core-shell
morphology. Dynamic light scattering (DLS) measurement was
performed to detect the hydrodynamic size and surface zeta
potential of the different obtained nanosystems, and the values
of hydrodynamic size measured were based on intensity-mean.
Difference in functional groups on the NDs surface lead to
differences in properties. The pristine NDs positive potential is
indicative of the presence of hydrogenated surface of NDs
surface.”®*® After the adsorption of DOX, NDX was detected by
the slight shift of potential to become less positive. Based on the
chemical structure of DOX, the formation of NDX complexes
may be due to the m—7 stacking interactions and polar inter-
actions such as hydrogen bonding and electrostatic interac-
tions.® The NDX-NCS hydrodynamic diameters increased to
~185 nm after NDX loading and decreased to ~163 nm after
crosslinking (Fig. 1c). We speculate that the Se-Se bond
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Fig. 1 Characterizations of NDX-CCS. (a) Schematic illustration of synthetic procedure of NDX-CCS. (b) TEM image of NDX-CCS. (c) Particle
size and zeta potential analysis of (1) Pu-HBSe, (2) pristine ND, (3) NDX, (4) NDX-NCS, and (5) NDX-CCS. (d) The size stability of NDX, NDX-NCS
and NDX-CCS at 37 °C in PBS with 10% FBS for 7 d. (e) In vitro cumulative DOX release from NDX-CCS. (f) Hemolysis test of NDX-CCS at
different concentrations (0-200 pg mL™%) in PBS. The values of hydrodynamic size measured are based on intensity-mean. Data are presented as

means + SD, n = 3.

metathesis and regeneration under visible light may have
resulted in a higher Pu-HBSe crosslinked density and hence the
smaller NDX-CCS size.** All of the obtained nanosystems
exhibited only minor aggregation and narrow size distribution,
with polydispersity indices (PDI) ranging from 0.07 to 0.15. The
lower PDI of NDX-CCS (0.07) than that of NDX (0.13) indicates
the enhanced monodispersity in solution, due to the hydro-
philic Pu-HBSe coating on the NDX surface. Both properties are
favorable for drug delivery systems, which should not be prone
to excessive aggregation and precipitation. NDX-CCS exhibited
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a negative zeta potential of —34.1 mV after being coated with Pu-
HBSe, which may be attributed to the CMP's residual carboxylic
group. The negative surface charge would maintain the nano-
systems stability and prolong blood circulation time, owing to
low plasma protein adhesion and reduced clearance by the
reticuloendothelial system (RES).** The NDX-NCS and NDX-
CCS in the PBS containing 10% FBS (Fig. 1d) displayed negli-
gible diameter variation for 7 days, indicating long-term
stability under this physiological condition. However, NDX
was unstable in the same condition, and formed aggregation

This journal is © The Royal Society of Chemistry 2020
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with the bulk of the nanoparticles already settled on the
cuvette's bottom after storage for 7 d, attributed to the increased
hydrophobicity or polar interaction, such as hydrogen bonding
and electrostatic interactions.®

A key feature of any successful drug delivery system is its
ability to release the drugs in a controlled biological setting. We
expected that the redox-sensitive NDX-CCS would maintain
stability during systemic circulation and minimize premature
drug leakage, then achieve rapid and site-specific drug release
at the tumor tissue or cells. To evaluate the redox sensitivity of
NDX-CCS, an in vitro DOX release profile was measured in
different concentrations of GSH and H,0, at 37 °C. Only a small
amount of DOX was released from the PBS (pH 7.4) without GSH
and H,0, (Fig. 1e) within a 48 h period. The GSH concentrations
were selected to mimic the normal physiological (10 pM) and
tumor intracellular (2 mM) conditions.** In the presence of
2 mM and 10 uM GSH, 57% and 40.4% DOX was released from
the NDX-CCS, respectively. 72.7% DOX leakage was observed in
the presence of 100 uM H,0, comparable to a tumor oxidative
environment; and ~54.1% DOX was released in the presence of
1 uM H,0, comparable to a normal extracellular microenvi-
ronment.** These results illustrate that NDX-CCS can inhibit
premature drug diffusion and leakage from nanocarriers, sug-
gesting excellent retention in normal tissues and effectively
lessened systemic side effects.

As mentioned above, according to the DOX relative absor-
bance intensity in the UV-vis spectrum, we found that Pu-HBSe
shells could serve as an excellent stabilizer and ensure DOX
loading onto nanocarriers with 14.59% DOX loading efficiency
and 29.79% encapsulation efficiency. More importantly, good
nanomaterial biocompatibility can help prolong the circulation
period and enhance the bioavailability in tumor regions.*® As
such, hemolysis assay was performed to conduct a preliminary
biocompatibility evaluation. The hemolysis rate was less than
5% and RBCs maintained their structural integrity at high
concentrations (up to 200 pug mL ') in the presence of NDX-CCS
(Fig. 1f). These results indicate favorable nanosystem biocom-
patibility, which is beneficial for improving the bioavailability
of tumor tissues.

2.2. Cellular drug uptake, distribution and retention in vitro

To assess the effectiveness of NDs as a drug-pumping-out
inhibitor, intracellular DOX distribution and retention were
measured via confocal laser scanning microscopy (CLSM) and
flow cytometry (FCM) analysis. The results showed that free
DOX, NDX, NDX-NCS, and NDX-CCS could all be internalized
by HepG2 cells (Fig. 2b). After co-incubation for 4 h, there was
a strong DOX fluorescence signal in the nuclei of HepG2 cells
treated with free DOX. The red fluorescence from DOX was also
clearly observed in cells treated with NDX, NDX-NCS, and
NDX-CCS. However, most of the DOX fluorescence was
observed in the perinuclei, indicating that the nanosystems
were mainly located in the cytoplasm during the initial stage.
After 4 h of co-incubation, the HepG2 cells were allowed to
efflux drugs for 12 h, after which the DOX fluorescence signal
was analyzed. There was significantly more intracellular DOX
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fluorescence in the HepG2 cells treated with the above three
groups, compared to that in the free DOX-treated cells. This
drug retention was also verified by FCM (Fig. 2c and d),
demonstrating that NDs effectively enhance retention in
tumor cells. One explanation for this phenomenon is that the
nanodiamond-drug complex no longer meets the demand of
ABC transporter substrates; thus the drug efflux induced by
ABC transporter proteins is restrained and the drug remains
within cells for longer periods.>'* High DOX accumulation in
the nuclei was observed with NDX-NCS and NDX-CCS, due to
their favorable monodispersity and small particle size.
Successful coating by Pu-HBSe creates a hydrophilic steric
barrier on the surface of NDX, which could prohibit the
interaction between the NDs rich chemistry surface and
surrounding environment, leading to excellent stability.
Compared to NDX-NCS and NDX-CCS, the uncoated NDX was
unstable and tended to aggregate, which resulted in low
cellular retention in tumor cells. In addition, DOX in NDX
could be protonated in the tumor cellular slightly acidic
environment, and might lead to increased hydrophilicity, fol-
lowed by decreased transmembrane efficiency, which ulti-
mately reduces the DOX concentration in the nuclei.*” It was
noted that the punctate DOX fluorescence was observed in
both the cytoplasm and nuclei of tumor cells treated with
NDX, NDX-NCS, and NDX-CCS, suggesting the remarkable
endosomal escape capability, accompanied by redox-sensitive
diselenide bond cleavages and controlled drug release.??*

2.3. In vitro biosafety and cytotoxicity

The biosafety and biocompatibility of nanocarriers are of great
significance for further in vivo applications. As such, they were
evaluated by co-incubation with HUVEC and HepG2 cells using
CCK-8 assay. The results (Fig. 3a) showed no obvious cytotox-
icity for Pu-HBSe and NDs in the analyzed concentration range,
even at high concentrations up to 100 mg L, indicating that
the nanocarriers exhibit excellent biocompatibility. Consistent
with the cellular uptake and retention study, NDX-CCS showed
the highest cytotoxicity at a concentration range of 0.01-
100 mg L~* (Fig. 3b), while the cytotoxicity of other experi-
mental groups was stronger than that of free DOX. The resulting
cell viability suggests that the enhanced cellular uptake and
retention of nanosystems could lead to increased cell growth
inhibition. Furthermore, redox-sensitive potency of nano-
carriers conserved the drug's potential activity and ensured
simultaneous release within the tumor cells, which is the
foundation of the superior anti-tumor efficacy in vivo. The
calculated half maximal inhibitory concentrations (ICs,) are
listed in Table S1.} The IC5, value of DOX was 4.90 mg L™ * in the
tumor cells co-cultured with free DOX, and decreased to
3.01 mg L~ " after absorption to the NDs. After being coated with
Pu-HBSe, the DOX cytotoxicity further increased to an ICs, value
of 0.86 mg L', which is ~5.71-fold decrease from that of free
DOX. Additionally, NDX-CCS showed a ~2-fold lower IC5, value
than that of NDX-NCS. A potential primary explanation is that
the mild visible light-induced dynamic exchange of diselenide
bonds in the nanosystem led to effective crosslinking.

RSC Adv, 2020, 10, 15252-15263 | 15255


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra01776k

Open Access Article. Published on 17 April 2020. Downloaded on 4/30/2026 10:25:09 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Paper

o

DOX Hoechst Merge

AARA WAARARRARAR NAARA
VWY YNV A\ o)
=t
S 3
DOX efflux Inhibiting DOX -
without NDs efflux with NDs
C 4h 12h
x
> =
o — —
[} 5 =
g* ° -
3
102 10° 10¢ 105 10° 102 10° 10* 10° 10° Z
. X
§ (=]
=z
] n
(& o O
L | ladl ¢
o . . X
102 10° 10* 10° 10° 102 10° 104 10° 10° 2
o
Z 5 5 X
X
X 0 o ]
- \ I\ ¢
e — e — -g
102 10° 10* 10° 10° 102 10° 10¢ 10° 10°
2 f
-] - bYq
5 O O | =
- N B U -
e L—’“.//w e N
102 10° 10* 10° 10° 102 10° 10¢ 10°10° ™ | e
d 2 I free DOX (2’
"% 25000 B NDX 5
g NDX-NCS )
€ 20000- RanpR-cRs =z
€ :
3 15000
7] 0
[
o O
810000— L?
"_E 5000 E
3 z
= ]

12h

Time (h)

Fig. 2 Invitro DOX uptake and retention analyses. (a) Illustration of the effect of NDs on inhibiting ABC transporter protein mediated drug efflux.
(b) Representative CLSM images of HepG2 cells incubated with different formulations for 4 h before efflux and after 12 h efflux (blue fluorescence
represented Hoechst and red represented DOX). (c) Flow cytometry analysis of DOX in HepG2 cells treated with different formulations for 4 h
before efflux and after 12 h efflux (DOX = 10 mg L™%). (d) Mean fluorescence intensity of DOX in HepG2 cells from the flow cytometric result (**P
<0.01,n=23)

Compared with the non-crosslinked nanosystem (NDX-NCS), was effectively inhibited, and the blood circulation time was
the physical stability of NDX-CCS was greatly enhanced, the prolonged, leading to the highly effective tumor cellular
drug leakage from the nanosystem in physiological conditions accumulation.’*-*!
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co-stained HepG2 cells after various treatments (DOX = 10 mg L™3).

The flow cytometry-based Annexin V-FITC/PI apoptosis
assays yielded results in accordance with those of the CCK-8
assay (Fig. 3c). The HepG2 cells co-incubated with NDX-CCS
were confirmed to have the lowest viability of 32.0% and the
highest total apoptosis ratio of 65.41% (56.1% and 9.31% for
the early and late apoptosis, respectively). The enhanced cyto-
toxicity can be attributed to the efficient cellular accumulation
of nanosystem and redox-sensitive release of DOX. It is worth
noting that the tumor cell death caused by apoptosis is
considered to be preferable to necrosis, because necrotic tissue
can stimulate the host inflammatory response and possibly lead
to treatment complications.*>** The anti-tumor effect of nano-
systems was further evaluated in vitro using Calcein-AM/PI to
differentiate live (green fluorescence) and dead (red fluores-
cence) cells (Fig. 3d). Almost all the cells showed strong red
fluorescence, indicating that extensive apoptosis and necrosis
occurred under the NDX-CCS treatment.

This journal is © The Royal Society of Chemistry 2020

2.4. Invivo biodistribution and fluorescence imaging

Evaluating the biodistribution of nanosystems in vivo is vital to
determining the drug's bioavailability at the target lesion, as
well as the potential toxicity to normal tissues or organs.
Following intravenous (i.v.) administration of the nanosystems
(DOX dose of 10 mg kg™ "), fluorescence imaging was performed
at predetermined time intervals. The free DOX fluorescence was
widely distributed throughout the mouse body shortly after
administration, and gradually weakened in the tumor region
along with time (Fig. 4a and b). A time-dependent fluorescent
signal was observed within the tumor region that peaked at 12 h
and lasted until 24 h after injection of NDX-CCS, implying long-
term stable circulation and excellent nanosystem site-specific
release in the tumor. Ex vivo tumors and main organs
collected at 24 h post-injection qualitatively and quantitatively
confirmed the increased DOX accumulation in the tumor and
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Fig. 4 Invivo drug biodistribution and penetration. (a) In vivo fluorescence images and (b) changes of fluorescence signal intensities of tumors in
HepG2 tumor-bearing mice after i.v. injection of free DOX or NDX—-CCS at predetermined time points. (c) Ex vivo fluorescence images and (d)
corresponding fluorescence intensities of major organs and tumors dissected from mice 24 h post injection. (e) CLSM images of tumor cry-
osections at 24 h following i.v. injection. (f) Distribution profiles of total DOX in tissues at 24 h after a single i.v. injection of free DOX or NDX-CCS.
(g) DOX content of tumor in the NDX-CCS + US-treated mice at different intervals. (h) DOX content of tumor at 24 h post injection in different
formulations-treated mice. (i) Quantitative analysis of DOX concentrations in whole and central regions of tumors in mice after a single i.v.
injection of free DOX or NDX—-CCS for 24 h followed by different treatments. (j) Penetration indexes of free DOX, NDX-CCS and NDX-CCS + US
(values are means + SD, *P < 0.05, **P < 0.01, n = 6). (k) CLSM images of drug distribution in tumor cryosections. The equivalent dose of injected
DOX was fixed at 10 mg kg™,
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lung in the NDX-CCS group compared with the free DOX group
(Fig. 4c, d and f), and the tumors showed more accumulation of
DOX than the other organs. One possible explanation is that the
residual free DOX in the prepared NDX-CCS has been not
completely removed, leading to accumulation in other organs.
After administration, most DOX accumulated in the liver and
kidneys, suggesting rapid hepatic clearance and renal excretion
of this small molecule drug. Subsequently, the tumors were
dissected into cryosections to observe the DOX distribution and
intratumoral release via CLSM (Fig. 4e). At 24 h post-injection,
strong DOX fluorescence signals of NDX-CCS group were
evenly distributed throughout the tumor and localized in the
nuclei, whereas there was less DOX fluorescence signal in the
free DOX-treated group. This result further indicated that
a core-crosslinked nanosystem can lead to massive accumula-
tion and effective drug delivery in tumor cells by preventing
premature drug leakage.

The dose of DOX accumulation at the tumor region in NDX-
DOX + ultrasound group was quantitatively investigated via the
tissue distribution method. As shown in Fig. 4g, at 12 h post-
injection, the DOX accumulation reached 13.94% of the injec-
ted dose per gram of tissue (%ID g~ '), which was almost equal
to that at 24 h. Furthermore, quantitative data indicated that
NDX-CCS was more prone to accumulate in the tumor under
ultrasound irradiation (Fig. 4 h). NDX-CCS + ultrasound
significantly increased DOX accumulation by ~1.78-, 2.08-, 3.73-
, and 8.31-fold compared to NDX-CCS, NDX-NCS, NDX, and
free DOX, respectively. On one hand, these data demonstrate
that prolonged blood circulation and improved physiological
stability could benefit selective accumulation and long-term
retention of the core-crosslinked nanosystems at the tumor
site. On the other hand, they suggest that ultrasound might
improve the tumor vessel permeability and drive nanosystems
through the tumor vascular endothelial cells gap.>>**¢

2.5. Intratumoral drug penetration and pharmacokinetics

Ensuring the nanosystem deeply penetrates the tumor is crucial
for highly efficient drug delivery. Thus, we anticipated that
ultrasound would enhance nanosystem delivery to the tumor
region. Mice bearing 600 mm® HepG2 tumors were i.v. injected
with free DOX, NDX-CCS, or NDX-CCS containing a 10 mg kg ™"
dose of DOX before being exposed to ultrasound irradiation (1
MHz, 1 W cm ™2, 5 min). Quantification of DOX accumulation in
both the central region (100 mm?®) and whole tumor was con-
ducted at 24 h after a single i.v. administration (Fig. 4i). The
small-molecule free DOX could permeate into deep tumor site
and accumulate in the central tumor region. Nevertheless, the
short half-life, fast clearance rate and insufficient cellular
retention of free DOX led to drug efflux from tumor, decreasing
the accumulation in the whole tumor. As a result, the penetra-
tion index of free DOX showed no difference with NDX-CCS +
US, which was also verified by CLSM. Penetration index quan-
titatively confirmed a 1.39-fold difference in DOX accumulation
between the NDX-CCS + ultrasound group and the NDX-CCS-
only treatment group (Fig. 4j). Intratumoral penetration anal-
ysis of the tumor CLSM images showed prominent distribution
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of DOX throughout the tumor in the NDX-CCS + ultrasound
group, as opposed to that in the NDX-CCS-only group with
obvious peripheral contrast (Fig. 4k). Thus, these results
demonstrate the superior tumor penetration ability of nano-
system upon ultrasound irradiation.

Blood circulation is the first important bio-barrier encoun-
tered by drug delivery systems after i.v. injection, affecting the
drug delivery efficiency, and therapeutic effect.*” The DOX in
vivo pharmacokinetics was investigated in SD rats at different
intervals after i.v. administration of free DOX, NDX-NCS, and
NDX-CCS (DOX dose of 5 mg kg ), respectively. Free DOX was
rapidly cleared from blood circulation, as the DOX concentra-
tion in plasma dramatically decreased with a half-life (¢,,,) of
1.7 h and an area under the curve (AUCy_,4) 0f 26.2 pgmL " h™"
(Fig. S3 and Table S21). In contrast, the ¢, and AUC_,4 of NDX-
NCS increased to 3.5 h and 33.9 pg mL~" h™", respectively.
Furthermore, NDX-CCS remarkably slowed down the DOX
clearance. The t,,, and AUC,_,, of NDX-CCS were 5.7 h and 45.6
pg mL™" h™', respectively, implying that core-crosslinked
nanosystems can improve the retention time in blood circula-
tion by minimizing premature drug leakage.

2.6. In vivo anti-tumor activity and biosafety evaluation

After confirming the in vitro favorable efficacy of nanosystem
and preferential intratumoral drug accumulation under ultra-
sound irradiation, we investigated the in vivo anti-tumor effi-
ciency and biosafety of this strategy. Mice with an average tumor
volume of ~80 mm® were intravenously injected with saline,
free DOX, NDX, NDX-NCS, NDX-CCS, and NDX-CCS combined
with ultrasound (DOX equivalent of 5 mg kg, ultrasound
irradiation: 1 MHz, 1 W cm ™2, 5 min) every three days (Fig. 5a).
After performing the different therapies, the mice were photo-
graphed and tumor volumes were monitored during the thera-
peutic period (Fig. 5b and c). The saline group showed rapid
tumor growth, considerably faster than all the other
formulation-treated groups (Fig. 5d). The NDX and NDX-NCS-
treated groups both exhibited more effective tumor inhibition
as compared with the moderate tumor inhibition in the free
DOX group. These results were in accordance with those of the
drug biodistribution and pharmacokinetic experiments, sug-
gesting the NDs have a positive effect on high drug retention
and tumor inhibition. The tumor growth in the NDX-CCS group
that was not exposed to ultrasound irradiation was partially
inhibited with a ~11.2-fold increase in the original tumor
volume, probably due to the prolonged stable circulation time
of crosslinked nanosystem and enhanced tumor accumulation.
Upon coupling with ultrasound irradiation, the tumor growth in
the NDX-CCS group was significantly inhibited with only a 2.4-
fold increase in tumor volume, demonstrating the highest
efficient anti-tumor effect and substantially enhanced thera-
peutic efficacy. The superior tumor inhibitory effect in vivo may
be ascribed to ultrasound-induced preferential drug accumu-
lation and enhanced deep penetration to the tumor central
region.

Hematoxylin—eosin (H&E), TdT-mediated dUPT Nick-End
Labeling (TUNEL), and proliferating cell nuclear antigen
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Fig. 5 In vivo antitumor effect. (a) Schematic illustration of antitumor therapy. (b) Images of HepG2 tumor-bearing mice over 23 d period
following various treatments (saline, free DOX, NDX, NDX-NCS, NDX-CCS and NDX-CCS + US, DOX dose of 5 mg kg™ 3. (c) Representative
images of the HepG2 tumors after treatment with different formulations at day 23. (d) Tumor growth curves, (e) body weight changes and (f)
survival rates of HepG2 tumor-bearing mice upon various treatments (value are means + SD, n = 6, **P < 0.01).
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(PCNA) staining on the tumor sections further confirmed the
therapeutic efficacy in vivo. H&E staining showed most of the
morphological changes (karyopyknosis, karyorrhexis, and kar-
yolysis) in the tumor nuclei of the NDX-CCS + ultrasound group
(Fig. 6a). Extensive brown nuclei (apoptotic nuclei) were
observed using TUNEL assay and decreased proliferation-
positive tumor cells were determined by PCNA assay
(Fig. S471). The above results showed that treatment with NDX-
CCS + ultrasound was the most effective among all the treat-
ment groups.

NDX

[ IRBC
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When developing nanosystems as therapeutic carriers, it is
important that the nanosystem is safe for use. Thus, we studied
the changes in the mice body weight and survival time to assess
the biosafety of nanosystem in vivo. Results showed a significant
weight decrease in the free DOX mice group, due to serious side
effects associated with free DOX. A slight weight gain was
observed in the other groups, implying nontoxicity of the
nanocarriers (Fig. 5e). Furthermore, while no mice survived over
25 days in the saline and free DOX-treated control groups,
83.3% of the mice (5 out of 6) in the NDX-CCS + ultrasound
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Fig. 6 Biosafety evaluation in vivo. (a) H&E, TUNEL, and PCNA staining of tumor sections after various treatments. (b) Hematological assay
including blood routine indexes, hepatic functions and renal functions in control group and experimental group at 1, 7, 14, and 28 d post i.v.
injection of NDX-CCS (DOX dose of 5 mg kg™%). Value are means + SD, n = 3.
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group were still alive at day 40, significantly prolonging survival
period for the tumor-bearing mice (Fig. 5f). H&E staining of the
main organs (heart, liver, spleen, lung and kidney) was con-
ducted on day 25 following the first therapy (Fig. S57).
Compared with the saline group, myocardial fiber denaturation,
neutrophils infiltration, and glomerular pyknosis were observed
in the free DOX-treated group, indicating that free DOX may
induce acute cardiotoxicity and renal toxicity.***’ Nevertheless,
there were no changes in the physiological morphology of
organs in other groups, which demonstrated the excellent
biocompatibility and reduced systemic toxicity of the drug
delivery vehicles. The blood routine examination and serum
biochemical index reflecting the main organs' functions were
measured and the results showed that there were no detectable
changes between the NDX-CCS group at different intervals and
the saline control group (Fig. 6b and S67t). These results strongly
demonstrate the high biosafety of NDs and Pu-HBSe in vivo for
anti-tumor therapy.

3. Conclusion

In summary, a core-crosslinked nanosystem (NDX-CCS) with
good aqueous monodispersity and high stability has been
successfully developed by coating a diselenide-rich pullulan
shell onto NDX. The prepared NDX-CCS is able to overcome
extracellular and intracellular physiological barriers that hinder
drug delivery and retention in tumor cells, thus enhancing their
accumulation at the specific tumor site. The introduced core-
crosslinked diselenide bonds endowed NDX-CCS with redox-
responsive capability, contributed to superior structure
stability, and improved the efficacy of controlled drug delivery
by minimizing premature drug leakage. Noticeably, the
ultrasound-triggered tumor vessel permeability was increased
to more readily drive the nanosystem deep into the tumor,
thereby enabling the reinforced anti-tumor efficacy. Taken
together, the combined therapeutic strategy developed here can
perform high intracellular accumulation, site-specific drug
release, and deep tumor penetration, showing great clinical
potential for highly efficient tumor treatment.
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