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ABSTRACT

An integrated nanosystem of target, visualization, high circulation stability, and multi-therapy effects represents
the leading direction of next generation anti-cancer strategy. Nevertheless, this normally requires elegant multi-
component and hierarchical structure design of nanomaterials, or even a complicated post-treatment procedure,
to combine different functions together. Herein, we show that hollow metallosupramolecular polymer nano-
particles (HMPNs) derived from a selective-etching approach based on Kirkendall effect have combined cap-
abilities of (i) facile in-situ guest cargo encapsulation, (ii) reversible surface charge evolution, (iii) excellent
photoacoustic property and (vi) highly synergistic photothermal-chemo therapeutic effect. Using DOX as a model
drug, we can easily fabricate DOX-HMPNs because the etching process is accompanied with effective matter
exchange between outer environment and inner particle, while significantly avoiding the premature drug
leakage. Notably, synergistic effect between reversible phenolic hydroxyl ionization and dynamic catechol-Fe™
coordination endows DOX-HMPNs with dramatic self-charge generation ability, thus achieving weakly acidic
tumor microenvironment-activated reversible surface charge evolution. We have found that DOX-HMPNs with
this self-charge generation feature can effectively achieve prolonged circulation and tumor recognition.
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Moreover, the cleavage of imine bond can induce the disassembly of hollow particles in strongly acidic lyso-
somes, and thus accelerate the release of DOX. This chemotherapy, in combination with the cascade-responsive
behavior and photothermal/photoacoustic properties of HMPNs, makes our DOX-HMPNs exhibit synergistic
antitumor efficiency and provide promising potential for cancer theranostic application.

1. Introduction with complicated composition and structure have shown irreplaceable
advantages, as they can jointly achieve ostentatious superadditive
Towards the targeting tumor diagnosis and therapy, nanosystems therapeutic effect. [1-3] This type of nanosystem is normally
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Scheme 1. (A) Schematic illustration of the preparation process of HMPNs, in-situ drug loading to form DOX-HMPNs, and tumor microenvironment-activated

reversible “negative-to-positive” surface charge evolution. (B) Illustration of the photoacoustic imaging-guided targeted synergistic photothermal-chemotherapy of
DOX-HMPNs.
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constructed by guest cargo and nanocarrier. Particularly, the nano-
carrier should be functional or smart, thus displaying high capability to
manage the cargo, or even cooperate with the cargo to generate sy-
nergistic effects. [4-7] Among numerous nanocarriers, hollow nano-
particles are of particular interest for the achievement of synergistic
therapy, because of their designable shell intrinsic properties and large
interior void to accommodate guest cargoes. [8-11] Benefited from the
rapid development of nanosynthesis, photothermal, [12-13] photo-
dynamic and sonodynamic therapies, [14-16] have been realized in
different shells. After introduction of guest cargoes such as drugs, im-
munologic adjuvants, imaging reagents and photosensitizers into these
hollow nanoparticles, combined therapies such as chemo-photothermal
therapy, [17-19] chemo-photodynamics therapy, [20] photodynamics-
photothermal therapy [21-22] and imaging guided therapy [23-25]
can be achieved. To further reinforce the diagnosis and therapy effects,
the nanocarriers need to have a high tumor recognition ability. This can
be achieved through a design of stimuli-responsive shell [26] or an-
choring a targeting molecule on the shell surface. [27-28] Nevertheless,
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it is still a great challenge to design hollow nanoparticles with both
intrinsic diagnosis/therapy and stimuli-responsive properties.

Strategies such as self-assembly, [29-30] template-assistance, [31]
Kirkendall effect, [32-33] Ostwald ripening, [34-35] Galvanic re-
placement, [36-37] and etc. have been widely adopted to create hollow
nanoparticles with compositions ranging from polymers, lipoids, me-
tals, metal oxides, to silicon dioxide. When these hollow nanoparticles
are applied in biomedical area, the guest cargoes are normally loaded
through a post-treatment procedure after the formation of hollow
structure. This strategy is accompanied by many drawbacks including
low encapsulation efficiency, easy guest leakage, complicated sealing
procedure and so on. [9,17-18,20] Accordingly, it is highly desirable to
exploit a highly facile and adaptable strategy to hollow nanoparticles,
which can achieve in-situ guest cargo encapsulation during void for-
mation.

In this work, we design a type of hollow metallosupramolecular
polymer nanoparticles (HMPNs) with integrated functions of photo-
thermal conversion, photoacoustic property, tumor microenvironment-
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Fig. 1. (A, B) TEM image of (A) BPNs and (B) HMPNs. (C) EDX mapping of HMPNs (scale bar = 100 nm). (D) XPS survey spectra of BPNs and HMPNs. (E) High-
resolution XPS spectrum of HMPNs (Fe2p region). (F) FT-IR spectra of BPNs and HMPNs. (G) X-band EPR spectra of BPNs and HMPNs. (H) UV-vis-NIR spectra of
catechol monomer TAC, BPNs and HMPNs. (I) Fluorescent emission spectra of catechol monomer TAC, BPNs and HMPNs (Ex: 410 nm).
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triggered self-charge generation and pH-responsive drug release,
through an etching approach based on Kirkendall effect. Because the
Kirkendall effect induced void formation process is accompanied by the
matter exchange between outer environment and interior nanoparticle,
guest molecules can be in-situ encapsulated during the creation of void.
As shown in Scheme 1, our etching strategy adopts boronate polymer
nanoparticles (BPNs,) as starting materials. We have already found that
the condensation reaction between a catechol monomer (TAC) and a
boronic monomer (DBB) is accompanied with the formation of B-N
coordination, and thus leads to the assembly of boronate polymer into
BPNs. [38-39] Fe™ can coordinate with cathchol group and cut off the
boronate polymer. Kirkendall effect occurs along with this coordination
reaction, and boronic monomer leaves. Therefore, the shell of HMPNSs is
composed of TAG/Fe™ complex, which shows excellent photothermal
and photoacoustic properties in response to a near infrared region (NIR)
stimulus. When doxorubicin (DOX) is present in the reaction mixture, it
can be simultaneously encapsulated to afford DOX-HMPNs. This ap-
proach has high adaptability to various boronate polymer building
blocks and easily control over the shell thickness.

The Fe-TAC complex can easily change the number of catechol
ligands in respond to tumor microenvironment (TME). The balanced
evolution between the exposure of unsaturated Fe™ (positive charge)
and ionization of phenolic hydroxyl (negative charge), endows the
HMPNs with “self-charge generation” property. Thus, HMPNs can
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undergo reversible and recyclable “negative-to-positive” surface charge
evolution. This is different from the mechanism of frequently reported
“charge-reversal” behaviors relying on bond cleavage [26,40-41] or
protonation [42-44] processes, which are irreversible or kinetically
dependent. Once HMPNs flow back into the bloodstream from the
tumor microenvironment, their surface will rapidly and effectively
switch from positive to negative, therefore decreasing the immune re-
cognition and RES capture. We show that with the aid of enhanced
tumor accumulation, improved cellular uptake, and responsive drug
release, highly efficient tumor elimination can be achieved by photo-
thermal-chemotherapy under the precise guidance of PA imaging in one
cycle of treatment while preventing the tumor recurrence.

2. Results and discussions
2.1. Characterization of HMPNs and DOX-HMPNs

Our study starts with preparation for HMPNs without drug loaded to
test the feasibility of the Kirkendall effect based strategy. HMPNs were
prepared from BPNs, which derived from a B-N coordination assisted
condensation copolymerization of TAC and DBB monomers.
Transmission electron microscopy (TEM) image of BPNs shown in
Fig. 1A displays mono-dispersed nanospheres with diameters

of ~ 200 nm, corresponding with the DLS data (Figure S1). Fe' has a
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Fig. 2. (A) Illustration of Kirkendall effect based in-situ drug loading and mildly acidic environment induced charge reversal. (B) TEM image of DOX-HMPNs. (C)
UV-vis spectra of DOX, HMPNs and DOX-HMPNs. (D) Fluorescent emission spectra of DOX-HMPNs and HMPNs (Ex: 480 nm). (E, F) Zeta potential of DOX-HMPNs
after incubation at pH = 7.4, 7.0, and 6.5. (G) Size distribution of DOX-HMPNs at pH = 7.4, 7.0, and 6.5, respectively.



J. Mao, et al.

high binding affinity to catechol group, and the diffusion rate of Fe'" in
the boronate polymer network is lower than the migration rate of
boronate polymer chain from interior to the surface of BPNs. As a result,
Fe'" can react with boronate polymer to induce the loss of boronic
building block and create a TAC/Fe™ metallosupramolecular polymer
shell. This reaction process exhibits a typical feature of Kirkendall ef-
fect, as the hollow structure can only be formed at a relatively lower
Fe'''. For example, HMPNs derived from 0.1 mmol/mL of Fe!' (the
concentration of BPNs is kept at 1 mg/mL for all the syntheses of
HMPNs) has shell thickness of ~ 25 nm (Fig. 1B), and the diameters has
no significant difference with BPNs (Figure S1). By changing the con-
centration of Fe', the shell thickness of HMPNs can be tuned from 15 to
25 and 35 nm (Figure S2). The element maping of HMPNs (Fig. 1C)
confirms the hollow structure, and clearly reveals the homogeneous
dispersion of four elements (C, N, O, and Fe) in the particle shell. In
comparison, the element mapping of BPNs reveals the homogeneous

Chemical Engineering Journal 405 (2021) 126690

dispersion of four elements (C, N, O, B) (Figure S3).

X-ray photoelectron microscopy (XPS) analysis was performed to
confirm the replacement of DBB by Fe™™ and coordination between Fe'™
and TAC. Compared to BPNs, the XPS survey spectrum of HMPNs
(Fig. 1D) indicates the presence of Fe element and absent of B element.
The Ols spectrum of BPNs (Figure S4) consists of signals at C-O
(533.3 eV), B-O (532.0 V), and C-OH (532.9 eV), implying that BPNs
not only comprise boronate group, but also possess residual catechol
and boronic functionalities. The O1s spectrum of HMPNs can be divided
into two peaks at 531.4 eV and 532.9 eV, corresponding to the C-O-Fe
and C-OH groups. [45-46] This result implies the coordination between
Fe™ and TAC. The Fe2p spectrum of HMPNs in Fig. 1E shows two peaks
centered at 711.9 and 725.9 eV, which are assigned to Fe™ 2p3/2 and
Fe'™ 2p1/2, respectively. [47] In the FT-IR spectra, the characteristic
peaks of B-O (1357 cm~ 1) and C-B (900 cm ™ 1) stretching vibrations of
boronate moiety can be easily identified to BPNs, while these signals
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Fig. 3. (A) Photothermal heating curves of water and DOX-HMPNs at pH = 7.4 and 6.5 after 808 nm laser irradiation. Photothermal heating curves of DOX-HMPNs
(B) with different concentrations and (C) corresponding infrared photothermal images. (D) Photothermal heating curves of DOX-HMPNs after 808 nm laser irra-
diation with different power densities . (E) Photothermal effect of DOX-HMPNs dispersions under laser irradiation (808 nm, 1.0 W cm~2) and plot of cooling time
versus negative natural logarithm of the temperature obtained from the cooling stage (inset). (F) Photothermal conversion of DOX-HMPNs during 7 times of on/off
NIR irradiation cycles. (G) In vitro PA images of DOX-HMPNs with different concentrations at pH = 7.4 and 6.5 (808 nm laser). (H) Linear relationship between PA

signal intensity and DOX-HMPNs concentration at pH = 7.4 and 6.5 (n = 3). (
without/with 808 nm laser at pH = 5.5.

I) Cumulative release of DOX from DOX-HMPNs at 37 °C at different pH values
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disappear in the case of HMPNs (Fig. 1F), thus providing an additional
indication for the cleavage of borate bond and loss of DBB. Electron
paramagnetic resonance (EPR) spectroscopy was employed to probe of
the number of catecholate coordinated to the Fe' center (Fig. 1G). The
EPR spectrum of BPNs only shows a sharp single at g = 1.99 which is
ascribed to organic radical from catechol. However, the EPR spectrum
of HMPNs displays a signal at g’=4.22 with an additional weak edge
resonance at g”~ 9.60, suggesting that the coordination of Fe™ with
catechol and the Fe' catecholate is in tri-coordination state. [48-49]

The UV-vis-NIR absorption and fluorescent emission tests were
performed to compare the optical properties of TAC, BNPs and HMPNs.
As shown in Fig. 1H, the UV-vis-NIR spectra of TAC and BPNs in EtOH
displayed strong absorption peaks centered at ~ 395 and 510 nm. In
contrast, the spectrum of HMPNs exhibit an obviously red shift ab-
sorption, with broadened absorption peaks at ~ 600 and 860 nm.
Probably, the TAC/Fe™ coordination results in d-d electronic transition
and expands the light absorption to NIR region. The fluorescent emis-
sion spectra of TAC and BNPs have maximum emissions at 540 nm and
660 nm under excitation at 410 nm. However, non-fluorescence emis-
sion is observed to HMPNs (Fig. 1I). Accordingly, the absorbed optical
energy may be converted into heat instead of fluorescence emission.
These excellent optical physical properties provide an opportunity for
HMPNs to be used as a preeminent theranostic nanoplatform. Hollow
structure created through a Kirkendall effect strategy is accompanied
with an efficient matter exchange between outer environment and in-
terior nanoparticle. Therefore, we utilize this advantage to simulta-
neously load guest molecules during the void formation. Using DOX as a
model drug, we can easily encapsulate DOX in interior of HMPNs to
form DOX-HMPNs by simultaneously introducing Fe™ and DOX into a
dispersion of BPNs (Fig. 2A). As shown in Fig. 2B, the DOX-HMPNs
exhibit a similar morphology to HMPNs. The UV-vis absorption curves
and fluorescence spectra confirmed the successful loading of DOX
(Fig. 2C and D). The drug-loading capacity of the DOX-HMPNs was
calculated to be ~ 18.6%. Because of the residual catechol group can be
ionized, both HMPNs and DOX-HMPNs exhibit negative surface charge.
For example, as shown in Fig. 2E and F, DOX-HMPNs show strong ne-
gative charge (~6.45 mV) at pH = 7.4 (physiological condition). The
TAC/Fe™ complex is dynamic, it can easily change from saturated to
unsaturated coordination state in response to a weakly acidic en-
vironment, [50-51] thus leading to the exposure of Fe'" on the surface
of the shell. With this self-charge generation capability, the original
negative charge derived from catechol group is shielded. We have ob-
served that DOX-HMPNs become electrically neutral (~1.93 mV) at
pH = 7.0, and exhibit dramatic positive charge (~7.16 mV) up on
decreasing the pH value to 6.5 (Fig. 2E and F), these results are similar
to HMPNs (Figure S5). During the self-charge generation process, the
diameter of nanoparticles exhibits no significant change (Fig. 2G).
Notably, DOX-HMPNs display recyclable surface charge evolution and
high cycle-stability (Figure S6), which may be of particular advantage
in in vivo application.

2.2. Photothermal effect and photostability

The prominent absorbance of HMPNs at NIR region encouraged us
to investigate the photothermal conversion performance of DOX-
HMPNSs. As depicted in the photothermal curves (Fig. 3A). Under an
808 nm NIR laser irradiation at a power density of 1 W cm ™2 for 300 s,
the temperature of a water dispersion of DOX-HMPNs with concentra-
tion of 100 ug/mL at pH = 7.4 swiftly increase to 65.8 °C. In contrast,
no evident temperature increase can be observed to pure water under
the same irradiation condition. Furthermore, no significant difference
can be observed in the photothermal curves of DOX-HMPNs dispersed
in water with pH = 6.5. This result indicates that a weak acidic en-
vironment has negligible influence on the photothermal performance of
DOX-HMPNs. An increase of DOX-HMPNs concentration or a higher
laser power density, can evidently improve the heating rate and final
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temperature (Fig. 3B and D). The colors of thermal images (Fig. 3C)
collected by the IR thermal camera are consistent with the results of
photothermal curves.

To accurately evaluate the photothermal performance of DOX-
HMPNS, the photothermal conversion efficiency () was assessed by the
temperature decay curve of DOX-HMPNs dispersion (Fig. 3E), from
which the n value of DOX-HMPNs was calculated to be 49%. This n
value of HMPNs is higher than other photothermal agents in relevant
literatures such as MoS, nanoparticles (37.5%), MOF-polydopamine
hybrid nanogels (41.3%), liposomal indocyanine green (8.99%), gold
nanovesicles (39%) and polypyrrole nanoparticles (44%) (Table S1,
Supporting Information). Compared to metal nanoparticles, these
hollow metallosupramolecular polymer nanoparticles demonstrate ex-
cellent biocompatibility and biodegradability, and have better photo-
stability and photothermal conversion efficiency compared with small
organic molecules such as ICG. Meanwhile, due to the large cavity of
HMPNs, they exhibit outstanding transportation capacity in contrast
with solid polymer nanoparticles. We then irradiated the suspension of
DOX-HMPNss for 120 s with an 808 nm NIR laser, followed by switching
off the laser and naturally cooling to room temperature. Notably, DOX-
HMPNs can maintain its robust photothermal performance after seven
cycles (Fig. 3F). Motivated by the excellent photothermal property, we
envisaged that DOX-HMPNs might serve as photoacoustic (PA) contrast
agent. Indeed, strong PA signal was detected for DOX-HMPNs at two
different pH values under 808 nm irradiation (Fig. 3G). The PA in-
tensity was evidently improved with the increase of particle con-
centration in a linear relationship (R® = 0.9964 and 0.9912) (F ig. 3H).

The drug release behavior of DOX-HMPNs was tested at various pH
conditions with and without laser irradiation. As shown in Fig. 31, the
release of DOX from DOX-HMPNs reveals a typical photo-/pH-depen-
dent manner. Cumulative drug releases of ~ 20% and ~ 32% are
achieved within 24 h at pH = 7.4 and 6.5, respectively. This value is
dramatically increased to ~ 68% at pH = 5.5. Possibly, the acidic
environment promotes the degradation of shell of the hollow particles
through cleavage of imine bond, [52-54] thus facilitating the release of
the encapsulated DOX. Under the irradiation of NIR laser, the cumu-
lative release of DOX from DOX-HMPNs at pH = 5.5 is further in-
creased to ~ 76% within 24 h. This is due to the local hyperthermia
effect caused by the photothermal conversion of the shell, which can
accelerate the diffusion of DOX from interior particle to the surrounding
environment.

2.3. Cellular uptake and anticancer activity

To explore the cellular uptake of DOX-HMPNs, human breast car-
cinoma cell line MCF-7 cells were incubated with DOX-HMPNs for 1
and 4 h. In the confocal laser scanning microscopy (CLSM) images
(Fig. 4A), the intensity of red fluorescence of DOX-HMPNs treated cells
at pH = 7.4 and 6.5 is significantly weaker compared with that of free
DOX treated cells after the same incubation time. This result can be
explained by the fact that molecular DOX rapidly enters cells through a
simple diffusion manner, whereas particle-like DOX-HMPNs are inter-
nalized by cells via slow endocytosis pathway (this will be further dis-
cussed below). Notably, the red fluorescence of DOX-HMPNs is dra-
matically enhanced when MCF-7 cells are exposed to weak acidity
(pH = 6.5). The fluorescence intensity quantified by flow cytometer
analysis supports the CLSM observation (Fig. 4B and S7). Accordingly,
the tumor acidity-responsive self-charge generation of DOX-HMPNs,
can enhance the cellular uptake of DOX-HMPNs at pH = 6.5.

The effect of NIR laser irradiation on the intracellular delivery of
DOX-HMPNs after 4 h of incubation at pH = 6.5 is shown in Figure S8.
Without irradiation treatment, the fluorescence signal is mainly dis-
tributed within the cytoplasma and perinuclear regions. In the case of
NIR laser irradiation, strong red fluorescence signal (derived from DOX)
is observed at the region of nucleus. Thus, NIR laser treatment can
accelerate the intracellular drug release of DOX-HMPNs. Utilizing
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LysoTracker Green DND-26 to identify lysosomes, we studied the sub-
cellular distribution of DOX-HMPNs at pH = 6.5 after 4 h incubation.
The effective overlap of red and green fluorescence signals (Figure S9),
implies that the DOX-HMPNs were internalized by cells inside the ly-
sosomes.

For biomedical application of nanomaterials, low toxicity or non-
toxicity is very important. We thus assessed the dark toxicity of HMPNs
against MCF-7 cells and murine breast carcinoma cell line 4 T1 cells via
MTT assay. As shown in Fig. 4C and S10, the HMPNs exhibit no sig-
nificant influence on the survival of MCF-7 and 4 T1 cells with viability
above 90% after incubation for 24 h. This result was also observed on
the normal cells including HUVES and L02 cells (Figure S11). These
result indicated the biocompatibility of HMPNs. We further investigated
the in vitro antitumor activity of DOX-HMPNs. With the presence of NIR
laser irradiation, the photothermal-chemotherapy can be achieved to
DOX-HMPNs. As evidenced in Figs. 4C, S12 and S13, delivery of DOX-
HMPNs into MCF-7 cancer cells with NIR laser irradiation causes sig-
nificant cytotoxicity. Control experiments performed without irradia-
tion (chemotherapy alone), or without DOX (photothermal therapy
alone), show evidently low cytotoxicity to cancer cells. Importantly,
neither HMPNs nor NIR laser irradiation has notable cytotoxicity
against MCF-7 cells (with viability of above 95%). For DOX-HMPNs at
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DOX concentration of 1 pg/mL, more than 75% of MCF-7 cells are vi-
able in the absence of irradiation, while only ~ 30% of cells are viable
upon irradiation. This combined photothermal-chemotherapy is even
more effective, when compared with HMPNs under irradiation (with
viability of ~ 52%), and free DOX with or without irradiation (with
viability of ~ 65%). In addition, the cytotoxicity of MCF-7 cells treated
by DOX-HMPNs without irradiation, HMPNs with irradiation, and DOX-
HMPNs with irradiation are significantly enhanced at pH = 6.5 com-
pared to that at pH = 7.4, whereas this pH effect is not obvious in cases
of DOX and HMPNs without irradiation (Fig. 4C, D). Similar results are
also observed in 4 T1 cells (Figures S10 and S14). Accordingly, the self-
charge generation capability of the DOX-HMPNs is effective in im-
proving the photothermal-chemotherapy.

The result of calcein-AM/propidium iodide (PI) (live/dead) staining
assay (Fig. 4E) is consistent very well with the result of MTT assay,
confirming the significant cell-killing ability of DOX-HMPNs through
photothermal-chemotherapy. Annexin V-FITC/PI apoptosis assay also
reveals that DOX-HMPNs combined with NIR laser irradiation exhibits
the highest apoptosis-inducing activity in comparison to the other
groups (Fig. 4F, S15). Furthermore, the Hoechst 33258/PI staining
assay confirms the results mentioned above (Fig. 4G). Thus, the pho-
tothermal-chemotherapy of DOX-HMPNs can remarkably enhance the
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Fig. 5. (A) In vivo PA imaging of tumor areas of MCF-7 tumor-bearing mice after intravenous injection of DOX-HMPNs during 24 h. (B) In vivo NIR fluorescence
imaging of MCF-7 tumor-bearing mice after intravenous injection of free Cy5 and DOX-HMPNs“>, The tumors were indicated by the black circles. (C) Ex vivo NIR
fluorescence imaging and (D) mean NIR fluorescence intensity of excised normal and tumor tissues (n = 3). Data were presented as mean = standard error.
**p < 0.01. (E) Infrared thermal imaging of MCF-7 tumor-bearing nude mice injected with PBS and DOX-HMPNs under NIR laser irradiation (808 nm, 1 W cm ™2,

5 min).
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antitumor activity.
2.4. In vivo diagnosis and therapy

Prior to in vivo study, blood hemolysis test was carried out to study
the blood compatibility of HMPNs and DOX-HMPNs. No obvious he-
molysis is observed from blood treated with HMPNs and DOX-HMPNs
at the highest concentration of ~ 400 ug mL~* for 4 h (Figure S16),
suggesting the minimum damage of HMPNs and DOX-HMPNs against
red blood cells and their excellent blood biocompatibility.

Encouraged by the intriguing PA property in vitro, the PA imaging in
vivo was explored for precise tumor visualization, thus providing ac-
curate information for targeted therapy. The PA imaging was performed
using human breast tumor MCF-7-bearing BALB/c mice, and the PA
images were obtained in a time-dependent method after intravenous
administration of DOX-HMPNs via tail vein. The PA signals of DOX-
HMPNs group can be easily detected in tumor regions at 0.5 h and
gradually increased to maximum at 6 h, as verified in the semi-
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quantitative analysis (Fig. 5A and S17). Then, the PA signals are slightly
decreased at a time range from 6 to 24 h, which is likely due to the
metabolism in tumor. These results reveal that DOX-HMPNs penetrate
into the deep region of tumor and reach the highest accumulation at
tumor sites at around 6 h after injection.

To further investigate the tumor-targeting performance of DOX-
HMPNs, we carried out NIR fluorescence imaging in vivo. Prior to NIR
fluorescence imaging, DOX-HMPNs were made fluorescent in the NIR
region via the encapsulation of Cy5 (a widely used NIR fluorescent
probe). After that, the MCF-7 tumor-bearing mice were intravenously
injected with the free Cy5 and DOX-HMPNs®® with equivalent Cy5
concentration, and the NIR fluorescence images were acquired at pre-
designed time points (Fig. 5B and S18). Strong Cy5 fluorescence signal
was found in tumor regions of DOX-HMPNs®> group within 4 h, and
this signal maintained up to at 24 h. Contrarily, a majority of fluores-
cence signal was distributed in the liver for the free Cy5 group. More-
over, the DOX-HMPNsY® group showed much stronger fluorescence at
tumor sites compared with the free Cy5 even at 24 h post-injection.
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Fig. 6. (A) In vivo pharmacokinetic curve and (B) biodistribution of free DOX and DOX-HMPNs (n = 3). (C) Illustration of different antitumor treatments (n = 4). (D)
Photographs of representative mice during different treatments. (E-H) Tumor growth curves of mice,excised tumor weight, representative H&E staining analysis of
tumor tissues, and body weight changes of mice, respectively. Data were presented as mean = standard error. **P < 0.01, ***P < 0.005.
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These results indicate the excellent passive tumor-targeting ability of
DOX-HMPNs. The tumor and healthy organs of mice were dissected to
prove the biodistribution of DOX-HMPNs at 24 h post-injection
(Fig. 5C,D and S19). For the free Cy5 group, evident fluorescence signal
was distributed in the liver while weak fluorescence signal was ob-
served to tumor tissues. In the case of DOX-HMPNs®® group, the
fluorescence signal was enriched at the tumor sites. CLSM images ob-
tained from fresh-frozen tumor sections indicated the efficient accu-
mulation of HMPNs in tumor tissues (Figure S20). Probably, the DOX-
HMPNs preferentially accumulate in tumor regions via the considerable
passive tumor-targeting.

Based on the in vitro photothermal and tumor-targeting abilities of
the DOX-HMPNs, we further evaluated the in vivo photothermal per-
formance by using MCF-7-bearing BALB/c mice. After intravenously
injecting with DOX-HMPNSs for 6 h, the in vivo photothermal images of
the mice were acquired using thermal imaging to record the tempera-
ture evolution in tumor region (Fig. S5E and S21). The tumor local
temperature of PBS group was just increased to ~ 38 °C upon the NIR
laser irradiation (808 nm, 1 W cm ™~ 2) within 5 min. Under the same
condition, the tumor local temperature of DOX-HMPNs group drama-
tically increased to ~ 57 °C. This effect can not only kill the cancer cells
by photothermal therapy, but also realize the enhanced photothermal-
chemotherapy, which further confirms the excellent in vivo photo-
thermal performance as well as highly effective tumor accumulation of
DOX-HMPNs. The same photothermal effect can be achieved by redu-
cing the laser irradiation power while increasing the administration
dose (Figure S22-24).

To confirm whether the HMPNs have the ability to prolong circu-
lation life of DOX, we have conducted in vivo pharmacokinetic study
through intravenous injection of free DOX and DOX-HMPNs into mice.
As shown in Fig. 6A, the plasma concentration of DOX-HMPNs-injected
mice is higher than that injected with free DOX. The plasma con-
centration of free DOX decreases rapidly and becomes undetectable
after 8 h. However, DOX-HMPNs can be retained in bloodstream over
24 h. The mice were then euthanized and the biodistributions of the
nanoparticles in major organs and tumors were measured by high
performance liquid chromatography (HPLC) analysis. From Fig. 6B, the
distribution of DOX-HMPNs in liver is much lower than that of free
DOX. This result indicates that the in situ loading of DOX within HMPNs
reduces the drug uptake by RES. DOX-HMPNs show significantly higher
enrichment in tumor than the DOX. This is benefited from the negative
surface charge of HMPNs, which prolongs their retention time during
blood circulation and thus facilitates the efficient accumulation at
tumor sites.

The BALB/c nude mice with MCF-7 tumor were separated into six
groups (n = 4 per group): (1) PBS, (2) PBS with NIR laser irradiation,
(3) DOX, (4) DOX-HMPNs (single chemotherapy), (5) HMPNs with NIR
laser irradiation (single photothermal therapy), (6) DOX-HMPNs with
NIR laser irradiation (photothermal-chemotherapy). Various formula-
tions were intravenously injected into mice at a dosage of 3 mg DOX/
kg, and the tumors were irradiated by using NIR laser (808 nm,
1Wem 2 at6h post-injection (Fig. 6C). The representative photo-
graphs of mice, tumor volume change profiles and tumor weight are
presented in Fig. 6D-F. The tumor volumes in PBS-treated group with
and without irradiation exhibit a rapid increase over 21 days. The DOX-
treated mice and DOX-HMPNs-treated mice without irradiation display
a certain of delay in tumor growth due to DOX-mediated chemotherapy
alone. HMPNs-treated mice with irradiation exhibit obvious tumor
suppress, due to the HMPNs-mediated photothermal therapy alone.
Significantly, the tumors of DOX-HMPNs-treated mice with irradiation
shrink remarkably compared with the other groups and the tumors
from 50% of mice were completely eliminated at the 21th day, due to
the synergy of chemotherapy and photothermal therapy. The hema-
toxylin and eosin (H&E) staining of tumor sections indicate that the
mice treated with DOX-HMPNs by combing with laser irradiation can
achieve the most severe tumor cell destruction with the lowest viable
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cell density in tumor tissues compared with the other groups (Fig. 6G).
Besides, the body weight of all groups show no significant change
during 21 days (Fig. 6H), and H&E staining of major organ sections in
all groups exhibit no obvious signals of inflammation and cell death
(Figure S25). These results imply the excellent photothermal-che-
motherapy of DOX-HMPNs. During photothermal therapy, the heating
induced by NIR irradiation would promote the drug uptake and in-
tracellular delivery efficiency (see Fig. 4G) by enhancing cell membrane
permeability and accelerating drug release (Fig. 3I). Therefore, the in-
complete eradication of cancer cells by PTT alone could be nicely
solved by this combination of chemotherapy and photothermal therapy
[55-58].

3. Conclusion

In summary, we have developed a controllable method based on
Kirkendall effect to fabricate HMPNs from boronate polymer nano-
spheres, which can facilely encapsulate DOX (a model drug) to form
DOX-HMPNs complex. The shell of HMPNs is composed of Fe'/TAC
coordination cross-linked polymer network, which has excellent ab-
sorption in NIR region and displays unique photoacoustic and photo-
thermal properties. NIR laser (808 nm, 1 W cm ™ ?) irradiation on a
water dispersion of DOX-HMPNs (100 pug/mL) leads to almost 35.8 °C
increase of temperature within 300 s, as well as causes intensive PA
signal. Along with the dynamic Fe™/TAC coordination, the HMPNs
shell also comprises ionizable phenolic hydroxyl and cleavable imine
bond, thus resulting in a programmable cascade response property. It
has been observed that DOX-HMPNs can undergo a self-charge gen-
eration behavior and exhibit reversible “negative-to-positive” charge
evolution in response to TME. Also, effective release of DOX can be
achieved in the tumor cells with the cleavage of imine bond. By taking
together the features of cascade response, photoacoustic imaging, and
photothermal-chemotherapy, the as designed DOX-HMPNs show pro-
mising potential in targeted tumor synergistic theranostic. From the
perspective of material design, the widely designable building blocks,
selectable transition metal ions, and the highly adaptable etching
method make this Kirkendall effect based strategy very interesting in
the fabrication of other functional hollow nanomaterials.
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