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Introduction

Cell therapy has significant potential to 
revolutionise medicine by offering novel 
treatments for various diseases, such as cancer 
and endocrine and neurological disorders.1, 2 
The delivery method plays a critical role in the 
success treatment by influencing cell viability, 
biodistribution, and retention. At present, 
common delivery routes include intravenous/
intra-arterial infusion and direct intra-
tissue injection. In this field, scaffold-based 
transplantation is emerging as an alternative 
strategy for enhancing engraftment, survival, 
and retention.3

An ideal scaffold for cell delivery should 
exhibit biocompatibility, biodegradability, and 
adherence to cells to serve as a suitable substrate 
for cell attachment, proliferation, differentiated 

function, and migration.4 A promising approach 
to meet these requirements is to combine a porous 
scaffold backbone with hydrogel filling.5 This 
composite design consists of a stiff and porous 
backbone that provides mechanical stiffness and 
a two-dimensional environment. The scaffold 
backbone is then perfused with a soft hydrogel to 
provide a three-dimensional environment with 
chemistry that facilitates cell attachment, growth, 
and differentiation.

Poly(ε-caprolactone) (PCL) is a widely 
investigated polymer for scaffold fabrication 
owing to its favourable biocompatibility, ease of 
processing, and non-toxic degradation products.6 
Porous PCL scaffolds can be prepared through 
various techniques, such as three-dimensional 
printing, particulate leaching, phase separation, 
and electrospinning, to control the pore size 
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A composite scaffold composed of a porous scaffold and hydrogel filling 

can facilitate engraftment, survival, and retention in cell transplantation 

processes. This study presents a composite scaffold made of poly(ε-
caprolactone) (PCL) and methacrylated hyaluronic acid (MeHA) hydrogel 

and describes the corresponding physical properties (surface area, porosity, 

and mechanical strength) and host response (angiogenesis and fibrosis) 

after subcutaneous transplantation. Specifically, we synthesise MeHA with 

different degrees of substitution and fabricate a PCL scaffold with different 

porosities. Subsequently, we construct a series of PCL/MeHA composite 

scaffolds by combining these hydrogels and scaffolds. In experiments 

with mice, the scaffold composed of 3% PCL and 10–100 kDa, degree of 

substitution 70% MeHA results in the least fibrosis and a higher degree of 

angiogenesis. This study highlights the potential of PCL/MeHA composite 

scaffolds for subcutaneous cell transplantation, given their desirable physical 

properties and host response. 
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and porosity. Hyaluronic acid (HA)-based hydrogel is another 
commonly used biomaterial because of its biofunctionality, 
multiple reactive functional groups, and degradability. 
Research has demonstrated that HA hydrogel can promote 
angiogenesis and tissue regeneration.7 Several researchers 
have combined porous PCL scaffolds with HA hydrogel to 
construct composites for cell transplantation.8 However, this 
line of research is still in the nascent stage, and the influence of 
HA size on the in vivo performance of this composite remains 
to be clarified. 

This study addresses this research gap by developing PCL/
HA composite scaffolds and investigating their status after 
transplantation. Specifically, we synthesise methacrylated HA 

(MeHA) hydrogels with a range of crosslinking degrees and 
fabricate PCL scaffolds with different porosities. Subsequently, 
a series of PCL/MeHA composite scaffolds are prepared 
by combining the hydrogels and scaffolds. The fibrosis 
and vascularisation on these scaffolds after subcutaneous 
transplantation are explored to clarify the influence of the 
MeHA molecular weight, degree of substitution (DS), and pore 
size of the PCL scaffold on the scaffold performance (Figure 1). 
Quantification of the fibrous capsule thickness on the scaffold 
and von Willebrand factor (vWF) staining of the blood vessels 
in the fibrous capsule demonstrate that a composite scaffold 
composed of low molecular weight MeHA hydrogel and a PCL 
scaffold with smaller surface area and porosity exhibits the 
least fibrosis and enhanced angiogenesis.

1 Department of Biomedical Engineering, City University of Hong Kong, Hong Kong Special Administrative Region, China; 2 Center for Pluripotent Stem 
Cell Research and Engineering, Research Institute of Tsinghua, Guangzhou, Guangdong Province, China; 3 Department of Applied Biology and Chemical 
Technology, The Hong Kong Polytechnic University, Hong Kong Special Administrative Region, China

Figure 1. Fabrication and subcutaneous transplantation of PCL/MeHA composite scaffolds. Created with BioRender.
com. MeHA: methacrylated hyaluronic acid; NaCl: sodium chloride; PCL: poly(ε-caprolactone).
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Methods

Synthesis and characterisation of MeHA

Methacrylation of sodium HA (Mw 10–100, 200–400, and 900 
kDa; Bloomage Biotechnology Co. Ltd., Beijing, China) was 
performed with reference to our previous work.9 Specifically, 
4.0 g HA was dissolved in 200 mL distilled water in a 500 mL 
three-necked round-bottom bottle and stirred overnight at 
4°C. Subsequently, 133.3 mL N, N-dimethylformamide (Sigma-
Aldrich, Burlington, MA, USA) was added in the HA solution, 
followed by the dropwise addition of 4.76 mL methacrylic 
anhydride (94%, Sigma-Aldrich). The pH of the solution was 
adjusted to 8–9 with fresh 1 M sodium hydroxide (NaOH, J&K 
Scientific Ltd., Beijing, China), and the mixture was stirred 
overnight at 4°C. Next, 9.88 g sodium chloride (NaCl; J&K 
Scientific) was added to attain a NaCl concentration of 0.5 M, 
and MeHA precipitated upon the addition of 1000 mL ethanol. 
The precipitated MeHA was washed three times with ethanol 

and then dissolved in 150 mL distilled water. In this manner, 
the unreacted methacrylic anhydride was removed by ethanol 
precipitation. The solution was dialysed against distilled water 
for 7 days, and the obtained purified product was lyophilised 
and characterised by 1H spectroscopy (Bruker Avance II 400 
MHz NMR, Billerica, MA, USA). The DS was determined 
using the signals of the methacryloyl group at 5.62 and 6.06 
ppm (ascribed to anomeric protons of the double bond) and 
the methacrylate group at 1.83 ppm. The chemical shift of the 
methyl group connecting to the amide group was 1.90 ppm. 

Preparation and rheological analysis of MeHA solution 

and hydrogels

MeHA solution, consisting of MeHA (50 mg/mL) and a 
photoinitiator (0.5 mg/mL, Irgacure 2959, Sigma-Aldrich), was 
dissolved in distilled water. MeHA hydrogels were prepared by 
exposing the MeHA solution to ultraviolet light (wavelength = 
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360 nm, intensity = 10.0 mW/cm2) for 10 minutes to achieve 
radical polymerisation.10 The mechanical properties of the 
MeHA solution and hydrogels were determined by their 
storage modulus (G′) and loss modulus (G″), measured using a 
rotating rheometer (Bohlin Instruments, Worcestershire, UK) 
in the frequency sweep mode of 0.1–10 Hz.

Swelling ratio of photocrosslinked MeHA

MeHA (50 mg/mL) and a photoinitiator (0.5 mg/mL, Irgacure 
2959) were dissolved in distilled water. The mixture was cast 
into a plasma-treated polydimethylsiloxane (Dow Corning 184 
Sylgard) mould (diameter: 15.82 mm, thickness: 1.04 mm) until 
the cavity was filled. Subsequently, the polydimethylsiloxane 
mould was centrifuged at 753 × g (with g representing the 
relative centrifugal force) for 2 minutes to ensure uniform 
distribution of the material (Sorvall ST 16R Centrifuge, 
Thermo Fisher Scientific Inc., Waltham, MA, USA). After 
drying at room temperature (approximately 25°C) in a fume 
hood (approximately 12 hours), dry MeHA plates were carefully 
separated from the polydimethylsiloxane mould, trimmed to a 
circle with a diameter of 12 mm, and exposed to ultraviolet 
light (wavelength = 360 nm, intensity = 10.0 mW/cm2)  
for a certain period (3, 5, or 15 minutes).

The swelling properties of the MeHA plates were determined 
in phosphate-buffered saline (PBS) at 37°C.11 The wet weight 
of the MeHA plates was measured at several time points during 
the incubation. The swelling ratio was calculated as (Ws – Wi)/
Wi × 100,12 where Ws represents the weight of the swollen 
hydrogel at a given time point and Wi represents the weight of 
the dried hydrogel at 0 seconds.

Fabrication of PCL scaffolds

PCL scaffolds were fabricated through solvent casting and 
salt leaching.13-16 A 5% (w/v) PCL solution was prepared in 
chloroform (J&K Scientific), and NaCl was added to the PCL 
solution at various ratios (PCL:NaCl = 7:93, 6:94, 5:95, 3:97, 
and 2:98). The required amount of NaCl particles were placed in 
sterile Petri dishes, and the solution was poured into each Petri 
dish while ensuring even distribution. The dishes were placed 
in the fume hood overnight to allow the solvent to evaporate. 
To remove the salt particles, polymer sheets (thickness = 2 mm) 
were extensively washed using a sonicator (DTC-10J, Toptill 
Technology, Hubei, China) with sterile distilled water. Finally, 
the dried polymer sheets were cast and resized into samples 
sized 10 mm × 5 mm. The scaffold porosity was evaluated using 
the theoretical approach proposed by Landers et al.17 Porosity 
(%) = (1 – VPCL/VScaffold) × 100. 

Mechanical testing of PCL scaffolds

The mechanical properties of the PCL scaffolds were measured 
using a computer-controlled Instron Tensile 5942 Micro 
Tester (Instron, Norwood, MA, USA). Compressive tests 
were conducted at room temperature with a 1 kN load cell at a 
crosshead speed of 1 mm/min, and tensile tests were performed 
at a crosshead speed of 3 mm/min. The elastic modulus (both 
tensile and compressive) was calculated from the initial slope 
of the stress–strain curve within the elastic deformation range. 

Preloading was performed before the test to prevent plastic 
deformation of the porous structure. Measurements were 
obtained for three samples of each type.18

Scanning electron microscopy examination of PCL 

scaffolds

All of the samples were coated with gold using a Q150TS 
dual-target sputtering system (Quorum, East Sussex, UK).19 
Scanning electron microscopy (SEM) images were obtained 
using an FEI Quanta 250 e-SEM microscope (Bruker, Billerica, 
MA, USA) with an electron landing voltage of 10 kV.

Nitrogen adsorption and desorption measurements for 

Brunauer–Emmett–Teller surface area analysis

The scaffolds were degassed prior to the measurement. Data 
were collected using V-Sorb 2800TP (Gold APP Instruments 
Co., Beijing, China) by the multi-point Brunauer–Emmett–
Teller (BET) testing method. The surface area was calculated 
using the BET method. The total pore volume of single-point 
adsorption was calculated from adsorption isotherms using the 
following formula: Total pore volume = gas amount adsorbed 
at P/P0 = 0.99 or 0.995 at specific gas densities. Where P is 
the equilibrium adsorption pressure of the gas, and P0 denotes 
the saturated vapour pressure of the gas at the adsorption 
temperature.

In vitro biocompatibility test

To prepare PCL/MeHA composite scaffolds, MeHA  
(50 mg/mL) and a photoinitiator (Irgacure 2959, 0.5 mg/mL)  
were dissolved in low-glucose Dulbecco’s modified Eagle’s 
medium (Thermo Fisher Scientific Inc.) containing 1% 
penicillin–streptomycin and 10% foetal bovine serum 
(Invitrogen, Thermo Fisher Scientific Inc.). The pH was 
adjusted using 1 M NaOH. The PCL scaffold (sterilised through 
immersion in 75% ethanol solution for 30 minutes followed 
by exposure to ultraviolet irradiation for 30 minutes) was 
immersed into the MeHA solution to fill the pores. The MeHA 
hydrogel was then exposed to ultraviolet light (wavelength = 
365 nm, intensity = 10.0 mW/cm2) for 20 minutes (10 minutes 
for each side of the scaffold). 

Mesenchymal stem cells (MSCs, Invitrogen) (1 × 105 cells 
per well) were cultured in a 24-well plate with PCL/MeHA 
scaffolds in a medium composed of 500 μL growth medium 
and 50 μL alamarBlue (cell viability reagent, Invitrogen). 
As a positive control, MSCs were cultured in the medium 
alone. After 18 hours of culture, 100 μL of the medium was 
extracted for cell viability analysis using a microplate reader 
(SpectraMax M5e multi-mode microplate reader, Molecular 
Devices, Silicon Valley, CA, USA). 

Subcutaneous transplantation of PCL/MeHA scaffolds

Animal experiments were performed on C57bl/6 male mice 
(4–6 weeks old) in accordance with a protocol (Internal Ref: 
A-0654, approved on September 15, 2021) approved by the 
Animal Research Ethics Sub-Committee of City University 
of Hong Kong. Male mice were chosen owing to their higher 
biochemical uniformity and lower hormone fluctuations. 
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The PCL/MeHA composite scaffold was prepared similarly to 
those in the in vitro biocompatibility test, except the medium 
was changed to 1× PBS with 1% penicillin–streptomycin. 
Moreover, the blank PCL scaffolds were immersed in 1× PBS 
with 1% penicillin–streptomycin (10,000 U/mL, Corning Inc., 
Corning, NY, USA) before transplantation.

To obtain PCL/fibrin composite scaffolds,13, 14 a 2 mg/mL  
mouse fibrinogen solution (Sigma-Aldrich) was prepared 
by dissolving mouse fibrinogen in CMRL medium 
(ThermoFisher) with 1% penicillin–streptomycin. The mouse 
fibrinogen solution (100 μL) was then mixed with 1 μL of 100 
U/mL thrombin IIa (Sigma-Aldrich; in distilled water) and 
transferred to the PCL scaffold. The fibrin gel solidified within 
the scaffold after 1-hour incubation at room temperature 
followed by 1-hour incubation at 37°C.

The mice (C57bl/6, male, 4–6 weeks old, obtained from the 
Laboratory Animal Research Unit (LARU) of City University 
of Hong Kong) were anaesthetised with inhalational isoflurane 
(Piramal Critical Care Inc., Mumbai, MH, India). The induction 
and maintenance concentrations of isoflurane were 2.5–3 L/min  
and 1.5–2 L/min, respectively, with an oxygen flow rate of 
1.5 L/min (Compact Small Animal Anesthesia Machine, 
RWD, Guangdong, China). Hair on the dorsum was removed, 
and the dorsum was sterilised with 70% ethanol (Watsons, 
Hong Kong Special Administrative Region, China) and 
Betadine (Mundipharma Pharmaceuticals Ltd., Cambridge, 
UK).20 An initial longitudinal incision (1 cm in length) was 
created on the dorsal using a scalpel blade. A subcutaneous 
pocket was created through blunt dissection using forceps. 
Two scaffold discs were then inserted into the subcutaneous 
pocket, and the incision was closed with a suture line. All 
mice received post-surgery analgesia (ibuprofen (Sigma-
Aldrich) once after transplantation, 5 mg/kg or 1 mg/mL  
provided by subcutaneous injection). After transplantation, 
the mice were reared in the LARU at City University of Hong 
Kong (temperature of 18–23°C with 40–60% humidity; 14-
hour light/10-hour dark cycle).

Histology and immunohistofluorescence analysis

Four weeks after transplantation, scaffolds with surrounding 
tissues were removed and immersed in an optimal cutting 
temperature compound for embedding. The embedded blocks 
were cut into 5–10 µm thin sections using a microtome 
(CryoStar NX70 Cryostat, Thermo Fisher Scientific Inc.). These 
thin sections were subjected to haematoxylin & eosin (H&E) or 
immunostaining (vWF staining) according to the instructions 
provided with the staining kits. Specifically, in H&E staining, the 
samples were initially fixed with 10% paraformaldehyde (Sigma-
Aldrich) for 10 minutes. Subsequently, the slides were stained 
with hematoxylin (Thermo Fisher Scientific Inc.) for 10 minutes 
and counterstained with eosin (Thermo Fisher Scientific Inc.) 
for 45 seconds. For vWF staining, acetone was used to fix the 
tissues and remove PCL (10 minutes at –20°C). The samples 
were then subjected to antigen retrieval in citrate buffer (Sigma-
Aldrich) at 95°C for 10 minutes. Later, the samples were blocked 
with 10% normal goat serum (Sigma-Aldrich) and 1% bovine 
serum albumin (Thermo Fisher Scientific Inc.) in PBS-Tween 
20 and then incubated overnight with the diluted anti-vWF 

antibody (1:100, Abcam, Cambridge, UK) in 1% bovine serum 
albumin PBS-Tween 20 in a humidified chamber at 4°C followed 
by 1-hour incubation in diluted secondary antibody (goat anti-
rabbit anti-IgG, 1:500, Abcam) in 1% bovine serum albumin 
PBS-Tween 20 at room temperature in the dark. Finally, a 
fluorescence-mounting medium (containing 4′, 6-diamidino-2-
phenylindole, Abcam) was dropped directly atop the specimen. 
Stained slides were imaged using a Nikon Eclipse Ti inverted 
microscope (Nikon, the Netherlands). The area of fibrous tissue 
was quantified using Fiji software (Version 2.14.0/1.54f for 
macOS, Fiji, National Institute of Mental Health, Bethesda, MD, 
USA).21 The thickness of the fibrous tissue was calculated by 
dividing by dividing the area by the length. The number of blood 
vessels was also counted through the ImageJ software (National 
Institute of Mental Health).22 

Statistical analysis 

At least three sets of independent experiments were performed 
for each assay except the rheological analysis and animal 
experiments. One-way analysis of variance followed by 
Dunnett’s multiple comparison test and simple linear regression 
were performed using GraphPad Prism (version 9.5.1 for 
macOS, GraphPad Software, San Diego, CA, USA, www.
graphpad.com). P values less than 0.05 indicate significance.

Results

Synthesis and characterisation of MeHA

MeHA, a derivative of HA, was synthesised by conjugating 
methacrylic anhydride to the HA backbone. In 1H spectroscopy 
(Additional Figure 1), signals of the methacryloyl group were 
observed at 5.62 and 6.06 ppm (corresponding to the anomeric 
protons of the double bond). The DS was determined by the ratio 
of peak areas between the methyl group on the methacrylate 
group at 1.83 ppm and the methyl group connecting to the 
amide group at 1.90 ppm. Four types of MeHA with different 
DSs and molecular weights were synthesised: DS70% + 10–100 
kDa MeHA (DS70-100 MeHA), DS37% + 200–400 kDa MeHA 
(DS37-400 MeHA), DS71% + 200–400 kDa MeHA (DS71-400 
MeHA), and DS72% + 900 kDa MeHA (DS72-900 MeHA). 
These samples were divided into two groups: similar DS group 
(DS70-100, DS71-400, and DS72-900) and same molecular 
weight group (DS37-400 and DS71-400).

MeHA hydrogels were obtained by crosslinking the 
aqueous MeHA solution (50 mg/mL MeHA and 0.5 mg/mL 
photoinitiator) under ultraviolet irradiation (10.0 mW/cm2) 
for 10 minutes to induce radical polymerisation. Viscoelastic 
properties of the derived MeHA hydrogels before and after 
crosslinking were studied through strain-controlled tests 
(Figure 2A and B). Additionally, viscoelastic properties of 
unmodified HA solutions with the same concentration were 
determined (Additional Figure 2). The loss modulus G″ and 
storage modulus G′ of DS70-100, DS37-400, DS71-400, and 
DS72-900 MeHA solutions exhibited frequency-dependent 
behaviour, indicating their viscoelastic nature with both 
viscosity and elasticity.23 Notably, the values of both moduli 
were small, reaching approximately 10 at a frequency of 10 Hz. 
Thus, these samples exhibited low viscosity and elasticity. G″ 
values of DS37-400 and DS71-400 MeHA were always smaller 
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than their G′ values, indicating their higher viscosity. However, 
no significant difference was observed between the G″ and G′ 
values of the two solutions, indicating that the DS did not 
influence the viscoelastic properties of the MeHA hydrogels. 
In contrast, for the DS72-900 MeHA solution, the growth rate 
of G′ was higher than that of G″ with increasing frequency. This 
trend indicated that the MeHA with higher molecular weight 
exhibited reduced mobility. Similar observations were derived 
from the rheological properties of unmodified HA solutions 
(Additional Figure 2), indicating the methacrylation did not 
change the rheological performance of HA in the solution state.

After crosslinking, G′ of DS70-100 MeHA hydrogel remained 
in the range of 400–600 Pa, while G″ was approximately 100 Pa. 
The G″ and G′ values of the other three hydrogels were 10 times 
higher than those of the DS70-100 MeHA hydrogel. These 
results confirmed the elastic solid nature of the hydrogels, 
with DS37-400, DS71-400, and DS72-900 MeHA hydrogels 
with larger molecular weights exhibiting a higher stiffness 
compared with the DS70-100 MeHA hydrogel. 

Additionally, we investigated the swelling behaviour of MeHA 
wafers by comparing their mass before and after incubation 
in PBS. MeHA gels with an initial solid content of 5% (w/w), 
varying degrees of methacrylate substitution, and different 
molecular weights were prepared at room temperature, 
and their swelling was evaluated at room temperature. As 
shown in Additional Figure 3, regardless of the ultraviolet 
crosslinking time, the swelling of DS70-100, DS71-400, 
and DS72-900 MeHA hydrogels reached a plateau within 1 
minute, whereas the DS37-400 MeHA showed saturation after 
3 minutes. These findings indicate that the swelling rate was 
affected by the crosslinking degree, with a higher DS resulting 
in faster saturation. In the case of the same molecular weight 
group (DS37-400 and DS71-400 MeHA), DS71-400 MeHA 
with a higher DS exhibited a smaller swelling ratio. Next, the 
influence of ultraviolet exposure time on the swelling ratio was 
then investigated. Notably, DS71-400 MeHA with 3-minute 
ultraviolet exposure extracted liquid four times its own mass, 
whereas DS71-400 MeHA with 15-minute ultraviolet exposure 
only extracted liquid twice its original mass. 

Figure 2. Characterisation of rheological properties. (A, B) Storage modulus (G′) and loss modulus (G″) of MeHA solutions 
(5% (w/w); A) and derived MeHA hydrogels (B). Data corresponded to one experiment. DS: degree of substitution; 
MeHA: methacrylated hyaluronic acid.

102

101

100

10–1

10–2

10–3

G
′ (

Pa
), 

G
″ (

Pa
)

10–1                   100                    101

Frequency (Hz)

Rheological properties of DS70-100 
MeHA solution

A Rheological properties of DS37-400 
MeHA solution

103

102

101

100

G
′ (

Pa
), 

G
″ (

Pa
)

10–1                   100                    101

Frequency (Hz)

Frequency (Hz)

Frequency (Hz)Frequency (Hz)

Frequency (Hz)

103

102

101

100

G
′ (

Pa
), 

G
″ (

Pa
)

10–1                   100                    101

103

102

101

G
′ (

Pa
), 

G
″ (

Pa
)

104

103

102

G
′ (

Pa
), 

G
″ (

Pa
)

10–1                   100                    10110–1                   100                    101

104

103

102

G
′ (

Pa
), 

G
″ (

Pa
)

Frequency (Hz)
10–1                   100                    101

104

103

102

G
′ (

Pa
), 

G
″ (

Pa
)

Frequency (Hz)
10–1                   100                    101

Rheological properties of DS71-400 
MeHA solution

Rheological properties of DS72-900 
MeHA solution

104

103

102

G
′ (

Pa
), 

G
″ (

Pa
)

10–1                   100                    101

Rheological properties of DS70-100 
MeHA solution

Rheological properties of DS37-400 
MeHA solution

Rheological properties of DS71-400 
MeHA solution

Rheological properties of DS72-900 
MeHA solution

B

Storage modulus (G′ ) 
Loss modulus (G″)

Storage modulus (G′ ) 
Loss modulus (G″)

Storage modulus (G′ ) 
Loss modulus (G″)

Storage modulus (G′ ) 
Loss modulus (G″)

Storage modulus (G′ ) 
Loss modulus (G″)

Storage modulus (G′ ) 
Loss modulus (G″)

Storage modulus (G′ ) 
Loss modulus (G″)

Storage modulus (G′ ) 
Loss modulus (G″)



64

Yang, Z.; Xu, C.; et al.

www.biomat-trans.com

Research Article

Fabrication and characterisation of PCL scaffolds

PCL scaffolds were fabricated through solvent casting and 
salt leaching techniques.13 Briefly, NaCl particles were 
homogeneously mixed with the PCL solution in a glass Petri 
dish. After the solution was dried, NaCl was removed by 
extensive washing. The scaffold was dried and then resized to 
10 mm × 5 mm. The weight percentage of PCL in the PCL–
NaCl mixture was tuned to 2%, 3%, 5%, 6%, and 7%. Thus, 
five PCL scaffolds using different proportions of PCL were 
fabricated and labelled as x% PCL scaffold, with x = 2–7.

SEM images of the PCL scaffolds revealed a porous structure 
(Additional Figure 4). However, the pores exhibited non-
uniform sizes and shapes. We further examined the BET 
surface area and Barrett–Joyner–Halenda pore size distribution 
of these PCL scaffolds through nitrogen gas absorption. 
Adsorption and desorption isotherms were obtained (Figure 

3A), and BET and Barrett–Joyner–Halenda analyses were 
performed (Figure 3B). 

The porous PCL scaffolds exhibited a type III isotherm (Figure 

3A) with no obvious saturated adsorption platform, suggestive 
of an irregular inner pore structure. This phenomenon typically 
occurs when a multimolecular layer forms on a hydrophobic 
surface or when the adsorption interaction between the solid 
and adsorbent is weaker than the interaction between the 
adsorbent molecules. At the same relative pressure, the 7% PCL 
scaffold absorbed/desorbed the highest quantity of nitrogen, 
while the 2% PCL scaffold absorbed/desorbed the least. 
The quantity of nitrogen absorbed/desorbed was positively 
correlated with the surface area and porosity: higher nitrogen 

absorption corresponded to a larger surface area and porosity 
of the scaffold. As the PCL concentration in the scaffold 
decreased from 7% to 2%, the quantity of nitrogen decreased, 
revealing that the 7% PCL scaffold exhibited the largest surface 
area and highest porosity.

As shown in Figure 3B, as the weight percentage of PCL in the 
mixture decreased, the scaffolds exhibited reduced surface area 
and porosity. However, the softness increased and mechanical 
support diminished when the PCL weight percentage was 
reduced from 7% to 2%, resulting in lower porosity of scaffold 
values. Therefore, even when more NaCl crystals were used 
to fabricate the scaffold, the porosity and surface area were 
decreased. 

The mechanical properties of PCL scaffolds were investigated 
by tensile and compression tests (Additional Figures 5 and 6), 
and tensile and compressive moduli were calculated (Figure 

3C and D). The tensile modulus of the 7% PCL scaffolds 
was 1.04 kPa, approximately 13 times that of the 2% PCL 
scaffolds (0.08 kPa) (Figure 3C). Scaffolds with lower PCL 
ratios (2% and 3%) had lower compressive moduli, although 
the difference was not significant (Figure 3D). The values of 
the compressive moduli ranged from 14.70 kPa to 32.37 kPa. 
The non-significant difference potentially resulted from the 
inner properties of the scaffolds and differences in tensile and 
compressive tests. The tensile properties at the vertical section 
were notably influenced by the ratio of PCL and NaCl, whereas 
the compressive modulus at the horizontal plane remained 
nearly unchanged. 
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Figure 3. Characterisation of PCL scaffolds. (A) Isotherm linear plot of absorption and desorption of PCL scaffolds 
with different ratios of PCL and NaCl (number of samples per scaffold, n = 5). (B) BET surface area and pore volume of 
PCL scaffolds with different ratios of PCL and NaCl (n = 5). (C) Tensile moduli of PCL scaffolds with different ratios of 
PCL and NaCl (n = 3; three measurements were obtained per scaffold). (D) Compressive moduli of PCL scaffolds with 
different ratios of PCL and NaCl (n = 3; three measurements were obtained per scaffold). Data are expressed as mean 
± SD. **P < 0.01, ****P < 0.0001 (one-way analysis of variance followed by Dunnett’s multiple comparison test). BET: 
Brunauer–Emmett–Teller; NaCl: sodium chloride; ns: not significant; P: the equilibrium adsorption pressure of the gas; 
P0: the saturated vapour pressure of the gas at the adsorption temperature; PCL: poly(ε-caprolactone).
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In vitro biocompatibility test of PCL/MeHA composite 

scaffolds

To test the applicability of the PCL/MeHA composite 
scaffolds, we investigated the viability of MSCs cultured with 
these scaffolds. The MSCs cultured with the PCL/MeHA 
composite scaffold showed higher viability than cells cultured 
alone (Additional Figure 7). Specifically, the cell viability 
values were 126.29%, 137.33%, 135.56%, and 140.11% for 
PCL/DS70-100, PCL/DS37-400, PCL/DS71-400, and PCL/
DS72-900 MeHA scaffolds, respectively, indicating that these 
PCL/MeHA composite scaffolds were not cytotoxic. 

Subcutaneous transplantation of PCL/MeHA composite 

scaffolds

The PCL/MeHA composite scaffolds were prepared by 
soaking porous PCL scaffolds in the MeHA solution followed 
by photocrosslinking. We selected the PCL scaffold containing 
3% PCL for this experiment because of their softness and low 
tensile and compressive moduli, matching the mechanical 
properties of the host tissue.4 However, all four MeHA 
hydrogels were used in the experiment.

The experiment involved seven groups, including a blank PCL 
scaffold group as the sham control, negative control, PCL/
fibrin composite scaffold for positive control, and PCL/MeHA 
composite scaffolds (Additional Figure 8A). The blank PCL 
scaffolds were soaked in PBS (1×). The PCL/MeHA composite 
scaffolds were prepared by immersing PCL scaffolds into the 
MeHA solution (5% (w/w)) to fill the pores. The PCL/fibrin 
composite scaffold was prepared by immersing the PCL scaffold 
into a mixture of fibrinogen and thrombin IIa. The PCL/MeHA 
composite scaffolds were exposed to ultraviolet light to solidify 
MeHA, whereas the fibrin gel in the PCL/fibrin composite 
scaffold was formed through 1-hour incubation at room 
temperature followed by another 1-hour incubation at 37°C.

The PCL/MeHA composite scaffolds, blank PCL scaffold, 
and PCL/fibrin composite scaffold were implanted into 
subcutaneous pockets on the backs of 4–6-week-old 
male C57bl/6 mice in a randomised manner to minimise 
individual and location-based variations (two pieces of 

scaffolds per mouse, Additional Figure 8B). Four weeks 
after transplantation, the scaffolds were removed from the 
host mice for histological examinations (Additional Figure 

9). Images revealed the formation of new blood vessels and 
fibrotic capsules of different thicknesses around the scaffolds. 
Notably, the fibrotic capsule around the PCL/DS72-900 MeHA 
composite scaffolds appeared slightly thicker compared with 
the others. H&E staining (Figure 4A and B) was performed 
to assess the general tissue structure and level of foreign body 
response (FBR).24 Additionally, vWF staining (Figure 5) was 
performed to reveal the formation of capillary vessels (i.e., 
angiogenesis).

Four weeks after transplantation, collagen was deposited 
around the scaffolds, known as fibrosis.25 The level of FBR was 
determined by measuring the thickness of the fibrosis capsule 
in the H&E stained images (Figure 3A and B). The scaffolds 
filled with MeHA hydrogels with lower molecular weights (100 
and 400 kDa MeHA) induced mild fibrosis, with the average 
fibrous capsule thickness (< 190 µm) being similar to that of 
the blank PCL scaffold and PCL/fibrin composite scaffolds. 
However, the average fibrosis thickness of the device with 
900 kDa MeHA was 517 µm owing to its high elasticity, high 
stiffness, and low swelling behaviour (Additional Figure 2), 
resulting in more severe FBR. The 900 kDa MeHA exhibited 
the highest G′ and G″ values (Figure 2), indicating the highest 
stiffness. The sham group resulted in only mild fibrosis, with 
the fibrous capsule thickness being 57 µm.

Results of vWF staining (Figure 5A) indicated that all of 
the PCL/MeHA composite scaffolds (regardless of molecular 
weight and DS) successfully induced angiogenesis similar to 
the PCL/fibrin scaffolds. The PCL scaffold effectively induced 
the vascular regeneration. However, the ability of the blank 
PCL scaffold in inducing angiogenesis was slightly weaker 
than that of the PCL/MeHA composite scaffolds (Figure 5B). 
Notably, the PCL/DS70-100 MeHA scaffold induced larger and 
more apparent blood vessels compared with the PCL/DS72-
900 MeHA scaffold. In summary, the PCL/DS70-100 MeHA 
scaffold, resulting in mild fibrosis and strong angiogenesis, 
represented the optimal configuration.
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Figure 4. Histological evaluation of scaffold sections after four-week implantation in mice. (A) H&E staining results: 
interaction of scaffolds with surrounding tissues (microscopy images at 4× magnification; the black line segment indicates 
the fibrotic capsule). (B) Fibrosis thickness of different scaffolds based on images obtained at 4× magnification (samples 
per implant, n = 3, with five measurements obtained per implant). Data are expressed as mean ± SD. *P < 0.05, ****P < 
0.0001 (one-way analysis of variance followed by Dunnett’s multiple comparison test). DS: degree of substitution; H&E: 
haematoxylin & eosin; MeHA: methacrylated hyaluronic acid; ns: not significant; PCL: poly(ε-caprolactone).
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Discussion 

We fabricated a series of PCL/MeHA composite scaffolds 
composed of PCL (with different surface areas and porosities) 
and MeHA (with different sizes and DS). The corresponding 
physical properties (surface area, porosity, and mechanical 
strength) and host responses (angiogenesis and fibrosis) after 
subcutaneous transplantation were examined.

MeHA was selected as the base material because the crosslinking 
degree of MeHA can be readily tuned through the ultraviolet 
exposure time, facilitating the enhancement of angiogenesis. 
Methacrylation and subsequent crosslinking converted HA 
into a highly swellable gelator. Hydrogels derived from higher 
molecular weight MeHA exhibited higher stiffness and less 
swelling (Figure 2 and Additional Figure 3). The porosity 
and mechanical strength of the PCL scaffold were modulated 
by changing the ratio of PCL and NaCl crystals in the solvent 
casting and salt leaching processes (Figure 3B). In general, 
PCL is a semi-crystalline polymer with a high degree of 
crystallinity.26 At higher PCL ratios, the scaffold became more 
compact, leading to increased tensile modulus.18, 27 Notably, 
unlike the tensile modulus, the compressive modulus did not 
change significantly as the PCL ratio varied (Figure 3D). This 
phenomenon may be attributable to the different responses of 
porous structures to compression and stretching. Additional 
studies must be performed to verify this hypothesis. 

The assembled PCL/MeHA composite scaffolds, transplanted 
into subcutaneous pockets on the backs of mice, successfully 

induced mild fibrosis and angiogenesis (Figures 4 and 
5). Notably, all mice remained healthy throughout the 
experiment, exhibiting stable weights (Additional Figure 8). 
In general, fibrosis refers to the accumulation of extracellular 
matrix components in the dermis, resulting in modifications 
in its architecture. After the transplantation, an influx of 
immune cells occurs, initiating the early inflammatory phase 
and inducing tissue growth. Over time, chronic inflammation 
occurs, accompanied by fibrosis. Notably, macrophages play 
a vital role in fibrosis. We observed that the PCL/MeHA 
composite scaffold composed of MeHA with the highest 
molecular weight, i.e., the DS72-900 MeHA hydrogel, induced 
the most severe FBR, likely attributable to its significant 
stiffness. The MeHA hydrogel strongly influenced the stiffness 
of the PCL/MeHA composite scaffold, resulting in the PCL/
DS72-900 MeHA composite scaffold exhibiting the highest 
stiffness. The stiffness of a biomaterial has been noted to 
influence macrophage-immune responses.28 Increased stiffness 
can lead to changes in macrophage polarisation and migration 
patterns. Specifically, stiffer substrates can enhance the anti-
inflammatory polarisation of macrophages.29 The DS72-
900 MeHA hydrogel with the highest stiffness triggered the 
more severe FBR, potentially because of more notable contact 
interaction with the macrophages and surrounding tissue. 
The level of angiogenesis was quantified by counting the 
number of blood vessels (Figure 5). However, vessel counting 
typically involves numerous challenges. First, the distribution 
of microvessel sizes and growth patterns vary within different 
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Figure 5. vWF staining results. (A) New blood vessels (microscopy images obtained at magnification of 10× (upper) 
and 20× (lower)). The square indicates the area chosen for amplification. All of the PCL/MeHA composite scaffolds 
(regardless of molecular weight and DS) successfully induced angiogenesis similar to the PCL/fibrin scaffolds. The PCL 
scaffold effectively induced the vascular regeneration. (B) Quantitative analysis of angiogenesis: number of blood vessels 
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layers of the skin. Second, vWF, an endothelial cell marker, 
was used to identify and count vessels, necessitating the 
laborious selection of areas with high vessel density. Although 
we processed as many images as possible, artificial intelligence-
based software could be used for more efficient and accurate 
quantification. Finally, the counting method involved several 
sources of bias because the blood vessels in the histological 
images exhibited different shapes and sizes owing to variations 
in the vessel orientation and sectioning direction. Thus, 
the determined number of blood vessels was used only for 
reference.

Although the mechanism of MeHA-induced angiogenesis 
remains largely unknown, it is likely to be similar to that 
of HA, as MeHA is a derivative of HA. HA can bind to cell 
HA receptor glycoproteins, such as cluster determinant 
molecule-44, receptors for hyaluronan-mediated motility, and 
Toll-like receptor-4,30 promoting endothelial cell proliferation 
and migration and thereby inducing neoangiogenesis and 
sprout formation.31 Moreover, HA with lower molecular 
weight has been noted to be more bioactive and thus capable 
of inducing stronger angiogenesis.32, 33

In conclusion, this study reported the fabrication and 
optimisation of PCL/MeHA composite scaffolds for 
subcutaneous transplantation. The scaffold composed of 
3% PCL and DS70-100MeHA exhibited the least fibrosis 
and strong angiogenesis, potentially resulting in enhanced 
engraftment, survival, and retention in cell transplantation 
processes. Future studies can be aimed at using PCL/MeHA 
composite scaffolds for encapsulating and transplanting cells 
for therapeutic applications. In particular, such scaffolds can 
potentially isolate implanted cells from the host immune cells, 
improve cell survival, and aid the maintenance of cell functions. 
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