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ABSTRACT

One of the current challenges in the post-operative treatment of breast cancer is to
develop a local therapeutic vector for preventing recurrence and metastasis. Herein, we
develop a core-shell fibrous scaffold comprising of phase-change materials (PCMs) and
photothermal/chemotherapy agents, as a thermal trigger for programmable-response
drug release and synergistic treatment. The scaffold is obtained by in situ growth of a
zeolitic imidazolate framework-8 (ZIF-8) shell on the surface of poly(butylene
succinate)/lauric acid (PBS/LA) phase-change fibers (PCFs) to create PCF@ZIF-8.
After optimizing the core-shell and phase transition behavior, gold nanorods (GNRs)
and doxorubicin hydrochloride (DOX) co-loaded PCF@ZIF-8 scaffolds were shown to

significantly enhance in vitro and in vivo anticancer efficacy. In a healthy tissue



microenvironment at pH 7.4, the ZIF-8 shell ensures the sustained release of DOX. If
the tumor recurs, the acidic microenvironment induces the decomposition of the ZIF-8
shell. Under the second near-infrared (NIR-II) laser treatment, GNR-induced thermal
not only directly destroys the relapsed tumor cells, but also accelerates DOX release by
inducing the phase transition of LA. Our study sheds light on a well-designed
programmable-response trigger, which provides a promising strategy for post-operative

recurrence prevention of cancer.
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1. Introduction

Female breast cancer has become the most common global cancer with
approximately 2.3 million new cases in 2020 alone, accounting for 11.7% of all cancer
reports.! Surgery is the main clinical method for the treatment of primary breast cancer.>
Despite the benefits of surgery, the post-operative recovery of patients remains
unsatisfactory because of the high recurrence rate of tumors. This is mainly caused by
residual tumor cells, including regeneration of the primary site and distant metastasis.*"
* To make up for the limitations of surgical treatment, multiple therapeutic strategies

have been widely used in post-operative adjuvant therapy. Among them, photothermal
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therapy (PTT) ° combined with chemotherapy has attracted significant attention to
perform a synergistic effect on cancer treatment. Several nanomaterial-based systemic
delivery systems that combine chemotherapies and photothermal agents have been
shown to enhance drug sensitivity and overcome multidrug resistance. Examples

include gold nanomaterials,® carbon nanomaterials,’

and polydopamine (PDA)
nanoparticles.” These systems can strongly absorb near-infrared (NIR) radiation and
convert it to thermal energy to directly heat and eradicate tumor cells. SDSs triggered
by the laser in the second NIR (NIR-II) biological window have a higher maximum
permissible exposure (1 W-cm™) to the skin and a deeper penetration to tumor tissue
than the first NIR (NIR-I) laser, attracting widespread attention in cancer therapy.'%!!
However, as post-operative breast cancer recurrence initially starts locoregionally, local
drug delivery systems are easier to meet local treatment needs due to their advantages,
which include high targeting efficiency, controllable drug release and distribution, and
low side effects.!? Thus, there is urgent and critical need to develop a local therapeutic
scaffold for adjuvant cancer treatment after surgery.'

Electrospinning, as a versatile technology to produce micro- and nanometer fibers,'*
20 is widely used in various fields, especially in tissue engineering and drug delivery.?"”
25 Electrospun fibrous scaffolds have been explored to deliver photothermal-
chemotherapeutic agents in a localized manner for synergistic cancer therapy.? 2%
Examples include multiwalled carbon nanotubes/doxorubicin MWCNTs/DOX-co-

loaded poly-L-lactic acid (PLLA) fibers,*® DOX-loaded polypyrrole hollow fibers,!

gold nanocage/DOX-incorporated polycaprolactone (PCL) fibers,** polydopamine



(PDA)-coated PCL-DOX fibers,*® and PDA/curcumin-capped PLLA/poly(citrate
siloxane) (PLLA/PCS) fibers.!* This type of implantable scaffold based on fibers of
polymers/inorganic particles/drugs increases drug accumulation that is concentrated at
the lesion site, thus avoiding excessive drug circulation. However, the developed
fibrous scaffolds are supposed to deliver the required high-loads of therapeutics on-
demand in different tissue microenvironments before/after tumor recurrence. Therefore,
the development of advanced fibrous scaffolds with controllable and programmable
responsiveness is urgently sought.

Given that the local temperature can be regulated by NIR laser irradiation, one
approach is to utilize thermo-responsive phase-change materials (PCMs) to prepare
fibrous scaffolds. PCMs like fatty acids and alcohols can provide adjustable
physicochemical parameters (e.g., mobility and density) during the phase change
process.>*3¢ Previous studies have demonstrated that co-loaded therapeutics can be
readily released from melted PCMs by raising the temperature just above the melting
point.>”*! Thus, as fibrous PCMs, electrospun phase-change fibers (PCFs) with suitable
phase-change temperature and thermo-responsive structural variation can offer a good
alternative as a functional trigger in post-operative cancer treatment. The diverse
compositional and thermal properties of PCFs reported pave the way for further
biological applications.***’ In addition, to further guarantee the cyclic phase-change
behavior of PCFs in a healthy tissue microenvironment and the controllable drug

release in an acidic tumor microenvironment, a highly heat-resistant and acidic



microenvironment-responsive zeolitic imidazole framework-8 (ZIF-8) offers an
attractive candidate as a shell wrapped around the surface of PCFs.>

Accordingly, in this work, we have developed a core-shell electrospun fibrous
scaffold comprising of PCMs and photothermal/chemotherapy agents, as a functional
trigger for programmable-response drug release and synergistic treatment. The
preparation process of composite scaffolds is depicted in Scheme 1a. A mixture of
PCM lauric acid (LA, melting point 44 °C)°! and supporting material poly(butylene
succinate) (PBS, with high melting point and good biocompatibility)>? was electrospun
into phase-change fibers (PCFs). The core-shell of ZIF-8-coated PBS/LA fibers
(referred to as PCF@ZIF-8) has been optimized to obtain a scaffold with suitable phase-
change temperature and stable phase-change behavior. NIR-II laser-triggered GNRs
and antitumor drug DOX have been co-loaded in the optimal PCF@ZIF-8 scaffold to
deliver outstanding photothermal performance and pH/thermally-triggered DOX
release behavior. Subsequently, the GNR/DOX/PCF@ZIF-8 scaffolds were implanted
subcutaneously in both tumor-bearing and healthy mice to evaluate the drug release
behavior and antitumor effect in vivo (Scheme 1b). The GNR/DOX/PCF@ZIF-8
scaffolds implanted under the skin of healthy mice maintained a high drug
concentration during treatment, indicating the potential for long-term treatment. In
contrast, the same scaffold implanted inside tumor lesions showed accelerated drug
release under NIR-II laser irradiation, which can effectively eliminate residual tumor

cells through the synergistic effect of laser-triggered hyperthermia and programmable-

response drug release. Overall, the programmable-response phase-change fibrous



scaffolds exhibit tremendous potential in adjuvant photothermal chemotherapy for

post-operative cancer treatment.
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Scheme 1. Schematic diagram of the fabrication of our fibrous scaffold and in vivo
tumor recurrence inhibition after laser treatment. (a) Preparation of the core-shell
composite scaffolds loaded with GNR and DOX through electrospinning and in situ
growth of ZIF-8. (b) Adjuvant photothermal-chemotherapy at the tumor surgical
resection site for preventing recurrence of breast cancer.

2. Experimental

2.1. Materials

Poly(buttlene succinate) (PBS, Mn = 30 kDa) was purchased from Dongguan Hongli
Plastic Raw Material Co., Ltd. Lauric acid (LA), doxorubicin hydrochloride (DOX), 2-
methylimidazole (2-MeIM), cetyltrimethylammonium bromide (CTAB), and hydrogen

tetra-chloroaurate (III) tetrahydrate (HAuCls-3H20) were bought from Sigma Aldrich



(Shanghai, China). Fetal bovine serum (FBS), calcein acetoxymethyl ester (calcein-
AM), phosphate buffer solution, propidium iodide (PI) and Dulbecco's modified eagle
medium (DMEM) were bought from the Beyotime Institute of Biotechnology (China).
Zinc nitrate hexahydrate (Zn(NO3)2:6H20), sodium borohydride (NaBHa4), silver nitrate
(AgNO:3), hydroquinone, and chloroform were purchased from Guangzhou Chem. Co.
(Guangzhou, China). Methoxy-poly(ethylene glycol) thiol (MPEG-SH, 2000 Da) was
purchased from Hua Wei Rui Ke Chemical Co. Ltd. (China). 24-well plates were
purchased from NEST Biotechnology (China). Unless otherwise stated, all reagents

were used as received.

2.2. Cell lines and animals

Human umbilical vein vessel endothelial cells (HUVECs) and mouse mammary
tumor cell line 4T1 cells were obtained from South China University of Technology
(SCUT, Guangzhou, China). All the cells were cultured in a humidified incubator (5%
CO2, 37°C). BALB/c mice (20 £ 2 g, female) were fed at 37°C and 55% humidity in
the Experimental Animal Center of SCUT. All animal experiments were approved by
the Institutional Animal Care and Use Committee of SCUT (AEC No. 2020048) and

carried out in compliance with the protocols of the Care and Use of Laboratory Animals.

2.3.  Preparation and characterization of core-shell PCF@ZIF-8 scaffolds

The core-shell PCF@ZIF-8 scaffolds were fabricated by combining uniaxial
electrospinning with in situ growth of a shell on the fiber surface as depicted in Scheme

1a.%® To explore the optimum ratio for the core, PBS and LA at different weight ratios
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of 5:0, 5:3, 5:5 and 5:7 were dissolved in chloroform to prepare 20 wt% solutions for
electrospinning into PCFs. Furthermore, to prepare stable and continuous core-shell
fibers, 0.5 wt% 2-MeIM was mixed with the PBS/LA solution. 2-MeIM/PCFs were
fabricated and soaked in a mixed solution of Zn(NO3)2-6H20 and 2-Me¢IM for 0, 0.5, 1,
and 3 minutes, respectively. The prepared PCF@ZIF-8 scaffolds were subsequently
washed thrice with water and dried at 30°C.

The morphologies of the PCFs and core-shell PCF@ZIF-8 were observed by
scanning electron microscopy (SEM) after gold sputter coating for 1 minute. The
thermal performance and LA content of core-shell PCF@ZIF-8 scaffolds with different
shell thicknesses were measured by differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA), respectively. To further verify the phase transition
behavior of core-shell PCF@ZIF-8 scaffolds, in situ time-resolved wide angle X-ray
diffraction (WAXD) were carried out to detect melting and crystallization behavior of
PCF@ZIF-8 scaffolds when heating from 37°C to 49°C and then cooling from 37°C to

49°C at a rate of 3°C/min.

2.4.  Synthesis and characterization of GNRs

Initially, GNRs were synthesized with longitudinally localized surface plasmon
resonance (LSPR) peaks in the NIR-II window. 10 mL of HAuCls-3H20 (0.005 mg/mL.)
and 0.8 mL of 0.02 mmol/mL cold NaBHj4 solution were added into 10 mL of CTAB
(0.1 mg/mL) solution to prepare a seed solution. After vigorous stirring (1500 rpm) for

5 minutes, the seed solution was allowed to settle for 3 h at room temperature. The



growth solution was prepared by adding 10 mL HAuCls-3H20 (0.02 mg/mL) to 10 mL
CTAB (0.1 mg/mL). Next, 1.2 mL AgNOs3 solution (0.06 mg/mL), 500 pL of
hydroquinone solution (0.05 mg/mL) and 160 pL of seed solution were added
consecutively by syringe to the growth solution. After allowing the solution to settle for
18 h at 30°C, GNRs were collected by centrifuging at 15000 rpm for 15 minutes. 1 mL
of MPEG-SH (2 mg/mL) was added into 2 mL of as-synthesized GNR (0.4 mg/mL)
solution and the mixture was further stirred at room temperature for 3 h. Finally, GNRs
were collected after centrifugation at 15,000 rpm for 15 minutes. The morphology of
the synthesized GNRs was observed by transmission electron microscopy (TEM),
absorption spectra by UV-Vis spectroscopy (UV-Vis) and surface charge using zeta-
potential.

To assess the photothermal performance of GNRs in the NIR-II window, 1064 nm
laser irradiation with adjustable power density was employed. A thermal camera was
used to record the temperature changes of GNR solutions (50, 150, and 300 pg/mL)
that had been irradiated for 10 minutes in a quartz cell. The photothermal conversion
) 54

efficiency (1) °* of GNRs was calculated by the following equation:

_hSAT,0-0,
1(1-10%)

n
where 4 is the heat transfer coefficient, S is the container surface area, ATmax is the
maximum temperature change of the GNRs, 7 is the laser power, and As is the

absorbance at 1064 nm. Qy is the heat input due to light absorption by the phosphate

buffer solution. The lumped quantity 4S was determined according to



_Cm
" hS

TS
where C and m are the heat capacity (4.2 J/g) of water and mass (0.75 g), respectively.

To obtain A4S, 6 is defined as the ratio of AT to ATmax as follows:
AT T-Tyn

ATmax Tmax'Tsurr

t=-1,Inf

2.5.  Preparation and characterization of GNR/DOX co-loaded PCF@ZIF-8

scaffolds

After optimizing the PCF@ZIF-8 structure, GNRs and DOX were co-loaded into the
core of the core-shell PCF@ZIF-8 scaffolds. GNRs and DOX with a concentration of
~2 wt% were firstly quantitatively calculated by inductively coupled plasma mass
spectrometry (ICP-MS) and UV-Vis, and then both dissolved in the PBS/LA solution
and electrospun into PCFs before in situ growth of the ZIF-8 shell. The morphology of
the composite scaffolds was observed by SEM, energy-dispersive spectroscopy (EDS)
and confocal laser scanning microscopy (CLSM). The photothermal properties of
PCF@ZIF-8 and GNR/PCF@ZIF-8 scaffolds were characterized under NIR-II laser
irradiation for 10 minutes. An IR thermal camera was used to record temperature
changes and related thermal images of the composite scaffolds. The power density of
the 1064 nm laser was varied from 0.5 W-cm™ to 0.75 W-cm™ and then to 1.0 W-cm™
to irradiate phosphate buffer solutions of the GNR/PCF@ZIF-8 scaffolds. The
photothermal stability of GNR/PCF@ZIF-8 scaffolds soaked in DMEM was also
measured after 1, 3, and 7 days and the deep-tissue penetration of 1064 nm laser was

characterized. The temperature was monitored and recorded every 30 s.
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The DOX release profiles of GNR/DOX/PCF@ZIF-8 scaffolds were evaluated in a
healthy tissue environment and an acidic tumor microenvironment with/without LA
phase transition. 20 mg of previously obtained GNR/DOX/PCF@ZIF-8 scaffold was
soaked in 5 mL phosphate buffer solutions at pH 7.4 and pH 6.0. The amount of released
DOX was recorded by Spectra Max iD3 and calculated by the standard DOX curve.

The accumulative released DOX was calculated using the following equation:

w
Accumulative release (%)= ZDOX released , 100%

Wiotal
where Wpox released 18 the accumulative weight of released DOX from the

GNR/DOX/PCF@ZIF-8 scaffold and wy,, 1is the total weight of DOX in the

GNR/DOX/PCF@ZIF-8 scaffold.

2.6.  Invitro cytocompatibility assay

DMEM with 10% FBS, streptomycin and penicillin was used to culture HUVECs.
The PCF@ZIF-8, GNR/PCF@ZIF-8, GNR/DOX/PCF@ZIF-8 scaffolds were placed
in sterilized 24-well plates. The HUVECs with 1.0 x 10* cells per well were then
cultured with scaffolds and incubated in a humidified cell incubator (5% CO2, 37 °C)
for 3 days. HUVECs were also cultured in blank wells as a control. Calcein-AM/PI was
used for Live/Dead staining. To quantitatively assess the cell viability of composite
scaffolds, cell counting kit-8 (CCK-8) assay was measured after 1 and 3 days. In brief,
DMEM supernatant (100 nL) was collected and pipetted into a 96-well plate. The cells
were incubated for 1 and 3 days, then 20 pL. CCK-8 solution was added into the well

for another 1.5 h. Absorbance (450 nm) was measured by Spectra Max iD3. Optical



density (OD) was recorded and cell viability was calculated using the following
equation:

x100%

ODgampie-ODcck -3
Cell viability (%)= —>
ODcontrol 'ODCCK-8
where ODsample 1S the absorbance of CCK-8 solution with cells and scaffolds, ODcck-s

1s the absorbance of CCK-8 solution without cells, and ODcontrol 1S the absorbance of

CCK-8 solution and cells without scaffolds.
2.7.  Invitro antitumor efficacy

DMEM with 10% FBS, streptomycin and penicillin was also used to culture the 4T1
cells. The 4T1 cells with 2.0 x 10* cells/well were firstly seeded in 24-well plates and
cultured in an incubator (37 °C, 5% CO2). The PCF@ZIF-8, GNR/PCF@ZIF-8 and
GNR/DOX/PCF@ZIF-8 scaffolds were added to the culture wells. 1064 nm laser
irradiation was turned on for 10 minutes and the composite scaffolds were treated thrice.
Meanwhile, as a control, 4T1 cells were also cultured without laser irradiation. Cells
were stained with calcein-AM/PI for Live/Dead cell staining to observe the distribution
of live and dead cells using CLSM. Then, the 4T1 cell viability was further determined
by the CCK-8 assay. In Jin’s method,*> the synergetic index (QA+B) of GNR-enabled

PTT and DOX-enabled chemotherapy was calculated using:

Q _ EA+B
A'B E\+Eg-Ex\xEp

where Ea is the mortality rate of the 4T1 cells treated by PTT alone, EB is the
mortality rate of the 4T1 cells treated by chemotherapy alone, and Ea+s is the mortality

rate of the 4Tl cells treated by the combination of photothermal-chemotherapy,



respectively. Oa+s < 0.85 means antagonism, 0.85 < Qa+s < 1.15 means additive
effects, and Oa+s = 1.15 means synergism.

The inhibitory effect of composite scaffolds with laser treatment on the migration
and invasion ability of 4T1 cells was assessed by a wound-healing-based method. To
be specific, confluent 4T1 cell cultures were wounded with a 200 pLL micropipette tip
and immediately placed in a serum-free medium supplemented with GNR/PCF@ZIF-
8+Laser, GNR/DOX/PCF@ZIF-8 and GNR/DOX/PCF@ZIF-8+Laser. Bright-field
images of wounded 4T1 cell monolayers with different treatments were obtained
immediately at 0 h, 12 h, 24 h, and 36 h. After obtaining three wound measurements,

the extent of wound closure was quantified by ImageJ software.

2.8.  Invivo antitumor efficacy

Approximately 1 x 10° 4T1 cells suspended in 200 pL. DMEM were inoculated
subcutaneously in female BALB/c mice. When the tumor reached a size of 100 mm?, it
was excised but with a layer of the surrounding skin left to allow post-operative
recurrence. Mice were randomized into 8 groups (n = 5): (G0) healthy mice implanted
with a GNR/DOX/PCF@ZIF-8 scaffold; tumor-bearing mice implanted with (G1) no
scaffold, (G2) PCFs, (G3) PCF@ZIF-8+Laser, (G4) GNR/PCF@ZIF-8, (G5)
GNR/PCF@ZIF-8+Laser, (G6) GNR/DOX/PCF@ZIF-8, (G7) GNR/DOX/PCF@ZIF-
8+Laser. The surgical sites of the mice were covered with relevant composite scaffolds
according to their grouping. The size of implanted scaffold was about 0.5 % 0.8 cm. For

laser treating, each mouse was treated with 1064 nm laser irradiation (0.5 W-cm) for



10 minutes from day 1 to day 9. An IR camera was used to monitor temperature change
and record thermal images of the tumor site. The dimensions of the recurrent tumors

were measured every 3 days, and relative tumor volumes calculated by the following:

LtXWtz

x100%

Relatively tumor volume (%)= 5

0XWy

where L; isthe length and W; is the width of the recurrent tumors on day t. L, isthe

length and W, is the width of the tumors on day 0.

2.9.  Statistical Analysis

All experiments were performed in triplicate or more and all quantitative results were
expressed as mean + standard deviation. The statistical significance differences were
determined by One-way analysis of variance (ANOVA) and Brown-Forsythe and
Welch ANOVA multiple comparison tests. The differences were considered significant

for P values * < 0.05, ** <0.01 and *** < (0.001.

3. Results and discussion

3.1.  Structural optimization of core-shell PCF@ZIF-8 scaffolds

To reveal the optimal composition and structure of core-shell PCF@ZIF-8 scaffolds,
PCFs composed of different PBS/LA weight ratios were firstly fabricated using
electrospinning. As shown in Figure 1a, from the images of SEM, the morphologies of
the PCFs displayed cylindrical-shaped to irregular band-shaped fibers as the LA weight
ratio increased from 0 wt%, 30 wt%, 50 wt% to 70 wt%, respectively. It was found that

the maximum content of LA in PCFs with stable cylindrical fibrous morphology is 50
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wt%. To obtain well-defined fibers with accessible phase-change behavior in all
following experiments, the LA ratio was therefore fixed at 50 wt%. For achieving in
situ growth of the ZIF-8 shell on the surface of PCFs, 0.5 wt% 2-MeIM was added into
the PBS/LA solution, serving as anchor points on the surface of the PCFs.>® The 2-
MeIM/PCFs were then immersed in an aqueous solution of 2-MeIM and
Zn(NO3)2-:6H20 as shown in Scheme 1a. By adjusting the soaking time, the core-shell
PCF@ZIF-8 scaffolds with different shell thicknesses were obtained. As the
corresponding SEM images depicted in Figure 1b show, 2-MeIM/PCFs without
immersion in the 2-MeIM/Zn** solution possess a smooth surface. Compared with the
2-MeIM/PCFs, the rough surface of the PCF@ZIF-8 suggests that the shell composed
of ZIF-8 nanocrystals grew successfully on the whole surface of the PCFs. With
increasing immersion time from 0.5 minutes, then 1 minute, to 3 minutes, the ZIF-8
nanocrystals can be clearly observed from the enlarged SEM images. PCFs with
different growth times for the ZIF-8 shell were named as PCF@ZIF-8 X (X represents
in situ growth time of ZIF-8 in minutes) and their thermal performance was further
characterized to optimize the core-shell fibers.

After the successful growth of the ZIF-8 shell, the LA loading within the core of the
PCF@ZIF-8 fibers was determined by TGA. The PCFs degraded in two steps without
overlap. The first degradation step of the prepared composite scaffold occurred in the
temperature range of 30°C - 300°C, attributed to LA decomposition.’’>® The second
step occurred at 300°C - 600°C, which is related to the decomposition of PBS (Figure

S1a-b). In the temperature range of 30°C - 600°C, there was no obvious decomposition

15



of the ZIF-8 nanocrystals. As shown in Figure 1c¢, the LA content in the PCFs was
approximately 49.8% which is consistent with the added ratio (50 wt%). With the
prolongation of ZIF-8 nanocrystals in situ growth time from 0.5 minutes, 1 minutes, to
3 minutes, the content of LA within the PCF@ZIF-8 decreased from 42.8%, 41.3% to
2.1%, indicating the increasing proportion of the ZIF-8 shell. The phase-change
behavior of LA within the PCF@ZIF-8 fibers was measured by DSC. Figure Slc-d
shows the DSC thermograms of pristine LA powder and PBS fibers. The melting
temperatures (7m) of LA and PBS were observed at 43.4°C and 78°C, respectively.
Electrospun PCFs and core-shell PCF@ZIF-8 fibers with different ZIF-8 growth times
were characterized by DSC as shown in Figure 1d. The 7m of LA within the PCF@ZIF-
8 (42.5 — 42.6°C) is approximately the same as the Tm of pristine LA powder (43.4°C).
The enthalpy of melting (AHm) of LA in pristine LA, PCFs, PCF@ZIF-§8 0.5,
PCF@ZIF-8 1 and PCF@ZIF-8 3 was measured as 178.4 J/g, 78 J/g, 55 J/g, 37.5 J/g,
and 3.5 J/g, respectively. After electrospinning and in situ growth of the ZIF-8 shell,
there was no obvious change in the 7m of LA but AHm of the PCF@ZIF-8 decreased
with increasing ZIF-8 content (and concomitant decrease of LA content). Considering
the solid-liquid phase transition in the fiber is required to control the drug release
behavior more effectively, the in situ growth time of the ZIF-8 shell was fixed at 0.5

min in the remaining studies to maximize the phase change performance.
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Figure 1. Structural optimization of core-shell PCF@ZIF-8 fibers. (a) SEM images of
PCFs with LA weight ratios of 0 wt%, 30 wt%, 50 wt%, and 70 wt%; and (b) SEM
images, (c) TGA profiles, (d) DSC thermograms of PCF@ZIF-8 with in situ growth
time of 0 min, 0.5 min, 1 min, and 3 min. (¢) DSC thermograms of PCF@ZIF-8 0.5
during 50 continuous heating-cooling cycles (with SEM image inserts before and after
50 cycles). (f) Time-resolved in situ WAXD data of temperature-responsive core-shell
PCF@ZIF-8 fibers: where (1, 2) are the first and (3, 4) are the second heat-cooling
process from 37°C to 49°C and 49°C to 37°C, respectively.

To fully probe the phase transition of LA and thermal stability of the optimized core-
shell PCF@ZIF-8, PCF@ZIF-8 0.5 scaffolds were tested by continuous cyclic heating
and cooling processes in the temperature range of PTT.*® Figure le shows the DSC
thermograms of a representative sample during 50 continuous heating-cooling cycles.
During the cycles, the 7m and crystallization temperature (7c) were consistently around

17



43°C and 40°C, respectively, which are in the range of the human body (37°C) to PTT
temperatures (48°C).>>%° The AHm and enthalpy of crystallization (AHc) were 55 J/g
and 54.6 J/g respectively, which remained in 50 cycles. By SEM observation, there was
no obvious change in fiber morphology, and no leakage of LA was found from the
fibers, confirming the high thermal stability of the PCF@ZIF-8 scaffolds attributed to
the protection of the heat-resistant ZIF-8 shell. Meanwhile, time-resolved in situ
WAXD was conducted to further verify the phase-change behavior of LA within the
PCF@ZIF-8 scaffold. The thermal-profile of the WAXD experiment was increased
from 37°C to 49°C at 3°C/min, isothermal for 5 minutes, and then decreased from 49°C
to 37°C at 3°C/min, which is in line with the temperature profile of clinical PTT. Figure
1f shows the phase transition process of LA in two cycles of heating and cooling
treatment. From the integrated WAXD files, the characteristic peak of LA (20 =21.7°)
is observed from 37°C to 49°C, which indicates the high crystallinity of LA in
PCF@ZIF-8 scaffolds.’” When the temperature exceeds 43°C, the crystallization peak
of LA gradually disappears, indicating that the LA solid-liquid phase transition has
occurred. After being isothermal for 5 min, the cooling procedure was executed. The
crystallization peak of LA gradually appeared and became stronger when the
temperature dropped below 43°C. The same phenomena were also observed in the
second heating-cooling cycle, which strongly demonstrates the cyclic phase-change

capability of our PCF@ZIF-8 scaffold.



3.2.  Morphology of GNRs and GNR/DOX co-loaded PCF@ZIF-8 scaffolds

GNRs for PTT in the NIR-II window were synthesized following the previous a seed-
mediated method.®!"%? The zeta potential of CTAB-coated GNR was highly positive
(30.25£0.76 mV), whereas that of PEG-coated GNR reduced to 4.1 + 0.45 mV (Figure
S2a). The decrease in zeta potential confirms that mPEG-SH replaced the CTAB layer
successfully. As shown in Figure 2a, the morphology of the GNRs was characterized
by TEM and the aspect ratio was calculated by ImagelJ software. The dimensions of the
GNRs were found to be 91.53 + 18.56 nm and 10.69 + 1.57 nm. The aspect ratio of the
GNRs was approximately 8:1 and displayed two characteristic peaks including a
longitudinal LSPR peak around 1034 nm and transverse LSPR peak around 510 nm, as
shown in Figure 2b, suggesting their potential photothermal conversion capability in
the NIR-II window. The photothermal conversion properties were preliminarily
evaluated using a 1064 nm laser device and a real-time infrared thermal camera. The
recorded infrared thermal images and heating curves of GNRs are shown in Figure S2b
and Figure 2¢. With increasing concentration of GNRs (50 pg/mL, 150 pg/mL, 300
png/mL), the temperature of the solutions gradually increased to 40.6°C, 49.5°C and
74.4°C, respectively upon NIR-II irradiation (1 W-cm™), whereas there was no obvious
increase in the temperature of the control (phosphate buffer solution). A similar result
was also observed upon NIR-II irradiation with different power density. The
temperature of the GNR solution (300 pg/mL) increased to 44.4°C, 57.3°C, and 74°C
for 0.5 W-cm?, 0.75 W-cm™?, 1 W-cm, respectively (Figure S2¢-e). The temperature

of the GNR solution displayed no noticeable change after undergoing three irradiation
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cycles, indicating excellent photothermal stability. The photothermal conversion
efficiency (#) of the prepared GNRs was further calculated (according to previous
reports) to be 34.2%, which was higher than NIR-I laser-triggered GNRs.>* ¢34 The
above results indicated the successful synthesis and excellent photothermal
performance of GNRs.

The GNR and DOX co-loaded PCF@ZIF-8 scaffold was further prepared according
to the optimization process. 2 mg GNRs (the concentration of gold ions: 649.4187 mg/L)
and 1.945 mg DOX quantitatively calculated by ICP-MS and UV-Vis were loaded
within PCF@ZIF-8 scaffold (Figure S3a). SEM images shown in Figure 2d-e reveal
the morphology of GNR/DOX/2-MeIM/PCFs and GNR/DOX/PCF@ZIF-8 scaffolds.
GNR/DOX/2-MeIM/PCFs still show a uniform smooth and knotless morphology. After
in situ growth of the ZIF-8 shell, the surface of the GNR/DOX/PCF@ZIF-8 scaffold
became rough (Figure 2el). Elemental mapping detected by EDS shows that the C, N,
Au elements and C, N, Au, Zn elements were uniformly distributed in GNR/DOX/2-
MeIM/PCFs and GNRs/DOX/PCF@ZIF-8 scaffolds, respectively, confirming both the
loading of GNRs and the growth of ZIF-8 nanocrystals (Figure 2d2 and e2).
Considering that the anticancer drug DOX exhibits inherent red fluorescence, CLSM
was used to verify the DOX loading within the composite scaffolds. Red fluorescence
can be seen distributed along the fibers before and after ZIF-8 growth in the CLSM
images (Figure 2d3 and e3), showing that DOX can be encapsulated into the composite
scaffolds. The X-ray diffraction (XRD) patterns showed the crystallization peaks of
PBS (20 = 19.4° and 22.5°), LA (26 =21.7° and 24.3°), ZIF-8 (26 = 7.2° and 10.4°) in
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the composite scaffolds (26 = 7.3°, 10.4°, 19.4°, 21.7°, 22.5°, and 24.3°), indicating the
presence of the crystalline forms of the different components within the
GNR/DOX/PCF@ZIF-8 scaffold (Figure S3b). Together, these results demonstrate
that GNR and DOX co-loaded PCF@ZIF-8 scaffolds can be successfully fabricated by

electrospinning and post-treatment.
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Figure 2. Morphology and photothermal performance of GNRs and morphology of
GNR/DOX co-loaded PCF@ZIF-8 scaffolds. (a) TEM images of synthesized GNRs
and statistical length and diameter. (b) UV-Vis spectrum of the GNRs. (c) Temperature
change in GNR solutions at different concentrations under NIR-II laser irradiation. (d1,
d2, d3) SEM images, corresponding EDS elemental mapping, and CLSM images of
GNR/DOX/2-MeIM/PCFs. (el, e2, e3) SEM images, corresponding EDS elemental
mapping, and CLSM images of GNR/DOX/PCF@ZIF-8 scaffolds.




3.3.  Photothermal performance of composite scaffolds

To assess the photothermal performance, the temperature changes of the
GNR/PCF@ZIF-8 scaffold under constant NIR-II laser irradiation was monitored in
real-time by an infrared thermal camera. The infrared thermal images and the
corresponding heating curves of the temperature changes of GNR/PCF@ZIF-8
scaffolds treated with 1064 nm laser irradiation with different power densities for 10
minutes are depicted in Figure 3a and Figure S4a. As the power density was increased
(0.5W-cm™,0.75 W-cm?, and 1 W-cm™), the temperature increased to 44.3°C, 51.7°C,
and 64.2°C, respectively, indicating a significant laser power density-dependent
temperature increase, whereas no obvious changes were observed on the 0.5 W-cm™
laser-irradiated PCF@ZIF-8 scaffolds (Figure 3b). The stability of photothermal
conversion performance of the GNR/PCF@ZIF-8 scaffold was characterized after
immersion in DMEM for 1, 3, and 7 days. The temperature of DMEM remained stable
(~45°C) under laser irradiation at 0.5 W-cm™ (Figure 3c). Clearly, our results show
that the temperature of the composite scaffold can be raised to more than 43°C using
1064 nm laser irradiation, which is high enough to kill tumor cells by hyperthermia, as
reported previously.’ The NIR-II window can offer higher tissue-penetration depth than
the commonly explored NIR-I window and therefore we further evaluated the tissue-
penetration performance in the NIR-II window.® To simulate the deep-tissue condition
for PTT in vivo, pork tissues of various thickness (0, 3, 6 and 9 mm) were placed on the
top of the scaffold and then irradiated at 1064 nm (1 W-cm™, 10 minutes). The maximun

temperature changes (AT) of composite scaffolds under these different conditions
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reached approximately 40.7°C, 20.1°C, 13.8°C, and 9.6°C, respectively (Figure S4b).
These results demonstrate that the GNR/PCF@ZIF-8 scaffold possesses excellent
photothermal conversion efficiency, photothermal stability, and high tissue penetration

for local PTT.

3.4.  Invitro drug release

It is well known that the tumor microenvironment is slightly more acidic than healthy
tissue.® And, on account of the photothermal-triggered phase transition of LA, the
DOX release behavior from the composite scaffolds was further evaluated upon pH and
temperature variation. To mimic the slightly acidic environment of tumor tissue and
that of healthy tissue, phosphate-buffer solution at pH 6.0 and 7.4 was used as the
release medium, respectively. As shown in Figure 3d, under different conditions, the
amount of DOX released from the GNR/DOX/PCF@ZIF-8 scaffold increased with
time. For the non-irradiated group, at pH 7.4, approximately 10 + 0.37% DOX was
released within 21 days, while 15.9 £ 0.75% was released in the same period at pH 6.0.
This phenomenon may be attributed to the decomposition of the ZIF-8 shell, which can
increase the contact area between the composite PCFs and phosphate buffer solution.
Before sampling at each time point, the scaffold immersed in phosphate buffer solution
at pH 6.0 was irradiated for 10 minutes. For the NIR-II laser-irradiated group, at pH
6.0, approximately 26 + 2.29% DOX was released within 21 days, which is attributed
to the solid-to-liquid phase transition of LA caused by the temperature variation. As

shown in the drug release profile, a relatively rapid drug release rate was realized under
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acidic microenvironment and laser irradiation, indicating the controllability of drug
release behavior.

To further explore the mechanism of drug release behavior affected by the variation
of pH value and temperature, the morphological and structural changes of the composite
scaffolds under different conditions were observed by SEM. From the SEM images in
Figure 3e (1), the core-shell of the GNR/DOX/PCF@ZIF-8 scaffold soaked in
phosphate buffer solution at pH 7.4 was almost unchanged after 1, 3, 5, and 7 days.
However, when composite scaffolds were soaked in phosphate buffer solution at pH
6.0, the decomposition of the ZIF-8 shell began to occur on the surface of PCFs at 5
minutes, and the degree of ZIF-8 decomposition gradually increased with time, with
the ZIF-8 shell completely disappearing by 30 minutes. Elemental mapping detected by
EDS shows that the Zn element distributed in the scaffold gradually disappeared with
time, confirming the decomposition of ZIF-8 (Figure S4c¢). The dissolution of ZIF-8 is
due to nitrogen protonation of the imidazole ligand under acidic conditions.®’
Additionally, after soaking in phosphate buffer solution at pH 6.0, the PCFs were
gradually deformed or fractured with the increase of laser irradiation time due to the
phase-change behavior of LA that occurred within the GNR/DOX/PCF@ZIF-8
scaffold (Figure 3e (2)). Thus, the sustained drug release of core-shell
GNR/DOX/PCF@ZIF-8 scaffolds under healthy tissue conditions primarily occurs by
diffusion of drug molecules through the pores of the ZIF-8 shell. The rapid drug release
of the composite scaffolds under acidic conditions is mainly attributed to the diffusion

of drug molecules from the molten LA core without the limitation of the ZIF-8 shell.
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The pH and photothermal-response GNR/DOX/PCF@ZIF-8 scaffolds can effectively
regulate the drug release behavior, which is of significance in chemotherapy processes,

particularly in long-term localized cancer treatment.
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Figure 3. Photothermal performance and drug release behavior of GNR/DOX co-
loaded PCF@ZIF-8 scaffold. (a, b) The infrared thermal images and heating curves of
PCF@ZIF-8 and GNR/PCF@ZIF-8 scaffolds immersed in aqueous solution at different
laser power densities. (c) Heating curves of GNR/PCF@ZIF-8 scaffolds immersed in
DMEM after 1, 3, and 7 days. (d) pH/NIR-II laser-triggered release of DOX from
GNR/DOX/PCF@ZIF-8 scaffolds. (¢) SEM images: GNR/DOX/PCF@ZIF-8 scaffolds
incubated in (1) phosphate buffer solution (pH 7.4) after 1, 3, 5, and 7 days without
laser irradiation. (2) phosphate buffer solution (pH 6.0) after 0.5, 5, 15 and 30 minutes

without laser irradiation and phosphate buffer solution (pH 6.0) after laser irradiation
(0.5 W-cm?) of 1, 2, 3 and 4 times. (n = 3).

3.5.  Invitro biocompatibility assay

Before in vitro and in vivo antitumor experiments, the biocompatibility of the

composite scaffolds was evaluated. HUVECs were seeded on 96-well plates with
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PCF@ZIF-8, GNR/PCF@ZIF-8, and GNR/DOX/PCF@ZIF-8 scaffolds for 1 and 3
days. From the fluorescent images shown in Figure S5a, there was no clear observation
of PI stained HUVEC:s, indicating that composite scaffolds had low toxicity for normal
cells. Cell viability and cell proliferation were quantitatively examined by CCK-8 assay
(Figure S5b, ¢). The results showed that HUVECSs had good survival rate and clear cell
proliferation, the viability of HUVECs remained over 85% when cultured with various
scaffolds, suggesting that these scaffolds have good biocompatibility. The
photothermal cytotoxicity of  PCF@ZIF-8, GNR/PCF@ZIF-8 and
GNR/DOX/PCF@ZIF-8 scaffolds was investigated when laser irradiation was applied
for 10 minutes.

In the Live/Dead staining images of Figure 4a, the HUVECs treated with different
scaffolds showed barely any dead HUVECs with laser power density at 0.5 W-cm™ and
0.75 W-cm™. However, a mass of dead HUVECs appeared when the laser power
density increased up to 1 W-cm™, which was mainly attributed to the excessive heat
generated by the GNRs. The quantitative data examined by the CCK-8 assay (Figure
4b) also demonstrated that excessive temperatures can cause cell death, indicating the

photothermal treatment should be kept within a suitable temperature range.

3.6.  Invitro antitumor assay

After verifying the biocompatibility, we further explored the antitumor effect of the
composite scaffolds in vitro.®® 4T1 cells were treated with PCF@ZIF-8,

GNR/PCF@ZIF-8, and GNR/DOX/PCF@ZIF-8 scaffolds with and without laser
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treatment. The cell viability of treated 4T1 cells was characterized by Live/Dead
staining and the CCK-8 assay. Primarily, the cell apoptosis after 1064 nm laser
irradiation with different power densities was investigated. The CLSM images of
Live/Dead staining in Figure S6a showed that few dead cells were observed without
laser irradiation (0 W-cm™), while a great number of dead cells appeared after laser
treatment (0.5, 0.75 and 1 W-cm™) for 10 minutes. The results in Figure S6b showed
that the cell viability of the 4T1 cells treated with PCF@ZIF-8, GNRs/PCF@ZIF-8,
and GNRs/DOX/PCF@ZIF-8 scaffolds without irradiation were ~93.4%, ~85.8%, and
~83.6%, respectively, suggesting that a single scaffold without laser irradiation has
insufficient ability to kill tumor cells. When the applied laser power density was 0.5
W-cm?,0.75 W-cm?, and 1 W-cm™ (1064 nm, 10 minutes, one time), the cell viability
for the GNR/DOX/PCF@ZIF-8 scaffold significantly decreased to ~70.7%, ~60.8%,
and ~36.8%, while that for the PCF@ZIF-8 scaffold was ~95.4%, ~95.7%, and ~92.8%
and the GNR/PCF@ZIF-8 scaffold was ~77.2%, ~72.1%, and ~43.2%, respectively.
The results provide further evidence that the released DOX and hyperthermia triggered
by the laser-irradiated GNR/DOX/PCF@ZIF-8 scaffold led to the lowest tumor cell
viability among all groups, confirming a significantly synergetic effect of photothermal
and chemotherapy in vitro.

To further investigate the irradiation time on the viability of 4T1 cells, the composite
scaffolds were irradiated (1064 nm, 0.5 W-cm™, 10 minutes) for 0, 1, 2, and 3 times
(Figure 4c). After irradiation, the cell viability for the GNR/DOX/PCF@ZIF-8 scaffold
significantly decreased to ~73.5%, ~47.3%, and ~17.6%, while that for the PCF@ZIF-
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8 group was ~87.4%, ~86.3%, and ~85.6% and the GNR/PCF@ZIF-8 scaffold was
~76.1%, ~65.8%, and ~50.3%, respectively. The CLSM images of Live/Dead staining
(Figure 4d) also showed that the amount of living 4T 1 cells (green) gradually decreased
with increasing irradiation time. Compared with PCF@ZIF-8 and GNR/PCF@ZIF-8,
GNR/DOX/PCF@ZIF-8 scaffolds showed higher cell killing efficiency. The
synergistic index (QA+B) was calculated using the mortality rate of the treated 4T1
cells (16.4% for GNR/DOX/PCF@ZIF-8, 49.7% for GNR/PCF@ZIF-8+Laser, and
82.4% for GNR/DOX/PCF@ZIF-8+Laser).>> In our study, the synergistic index
(QA+B) was 1.42, showing a synergistic effect (QA+B > 1.15) of photothermal and
chemotherapy. These results clearly demonstrate the excellent photothermal-
chemotherapeutic efficiency of the GNR/DOX/PCF@ZIF-8 scaffold in vitro.
Considering the balance of photothermal cytotoxicity to tumor cells and normal tissue
cells, the laser density of 0.5 W-cm™ was fixed in the following in vitro and in vivo
experiments.

The migration of tumor cells plays an important role in several processes of tumor
development, such as new angiogenesis and metastasis.* A wound healing test provides
an opportunity to observe the inhibition of 4T1 cell migration by our composite
scaffolds in vitro. As shown in Figure 4e, after scratch test treatment, the very dense
4T1 cells in the control gradually grew into the interspace of the wound with time and
cells migrated to 73% of the wound healing after 36 h of serum-free culture, while cells
treated by GNR/DOX/PCF@ZIF-8 and GNRs/PCF@ZIF-8+Laser scaffolds rarely

moved into the interspace of the wound and cell migration rates reached 20% and -5%
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at 36 h, respectively (Figure 4f, g). Cells treated by GNR/DOX/PCF@ZIF-8+Laser
scaffolds also failed to grow into the wound area and the cell density decreased
remarkably due to cell apoptosis, suggesting that GNR/DOX/PCF@ZIF-8+Laser

scaffolds significantly inhibit cell migration.
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Figure 4. In vitro cell viability of treated HUVEC and 4T1 cells. (a, b) Live/Dead
staining images and cell viability of HUVECs following treatment with different
scaffolds under 1064 nm laser irradiation with different power densities. (¢, d)
Live/Dead staining and cell viability of 4T1 cells following treatment with different
scaffolds under laser irradiation (0.5 W-cm™) at different times. (¢) Cell migration
ability observed by optical microscopy after different treatments using a wound-healing
assay. (f) Statistical analyses on the average spacing of cell patterns over different cell-
culture periods. (g) Cell migration rates of 4T1 cells after different treatments over
different incubation periods. (n = 3).

3.7.  In vivo photothermal imaging and fluorescence/magnetic resonance

imaging

The treatment schedule of surgical tumor reduction and in vivo imaging is shown in
Figure 5a. The laser treatment groups were irradiated by 1064 nm laser (0.5 W-cm™,

10 min) every two days at the beginning of treatment. To verify the in vivo photothermal
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effect of the composite scaffolds, we monitored the temperature changes on the 4T1
tumor-bearing mice by an infrared thermal camera in real-time. As depicted in Figure
5b, ¢, after irradiation, the recorded temperature at the location of the tumor site in G3
was not significantly elevated, confirming that 1064 nm laser irradiation alone could
not generate adequate heat without a photothermal agent. For G5 and G7, the
temperature at the tumor site gradually increased to 47°C with prolonged irradiation
time, suggesting that GNR/PCF@ZIF-8 scaffolds can strongly absorb NIR-II laser and
convert it to thermal energy in vivo.

The feasibility of monitoring the implanted composite scaffolds and guiding remote
photothermal-chemotherapy was evaluated by in vivo fluorescence/magnetic resonance
(FL/MR) imaging. Taking advantage of the strong inherent fluorescence of DOX
loaded in the PCF@ZIF-8 fibers, the GNR/DOX/PCF@ZIF-8 scaffold was implanted
under the skin of healthy mice (G0) and into the tumor resection bed of 4T1 tumor-
bearing mice (G7) and then imaged via in vivo FL imaging system. The fluorescence
signals were detected at four time points during the treatment period (1, 7, 14 and 21
days). As shown in Figure 5d, e, it can be found that the fluorescence intensity of GO
remained unchanged, while the fluorescence intensity of G7 decreased with time and
distributed around the tumor site after periodic laser irradiation, indicating the
pH/photothermal-triggered DOX release. The TI1-weighted and T2-weighted MR
imaging acquired using a 3.0T MRI scanner at three time points (5, 10 and 20 days)
showed the different tumor recurrence of G1 and G7 samples at the cross-section of the

tumor site (Figure 5f). There were no significant solid tumors of G7 during the

30



treatment, while the solid tumors of G1 were growing with time and almost became
life-threatening. /n vivo FL and MR imaging delineates the status of implanted scaffold

and facilitates comprehensive diagnosis of the tumor recurrences during post-operative

treatment.
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Figure 5. In vivo photothermal imaging and FL/MR imaging. (a) Treatment schedule
of operation, scaffold implantation, and post-treatment. (b, ¢) /n vivo photothermal
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21 days. (f) In vivo MR imaging of G1 and G7 samples at 5, 10 and 20 days. (n = 5).
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3.8.  In vivo prevention of postoperative cancer recurrence

Encouraged by the efficient inhibition on 4T1 cells in vitro, we also attempted to verify
the inhibition effect of composite scaffolds in vivo. As shown in Figure 6a, the surgical
and implantation process consists of anesthetization, exposure of tumor, removal of the
tumor, scaffold implantation, and suture. During the in vivo study, the tumor volume
was periodically monitored by digital calipers every three days for a duration of three
weeks. Figure 6b, ¢ shows the average recurrent tumor volume on day 21 was 2459
mm?® (G1), 2083 mm?® (G2) and 1545 mm? (G3), and the recurrent tumor weight was
approximately 2.08 g, 1.98 g, and 1.94 g, respectively, indicating that post-operative
tumor recurrence is evident after these treatments. However, the average tumor volume
on day 21 were much smaller at 1209 mm? (G4), 695 mm? (G5), 662 mm? (G6) and 13
mm?® (G7) and the tumor weight much lower at 1.57 g, 1.16 g, 1.00 g and 0.20 g,
respectively. Notably, improved antitumor effect was achieved when tumor-bearing
mice were treated with GNR/DOX/PCF@ZIF-8+Laser scaffolds with 90.3% reduction
of tumor weight presented at day 21; the corresponding tumor photographs are shown
in Figure 6d. These results further show that the composite scaffold of G7 can
effectively inhibit tumor recurrence and the survival rate of G7 mice was 100% at 21
days (Figure 6e). Meanwhile, there was no significant difference in body weight of
mice among all groups after treatment, indicating low systemic toxicity of our
GNR/DOX/PCF@ZIF-8 scaffolds (Figure 6f).

To confirm the anti-recurrence effect of the tumors, we performed histological

(hematoxylin/eosin (H&E) staining, in situ terminal deoxynucleotide transferase-
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mediated UTP terminal labeling (TUNEL) staining) and immunohistochemical Ki67
staining on different groups of tumor tissues (Figure 6g). As depicted in the H&E
staining images, almost no tumor cell apoptosis was observed in the G1, G2, and G3
samples. Different degrees of tumor cell apoptosis were observed in G4, G5, and G6
samples, indicating that a single photothermal agent or laser irradiation can induce
tumor cell apoptosis, but not completely. In contrast, from tumor tissue sections in the
G7 samples, more fragmented nuclei and lighter cytoplasmic staining were observed,
suggesting that the tumor tissue treated by photothermal-chemotherapy had undergone
degenerative changes. Similarly, from the TUNEL staining images, most apoptotic
tumor cells in G7 samples were stained with deoxy-RNA terminal transferase,
suggesting endogenous DNA breakage in tumor cells. From the Ki67 staining images,
the lowest positive rate of Ki67 and the largest area of blue-stained cells were observed
in the G7 samples, confirming that most tumor cells were in the non-proliferative state
thanks to the combination of photothermal-chemotherapy. The expression of heat shock
protein 70 (HSP70) was analyzed to further explore the synergistic anti-cancer
mechanism of photothermal and chemotherapy.®® HSP70 is synthesized to cope with
external heat stress and avoid cell damage by heat. Compared with the other groups
without laser treatment, HSP70 expression of G5 and G7 samples with laser treatment
was significantly increased, indicating that PTT-induced hyperthermia could
successfully inhibit tumor growth. This provides further evidence that local
photothermal combined with chemotherapy can significantly induce tumor cell

apoptosis and inhibit tumor recurrence.
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Finally, metastatic formation in the lungs of BALB/c mice was evaluated, as the lung
is a priority site for metastases from advanced breast cancer. The lung specimens of
each group were examined by macroscopic and microscopic examination after H&E
staining. The H&E staining of the heart, liver, spleen, and kidney on day 21 was also
conducted (Figure S7). From the H&E staining images, the composite scaffold
implantation groups showed no obvious toxicity to major organs, and there are no
degenerative changes were observed. As shown in Figure 6h, the necropsy showed that
GNR/DOX/PCF@ZIF-8+Laser scaffolds significantly reduced the number of
pulmonary metastatic tumor nodules (G7, 1 nodule), while large numbers of nodules
were observed in G1, G2, G3, and other groups (G1, 22 nodules; G2, 21 nodules; G3,
18 nodules; G4, 11 nodules; G5, 9 nodules; G6, 5 nodules) (Figure 6i). The decrease
in the number of metastatic tumor nodules after local treatment may reflect the
inhibition of the regeneration of the primary tumor site and the corresponding survival
data. In summary, these results indicate that this core-shell phase-change fibrous
scaffold combined with laser irradiation can significantly inhibit tumor growth and

metastases in vivo.
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Figure 6. In vivo anti-tumor recurrence and metastasis effect. (a) The surgical and
implantation process consists of anesthetization, exposure of tumor, implantation, and
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4. Conclusion

In summary, we have successfully developed a programmable-response phase-change
fibrous triggerable scaffold combining photothermal and chemotherapy for inhibiting
post-operative recurrence and metastasis of breast cancer. The PCF@ZIF-8 scaffold
with optimal core-shell and phase transition capability was successfully fabricated via
electrospinning and post-treatment. The GNR/DOX co-loaded PCF@ZIF-8 scaffold
exerted outstanding photothermal performance and drug release behavior with
programmable sensitivity, which accelerated DOX release in an acidic tumor
microenvironment and under NIR-II laser irradiation. Both in vitro and in vivo
experimental results confirmed that the GNR/DOX/PCF@ZIF-8 scaffold significantly
eliminates residual tumor cells from locally treated tumors with a tumor ablation rate
of approximately 90.3% without significant damage to major organs. Thus, this new
type of phase-change fibrous scaffold offers a promising alternative for post-operative
photothermal-chemotherapy. PCF-based scaffolds also show promising potential in

local drug release and temperature-regulation for avoiding damage to adjacent tissues.
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