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Abstract

Surgical resection is an efficient treatment for cancerous tissues and uterine fibroids in
the women uterus. However, the insufficiency of clinical interventions could result in
tumor recurrence, and the defective tissues remained would cause intrauterine
adhesions (IUAs) and further affect reproduction capacity. In this study, 3D printed
hydrogel/poly(L-lactide-co-trimethylene carbonate) (PLLA-co-TMC, “PTMC” in
short) core/shell scaffolds with NIR-tuned doxorubicin hydrochloride (DOX) and
estradiol (E2) dual release were designed and fabricated for cancer therapy and uterine
regeneration. Gelatin (Gel) and DOX were homogeneously mixed and then 3D printed
to form Gel-DOX scaffolds. Gel-DOX scaffolds were then immersed in PTMC-
PDA@E2 solution to fabricate Gel-DOX/PTMC-PDA@E2 core/shell scaffolds.
Consequently, Gel-DOX/PTMC-PDA@E?2 scaffolds could release DOX and E2 in a
chronological manner, firstly delivering DOX assisted by phototherapy (PTT) to
effectively kill Hela cells and then sustainably releasing E2 to promote uterine tissue
regeneration. /n vitro experiments showed that core/shell scaffolds exhibited excellent
anticancer efficiency through the synergy of DOX release and hyperthermia ablation.
Moreover, E2 could be sustainably released for over 28 days in vitro to promote the
proliferation of bone marrow-derived mesenchymal stem cells (BMSCs). The novel
Gel-DOX/PTMC-PDA@E?2 core/shell scaffolds have therefore exhibited potential

promise for the treatment of cancer therapy and uterine regeneration.



1 Introduction

According to the definition provided by the World Health Organization (WHO),
infertility is the inability to achieve clinical pregnancy after 1-year regular unprotected
intercourse. More than 14% of women at the reproductive ages suffered from infertility
worldwide [1, 2]. Physical injuries, such as dilation and curettage and hysteroscopy
adhesiolysis, or biochemical diseases, infections and tumors, or congenital uterine
atrophy and malformation could cause the dysfunction of the uterus and thus result in
infertility [3]. Among them, gynecologic cancers and uterine fibroids are the
representative causes. According to American Cancer Society, 12-15% of cancers
suffered by women are gynecologic cancers. Although most of gynecologic cancers
occur in postmenopausal females, there are still about 20% in reproductive women yet.
Particularly, 8% of endometrial, 12% of ovarian and 40% of cervical cancers occur in
the childbearing age [4]. Moreover, uterine fibroids as the most common pelvic tumors
and the most common benign tumors can happen in 60% of reproductive-aged women
[5]. Uterine fibroids can potentially block the fallopian tubes or prevent the fertilized
egg implanting in the uterus or inhibit a fetus from growing fully and cause miscarriage

and thus result in infertility.

Many solutions, including surgical resection, radiation therapy, chemotherapy and
hormone therapy, have been applied for gynecologic cancers and uterine fibroids
treatment to restore fertility [6-10]. Surgical resection is one of the most used treatments
for the cancerous tissues and uterine fibroids. However, the insufficiency of clinical
interventions could result in tumor recurrence, and the defective tissues remained after
surgical resection would cause intrauterine adhesions (IUAs) and further affect
reproduction capacity. Therefore, a novel solution that can effectively kill residual
tumor cells and at the same time regenerate the defective tissues should be developed .
Inspired by the application of multifunctional scaffolds for tissue engineering and
cancer treatment [11-14], 3D scaffolds having chemotherapy to eradicate tumor cells
and regeneration capacity to reconstruct defective tissues after surgical resection could
be a potential promise for cancer therapy and uterine regeneration. Especially, an on-
demand dual drug/biomolecule delivery system responding to external stimuli would
be more efficient for tumor cells elimination and stimulation of tissue regeneration [ 15-

19].
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Many studies have demonstrated that 3D scaffolds could release drugs or biomolecules
on-demand triggered by various external stimuli, such as ultrasonic treatment, magnetic
field, heat, near-infrared (NIR) laser irradiation, etc., to eradicate tumor cells and treat
tissue defects [20-22]. Among those external stimuli, 3D scaffolds with NIR laser
triggered drug or biomolecule release were one of the most used smart drug release
systems for tumor cells eradication and tissue regeneration [12, 23-25]. 3D scaffolds
incorporated with photothermal agents could induce photothermal effect and
simultaneously stimulate drug or biomolecule release when irradiated by NIR laser. For
example, polydopamine (PDA) particles are an excellent photothermal agent with good
biocompatibility and biodegradability. Li ef al. demonstrated that PDA particles could
be heated up to ~60°C under 2.8 W/cm? 808 nm NIR laser irradiation for 300s [26]. On
one hand, the released anticancer drug and NIR-induced hyperthermia have a
synergistic effect for tumor cells eradication. For example, our previous study has
shown that bifunctional alginate/allylated gelatin hydrogels incorporated PDA particles
(AIG/GelAGE-PDA@DOX hydrogels) exhibited anticancer synergy by providing
combined chemotherapy and phototherapy for bone tumor cell ablation [14]. NIR laser
irradiation could induce hyperthermia and meanwhile accelerate DOX release. On the
other hand, NIR laser induced photothermal effect can increase the release of other
drugs or biomolecules to promote tissue regeneration. Wan ef al. indicated that PDA-
coated hydroxyapatite nanoparticles (nHA@PDA) enabled to increase the release of
osteogenic pargyline (PGL) to promote osteogenic differentiation of migrated cells and
thus improve bone regeneration when irradiated by NIR laser. [27]. Previous studies
have demonstrated promising efficacy in anticancer treatment or tissue regeneration
through NIR laser-controlled drug release; however, the development of a dual
drug/biomolecule release system that could release anticancer drugs first and
subsequently sustainably release biomolecules for simultaneous cancer therapy and
tissue regeneration remains less explored. Therefore, a dual drug/biomolecule release
system tuned by NIR laser that could release anticancer drug and biomolecule (for
tissue regeneration) in a chronological manner would be beneficial for gynecologic

cancers and uterine fibroids treatment after surgical resection.

In the current study, to achieve chronological release of drug and biomolecule, 3D
printed hydrogel/poly(L-lactide-co-trimethylene carbonate) (PLLA-co-TMC, “PTMC”
in short) core/shell scaffolds with NIR laser-tuned DOX/estradiol (E2) release were



devised and fabricated for cancer therapy and uterine regeneration. DOX is a commonly
used antineoplastic drug for many cancers treatment and has been clinically used for
uterine cancers, and E2 is a biomolecule widely used to facilitate uterine regeneration
[28-30]. 3D printed gelatin (Gel) scaffolds incorporated anticancer drug DOX (Gel-
DOX scaffolds) were firstly fabricated. E2-containing PDA particles (PDA@E?2
particles) were synthesized and characterized. Subsequently, Gel-DOX scaffolds were
immersed in PTMC dichloromethane (DCM) solution incorporated PDA@E?2 particles
to engineer Gel-DOX/PTMC-PDA@E? core/shell scaffolds (Fig.1A). PTMC coating
layer improved the mechanical properties of the core/shell scaffolds and prolonged the
degradation of Gel. In this study, Gel-DOX/PTMC-PDA@E?2 core/shell scaffolds were
designed to release DOX initially and quickly to effectively eradicate residual tumor
cells after surgical resection and sustainably deliver E2 to promote uterine
reconstruction (Fig.1B). Gel-DOX/PTMC-PDA@E?2 core/shell scaffolds could
controllably release DOX and E2 in a chronological manner. In detail, DOX could be
rapidly released in 3 days to effectively kill the tumor cells assisted with NIR laser
irradiation, and the release of E2 could last over 28 days to promote therapeutic effect
for uterine regeneration. Therefore, Gel-DOX/PTMC-PDA@E2 core/shell scaffolds
could exhibited potential promise for the treatment of cancer therapy and uterine

regeneration.
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Fig.1 Schematic illustration of (A) Gel-DOX/PTMC-PDA@E?2 core/shell scaffolds
fabrication and (B) Gel-DOX/PTMC-PDA@E?2 core/shell scaffolds releasing
DOX and E2 in a chronological manner for cancer therapy and uterine

regeneration.

2 Materials and methods
2.1 Materials

PTMC (molar ratio of LA: TMC = 5: 5, dl/g 0.9) was bought form Jinan Daigang Ltd.,
China. Dichloromethane (DCM) was bought from RCI Labscan Ltd., Thailand. Gelatin
(porcine skin, type A, powder, gel strength ~300 g Bloom), dopamine hydrochloride,
dimethyl sulfoxide, and 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium
bromide (MTT) assay were purchased from Sigma Aldrich (St. Louis, MO, USA).
Estradiol (E2) and doxorubicin hydrochloride (DOX) were supplied by Aladdin Co.
Ltd., China. Dulbecco’s modified eagle medium (DMEM), fetal bovine serum (FBS),
and penicillin-streptomycin (10,000 U/ml) were supplied by Gibco (Thermo Fisher
Scientific, USA). The live/dead assay kits, Alexa Fluor™ 568 Phalloidin, and DAPI
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were purchased from Invitrogen (Thermo Fisher Scientific, USA). Other reagents were
provided by the local companies. All reagents were used as-received without further

purification.
2.2 Synthesis of PDA and PDA@E?2 particles

The synthesis process for PDA and PDA@E?2 particles were similar with previous
studies but with small modifications [31, 32]. Because E2 is poorly water-soluble, a
water/ethanol (50/50 v/v) mixture was used to increase the solubility for PDA@E?2
particles synthesis. 0.75g E2 was dissolved in 350ml ethanol under constant magnetic
stirring for at least 2h. Subsequently, 12ml ammonia and 288ml DI water were added
into ethanol solution under stirring for 30min. 2.5g dopamine hydrochloride was
dissolved in 50ml DI water. Then, the dopamine solution was added into water/ethanol
mixture under constant magnetic stirring for 24h at room temperature in the open air.
Finally, PDA@E?2 particles were centrifuged at 12,000 rpm for 10min and freeze-dried
before storage. The morphology of PDA and PDA@E?2 particles were characterized
using a scanning electron microscope (SEM, Hitachi S-4800, Japan) and transmission
electron microscope (TEM, Thermo Scientific Talos F200X, USA). The diameter
distribution of PDA and PDA@E?2 particles was measured using Image J software.

2.3 Fabrication of Gel-DOX/PTMC-PDA@E?2 core/shell scaffolds

The Gel-DOX/PTMC-PDA@E?2 core/shell scaffolds were fabricated according to the
following process. 20 wt.% gelatin was dissolved in PBS at 50°C water baths under
magnetic stirring. DOX with a concentration at 2.0 mg/ml was then dissolved in Gel
solution. After complete dissolution, the Gel-DOX solution was transferred to a
printing cartridge on the 3D bioprinter (regenHU, Switzerland). The printing
temperature was set at 30°C and line distance was 2.0 mm. Nozzle inner diameter was
0.51 mm and the printing pressure was around 150-300 KPa. After 3D printing,

scaffolds were freezing-dried.

Thereafter, different amount of PTMC was dissolved in DCM via ultrasonic and
magnetic stirring to obtain PTMC solutions with different concentrations (5, 10, 20,
and 25 wt.%). 2.5 wt.% PDA@E?2 particles were homogeneously dispersed in PTMC
solution to make PTMC-PDA@E?2 solution via ultrasonic treatment and magnetic

stirring. Afterwards, dried Gel-DOX scaffolds were soaked in PTMC-PDA@E2 DCM
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solution for different time to prepare Gel-DOX/PTMC-PDA@E?2 core/shell scaffolds.
After coated for predetermined time, Gel-DOX/PTMC-PDA@E?2 core/shell scaffolds
were extracted from PTMC-PDA@E2 solution and placed in a fume hood to
completely evaporate DCM. After evaporation, Gel-DOX/PTMC-PDA@E2 core/shell
scaffolds were fabricated, with Gel-DOX serving as the core structure and PTMC-
PDA@E?2 forming the outer shell. Finally, the core/shell scaffolds were kept at 4°C for

further use.
2.4 Characterization of core/shell scaffolds

The macroscopic structure of Gel, Gel/PTMC and Gel/PTMC-PDA scaffolds was
viewed by digital camera (Nikon). The overall morphology of Gel, Gel/PTMC and
Gel/PTMC-PDA scaffolds was observed using an optical microscope (DMi8, Leica,
Germany). Additionally, scaffolds were sputter-coated with a layer of gold
nanoparticles, and then the microstructure of scaffolds was characterized via SEM. To
visualize the cross-sectional microstructure, Gel, Gel/PTMC and Gel/PTMC-PDA
scaffolds were broken in the liquid nitrogen and then observed via SEM. Moreover,
Gel, Gel/PTMC and Gel/PTMC-PDA scaffolds were characterized via FT-IR analysis.
The thermogravimetry analysis (TGA) was conducted to measure the relative weight
percentages of PTMC and PTMC-PDA coating layer in Gel/PTMC and Gel/PTMC-
PDA scaffolds, respectively.

2.5 Mechanical properties

The mechanical properties of Gel, Gel/PTMC, Gel/PTMC-PDA, and hollow PTMC
scaffolds were analyzed via tensile tests by a universal material testing machine (Model
5848, Instron Ltd., USA) with a 100N load cell at room temperature. The tensile tests
were conducted on at least 3 samples of each scaffold (30 x 10 x 1.5 mm). The upper
and lower portions of each sample were clamped horizontally. The tension distance was
10 mm and the tension speed was 10 mm/min [33]. The tensile strength was determined
as the highest stress and tensile strain was the break strain. The Young’s modulus was

determined by the slope of the initial linear range of stress-strain curves.

2.6 In vitro gelatin release and degradation



The gelatin release behavior of Gel, Gel/PTMC, and Gel/PTMC-PDA scaffolds was
characterized by immersing samples in 5 ml PBS for 7 days. At each predetermined
time interval, 1 ml PBS was extracted, and another 1 ml fresh PBS was added. The
gelatin concentration of extracted medium was measured using BCA protein assay kit

(Thermo Fisher Scientific, USA). The cumulative gelatin release curves were plotted.

To investigate in vitro degradation behavior of Gel, Gel/PTMC, Gel/PTMC-PDA, and
hollow PTMC scaffolds, samples were soaked in PBS (supplemented with 0.02%
sodium azide for antimicrobial) at 37 °C in an incubator with ~70 rpm/min shaking
speed. The PBS was refreshed every two days. At each predetermined time interval,
samples were collected and washed with DI water twice to remove the residual PBS.
Afterward, samples were freezing-dried and weighted. The degradation rate of

scaffolds was calculated by following formula:
Degradation rate (%) = 100* (Mo-Ms)/Mo (1)

Where M; represents the weight of dried samples at each predetermined time interval

and My represents the weight of initial dried samples [3].
2.7 Photothermal effect and in vitro drug release

The photothermal effect of Gel, Gel/PTMC, and Gel/PTMC-PDA scaffolds were
evaluated by 808 nm NIR laser irradiation with different power densities (0.5 and 1.0
W/cm?, respectively) for 3 min. The temperature of each sample was recorded using an

infrared thermal camera (GUIDE® EasIR-9, AutoNavi, China) in real time.

To explore the in vitro DOX and E2 release behavior of Gel-DOX/PTMC-PDA@E?2
core/shell scaffolds, samples were incubated in 5Sml PBS in an incubator at 37 °C with
~70 rpm/min shaking speed. At predetermined time point, 1 ml PBS was extracted, and
another fresh 1 ml PBS was added. The concentration of DOX was determined by UV-
vis spectrometer (UV-2600, Shimadzu, Japan) at 480 nm, and the concentration of E2
of extracted medium was measured by UV-vis spectrometer at the wavelength of 280

nm.

On the other hand, to study the effect of 808 nm NIR laser irradiation on DOX and E2
release, Gel-DOX/PTMC-PDA@E?2 samples were initially incubated in 5Sml PBS at 37 °C



for 30 min. Then, 1 ml PBS was extracted, and another 1 ml fresh PBS was added.
Afterward, samples were irradiated by 808 nm NIR laser (0.5 and 1.0 W/cm?,
respectively) for 30 min, and 1 ml PBS was collected, and another 1 ml fresh PBS was
added. This cycle will last 3 times. The concentration of DOX and E2 was determined

by UV-vis spectrometer at 480 nm and 280 nm, respectively.
2.8 In vitro antitumor efficiency

The Hela cells (Sigma Aldrich, USA) were employed to investigate the antitumor
efficiency of Gel-DOX/PTMC-PDA@E?2 scaffolds. Hela cells were seeded in 24-well
cell culture plate at a density of 1 x 10* cells per well and cultured in DMEM
supplemented 10% fetal bovine serum and 1% penicillin/streptomycin at 37 °C for 48
h. Subsequently, cells were treated as the following five groups: 1) without any
treatment (control); 2) treatment with Gel/PTMC-PDA scaffolds (Gel/PTMC-PDA); 3)
treatment with Gel/PTMC-PDA scaffolds plus 808 nm NIR laser irradiation for 5 min
per day (Gel/PTMC-PDA + NIR); 4) treatment with Gel-DOX/PTMC-PDA scaffolds
(Gel-DOX/PTMC-PDA) and (5) treatment with Gel-DOX/PTMC-PDA scaffolds plus
808 nm NIR laser irradiation for 5 min per day (Gel-DOX/PTMC-PDA + NIR). After
cultured for 4, 24, and 72 h, the live/dead assay (Thermo Fisher Scientific, USA) and
MTT assay were used to visually observe the viability of Hela cells. In detail, Hela cells
were stained by working solution (4 uM EthD-1, 2 uM AM dissolved in PBS) for 20
min at room temperature. Living cells were stained green and dead cells were stained
red when observed under fluorescence microscope (DMi8, Leica, Germany). The cell

survival rate was calculated using Image J software.
2.9 In vitro biological evaluation

To evaluate the biological properties of core/shell scaffolds, dried scaffolds were
sterilized via gamma irradiation for 20 min and then cultured in low glucose DMEM
supplement with 10% FBS and 1% penicillin/streptomycin at 37 °C incubator. BMSCs

(human, Lonza, Switzerland) at passage 5-8 were used.

To explore the cell survival, BMSCs at the density of 2 x 10 cells per well were seeded
on Gel/PTMC, Gel/PTMC-PDA, and Gel/PTMC-PDA@E?2 scaffolds in 24 well cell
culture plate, respectively. After cultured for 4, 24, and 48 h, samples were washed with

PBS and then stained with working solution (4 uM EthD-1, 2 uM AM dissolved in PBS)
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for 20 min at room temperature. The cell morphology on scaffold samples were
observed using fluorescence microscope (DMi8, Leica, Germany). The cell survival
rate was calculated using Image J software. For cell proliferation, BMSCs at the density
of 1 x 10* cells per well were seeded on the samples. After cultured for 1, 3, and 7 days,
BMSCs proliferation behavior was examined using MTT tests. Briefly, 5 mg/ml MTT
solution was mixed with DMEM at the ratio of 1:9 to prepare working solution. At each
culture time point, prepared working solution was added and incubated at 37 °C for 4
h. After reaction, the solution was discarded and DMSO was added to dissolve
formazan. The OD value of each sample was measured using microplate reader at 540
nm. Additionally, BMSCs morphology was visualized by F-actin and DAPI staining.
After cultured for 1, 3, and 7 days, samples were immobilized with 4.0%
paraformaldehyde (PFA) for 20 min in dark. After washing with PBS twice, samples
were treated with 0.1% Trixton-100 for 20 min and blocked with 1% bovine serum
albumin for 1 h. Subsequently, samples were stained with Alexa Fluor 568 phalloidin
(Invitrogen, Thermo Fisher Scientific) and DAPI (Invitrogen, Thermo Fisher Scientific)
solutions. The BMSCs morphology was visualized using confocal laser scanning

microscope (CLSM, Leica, Germany).
2.10 Statistically analysis

The results presented in this article were obtained from at least 3 separate experiments
and are expressed as the mean £ SD. The one-way ANOVA was performed for
statistical analysis. Statistically significant difference existed when: *p < 0.05, **p <

0.01, and ***p < 0.001.
3 Results and Discussion
3.1 Synthesis and characterization of PDA and PDA@E?2 particles

E2 is an efficient biomolecule for uterine regeneration [34]. E2 could bind to the
estrogen receptors and thus activate a cascade of biochemical reactions and further
promote endometrial epithelium cells proliferation and endometrium regeneration [35].
However, the poor water solubility and limited half-life time may lead to the low
efficiency of estrogen therapy. Oral administration usually results in low concentration
of E2 in the injured sites. The encapsulation of E2 in drug carriers or vehicles could

overcome these limitations. For example, Zhang et al. injected the Heparin-Poloxamer
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(HP) hydrogels loaded with E2 into the injured uterine cavity in SD rats. They found
that sustainable release of E2 could significantly facilitate the regeneration of injured
endometrium and upregulation of kisspeptin via the activation of ERK1/2 and MAPKs
p38 pathways [28].

Many nanoparticles have been designed as efficient drug carriers or vehicles to release
the cargo sustainably and controllably in site, thus achieving long-term therapeutic
effect [36-38]. Among these nanoparticles, PDA particles have been defined as a
versatile and promising drug carrier for tissue regeneration because of good
biocompatibility and biodegradability and excellent photothermal effect [14, 39, 40].
Additionally, due to the inherent catechol and anthracene moieties on the PDA surface,
many drugs and biomolecules could be efficiently encapsulated in PDA particles via
Michael addition reaction or Schiff base reaction under alkaline condition [41].
Moreover, many studies reported that PDA particles could release drugs or

biomolecules sustainably and controllably and thus promote tissue regeneration [42].

In the current study, inspired by their intrinsic advantages, PDA nanoparticles were
used to encapsulate E2. To increase the E2 solubility, a 50/50 v/v ethanol/water mixture
was employed for PDA@E?2 particles synthesis. As shown in Fig.2, the SEM and TEM
images showed that PDA and PDA@E?2 nanoparticles exhibited similar microstructure.
Both PDA and PDA@E?2 nanoparticles were spherical in shape. Fig.2A3&B3 show the
particle size distribution of PDA and PDA@E?2 nanoparticles. The diameter of PDA
and PDA@E?2 nanoparticles was 190.5 + 4.9 nm and 182.7 + 16.6 nm, respectively
(Fig.S1A). Notably, the incorporation of E2 in PDA particles showed little effect on
microstructure and diameter of particles. Moreover, the FT-IR spectra in Fig.S1B
displayed the characteristic functional groups of E2, PDA and PDA@E?2. The peaks at
3437 cm™ and 3205 cm™! in the spectrum of E2 could be attributed to the -OH at C-3
and C-17 positions, respectively. The peaks at 1609 cm™ and 1498 cm™ could be
assigned as aromatic double bonds [43]. Peaks in the range of 2980 — 2800 cm™' were
related to the C-H vibration [44]. Additionally, the broad band from 3600-3000 cm™! in
the spectrum of PDA was due to N-H and O-H stretching. The peaks at 1575 cm™ and
1504 cm! could be responding to the C=C band of indole, and the peak at 1162 cm’!
might be attributed to the C-N stretching in indolequinone [45]. The spectrum of
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PDA@E?2 displayed the characteristic C-N stretching at 1157 cm™ and C-H vibration
in the range of 2980 — 2800 cm’!, suggesting the encapsulation of E2 in PDA particles.
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Fig.2 Characterization of PDA and PDA@E?2 particles. (A1, B1) SEM images and
(A2, B2) TEM images showing the microstructure of (A) PDA and (B)
PDA@E?2 particles. (A3, B3) Particle size distribution of PDA and PDA@E2
particles.

3.2 Fabrication and characterization of Gel-DOX/PTMC-PDA@E2 core/shell
scaffolds

Due to excellent biocompatibility and biodegradability and thermosensitive properties,
gelatin is a potential natural polymer that have been widely used in tissue regeneration
and drug release [46-48]. But the problem is that Gel could be quickly degraded in the
physiological environment if without crosslinking and the degradation duration could
be several hours [49, 50]. In the current study, DOX was mixed with Gel to prepare
Gel-DOX scaffolds via 3D printing. To avoid burst release and prolong the DOX
release duration, Gel-DOX scaffolds were coated with PTMC polymer on the surface
by dip coating. PTMC could cover the entire surface of 3D printed Gel-DOX filaments
and thus effectively delay the Gel degradation and prevent the quick leakage of the
loaded DOX from scaffolds. As shown in Fig.3A&B, the thickness of PTMC could
precisely controlled by the concentrations of PTMC solutions and soaking time. PTMC
solution with high concentration exhibited high viscosity, which would make more

PTMC coated on the scaffold surface and thus increase the PTMC layer thickness
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(Fig.S2). The higher concentration of PTMC solution, the greater of its viscosity,
making a higher thickness of PTMC shell. Notably, there was no difference about
PTMC layer thickness when soaking Gel scaffolds in 25% PTMC solution over 10 min
(Fig.3B). Therefore, immersing Gel scaffolds in 25% PTMC solution for 10 min was

used to fabricate core/shell scaffolds for further experiments.

TGA results in Fig.S3A indicated that Gel and PTMC started to decompose at 85 °C
and 264 °C, respectively. When PTMC was nearly thermally decomposed at 428 °C,
the residual mass percentages of Gel, Gel/PTMC, and Gel/PTMC-PDA scaffolds were
38.52%, 20.48%, and 19.71%, respectively. Furthermore, as shown in Fig.S3B, Gel
scaffolds exhibited characteristic Amide I, II, and III peaks at 1634 cm™, 1538 cm™,
and 1236 cm™ [51]. After deposited PTMC and PTMC-PDA layer on the Gel scaffolds
surface, only the characteristic C=0 peak at 1739 cm™ and C-O-C peaks in the range
of 1100-1300 cm! of PTMC appeared [52], suggesting PTMC and PTMC-PDA

entirely covered Gel scaffolds surface.

Fig.S4 shows the macroscopic photo of Gel, Gel/PTMC, and Gel/PTMC-PDA
scaffolds. After coated with PTMC-PDA layer, the appearance of the scaffold turned
into black from white. The optical microphages and SEM images in Fig.3C&D
displayed the surface morphology and microstructure of Gel, Gel/PTMC, and
Gel/PTMC-PDA scaffolds. It can be clearly seen the presence of PDA particles in the
Gel/PTMC-PDA scaffold in Fig.3C. In addition, many small pores appeared on the
Gel/PTMC, and Gel/PTMC-PDA scaffolds surface, which might result from the
evaporation of DCM (Fig.3D). After coating, the diameter of Gel/PTMC, and
Gel/PTMC-PDA scaffolds obviously increased. The cross-sectional view in Fig.4
indicated that PTMC and PTMC-PDA layers were closely attached to the Gel scaffolds
surface, and the thickness of PTMC and PTMC-PDA layers was about 100 pm. As a
result, the PTMC and PTMC-PDA coating layer could prevent rapid degradation of Gel
and thus prolong the release duration of encapsulated DOX. Moreover, since PDA@E?2
particles were loaded in the PTMC layer, the PTMC-PDA@E?2 coating layer was

supposed to release E2 controllably and sustainably to promote uterine regeneration.
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Fig.3
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Characterization of the core/shell scaffolds. (A) The relative PTMC mass
percentage and (B) diameter variation percentage of Gel/PTMC scaffolds after
immersing Gel scaffolds in different concentrations of PTMC solutions for
different time. (C) Optical micrographs and (D) SEM images showing the
morphology and structure of Gel, Gel/PTMC, and Gel/PTMC-PDA scaffolds.
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Fig.4  SEM images showing the cross-sectional morphology of Gel, Gel/PTMC, and
Gel/PTMC-PDA scaffolds. The white double arrow lines represent PTMC and
PTMC-PDA shell.

3.3 Mechanical properties

The mechanical properties of tissue engineering scaffolds should be comparable to the
target tissues. In the current study, Gel/PTMC-PDA core/shell scaffolds were supposed
to have comparable mechanical performance to the native uterine tissues. Previous ex
vivo studies revealed that the ultimate tensile strength of porcine uterine tissue was 320
+ 176 KPa with a corresponding strain at 30 + 9.0%, while the average ultimate tensile
strength of the women uterus was 656.3 + 483.9 KPa at the strain of 32 + 11.2% [53,
54]. Another study indicated that the mechanical strength of uterine tissues was 258 +
71 KPa [55]. Moreover, the in vivo tension test indicated that the tensile strain of the
women uterus could be in the range of 110-130% [56, 57]. The mechanical properties
of core/shell scaffolds were assessed via tensile tests in both dry and wet states. Notably,

the PTMC and PTMC-PDA coating layer significantly promoted the mechanical
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strength of scaffolds. As shown in Fig.5, the tensile strength of Gel, Gel/PTMC,
Gel/PTMC-PDA, and hollow PTMC scaffolds in wet state was 4.20 = 0.52 KPa, 70.60
+ 4.68 KPa, 117.36 + 10.68 KPa, and 73.83 + 10.20 KPa, respectively. Additionally,
scaffolds exhibited higher tensile strain after coated with PTMC and PTMC-PDA layer.
The strain of Gel, Gel/PTMC, Gel/PTMC-PDA, and hollow PTMC scaffolds was 37.02
+4.63%, 247.03 +£26.71%, 182.01 = 20.61%, and 187.60 =+ 24.52%. Consequently, the
Young’s modulus of Gel, Gel/PTMC, Gel/PTMC-PDA, and hollow PTMC scaffolds
was 14.38 £2.12 KPa, 90.53 + 15.11 KPa, 217.53 + 4.43 KPa and 104.87 + 13.83 KPa,
respectively. On the other hand, the mechanical strength of dried Gel, Gel/PTMC, and
Gel/PTMC-PDA scaffolds was 1.23 £ 0.07 MPa, 4.11 + 0.34 MPa, and 4.48 + 0.45
MPa, respectively (Fig.S5). Compared with wet state, dried core/shell scaffolds
possessed much higher tensile strength, but the tensile strain dramatically decreased.
The tensile strain of Gel, Gel/PTMC, and Gel/PTMC-PDA scaffolds was 6.78 = 0.21%,
27.32 + 7.61%, and 21.54 £ 0.79%. Notably, core/shell Gel/PTMC-PDA scaffold
whether in wet or dry state possessed comparable mechanical performance to the native
uterine tissues, suggesting that Gel/ PTMC-PDA scaffold could be a potential promise

for uterine regeneration.
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Fig.5 The mechanical properties of Gel, Gel/PTMC, Gel/PTMC-PDA and hollow
PTMC scaffolds in wet state. (A) Stress-strain curves, (B) tensile strength, (C)
tensile strain and (D) Young’s modulus of Gel, Gel/PTMC, Gel/PTMC-PDA
and hollow PTMC scaffolds.

8.3.4 In vitro gelatin release and degradation

The degradation behavior of the core/shell scaffolds was studied in vitro by culturing
scaffolds in PBS (0.01M, pH 7.4) at 37 °C. In this study, PTMC shell was constructed
to protect gelatin from rapid degradation and thus inhibit rapid DOX release. The
gelatin release kinetic was firstly investigated. As shown in Fig.6A, gelatin was quickly
released from Gel scaffolds in several hours. In contrast, the gelatin release was much
slower in Gel/PTMC and Gel/PTMC-PDA scaffolds. The release of gelatin could last
more than 3 days. The TGA results in Fig.6B also showed that when PTMC was nearly
entirely thermally degraded, the residual mass percentages of Gel/PTMC and
Gel/PTMC-PDA scaffolds after 1d degradation were 17.0% and 16.5%, respectively.
After 3 days degradation, owing to the continuous gelatin release, the mass percentages
of Gel/PTMC and Gel/PTMC-PDA scaffolds decreased to 11.0% and 8.0%. When
gelatin was completely released at 7 days culture, the residual mass percentages of
Gel/PTMC and Gel/PTMC-PDA scaffolds were 0.2% and 4.5%. Moreover, Fig.6C
further showed the surface and cross-sectional morphology of scaffolds after
degradation. It could be clearly seen the presence of gelatin in the core of scaffolds after
1- and 3-day degradation. It is well-known that gelatin without crosslink can be rapidly
degraded in several hours [58, 59]. In the current study, PTMC and PTMC-PDA layer
were coated on the scaffolds surface to prevent gelatin from quick release. As a result,
the coating layer could prolong the release of gelatin to more than 3 days, suggesting
that core/shell scaffolds could inhibit the rapid release of DOX and extend the DOX

release duration over 3 days and thus promote the antitumor efficiency.

Fig.6D indicated that Gel had a very quick degradation rate and PTMC had a slow
degradation rate. After 12 weeks culture, only ~10% weight of PTMC was degraded.
On the other hand, the degradation behavior of Gel/PTMC and Gel/PTMC-PDA
scaffolds were nearly the same. About 60 wt.% of Gel/PTMC and Gel/PTMC-PDA
scaffolds remained after 3 days incubation. The possible reason might be that the core

gelatin, which is about 40 wt.% of the core/shell scaffolds (Fig.3A), was quickly
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degraded. Afterward, the degradation rate of the scaffolds became much slower. After
12 weeks incubation, the degradation rates of Gel/PTMC and Gel/PTMC-PDA
scaffolds were 59.11 + 3.54% and 56.25 + 4.41%, respectively.
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results of Gel/PTMC and Gel/PTMC-PDA scaffolds after being immersed in
PBS for 1, 3, and 7 days. (C) SEM images showing the surface and cross-
sectional morphology of Gel/PTMC and Gel/PTMC-PDA scaffolds after
being immersing in PBS for 1, 3, and 7 days. The scale bar: 1 mm for surface

and 500 um for cross-sectional view. (D) The degradation behavior of Gel,

Gel/PTMC, Gel/PTMC-PDA, and hollow PTMC scaffolds.

3.5 Photothermal effect and in vitro drug release

PDA particles are excellent photothermal agent and drug vehicle [40, 41]. PDA@E?2
particles exhibited high loading efficiency and excellent photothermal conversion
capability. Incorporating PDA@E?2 particles in PTMC shell made good photothermal
effect and controlled E2 release of core/shell scaffolds. The photothermal conversion
efficiency of scaffolds was investigated by exposing scaffolds under NIR laser
irradiation (0.5 W/cm? and 1.0 W/cm?). As shown in Fig.7A-C, the temperatures of Gel
and Gel/PTMC scaffolds did not change too much after irradiated by NIR laser for 3
min. In contrast, Gel/PTMC-PDA scaffolds could be heated up to 48 °C and 56.7 °C
when irradiated by 808nm NIR laser at density of 0.5 W/cm? and 1.0 W/cm? for 3min,
respectively, suggesting high photothermal conversion capacity of Gel/PTMC-PDA
scaffolds. Previous study indicated that when the local temperature raised up to over
42 °C under NIR laser irradiation, the residual tumor cells could be effectively killed
[60]. Therefore, core/shell scaffolds could facilitate hyperthermia ablation of tumor

cells after the implantation at the original tumor site of the body.

On the other hand, the good photothermal effect made Gel/PTMC-PDA scaffolds
possessing the capacity of NIR laser-triggered on demand drug release. Due to the high
photothermal conversion capacity, core/shell scaffolds could be quickly heated and thus
accelerate drug release, realizing desired therapeutic effect. Fig.7D shows the DOX
release profiles of Gel-DOX, Gel-DOX/PTMC, and Gel-DOX/PTMC-PDA scaffolds.
The DOX release was mainly tuned by gelatin degradation and the DOX release rate
was similar with gelatin degradation rate (Fig.6A). As shown in Fig.7D, compared to
that DOX was entirely released from Gel-DOX scaffold in several hours, Gel-
DOX/PTMC and Gel-DOX/PTMC-PDA scaffolds could sustainably release DOX for
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more than 3 days. Furthermore, the DOX release behavior of Gel-DOX/PTMC-PDA
scaffolds triggered by NIR laser irradiation is shown in Fig.7E. After being irradiated
by NIR laser, the DOX release rate was increased. With the density of NIR laser
increased, more DOX released. NIR laser exposure could increase the local temperature.
High temperature facilitated Brownian movement and accelerated the gelatin
degradation and thus promoted DOX release. As a result, Gel-DOX/PTMC-PDA
scaffold could controllably release DOX on demand by tuning the irradiation of NIR

laser.

Since the mammalian uterus has a dynamic pH microenvironment, it is essential to
investigate E2 release behavior of the core/shell scaffolds in different pH buffers.
Therefore, to mimic the microenvironment of uterine tissues, three different pH buffers
(pH 4.5, 7.4, and 9.0) were employed to investigate the in vitro E2 release kinetics in
this study. As shown in Fig.7F, the E2 release was pH-sensitive, and the release kinetics
in different pH solutions could match the Higuchi model (Fig.S6). E2 could be quickly
released in the basic solution (pH 9.0) while slowly released in the acidic solution (pH
4.5). This could result from the pH-responsive behavior of PDA particles [61, 62] and
PTMC degradation [63]. PDA particles are a pH-responsive biomaterial, exhibiting
different solubility and degradation behavior at varying pH environments. Generally,
at acidic pH environment, the catechol and amine groups in PDA are protonated,
leading to increased swelling and degradation of the PDA particles, resulting in a faster
release of the encapsulated drugs. In contrast, under neutral or basic condition, the PDA
particles remain more stable, resulting in a slower release of the drugs. However, in the
current study, E2 was quickly released in the basic solution. It could mainly be
attributed to the degradation of PTMC polymer. Since PDA@E2 particles were
encapsulated within the PTMC shell, which exhibits lower hydrophilicity, their
behavior remains unaffected by external factors until they are released from the PTMC
shell. Considering the rapid degradation of PTMC in alkaline conditions, it is
unsurprising that the release of E2 exhibits a slower rate in an acidic environment. In
this study, DOX was designed to be rapidly released in 3 days to effectively kill the
residual tumor cells while E2 was expected to be sustainably released to promote
uterine regeneration in a long-term period. As depicted in Fig.7F, E2 could be
sustainably released for over 28 days in different pH solutions. It is well-known that

long-term biomolecule release enables to extend the therapeutic effect and thus promote
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tissue regeneration [64, 65]. The sustained E2 release could continuously bind to its
receptors and then stimulate the expression of angiogenic growth factors, such as
vascular endothelial growth factor (VEGF), fibroblast growth factors (FGFs), and
transforming growth factors (TGFs) [66]. Those angiogenic growth factors would
increase blood vessel density and improve the uterine reconstruction. On the other hand,
similar to the DOX release, E2 release behavior could also be tuned by NIR laser
irradiation (Fig.7G). When exposed to 808 nm NIR laser irradiation, the E2 release
increased. Additionally, with more density of NIR laser, more E2 was released. Given
the excellent photothermal conversion efficiency of PDA particles, exposure to NIR
laser irradiation could cause a localized temperature rise in the PDA particles. The
increase in temperature resulting from NIR irradiation induced structural changes in the
PDA matrix, loosening the interaction between the PDA and E2 and consequently
expediting the release of E2 as the intermolecular bonds between the PDA matrix and
E2 progressively weaken. Additionally, high temperature facilitated Brownian
movement (molecular motion). The increase in molecular motion helped E2 to diffuse

out of the PDA particles more quickly and thus promoted E2 release.
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buffer solutions. (G) In vitro cumulative E2 release behavior of Gel /PTMC-
PDA@E?2 scaffolds with (0.5 W/cm? and1.0 W/cm?) and without NIR laser

irradiation.
3.6 In vitro antitumor efficiency of the core/shell scaffolds

Chemotherapy assisted by PTT can controllably release DOX on site and
simultaneously provide hyperthermia, showing great synergy for tumor treatment [67,
68]. Many studies have reported that NIR laser irradiation could stimulate DOX release
and synergistically induce high temperature for improved anticancer therapy [69, 70].
In the current study, the antitumor efficiency of core/shell scaffolds was evaluated. As
shown in Fig.8A, many dead cells appeared in Gel/PTMC-PDA+NIR laser, Gel-
DOX/PTMC-PDA and Gel-DOX/PTMC-PDA+NIR laser groups. Moreover, Fig.8B
showed that the cell survival rates of Gel/PTMC-PDA+NIR laser, Gel-DOX/PTMC-
PDA, and Gel-DOX/PTMC-PDA+NIR laser groups, after cultured for 72h, were 70.31
+ 2.35%, 24.07 = 8.71%, and 8.29 + 3.55%, respectively. Compared to Gel/PTMC-
PDA group, the cell survival rate of Gel/PTMC-PDA+NIR laser group significantly
decreased, which could be attributed to the hyperthermia triggered by NIR laser
irradiation. Previous study has demonstrated that high temperature (usually over 42 °C)
resulted from photothermal effect under the NIR laser irradiation exhibited positive
effect on tumor cells ablation [60, 71]. DOX could be continuously released in 3 days
and cell survival rate was increasingly dropped with the culture time. Moreover, with
synergy of NIR laser irradiation, induced hyperthermia could accelerate gelatin
degradation and DOX release, leading to greatly kill the tumor cells and dramatically
decrease the cell survival rate. The dramatically decreased cell viability of Gel-
DOX/PTMC-PDA+NIR laser group in Fig.8C further confirmed the synergy of
chemotherapy and PTT for tumor cell eradication. As a result, Gel-DOX/PTMC-PDA
scaffolds with NIR laser irradiation performed excellent antitumor efficiency and could

significantly kill the tumor cells with synergy of chemotherapy and PTT.
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Fig.8 In vitro antitumor efficiency of the core/shell scaffolds. (A) Fluorescence
images showing live/dead staining results of Hela cells. (B) Cell survival rate

and (C) MTT results of Hela cells.
3.7 In vitro biological evaluation of the core/shell scaffolds

Many studied have demonstrated the efficacy and safety of BMSCs on uterine
regeneration in vitro and in vivo [72, 73]. For example, Ji et al. fabricated a human
induced pluripotent stem cell-derived mesenchymal stem cell (hiMSC)-loaded
hydrogel scaffold via 3D bioprinting for repair of uterine endometrium injury [74].
They found that 3D-printed hiMSC-loaded hydrogels could facilitate the recovery of
the endometrial histomorphology (endometrial tissue and gland regeneration) and
endometrial cells (stromal cells and epithelial cells) and endothelial cells proliferation,

and meanwhile promote endometrial receptivity functional indicators. Therefore, in the
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current study, BMSCs were used to evaluate the in vitro biological performance of
core/shell scaffolds. The live/dead assay results in Fig.9A indicated that BMSCs
cultured on PTMC, Gel/PTMC, Gel/PTMC-PDA, and Gel/PTMC-PDA@E?2 scaffolds
exhibited well-spread morphology, suggesting that the core/shell scaffolds are
biocompatible. Notably, after cultured for 4h, BMSCs on PTMC and Gel/PTMC
scaffolds exhibited spherical morphology while cells began to extend and showed
spindle morphology on Gel/PTMC-PDA and Gel/PTMC-PDA@E?2 scaffolds. This
might be attributed to the function of PDA particles and E2 biomolecule. Moreover, as
shown in Fig.9B, the cell survival rate of BMSCs on all scaffolds were over 90% after
cultured for 4, 24, and 48h, respectively. The proliferation behavior of the core/shell
scaffolds was conducted via MTT test. Compared to PTMC and Gel/PTMC scaffolds,
Gel/PTMC-PDA and Gel/PTMC-PDA@E?2 scaffolds had higher cell proliferation rate
(Fig.9C). Many studies have revealed that PDA particles could improve scaffolds
surface wettability and scaffold-cell interface behavior and thus bolster cell growth [75,
76]. Also, due to the continuous release of E2, Gel/PTMC-PDA@E?2 scaffold exhibited
the highest BMSCs proliferation rate, which was consistent with previous studies [34,
77]. Further phalloidin/DAPI staining results in Fig.9D displayed that BMSCs cultured
on PTMC and Gel/PTMC scaffolds, Gel/PTMC-PDA, and Gel/PTMC-PDA@E?2
scaffolds were well-spread and maintained their phenotypes. As a result, the core/shell

scaffolds were significantly biocompatible and could promote cell growth.
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Fig.9  In vitro biological performance of the core/shell scaffolds. (A) Fluorescence
images of live/dead assay and (B) cell survival rates of BMSCs cultured on
PTMC, Gel/PTMC, Gel/PTMC-PDA, and Gel/PTMC-PDA@E?2 scaffolds for
4, 24, and 48h. (C) Proliferation behavior and (D) confocal images showing
the morphology of BMSCs cultured on PTMC, Gel/PTMC, Gel/PTMC-PDA,
and Gel/PTMC-PDA@E2 scaffolds for 1, 3, and 7 days.

4 Conclusions

In this study, novel multifunctional 3D printed Gel-DOX/PTMC-PDA@E?2 core/shell
scaffolds were successfully fabricated for cancer therapy and uterine regeneration. The
coating layer significantly enhanced the mechanical properties of core/shell scaffolds,
making them comparably strong to the native uterine tissues. Additionally, the coating
layer protected the Gel core from rapid degradation and thus inhabited the release of
DOX. As a result, Gel-DOX/PTMC-PDA@E?2 core/shell scaffolds could release DOX
and E2 in a chronological manner. The in vitro drug release results confirmed that DOX
could be released in 3 days and E2 could be sustainably released over 28 days.
Furthermore, the release of DOX and E2 could be precisely tuned by NIR laser
irradiation. The in vitro antitumor test proved the synergistic effect of chemotherapy
and PTT, which were provided by Gel-DOX/PTMC-PDA@E?2 core/shell scaffolds, for
tumor cell eradiation. Moreover, the in vitro biological evaluation indicated that Gel-
DOX/PTMC-PDA@E?2 scaffolds could promote the proliferation of BMSCs due to the
continuous release of E2, which would be beneficial for uterine regeneration. Therefore,
Gel-DOX/PTMC-PDA@E?2 core/shell scaffolds possessing multifunction would be

potential promise for cancer therapy and uterine regeneration.
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