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Abstract 

Owing to dysfunction of the uterus, millions of couples around the world suffer from infertility. 

Different from conventional treatments, tissue engineering provides a new and promising 

approach to deal with difficult problems of human tissue or organ failure. Adopting scaffold-

based tissue engineering, three-dimensional (3D) porous scaffolds in combination with stem 

cells and appropriate biomolecules may be constructed for uterine tissue regeneration. In this 

study, a hierarchical tissue engineering scaffold, which mimicked the uterine tissue structure 

and functions, was designed and the biomimicking scaffolds were then successfully fabricated 

using solvent casting, layer-by-layer assembly and 3D bioprinting techniques. For the 

multilayered, hierarchical structured scaffolds, poly(L-lactide-co-trimethylene carbonate) 

(PLLA-co-TMC, “PLATMC” in short) and poly(lactic acid-co-glycolic acid) (PLGA) blends 

were firstly used to fabricate the shape-morphing layer of the scaffolds, which was to mimic 

the function of myometrium in uterine tissue. The PLATMC/PLGA polymer blend scaffolds 

were highly stretchable. Subsequently, after etching of the PLATMC/PLGA surface and 

employing estradiol (E2), polydopamine (PDA) and hyaluronic acid (HA), PDA@E2/HA 

multilayer films were formed on PLATMC/PLGA scaffolds to build an intelligent delivery 

platform to enable controlled and sustained release of E2. The PDA@E2/HA multilayer films 

also improved the biological performance of the scaffold. Finally, a layer of bone marrow-

derived mesenchymal stem cell (BMSC)-laden hydrogel (which was a blend of gelatin 

methacryloyl (GelMA) and gelatin (Gel)) was 3D printed on the PDA@E2/HA multilayer films 

of the scaffold, thereby completing the construction of the hierarchical scaffold. BMSCs in the 

GelMA/Gel hydrogel layer exhibited excellent cell viability and could spread and be released 

eventually upon the biodegradation of the GelMA/Gel hydrogel. It was shown that the 

hierarchical structured scaffolds could evolve from the initial flat shape into the tubular 

structure completely in an aqueous environment at 37℃, fulfilling the requirement for curved 

scaffolds for uterine tissue engineering. The biomimicking scaffolds with a hierarchical 

structure and curved shape, high stretchability, and controlled and sustained E2 release appear 

very promising for uterine tissue regeneration. 
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1. Introduction 

Reproduction is one the most important functions of human beings. Giving birth to healthy 

babies is essential for the development of a modern society. Unfortunately, numerous couples 

at the child-bearing age suffer from infertility. According to the definition by the World Health 

Organization (WHO), infertility is the inability to achieve a clinical pregnancy after 1-year 

regular unprotected sexual intercourses between male and female couples 1. A recent report 

pointed out that because of infertility, more than 14% of females at reproductive ages (from 12 

to 49 years old) could not conceive or carry a viable fetus to term as they had desired. About 

0.2% of women are diagnosed for absolute uterine factor infertility (AUFI) owing to the 

damage or dysfunction of the uterus 2. Allogeneic uterus transplantation is a practical option to 

deal with uterine injuries and hence can help to realize the dreams of many couples to become 

biological parents of their children 3. Dozens of publications have already reported successful 

live births by women who had received transplanted uteri 4, 5. However, facing problems of 

donor shortage and possible immunological rejection, uterus transplantation cannot be widely 

practiced. Therefore, new and promising clinical treatments should be developed to treat 

uterine damages, which will assist reconstructing the structure and restoring the functions of 

human uterus. 

The tissue engineering approach emerged three decades ago and has been applied for 

regenerating various human body tissues to overcome the problems of donor organ shortage 

and limitations of allogeneic transplantation. In scaffold-based tissue engineering, a crucial 

task is the fabrication of a three-dimensional (3D) structure to mimic the anatomical structure 

and provide essential functions of the targeted tissue through the combination of suitable 

biomaterials (synthetic or natural) and cells (mature cells or stem cells, particularly autologous 

stem cells in recent years) and with the incorporation of appropriate biomolecules (which guide 

cell behavior and new tissue formation). Therefore, using tissue engineering strategies to create 

biological substitutes based on the combination of autologous cells with biomaterials and 

biomolecules provides a promising approach for uterine regeneration 6. In fact, tissue 

engineering strategies are gradually applied to uterus, with uterine scaffolds being constructed 

to treat uterine injuries 7, 8. For example, Li et al. produced a collagen membrane loaded with 
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human basic fibroblast growth factor (bFGF) for repairing uterine damage 9. They found that 

the implanted collagen membrane could sustainably deliver bFGF, thus improving regeneration 

abilities of uterine endometrium and muscular cells and promoting angiogenesis and pregnancy 

rate. In another study, bone marrow-derived mesenchymal stem cell (BMSC)-incorporated 

poly(glycerol sebacate) (PGS) tissue engineering scaffolds were constructed for restoring the 

morphology and functions of wounded uterus 10. It was shown that BMSC/PGS scaffolds could 

facilitate endometrium regeneration, resulting in better uterus morphology recovery and 

fertility improvement. 

Although the combination of biomaterials, cells and biomolecules to form uterine tissue 

engineering scaffolds holds great promise in enhancing the regeneration ability in uterine 

reconstruction, currently, most studies have focused only on endometrium regeneration while 

restoring myometrium functions has not been sufficiently addressed. Myometrium 

regeneration is also crucial for the reconstruction of uterine tissue structure and functions. 

However, studies so far have mainly focused on endometrium regeneration, with research 

rarely being conducted for myometrium regeneration. The human uterine tissue has a 

hierarchical structure, with myometrium and endometrium being the two main parts of the 

uterine tissue (Fig.1A). Myometrium comprises smooth muscle cells and its primary functions 

are to induce contraction and expansion and support stromal and vascular tissues. The uterine 

contraction is contraction of the smooth muscle in the uterus that occurs during both the 

menstrual cycle and labor, indicating the importance of myometrium for embryonic 

development. Endometrium is a unique and dynamic tissue that undergoes cyclic growth and 

tissue remodeling and is essential for embryo implantation and development. In clinical 

treatments, the whole uterus regeneration involving both endometrium and myometrium 

should be considered. Recently, Magalhaes et al. fabricated a uterine tissue engineering 

scaffold using biodegradable polymers seeded with autologous cells and used rabbits to assess 

the construction of uterine structure and restoration of uterus functions 11. Their scaffolds could 

lead to the formation of uterus-like structures, including endometrium (stroma, glandular 

epithelium) and myometrium, which resulted in successful pregnancy and supported fetal 

development after 6-month implantation of the scaffold. However, their scaffolds did not 
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appear to be optimally designed, considering the hierarchical structure, biological complexity, 

and highly elastic nature of human uterus. Their simple poly(lactic acid-co-glycolic acid) 

(PLGA)/poly(glycolic acid) (PGA) scaffolds without the desirable hierarchical architecture and 

high elasticity could not immediately restore the intrinsic functions of the uterus after their 

implantation in the body. 

For fabricating tissue engineering scaffolds with hierarchical structures and biological 

complexity, 3D printing provides a powerful manufacturing platform. 3D printing was started 

in 1986 and has been applied rapidly in tissue engineering and regenerative medicine in recent 

years 12, 13. Tissue engineering scaffolds produced by 3D printing have been widely used for 

regenerating a variety of human body tissues, including bone, articular cartilage, skin, blood 

vessel and nerve 14-17. 3D printing technologies have now become popular methods for 

fabricating patient-specific scaffolds which are anatomically similar to native tissues with their 

complex and hierarchical structures 18. The utilization of 3D printed advanced tissue 

engineering scaffolds should provide significant impetus for uterine regeneration. Indeed, 

several studies have been reported for using 3D printing technologies to construct uterine tissue 

engineering scaffolds 19, 20. Li et al. reported the possibility of employing 3D bioprinted 

hydrogels to repair endometrium 21. They prepared a bioink of alginate hydrogel encapsulated 

with human induced pluripotent stem cell-derived mesenchymal stem cells (hiMSCs) and then 

3D printed cell-laden hydrogel scaffolds for treating endometrial damages. But apart from these 

few reports, applying 3D printing in uterine tissue engineering has been rarely reported. 

Furthermore, using shape morphing materials in 3D printing to fabricate curved structures for 

uterine regeneration has not been seen so far. 

In the current study, tissue engineering scaffolds were fabricated via 3D printing which would 

mimic human uterus’s hierarchical architecture and assume its curved shape (see Fig.1B and C 

for the schematic illustration of scaffold fabrication). Briefly, polymer blend scaffolds with 

high elasticity were firstly made using poly(L-lactide-co-trimethylene carbonate) (PLLA-co-

TMC, “PLATMC” in short) and PLGA as a base layer for mimicking myometrium. 

Subsequently, hyaluronic acid (HA) and polydopamine (PDA) particles encapsulated with 

estradiol (E2) (PDA@E2) were alternatively coated on the PLATMC/PLGA scaffold via layer-
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by-layer self-assembly. E2 is a steroid hormone that has been clinically used for promoting 

uterine regeneration by binding to its receptors and then activating the expression of various 

angiogenic growth factors. In previous studies, PDA particles were extensively used as a drug 

carrier for controlled release because of their excellent biocompatibility, pH-sensitive property 

and photo-thermal effect 22. In the current study, PDA particles were employed as an E2 

controlled release vehicle, protecting the bioactivity and maintaining the effectiveness of E2. 

The PDA@E2/HA multilayer films would act as an intelligent E2 delivery platform and 

improve the biological performance. Finally, a layer of BMSC-laden gelatin methacryloyl 

(GelMA)/gelatin (Gel) hydrogel which mimicked the structure and functions of endometrium 

was 3D printed on the deposited PDA@E2/HA multilayer films. This complex and hierarchical 

construct was designed to possess high stretchability and controllable E2 delivery. Furthermore, 

the scaffold would change from its planar shape at room temperature to the curved structure 

via programmed shape morphing when it is put in an aqueous environment at the human body 

temperature of 37℃. This scaffold with a biomimicking hierarchical structure is expected to 

have high potential in uterine tissue engineering. Compared to previous investigations into 

uterine tissue regeneration which mainly focused on endometrium regeneration, the current 

study has investigated novel trilayer scaffolds for regenerating both endometrium and 

myometrium for functional regeneration of the uterine tissue. 
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 1 

Fig.1 Schematic illustration for the uterine tissue and fabrication of biomimicking uterine tissue engineering scaffolds. (A) Schematic illustration 2 

(cross-sectional view) of the hierarchical structure of the uterine tissue. (B) Fabrication of PDA@E2/HA multilayer films on the surface 3 

of PLATMC/PLGA scaffold. (C) Fabrication of 3D printed BMSC-laden GelMA/Gel layer on the (PDA@E2/HA)20 multilayer films of 4 

PLATMC/PLGA scaffold and shape morphing behavior of the final uterine tissue engineering scaffold. (D) Schematic illustration showing 5 

the layered structure of multilayered uterine tissue scaffolds.6 



8 

2. Materials and Methods 

2.1 Materials 

Poly(L-lactide-co-trimethylene carbonate) (PLLA-co-TMC: “PLATMC” in short, with a molar 

ratio of LA: TMC = 8: 2 and dl/g 0.9, as well as those with LA: TMC molar ratio of 9:1 and 

5:5) and poly(lactic acid-co-glycolic acid) (PLGA, with a molar ratio of LA: GA =50: 50 and 

average molecular weight of 90KDa) were purchased from Jinan Daigang Ltd., China. Gelatin 

(porcine skin, type A), methacrylate anhydride (MA, 94%), ammonium hydroxide solution 

(NH4OH) (28%), sodium hydroxide (NaOH), absolute ethanol, 2-hydroxy-2-

methylpropiophenone (97%, photoinitiator) were bought from Sigma-Aldrich (St. Louis, MO, 

USA). Dopamine hydrochloride (DA, 98%), β-estradiol (E2, 99%), hyaluronic acid sodium 

salt from streptococcus equl (95%) were supplied by Aladdin Co. Ltd., China. 

Dichloromethane (DCM) was bought from RCI Labscan Ltd., Thailand. Dialysis tubing 

cellulose membrane (MWCO 10kDa) was supplied by Thermo Fisher Scientific, USA. All 

reagents were used as-received without further purification. 

2.2 Fabrication of PLATMC/PLGA scaffolds and surface modification 

4.0g PLATMC and 1.0g PLGA were dissolved in 20ml DCM under constant magnetic stirring. 

The obtained polymer solution was poured into a 10-inch glass peri dish and placed in a fume 

hood at room temperature for at least one week for the complete evaporation of the organic 

solvent DCM. Subsequently, the flat PLATMC/PLGA scaffolds after casting (designated as M 

scaffolds) were shaped into the tubular structure using a stainless- teel rod (rod diameter: 8mm) 

in an oven at 50℃ for 30min. Afterwards, the tubular scaffolds were flattened at room 

temperature for further use. 

Because the poor hydrophilicity and very flat surface of M scaffolds were not beneficial for the 

fabrication of multilayer films on their surface, NaOH solution was therefore used to generate 

carboxylate and hydroxyl groups and to increase the surface roughness of M scaffolds through 

the hydrolysis process. In brief, M scaffolds were immersed in NaOH solutions of different 

concentrations (0.1, 0.5, 1.0, 2.0, and 5.0M) for different times (0.5, 1.0, 2.0, 4.0, 8.0, 12.0, 
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24.0, and 48.0h) at room temperature (3 samples for each experiment). Afterwards, the 

wettability of thus treated scaffolds (designated as M-N scaffolds) was assessed using water 

contact angle measurement. M-N scaffolds were coated with a thin layer of gold by sputtering 

and then observed under a scanning electron microscope (SEM, Hitachi S-4800, Japan). 

2.3 Synthesis of PDA@E2 particles 

The synthesis of PDA and PDA@E2 particles was similar to the previously reported procedures 

23, 24 but with some modifications. Estradiol (E2) is poorly water-soluble. To increase its 

solubility, an ethanol/water mixture was used for synthesizing PDA@E2 particles. Different 

amounts of E2 (0, 0.25, 0.5, and 0.75g) were dissolved separately in 350ml ethanol under 

constant magnetic stirring for at least 2h. 10ml ammonia and 290ml DI water were then added 

in the solutions under stirring for 30min. Subsequently, 2.5g dopamine hydrochloride was 

dissolved in 50ml DI water. The dopamine solution was then poured into the ethanol/water 

mixture under constant stirring for 24h at room temperature in open air. Finally, PDA and 

PDA@E2 particles were obtained by centrifuging at 12,000rpm/min for 10min and freeze-

dried before storage. PDA particles were synthesized without E2 addition. Based on the amount 

of E2 used, the synthesized particles were designated as PDA (0g), PDA-0.1 (0.25g), PDA-0.2 

(0.5g), and PDA-0.3 (0.75g), respectively. 

The E2 loading efficiency in PDA particles was calculated according to the following formula: 

Loading efficiency (%) = [(M1– M2)/M1] × 100%  (1) 

where M1 and M2 were the total mass of E2 added in the ethanol/water mixture and the 

remaining mass of E2 in the final solution, respectively. The morphology and structure of PDA 

and PDA@E2 particles were characterized using SEM and a transmission electron microscope 

(TEM, Tecnai G2 20, USA). The diameter distribution of PDA or PDA@E2 particles was 

analyzed using Image J software. 

2.4 Fabrication of PDA@E2/HA multilayer films on M-N scaffolds 

The fabrication of PDA@E2/HA multilayer films on the M-N scaffold surface was to improve 
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interface biological response as well as constructing a smart E2 delivery vehicle for the 

sustained release of E2 to regulate cell behavior and improve angiogenesis and hormone cycle, 

thereby facilitating uterine regeneration after scaffold implantation. M-N scaffolds etched by 

1M NaOH for 1h were used. Briefly, M-N scaffolds were immersed in PDA@E2 suspensions 

(2 mg/ml of PDA@E2 particles in 10mM Tris, pH 8.5) for 15min. Subsequently, M-N scaffolds 

coated with PDA@E2 particles were taken out and washed with DI water three times to remove 

free PDA@E2 particles. The scaffolds were then immersed in 1mg/ml HA solution for another 

15min and washed with DI water three times to remove free HA polymer. The (PDA@E2/HA)n 

multilayer film was made on the surface of a M-N scaffold by repeating the above process 

multiple times (i.e., n times), where n represents the process cycles repeated and hence the 

number of PDA@E2/HA bilayer. The final products, M-N-(PDA@E2/HA)n scaffolds, were 

freeze-dried and stored in a desiccator for further studies. 

2.5 Mechanical properties  

The mechanical properties of scaffolds produced in this study were investigated through tensile 

tests (5 samples for each type of scaffolds) at room temperature using a universal testing 

machine (Model 5848, Instron Ltd., USA) with a 100N load cell. The scaffolds were cut into 

the standard dumbbell shape. The speed of all tensile tests was set at 100% strain/min. The 

ultimate tensile strength and elongation at fracture were determined from stress-strain curves. 

The Young’s modulus was calculated from the slope of the initial linear region of each stress-

strain curve. 

2.6 Photothermal effect and in vitro E2 release behavior 

To investigate the photothermal effect of M-N-(PDA@E2/HA)20 scaffolds, scaffold samples 

were irradiated by a near-infrared (NIR) laser (wavelength: 808nm) at different power densities 

(0.5W/cm2 and 1.0W/cm2). The temperature change caused by NIR irradiation was revealed 

by thermal images which were recorded using an infrared camera (GUIDE® EasIR-9, 

AutoNavi, China). 

To study the effect of NIR laser irradiation on E2 release, M-N-(PDA@E2/HA)20 scaffolds (3 
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samples) were irradiated at different power densities (0, 0.5, and 1.0 W/cm2) of the NIR laser 

for 30min every 1 hour in phosphate buffered saline (PBS, pH 7.4) at 37℃. The release medium 

was collected at each predetermined time point, and an equal amount of fresh PBS was added 

to the immersion liquid. The amount of E2 released in the immersion liquid was determined 

using a UV-vis spectrophotometer (UV-2600, Shimadzu, Japan) at the wavelength of 280nm, 

and the cumulative release curves for E2 were subsequently established. 

Furthermore, due to the dynamic pH environment of human uteri, pH-sensitive E2 delivery 

behavior of M-N-(PDA@E2/HA)20 scaffolds was investigated. M-N-(PDA@E2/HA)20 

scaffolds (3 samples for each pH) were immersed in different buffer solutions (at pH 4.5, pH 

7.4, and pH 9.0) at 37℃, respectively. At predetermined time points, a small amount of 

immersion liquid was extracted, and an equal amount of fresh buffer solution was added. The 

amount of E2 released was similarly determined using the UV-vis spectrophotometer. As a 

result, the cumulative amount of E2 released in different buffer solutions was calculated, and 

E2 release curves were established. 

2.7 In vitro biological evaluation 

To evaluate the in vitro biological performance of different scaffolds (M, M-N, M-N-

(PDA/HA)20, and M-N-(PDA@E2/HA)20 scaffolds), BMSCs obtained from healthy adult rats 

were used. The BMSCs were propagated in high-glucose Dulbecco’s modified Eagle’s medium 

(DMEM, Gibco) with 10% (v/v) fetal bovine serum (FBS, Gibco) and 1% (v/v) penicillin-

streptomycin (Gibco). The cell culture work was performed in a CO2 incubator supplemented 

with 5% CO2 and 95% humidity at 37℃.  

The cell attachment, viability, proliferation, and morphology of BMSCs on M-N-

(PDA@E2/HA)20 scaffolds were studied through, respectively, SEM observation, live/dead 

assay (Invitrogen, Thermo Fisher Scientific), MTT assay (Invitrogen, Thermo Fisher 

Scientific), and confocal laser scanning microscopy (CLSM) after phalloidin/DAPI staining 

(Invitrogen, Thermo Fisher Scientific). For cell adhesion experiment, BMSCs at the density of 

5×104 cells per well were seeded on each sample (one sample per well) in a 24-well cell culture 

plate and cultured in DMEM at 37℃. After culturing for 24h, cells on scaffold samples were 
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immobilized using 4.0% paraformaldehyde for 30min in the dark. The immobilized cells on 

samples were then dehydrated using serial gradient ethanol solutions (50%, 60%, 70%, 80%, 

90%, and 100%) for 10min each and then dried in the oven overnight. The dried samples with 

cells were sputtered with a thin layer of gold and the cell morphology on samples was observed 

under SEM. 

For cell viability investigation, BMSCs at the density of 5×104 cells per well were seeded on 

samples (3 samples for each type of scaffolds) in the 24-well cell culture plate. After culturing 

for 24 and 48h, respectively, live/dead assay was used to stain the cells. Living cells were 

stained green and dead cells were stained red when observed under a fluorescence microscope 

(Leica DMi8, Germany). On the other hand, BMSCs at the density of 1×104 cells per well were 

seeded on scaffold samples (5 samples for each type of scaffolds) to study cell proliferation 

behavior and cell morphology. At predetermined time points (1, 3, and 7 days), cell 

proliferation was assessed using MTT assay. Meanwhile, on day 7 of culture, BMSCs cultured 

on scaffolds were visualized after phalloidin/DAPI staining under CLSM (Leica, Germany). 

2.8 Fabrication of 3D bioprinted BMSC-laden hydrogel layer on M-N-(PDA@E2/HA)20 

scaffolds  

2.8.1 GelMA synthesis and characterization 

The synthesis of GelMA followed the previously established procedure 25. Briefly, 10% (w/v) 

gelatin was dissolved in PBS under constant magnetic stirring at 60℃ in a water bath. 

Methacrylic anhydride (400μl per gram of gelatin) was added to the gelatin solution. The 

reaction was continued for 4h and then stopped by adding an equivalent volume of PBS. 

Subsequently, the solution was dialyzed against DI water at 40℃ for 7 days using dialysis tubes, 

with the DI water being changed daily. Finally, GelMA was obtained by freeze-drying and was 

stored at 4℃ until use. The degree of modification (DoM) of GelMA thus made was 

characterized using 1H-NMR spectroscopy (Bruker Avance III 400, USA) and 2,4,6-

Trinitrobenzenesulfonic acid (TNBS), respectively. An FT-IR spectrometer (PerkinElmer, USA) 

was also used to analyze the function groups of synthesized GelMA. 
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2.8.2 Rheological properties of GelMA/Gel bioinks 

GelMA/Gel-based bioinks with incorporated BMSCs were made for 3D printing. In the current 

study, the rheological properties of GelMA/Gel bioinks were carefully studied. 5% (w/v) 

GelMA and 5% (w/v) Gel were dissolved in PBS under stirring at 50℃ in a water bath, with 

the 0.4% (v/v) photo-initiator being added in the solution. The rheological properties of 

GelMA/Gel bioinks were determined using a MCR 302 Rheometer (Anton Paar, Austria) 

equipped with a parallel plate unit of 25mm in diameter. 

2.8.3 3D bioprinting of cell-laden hydrogel layer on M-N-(PDA@E2/HA)20 scaffolds  

GelMA/Gel bioinks containing BMSCs were used to fabricate a layer of cell-laden hydrogel 

onto M-N-(PDA@E2/HA)20 scaffolds for mimicking of the structure and functions of the 

endometrium. In this study, GelMA/Gel solutions were mixed with BMSCs at room 

temperature to reach a final density of 1 × 106 cells per ml. The prepared bioinks were 

transferred to a cartridge in a 3D bioprinter (regenHU, Switzerland) for printing. The printing 

parameters were set as: the diameter of the printing nozzle was 210μm, the printing temperature 

was 20℃, and the printing speed was 6mm/s. After adjusting the initial height between the 

nozzle and scaffold, the bioinks were 3D printed on the surface of M-N-(PDA@E2/HA)20 

scaffolds. After 3D bioprinting, a UV light (360mW) was used to irradiate the structs of BMSC-

laden GelMA/Gel scaffolds at the same speed as that for printing to crosslink the hydrogel 

structs (4 times, about 2min). Finally, the completed hierarchical scaffolds were transferred to 

6-well cell culture plates supplemented with DMEM and cultured at 37℃. 

2.9 Cell survival and shape morphing of uterine tissue scaffolds 

For investigation the shape morphing ability of scaffolds, the complete, multilayered 

hierarchical scaffolds were immersed in the culture medium in a CO2 incubator at 37℃ after 

3D bioprinting. The shape morphing process was monitored and recorded by a digital camera. 

Furthermore, live/dead assay was used to study cell survival and cell distribution in the printed 

GelMA/Gel hydrogel layer under CLSM after the scaffolds evolved from their planar shape to 

the tubular structure. Also, after culturing for 1, 3, 5, and 7 days, respectively, the survival rates 
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of BMSCs in 3D printed cell-laden hydrogel were assessed. 

2.10 Statistical analysis 

The results presented in this article were obtained from at least 3 separate samples and were 

expressed as mean ± SD. 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 Fabrication of M and M-N scaffolds 

PLATMC 26 and PLGA 27 are popular biomaterials and are often used in tissue engineering and 

regenerative medicine because of their good biocompatibility and controllable biodegradation 

rates. Additionally, PLGA has already been used in investigations for uterine regeneration in 

rat or rabbit models 11. For example, Chen et al. fabricated an E2 delivery system using PLGA 

microspheres as the vehicle for endometrium regeneration 28. In the current study, to mimic the 

properties and biological functions of myometrium of human uterus, PLATMC with different 

LA:TMC ratios (9:1, 8:2, and 5:5) were mixed with PLGA at different PLATMC: PLGA ratios 

for fabricating M scaffolds. The mechanical properties of M scaffolds were studied using 

tensile tests (these data are not included in this article). It was found that when the ratio of 

PLATMC (LA:TMC = 8:2) : PLGA was 4:1, the M scaffolds produced would provide excellent 

mechanical properties while exhibiting satisfactory biological performance. However, as 

shown in Fig.S1, the surface roughness of M scaffolds was about 110nm, which was too flat 

for cell attachment and could impair the tissue regeneration process when the scaffolds were 

implanted in the body. Surface properties, especially surface morphology and wettability, play 

an important role in inducing cell polarization and modulating cell migration or even regulating 

gene expression and cell signaling pathways 29. Patntirapong et al. showed that cell adhesion 

and proliferation increased with an increase in surface roughness 30. However, some other 

studies suggested that a “smooth” surface would result in a better cell attachment, migration, 

and proliferation behavior than a rough surface 31, 32. But these “smooth” surfaces were usually 
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at the micrometer level. Therefore, the surface of M scaffolds needed to be modified to increase 

its roughness and hence improve cellular response. Also, a very smooth surface is not 

conducive for constructing multilayer films on an M scaffold, i.e., for depositing PDA particles 

and HA polymer on the M scaffold in the current study. 

Because PLATMC and PLGA are rich in ester moieties, NaOH etching is an easy way to 

modify their surface morphology through a hydrolysis reaction. A NaOH treatment could etch 

the surface of M scaffolds, resulting in increased surface roughness. Moreover, the cleavage of 

the ester bond would generate abundant -COOH and -OH groups on the surface of M scaffolds, 

causing the surface to be more hydrophilic, which would facilitate cell adhesion and 

proliferation. Previous studies had already demonstrated that a NaOH treatment could increase 

the surface roughness and wettability of PLA and PLGA scaffolds, thus improving their 

biocompatibility and bioactivity 33, 34. Therefore, in the current study, a systemic investigation 

was conducted to look into the effects of NaOH concentration and etching time on the surface 

morphology and wettability of PLATMC/PLGA scaffolds. As shown in Fig.2A-C, with the 

increase in NaOH concentration or etching time, the surface of M-N scaffolds became rougher 

and the surface water contact angle decreased. Importantly, a high NaOH concentration and a 

long etching time would degrade PLATMC/PLGA scaffolds. According to the surface 

morphology visualized by SEM (Fig.2A), the surface morphology of M-N scaffolds was 

quantitively categorized into three groups (or, stages): rough, rounded, and degraded (Fig.2D). 

The rough surface morphology indicated that the scaffold surface was normal, while the 

rounded surface morphology suggested over-etching. In this context, PLATMC/PLGA 

scaffolds etched by 1.0M NaOH for 1.0h were considered to have a relatively good surface 

morphology and wettability. On the other hand, M-N scaffolds did not display lowered 

mechanical performance in comparison with M scaffolds (Fig. 5C). As a result, scaffolds etched 

by 1.0M NaOH for 1.0h would be used in subsequent studies. Their increased surface 

roughness would be beneficial for the construction of multilayer films. In the current study, the 

generation of -COOH and -OH on M-N scaffold surface would facilitate the fabrication of 

PDA@E2/HA multilayer films on these scaffolds.
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 1 

Fig.2 Surface characteristics of M-N scaffolds after NaOH treatment. (A) Surface morphology of M-N scaffolds etched by NaOH solution of 2 

different NaOH concentrations (0.1, 0.5, 1.0, 2.0, and 5.0M) and for different time (0.5, 1.0, 2.0, 4.0, 8.0, 12.0, 24.0, and 48.0h). (B) 3 

Digital images of water contact angles of M-N scaffolds. (C) Relationships between M-N scaffold surface water contact angle and NaOH 4 

concentration and etching time. (D) Quantitative categorization of surface morphology of M-N scaffolds.5 
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3.2 Synthesis and characterization of PDA and PDA@E2 particles 

Inspired by the adhesive protein in mussels, applying dopamine in tissue engineering and 

regenerative medicine has been increasingly investigated 35. Dopamine is a non-toxic and 

biocompatible material and is considered suitable for applications in tissue regeneration. 

Dopamine has the unique tethering ability to easily adhere to organic and inorganic surfaces 

via polymerization with the formation of PDA particles 36. PDA particles have attracted great 

attention for tissue engineering and drug delivery applications due to their excellent adhesive 

properties, good biocompatibility, and biodegradability 37. PDA particles can modify the 

substrate surface and hence improve cellular behavior, such as facilitating cell attachment and 

promoting cell proliferation. Zhang et al. fabricated PDA coating on electrospun silk fibroin 

scaffolds for promoting wound healing 38. They found that the PDA coating layer could 

enhance the hydrophilicity and protein adsorption ability of silk fibroin scaffolds and the 

attachment, proliferation and spreading of fibroblasts. Notably, the application of PDA in drug 

delivery has also gained tremendous interest 22, 39. PDA particles as drug carriers could provide 

controlled and sustained in situ drug delivery, thus prolonging the therapeutic effect. On the 

other hand, incorporating biomolecules in PDA particles could protect their bioactivity and 

maintain their effectiveness. Furthermore, drugs contained in PDA particles often display a 

smart release manner when the PDA particles are exposed to a suitable external stimulus. The 

release of drugs from PDA particles is usually sensitive to pH of the environment and near-

infrared (NIR) laser irradiation 40. For example, PDA particles showed to be an excellent 

vehicle for delivering doxorubicin (DOX), an anticancer drug, in anticancer therapies 41. In the 

current study, PDA particles were used to encapsulate E2 and regulate E2 delivery behavior by 

modulating external stimuli such as pH and NIR laser irradiation, thus achieving the desired 

therapeutic effect in uterine tissue regeneration. 

The main methods so far for biomolecule encapsulation in PDA particles can involve: (1) 

physical absorption of biomolecules by PDA via hydrogen bonding, electrostatic interaction, 

van der Waals’s force, etc.; (2) chemical interaction of biomolecules on the outer face of PDA 

particles using chemical linkers; or (3) PDA-biomolecule conjugate formation 42. However, 

using in situ polymerization to form biomolecule-loaded PDA particles would be an easy and 
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effective way in comparison with the three ways mentioned above. Importantly, the in situ 

polymerization method could provide a higher biomolecule loading efficiency than the 

aforementioned three ways. Therefore, in the current study, E2-loaded PDA particles were 

synthesized by in situ E2 loading via the polymerization of dopamine in a weak alkaline 

solution. Usually, E2 is poorly water-soluble. In the current study, an ethanol/water mixture 

was used to improve the solubility of E2. PDA@E2 particles were synthesized using different 

dopamine-to-E2 ratios. Noticeably, the maximum E2 solubility was reached when the 

dopamine-to-E2 ratio was 1:0.3. Overall, PDA@E2 particles were spherical in shape with an 

average diameter around 800-1,200nm (Fig.3). The incorporation of E2 in PDA particles did 

not significantly affect the particle morphology and diameter. Additionally, as shown in Fig.S2, 

PDA-0.1 particles had the highest E2 loading efficiency (about 83%), while PDA-0.2 and PDA-

0.3 particles exhibited comparable loading efficiency (about 80%). In this context, PDA-0.3 

particles were used for subsequent studies. Owing to its significant role in promoting 

angiogenesis and modulating endometrium regeneration, the application of E2 for uterine 

regeneration has already been investigated in preclinical and clinical trials 43, 44. Generally, 

estrogen is orally administered 45. However, because oral administration of estrogen lacks 

targetability, it normally results in low estrogen concentration at the injured endometrium sites 

due to the influence of the fluid circulation system. Incorporating E2 in PDA particles via in 

situ polymerization had increased the solubility and bioavailability of E2, which would help to 

enable estradiol delivery and provide sustained effect. 
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Fig.3 Morphology and size distribution of PDA and PDA@E2 particles. (A1-D1) SEM 

images of particles, (A2 to D2) TEM images of particles, and (A3 to D3) particle size 

distribution (PDA-to-E2 ratio: 1:0 for A1-A3, 1:0.1 for B1-B3, 1:0.2 for C1-C3, and 

1:0.3 for D1-D3). 

 

3.3 Construction of PDA@E2/HA multilayer films on M-N scaffolds 

Using the layer-by-layer (LBL) self-assembly technique to construct multilayer films on 3D 

tissue engineering scaffolds is a versatile way to modify surface chemistry and properties and 

hence the performance of scaffolds, including improving surface hydrophilicity and guiding 

cell behavior 46, 47. In addition, multilayer films could function as a drug delivery vehicle to 
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controllably and sustainably deliver the loaded drugs 48. The LBL approach offers low cost, 

simplicity, versatility, and modularity for fabricating multilayer films on scaffold surface with 

tailored thickness, customized structure and desired properties. Therefore, applying the LBL 

technique to form multilayer films on scaffolds is often encountered in the tissue engineering 

and drug delivery fields 49, 50.  

In the current study, PDA@E2 particles were paired with HA polymer to form multilayer films 

on the surface of M-N scaffolds for improving scaffold biological performance and for 

constructing E2 delivery platform to sustainably release E2, thus achieving sustained 

therapeutic effect of E2 and promoting uterine tissue regeneration. As mentioned in the 

previous section, M-N scaffolds were etched by a NaOH solution via surface hydrolysis, which 

led to the generation of abundant -COOH and -OH groups on the surface of M-N scaffolds. 

The presence of these reactive groups on M-N scaffolds made it easier to form the 

PDA@E2/HA multilayer films. Usually, multilayer films are fabricated via LBL self-assembly 

by a pair of polyelectrolytes: one cationic polyelectrolyte, and one anion polyelectrolyte. The 

sequential deposition of polyelectrolytes is mainly driven by electrostatic interaction, and other 

secondary interactions such as hydrogen bonding, coordination bonding, and biomolecular 

recognition are also involved 51. PDA particles are positively charged. Therefore, in applying 

the LBL technique, PDA@E2 particles could be paired with negatively charged HA polymer 

to form multilayer films via the electrostatic force. Furthermore, PDA particles possess very 

adhesive properties due to their abundant catechol and amine groups 22. Chemical reaction and 

hydrogen bonding were also involved in forming PDA@E2/HA multilayer films on M-N 

scaffolds. As shown in Fig.4A, SEM revealed the surface morphology of M-N scaffolds coated 

with (PDA@E2/HA)10 and (PDA@E2/HA)20 multilayer films, respectively. M-N scaffolds 

themselves displayed a very rough surface, while M-N-(PDA@E2/HA)10 and M-N-

(PDA@E2/HA)20 scaffolds exhibited relatively smooth surfaces. Furthermore, PDA@E2 

particles could be obviously seen on M-N-(PDA@E2/HA)20 scaffolds. As illustrated by Fig.4B, 

it was found that when the PDA@E2/HA bilayer deposition number reached 3, the water 

contact angle became stable, which indicated that the PDA@E2/HA multilayer films had 

completely covered the scaffold surface. Cross-sectional views of the structures (Fig.4C) also 
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showed clearly the PDA@E2/HA multilayer films on the surface of M-N-(PDA@E2/HA)10 

and M-N-(PDA@E2/HA)20 scaffolds, respectively. The visible presence of PDA@E2 particles 

in multilayer films is an evidence of the successful fabrication of PDA@E2/HA multilayer 

films on M-N scaffolds. 

Different from other possible pairs of polyelectrolytes, the fabrication of multilayer films using 

PDA@E2 particles and HA polymer has combined the advantages of LBL assembly with 

unique properties of PDA-based particles. PDA@E2/HA multilayer films made from 

biocompatible and biodegradable PDA particles and HA polymer would significantly modify 

the surface of M-N scaffolds, including improving protein adsorption and cell response. In the 

current study, the formation of PDA@E2/HA multilayer films was mainly driven by 

electrostatic interaction and hence could be sensitive to the pH condition. Like most 

polyelectrolyte multilayer films, the H+ and OH- could influence the structure and integration 

of multilayer films and thus affect their drug release behavior 52. Therefore, PDA@E2/HA 

multilayer films should exhibit a pH-responsive behavior. Previously, Hao et al. produced an 

intelligent PDA/sodium alginate (ALG) multilayer film for antifouling and antibacterial 

purposes 53. The pH-responsive properties of their multilayer films enabled prolonged drug 

release, resulting in an extended period of antibacterial performance. On the other hand, PDA 

particles have proved to be a good photothermal agent 40. Therefore, the release kinetics of E2 

from PDA@E2/HA multilayer films may be regulated by NIR laser irradiation which could 

cause temperature increases of particles/films owing to the PDA in multilayer films. 

Consequently, the PDA@E2/HA multilayer films formed on M-N scaffolds would provide 

various benefits for uterine regeneration. 
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Fig.4 Characterization of PDA/HA multilayers on scaffolds. (A) SEM images showing the 

surface morphology of M-N, M-N-(PDA@E2/HA)10, and M-N-(PDA@E2/HA)20 

scaffolds of different magnifications. (B) Variation of water contact angle of M-N 
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scaffold surface with the number of PDA@E2/HA bilayer film on the M-N scaffold. 

(C) Cross-sectional views of M-N, M-N-(PDA@E2/HA)10, and M-N-

(PDA@E2/HA)20 scaffolds. 

 

3.4 Mechanical properties of M-N-(PDA@E2/HA)20 scaffolds 

Human uterus is a myogenic organ, and myometrium having about 95% myocytes in volume 

is highly stretchable. What distinguishes uterus myocytes from myocytes in other smooth 

muscle tissues is their relatively large size. Therefore, smooth muscle cell-containing 

myometrium could tolerate contraction and expansion of the uterus for fetus development and 

parturition. Furthermore, myometrium supports stromal and vascular tissues.  

In the current study, M-N scaffolds were improved by forming a PDA@E2/HA multilayer films 

on them, which would help to restore the functions of human uterus. As shown in Fig.5 and 

Table.S1, all scaffolds were highly stretchable. The elongation at break of M, M-N, M-N-

(PDA@E2/HA)10 and M-N-(PDA@E2/HA)20 scaffolds was 514.01±11.13%, 501.42±29.99%, 

498.20±17.42% and 501.37±22.98%, respectively, which are remarkable among all known 

tissue engineering scaffolds. There is no large difference for this property among the scaffolds. 

The ultimate tensile strength of M and M-N scaffolds was 0.83±0.12MPa and 0.89±0.06MPa, 

respectively. However, with the formation of PDA@E2/HA multilayer films on scaffolds, the 

tensile strength of M-N-(PDA@E2/HA)10, and M-N-(PDA@E2/HA)20 scaffolds increased to 

1.49±0.08MPa and 1.62±0.12MPa, respectively. The PDA@E2/HA multilayer films on 

scaffolds had improved the strength and modulus of scaffolds but did not impair their elasticity 

(Fig.5D-5F). Previously, Manoogian et al. used uniaxial and biaxial testing methods to evaluate 

porcine and human uterine tissues 54, 55. From their ex vivo studies, porcine uterine tissues 

showed peak stress of 320±176 kPa with a corresponding strain of 30±9.0%, while human 

uterus exhibited average peak stress of 656.3 ± 483.9 kPa with a corresponding strain of 

32±11.2%. Moreover, from in vivo tests, human uterus could stretch to 110-130%. In the 

current study, M-N-(PDA@E2/HA)20 scaffolds could stretch to 500% and their tensile strength 

was over 1.5MPa. Moreover, as shown in Fig.S3, M-N-(PDA@E2/HA)20 scaffolds could 
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recover to the initial state within 20s after being stretched to 50% and 100% strain, respectively, 

suggesting the excellent elasticity of M-N-(PDA@E2/HA)20 scaffolds. Furthermore, the 

deformation rate of scaffolds could be less than 10%. Therefore, the mechanical properties of 

M-N-(PDA@E2/HA)20 scaffolds appear to be superior to native uterus, indicating significant 

advantages of these scaffold for uterine tissue regeneration. 

 



25 

 

Fig.5 Mechanical behavior and properties of different scaffolds. (A) A photo showing an M-

N-(PDA@E2/HA)20 scaffold during tensile testing, (B) Scaffold samples before and 

after tensile tests, (C) Typical tensile stress-stain curves of scaffold samples, (D) 
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Ultimate tensile strength, (E) Elongation at break and (F) Young’s modulus of M, M-

N, M-N-(PDA@E2/HA)10 and M-N-(PDA@E2/HA)20 scaffolds. 

 

3.5 Controlled and sustained release of E2 and biological properties of M-N-

(PDA@E2/HA)n scaffolds 

PDA particle is an excellent photothermal agent with good biocompatibility and 

biodegradability 56. In the current study, the photothermal behavior of M-N-(PDA@E2/HA)10 

and M-N-(PDA@E2/HA)20 scaffolds were investigated. Fig.6A-C show temperature changes 

of scaffolds when they were irradiated by an 808nm wavelength NIR laser at different energy 

densities (0.5 and 1.0 W/cm2). Fig.S4 provides infrared thermal images of scaffolds under the 

irradiation of the NIR laser for different time. M-N-(PDA@E2/HA)20 scaffolds could be heated 

up to 40℃ when irradiated at 1.0 W/cm2 for 5min. To study the effect of NIR laser irradiation 

on E2 release, M-N-(PDA@E2/HA)20 scaffolds were used. The E2 amount in the release 

medium was calculated based on the calibration curve, as illustrated by Fig.S5. Consequently, 

E2 release profiles, which could be regulated by NIR laser irradiation, were established 

(Fig.6D). It could be seen that with the NIR laser irradiation, more E2 was released from the 

scaffolds. The NIR laser irradiation obviously promoted E2 release from M-N-

(PDA@E2/HA)20 scaffold, which could be attributed to Brownian movements of drug 

molecules. The entropy as well as temperature of M-N-(PDA@E2/HA)20 scaffolds was 

increased when irradiated by the NIR laser, thereby accelerating the movements of E2 

molecules. 

Since the pH value of uterine fluid is dynamics, experiments were conducted to study E2 

release behavior in buffer solutions of different pH values (pH 4.5, 7.4 and 9.0). As shown in 

Fig.6E, the release of E2 from M-N-(PDA@E2/HA)20 scaffolds could last for more than 28 

days. This sustained E2 release would enable prolonged therapeutic effect and hence could 

facilitate uterine regeneration. Also, the E2 release kinetic could be depicted by the Higuchi 

model (Fig.S5D). Furthermore, it was seen that E2 could be quickly released in an alkaline 

environment and slowly in an acidic solution. This release behavior may be a result of the 
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PDA@E2/HA multilayer films. Generally, the electrostatic interaction between paired 

electrolytes could be interrupted by H+ or OH-, which would render the multilayer films pH-

responsive 57. Because PDA was positively charged and PDA-based particles could be readily 

disintegrated in alkaline solution, the interaction between PDA@E2 particles and HA polymer 

could be disturbed by OH-. Consequently, a quick E2 release occurred in an alkaline solution. 

Estrogen plays an essential role in regulating menstruation and endometrium regeneration for 

females 58. The safety and efficacy of E2 delivery for endometrium regeneration have been 

confirmed in clinical studies 44, 45. There are plentiful estrogen receptors on endometrium 

stromal cells and glandular epithelial cells. When E2 molecules bind to these receptors, they 

could perform their main function to promote the expression of angiogenic growth factors such 

as VEGF, bFGF and TGF-β1 59. Subsequently, those angiogenic growth factors would facilitate 

endothelial cell migration, proliferation, differentiation and tube formation and consequently 

increase blood vessel density and angiogenesis, thus improving the reconstruction of uterine 

tissues. However, as discussed earlier, E2 is poorly water-soluble and also has a limited half-

life. The current practice of oral administration of E2 to treat uterine injury leads to very poor 

E2 availability at uterine injure sites. Therefore, a smart delivery vehicle should be formed to 

realize controlled and sustained E2 release in situ at the uterine injury sites. Several hydrogel 

systems were reported to encapsulate E2 for endometrium regeneration 60, 61. In the current 

study, PDA@E2/HA multilayer films were constructed to deliver E2 in situ in a controlled 

manner. The results obtained have indicated that these films could provide controlled and 

sustained release of E2. In addition, it was found that the E2 release speed was associated with 

NIR laser irradiation and solution pH value. The pH value in the uterine cavity is not constant 

and varies according to the female health condition and menstruation. Therefore, apart from 

pH-responsive delivery of E2, the E2 release speed would be controlled by changing the NIR 

laser irradiation time and density, thereby promoting uterine regeneration. 
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Fig.6 Photothermal effect and controlled E2 release from different scaffolds. Temperature 

changes of M, M-N, M-N-(PDA@E2/HA)10 and M-N-(PDA@E2/HA)20 scaffolds 

under the irradiation of an 808nm wavelength NIR laser at the power density of (A) 

0.5 W/cm2 and (B) 1.0 W/cm2. (C) Infrared thermal images of M-N-(PDA@E2/HA)10 
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and M-N-(PDA@E2/HA)20 scaffolds for a 5-min NIR laser irradiation. (D) In vitro 

E2 cumulative release from M-N-(PDA@E2/HA)20 scaffolds with or without NIR 

irradiation (at 0.5 and 1.0 W/cm2, respectively) in PBS (pH 7.4). (E) In vitro E2 

cumulative release of M-N-(PDA@E2/HA)20 scaffolds in buffer solutions of pH 4.5, 

pH 7.4, and pH 9.0, respectively. 

 

In vitro and in vivo studies have shown that BMSCs could directly differentiate into 

endometrium epithelial cells to improve gland and blood vessel formation, thereby promoting 

endometrium regeneration 62. BMSCs could also stimulate and activate the resident 

endometrium stem cells to promote uterine regeneration via the paracrine effect. Therefore, in 

the current study, BMSCs were used to evaluate in vitro biological performance of scaffolds 

fabricated. It was found that scaffolds coated with PDA@E2/HA multilayer films exhibited a 

relatively higher BSA adsorption than M and M-N scaffolds, as shown in Fig.S6. Furthermore, 

among all scaffolds tested, M-N-(PDA@E2/HA)20 scaffolds showed the highest BMSC 

proliferation rate (Fig.7C), which suggested that PDA@E2/HA multilayer films were 

beneficial for cell growth. The live/dead assay results indicated that M, M-N, M-N-

(PDA/HA)20, and M-N-(PDA@E2/HA)20 scaffolds were all highly biocompatible. The cell 

survival rates of BMSCs on the scaffolds were all higher than 95%, and there was no significant 

difference among these scaffolds (Fig.7A, B). The cell morphology and internal structure of 

BMSCs cultured on different scaffolds were studied using SEM and CLSM after 

phalloidin/DAPI staining. SEM observations showed that BMSCs exhibited well-spread 

morphology on scaffolds (Fig.S7), and CLSM images revealed that BMSCs had spindle-like 

morphology and maintained their phenotype on scaffolds (Fig.7D). Overall, the M-N-

(PDA@E2/HA)20 scaffolds showed the best in vitro biological performance and could promote 

BMSC growth and proliferation. 
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Fig.7 In vitro biological performance of different scaffolds. (A) Fluorescence images of 

BMSCs cultured on M, M-N, M-N-(PDA/HA)20 and M-N-(PDA@E2/HA)20 scaffolds 

for 24h and 48h, respectively. (Live cells were stained green and dead cells were 

stained red.) (B) Cell survival rates of BMSCs cultured on M, M-N, M-N-(PDA/HA)20 

and M-N-(PDA@E2/HA)20 scaffolds. (C) Cell proliferation of BMSCs cultured on M, 

M-N, M-N-(PDA/HA)20 and M-N-(PDA@E2/HA)20 scaffolds. (D) CLSM images 

showing nucleus and F-actin (blue for nucleus and red for F-actin) of BMSCs cultured 

on M, M-N, M-N-(PDA/HA)20 and M-N-(PDA@E2/HA)20 scaffolds for 7 days. 
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3.6 Fabrication and properties of hierarchical structured tissue engineering scaffolds for 

uterine regeneration 

Although M-N scaffolds coated with the PDA@E2/HA multilayer films could provide a 

controlled and sustained E2 release and exhibited excellent in vitro biological performance, 

constructing a layer of cell-laden hydrogel on the surface of these scaffolds to mimic the 

multilayer and hierarchical structure of the native uterine tissue should be more beneficial for 

uterine regeneration. Bioinks involving Gel and GelMA have been widely used to fabricate 

cell-laden hydrogel scaffolds via 3D bioprinting for tissue engineering applications 63, 64. Stem 

cell-laden 3D printed Gel or GelMA scaffolds could provide abundant autologous stem cells at 

tissue regeneration sites. Those stem cells would secrete matrix proteins to establish 

extracellular matrix (ECM) and attract surrounding cells to migrate towards the regeneration 

sites via auto-/paracrine effect, thus facilitating tissue remodeling. Also, attempts have been 

made to utilize Gel and GelMA to repair endometrium injury in recent years. For example, due 

to the arginine-glycine-aspartic (RGD) motifs in gelatin chains and because of less antigenic 

and immunological response in comparison with collagen, Gel and GelMA hydrogels were 

shown to promote angiogenesis and support endometrium endothelial cell tube formation and 

endometrium stromal cell growth in uterine regeneration 65, 66. In the current study, according 

to our design, 3D printing of BMSC-laden GelMA/Gel hydrogel on the surface of M-N-

(PDA@E2/HA)20 scaffolds was conducted to form the final, hierarchical structured scaffolds 

for uterine regeneration. 

Firstly, GelMA was synthesized per established protocol 25. As can been seen in Fig.S8, the FT-

IR spectrum for synthesized GelMA showed that the introduction of the small moiety -O-CH2-

CH=CH2 into Gel chains caused the redshift of N-H vibration. Moreover, the amide 

characteristic peaks of GelMA, amide I (1632cm-1) and amide II (1538cm-1) were more 

prominent than those shown in Gel chains because of the addition of the methacrylate group. 

The 1H-NMR spectrum for synthesized GelMA revealed the presence of new peaks around 

6.00-5.86ppm (m, -O-CH2-CH=CH2) and 5.38-5.22ppm (t, -O-CH2-CH=CH2). The DoM of 

the GelMA was calculated to be about 80.6%. After GelMA synthesis, GelMA/Gel blend inks 

were prepared. The GelMA/Gel inks showed an excellent shear-thinning phenomenon, 
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indicating their potentially good printability for 3D printing (Fig.8A). Furthermore, the 

rheological study of GelMA/Gel inks indicated that these inks existed in the gel state at both 

25 and 37℃ after being UV crosslinked for 2min (Fig.8B and 8C), indicating the good 

photocurable ability of GelMA/Gel inks.  

The suitable rheological properties of GelMA/Gel inks implied their feasible use for 3D 

bioprinting. Therefore, BMSCs were added to GelMA/Gel blends to form bioinks for the 

fabrication of the cell-laden hydrogel layer on M-N-(PDA@E2/HA)20 scaffolds via 3D 

bioprinting. The cell viability in the 3D printed hydrogel layer was evaluated using live/dead 

assay and the results are presented as Fig.9A and 9B. As the culture time increased, the 

GelMA/Gel hydrogel layer degraded gradually and encapsulated BMSCs could spread 

gradually and were eventually released from the scaffolds. Generally, 3D printed stem cell-

laden hydrogel scaffolds can introduce autologous stem cells in implantation sites and these 

cells secrete various cytokines, growth factors, proteins, etc., that promote tissue regeneration. 

Since BMSCs had been shown to be beneficial for endometrium regeneration, in the current 

study, the BMSC-laden GelMA/Gel hydrogel printed on M-N-(PDA@E2/HA)20 scaffolds 

could release abundant BMSCs at tissue regeneration sites, which would facilitate uterine 

regeneration through auto-/paracrine effect. The live/dead assay results showed that BMSCs 

had the highest cell survival rate (about 98%) at day 0. After culturing for 1 day, the cell survival 

rate decreased to 86.5% on M-N-(PDA/HA)20 scaffolds and 85.6% on M-N-(PDA@E2/HA)20 

scaffolds. But it recovered to 96% on day 7 of culture. These results suggested that it could be 

advantageous to use BMSC-laden GelMA/Gel hydrogel coated M-N-(PDA@E2/HA)20 

scaffolds for uterine regeneration. 

Human uterus has a complex, hierarchical structure in the curved shape. Although flat 

multilayered scaffolds which mimicked the structure and functions of the uterus may be made 

for use, as has been shown in the current study, ideally, the scaffolds should be in tubular or 

curved shape for fitting into the injured/damaged uterus. Scaffolds with a shape morphing 

ability to transform from planar structures to curved or tubular structures upon suitable 

stimulus/stimuli would be advantageous for uterine tissue engineering. Shape morphing upon 

receipt of a stimulus provides feasible a way for the fabrication of curved or tubular scaffolds 
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with hierarchical structures 67, 68. With reference to the 4D printing principle, based on a 

PLATMC/PLGA substrate of a suitable glass transition temperature (Tg) (Fig.S9), the 

multilayered scaffolds produced in the current study could keep their planar shape at room 

temperature and would evolve completely into the tubular shape at 37℃. Video.S1 shows the 

whole shape morphing process of the final scaffold, while Fig.S10 displays the tubular shape 

of M, M-N and M-N-(PDA@E2/HA)20 scaffolds after transformation from the original planar 

shape. The shape morphing behavior of these scaffolds could be attributed to the amorphous 

nature of the PLATMC polymer in the scaffolds. M scaffolds were shaped into tubular 

structures using a stainless steel rod at 50℃. The gradient increase in temperature from the 

surface to interior during the heating process affected the degree of molecular orientation, 

thereby resulting in anisotropic birefringence and inhomogeneous transparency. For the 

subsequently flattened scaffolds, the memory of the tubular shape was already built in in the 

flat scaffolds. When cultured in a physiological environment at 37℃, flat scaffolds were heated 

up and glass transition took place, causing the flat scaffolds to transform into curved or tubular 

structures. For a good visualization of the 3D bioprinted hydrogel layer on M-N-

(PDA@E2/HA)20 scaffolds, in a set of experiments, a blue dye was added in GelMA/Gel-based 

bioinks before 3D bioprinting. Fig.9C shows the final structure of a multilayered, hierarchical 

structured tissue engineering scaffold containing a BMSC-laden GelMA/Gel hydrogel layer 

(which was in blue color) on the surface. Owing to the shape morphing ability, this tissue 

engineering scaffold with a hierarchical structure was in the tubular shape at 37℃, mimicking 

the innate structure of the uterine tissue. Moreover, the final tissue engineering scaffolds 

exhibited superior mechanical properties and could provide controlled and sustained E2 release 

at the injury/damage sites after implantation, which would make the scaffolds a good graft for 

uterine defects. In addition, the BMSC distribution inside the hydrogel layer of the scaffold 

was revealed by CLSM imaging (Fig.9D). BMSCs were found to be homogeneously 

distributed in the hydrogel layer of the final tissue engineering scaffolds. Also, even after shape 

morphing into the tubular structure at 37℃, BMSCs in 3D printed GelMA/Gel hydrogel layer 

exhibited a very high survival rate. 

On the other hand, the multilayer-structured scaffolds thus produced would exhibit unique 
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degradation behavior. Fig.9A has displayed the initial degradation of scaffolds. Like other cell-

laden hydrogels 69, in the in vitro or in vivo environment, the BMSC-laden hydrogel layer of 

multilayered scaffolds would be degraded in weeks and hence would release encapsulated 

BMSCs gradually into the surrounding environment. Moreover, the PDA@E2/HA multilayer-

film scaffold layer would disintegrate in months because of the enzymatic and pH 

microenvironment. Finally, as shown by other studies 26, biodegradation of the 

PLATMC/PLGA scaffold layer would last for years. In our subsequent studies, the 

biodegradation behaviour, mechanism and kinetics will be investigated for the multilayered 

scaffolds and consequently, the multilayer structure of scaffolds could be fine-tuned. In our 

current study, the emphasis was on designing, fabricating and characterizing trilayer scaffolds 

that mimicked the uterine tissue. In the next stage of research, more in vitro differentiation 

experiments and in vivo animal investigations will also be conducted to examine the safety and 

efficacy of our trilayer scaffolds on uterine tissue regeneration. These studies will help to gain 

more insights into multilayered scaffolds and assist the development of this type of 

biomimicking scaffolds for uterine tissue regeneration. 

As has been shown in this article, the novelty of our current study includes (1) applying 4D 

printing in uterine tissue engineering, (2) designing and fabricating via 4D printing 

multilayered biomimicking scaffolds for regenerating both endometrium and myometrium of 

the uterine tissue, and (3) combining stem cell delivery and E2 release for effective uterine 

tissue regeneration. It has been demonstrated through current study that 4D printing and 

bioprinting are powerful for creating novel scaffolds for uterine tissue regeneration. 
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Fig.8 Rheological properties of 3D printing GelMA/Gel inks. (A) Shear thinning behavior 

of a GelMA/Gel ink. Rheological properties of UV crosslinked inks at (B) 25℃ and 

(C) 37℃. 
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Fig.9 3D printed cell-laden GelMA/Gel hydrogel and hierarchical structured tissue 

engineering scaffolds for uterine tissue regeneration. (A) Live/dead assay results of 

3D printed BMSC-laden hydrogel on M-N-(PDA/HA)20 and M-N-(PDA@E2/HA)20 

scaffolds, respectively. (B) Cell survival rates of BMSCs in 3D bioprinted cell-laden 

hydrogel on M-N-(PDA/HA)20 and M-N-(PDA@E2/HA)20 scaffolds, respectively. (C) 

A photo showing a shape-morphed (self-folded), hierarchical structured scaffold. (A 

blue dye was used for visualizing the cell-laden hydrogel layer on the M-N-

(PDA@E2/HA)20 layer of the scaffold.) (D) A CLSM image showing the distribution 
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of BMSCs in the GelMA/Gel hydrogel layer of a hierarchical structured scaffold after 

the flat scaffold self-folded into the tubular shape after being immersed in the culture 

medium at 37℃. 

 

4. Conclusions 

In the current study, a multilayered and hierarchical structured tissue engineering scaffold 

mimicking the structure and functions of uterine tissue was designed and scaffolds of this 

design were successfully fabricated via solvent casting, layer-by-layer self-assembly, and 3D 

bioprinting. The final tissue engineering scaffolds had three distinctive layers: PLATMC/PLGA 

structural layer, PDA@E2/HA multilayer films layer, and BMSC-laden GelMA/Gel hydrogel 

layer. PDA@E2/HA multilayer films formed on PLATMC/PLGA scaffolds improved the 

mechanical properties, making the tissue engineering scaffolds superior to the uterine tissue. 

Additionally, the PDA@E2/HA multilayer film layer could provide controlled and sustained 

release of E2. Also, E2 release was pH-responsive and could be controlled by NIR laser 

irradiation. Furthermore, BMSCs exhibited a very high survival rate and a homogeneous 

distribution in the 3D bioprinted GelMA/Gel hydrogel layer of tissue engineering scaffolds. 

The cells could gradually spread and would be released from GelMA/Gel hydrogel. Importantly, 

the tissue engineering scaffold had the shape morphing ability to form curved or tubular 

structures when cultured at physiological environment at 37℃. The final tissue engineering 

scaffolds constructed in the current study had the multilayered and hierarchical structure as that 

of the uterine tissue, exhibited high stretchability, and provided controlled and sustained E2 

release, which would make them very promising for uterine tissue regeneration. 

 

Supporting information 

Fig.S1 Surface morphology of M scaffolds. (A) and (B) SEM images of M scaffolds. (C) 

Atomic force microscope (AFM) image of an M scaffold. 
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Fig.S2 E2 loading efficiency of PDA particles with different dopamine to E2 ratios. 

Fig.S3 Recovery of M-N-(PDA@E2/HA)20 scaffolds after stretching to (A) 50% strain and 

(B) 100% strain, respectively. 

Fig.S4 Infrared thermal images of M, M-N, M-N-(PDA@E2/HA)10, and M-N-

(PDA@E2/HA)20 scaffolds under the irradiation of an 808nm wavelength NIR laser 

at the power density of 1.0 W/cm2 for different times. 

Fig.S5 (A) and (B) Optical density (OD) values of solutions of different E2 concentrations 

as measured by a UV-vis spectrometer. (C) Calibration curve for OD values (at 

280nm wavelength) and E2 concentrations. (D) Application of the Higuchi model 

for E2 release from M-N-(PDA@E2/HA)20 scaffolds. 

Fig.S6 BSA absorption by M, M-N, M-N-(PDA@E2/HA)10, and M-N-(PDA@E2/HA)20 

scaffolds.  

Fig.S7 SEM images showing the morphology of BMSCs cultured on (A1, A2) M, (B1, B2) 

M-N, (C1, C2) M-N-(PDA/HA)20, and (D1, D2) M-N-(PDA@E2/HA)20 scaffolds. 

Fig.S8 Characteristics of synthesized GelMA and Gel. (A) FT-IR spectra, (B) 1H-NMR 

spectra. 

Fig.S9 DSC curves for PLATMC, PLGA and PLATMC/PLGA.  

Fig.S10 Tubular structures of M, M-N, and M-N-(PDA@E2/HA)20 scaffolds evolved from 

the original planar shape after being immersed in a 37℃ water bath. 

Table.S1 Tensile properties of M, M-N, M-N-(PDA@E2/HA)10, and M-N-(PDA@E2/HA)20 

scaffolds. 

Video.S1 The shape morphing process of the final tissue engineering scaffold. 
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Fig.S1 Surface morphology of M scaffolds. (A) and (B) SEM images of M scaffolds. (C) 

Atomic force microscope (AFM) image of an M scaffold. 

 

 

 

Fig.S2 E2 loading efficiency of PDA particles with different dopamine to E2 ratios. 
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Fig.S3 Recovery of M-N-(PDA@E2/HA)20 scaffolds after stretching to (A) 50% strain and (B) 

100% strain, respectively. 

 

 

 

Fig.S4 Infrared thermal images of M, M-N, M-N-(PDA@E2/HA)10, and M-N-

(PDA@E2/HA)20 scaffolds under the irradiation of an 808nm wavelength NIR laser 

at the power density of 1.0 W/cm2 for different times. 
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Fig.S5 (A) and (B) Optical density (OD) values of solutions of different E2 concentrations as 

measured by a UV-vis spectrometer. (C) Calibration curve for OD values (at 280nm 

wavelength) and E2 concentrations. (D) Application of the Higuchi model for E2 

release from M-N-(PDA@E2/HA)20 scaffolds. 
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Fig.S6 BSA adsorption by M, M-N, M-N-(PDA@E2/HA)10, and M-N-(PDA@E2/HA)20 

scaffolds. 

 

 

 

Fig.S7 SEM images showing the morphology of BMSCs cultured on (A1, A2) M, (B1, B2) 

M-N, (C1, C2) M-N-(PDA/HA)20, and (D1, D2) M-N-(PDA@E2/HA)20 scaffolds. 
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Fig.S8 Characteristics of synthesized GelMA and Gel. (A) FT-IR spectra, (B) 1H-NMR 

spectra. 

 

 

 

Fig.S9 DSC curves for PLATMC, PLGA and PLATMC/PLGA. 
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Fig.S10 Tubular structures of M, M-N, and M-N-(PDA@E2/HA)20 scaffolds evolved from the 

original planar shape after being immersed in a 37℃ water bath. 

 

 

Table S1 Tensile properties of M, M-N, M-N-(PDA@E2/HA)10, and M-N-

(PDA@E2/HA)20 scaffolds. 

Scaffold Elastic Strain 

(%) 

Yield Strength 

(MPa) 

Elastic Modulus 

(MPa) 

Ultimate Strength 

(MPa) 

Elongation at 

Break (%) 

Fracture Strength 

(MPa) 

M 1.03±0.12 0.25±0.063 6.92±0.82 0.83±0.12 514.01±11.13 0.74±0.17 

M-N 4.94±0.44 0.29±0.0071 4.38±0.49 0.89±0.057 501.42±29.99 0.38±0.18 

M-N-(PDA/HA)10 4.32±0.54 0.49±0.12 13.46±2.28 13.46±2.28 13.46±2.28 0.98±0.28 

M-N-(PDA/HA)20 4.45±0.09 0.50±0.06 15.09±7.33 1.62±0.12 501.37±22.98 1.24±0.25 

 

 


