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Abstract
The regeneration of hair follicles lost from injury or disease represents a major 
challenge in cutaneous regenerative medicine. In this study, we investigated the 
synergetic effects between zinc and silicon ions on dermal cells and screened the 
optimal concentration of ions for medical applications. We integrated zinc/silicon 
dual ions into gelatin methacryloyl (GelMA) to bioprint a scaffold and determined 
that its mechanical properties are suitable for biological treatment. Then, the scaffold 
was employed to treat mouse excisional model in order to promote in situ hair follicle 
regeneration. Our findings showed that GelMA-zinc/silicon-printed hydrogel can 
significantly activate hair follicle stem cells and enhance neovascularization. The 
beneficial effects of the scaffold were further confirmed by the growth of hairs in 
the center of wounds and the improvement in perfusion recovery. Taken together, 
the present study is the first to combine GelMA with zinc/silicon dual ions to bioprint 
in situ for treating excisional wound, and this approach may regulate hair follicle 
regeneration not only directly by impacting stem cells but also indirectly through 
promoting angiogenesis.

Keywords: Zinc and silicon ions; 3D bioprinting; GelMA; Hair follicle regeneration; 
Angiogenesis

1. Introduction
After dermal injury, adult skin wound typically heals with the formation of scar tissue 
and appendages, including hair follicles, which will be lost and cannot be completely 
recreated[1-3]. However, in some situations, mouse dorsal skin is capable of regenerating 
functional hair follicles, which is described as the neogenic hair follicles growing from 
the center of the wound to its margin[4]. The manner of regeneration is called in situ hair 
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follicle regeneration whose mechanisms are considered the 
same as the development process during the embryonic 
period[5]. Determining and utilizing the mechanisms of in 
situ regeneration may contribute to novel approaches to 
scar-free wound healing and alopecia.

Recently, bioactive ions have been extensively 
investigated in the areas of regenerative medicine and tissue 
engineering. For therapeutic applications, bioactive ions 
have some advantages, such as being inexpensive, easily 
accessible, chemically stable, and potentially safer than 
products of genetic engineering[6,7]. Accumulating evidence 
has shown that bioactive ions have beneficial effects on 
regulating specific cell behaviors. Zinc (Zn) is an essential 
trace element of hair follicles and can induce differentiation 
of adipocytes, suggesting that Zn may function as a stimulus 
in promoting hair follicles growth in the future[8]. Silicon 
(Si) ion has stimulatory effects on angiogenesis, and some 
bioactive materials based on silicate can regulate cell–cell 
interactions and hair follicle stem cells (HFSCs) activities 
to accelerate wound healing[9,10]. The biological effects of the 
two ions imply that they may be valuable for wound repair. 

Based on the extensive effects of Zn and Si ions 
in regenerative medicine, we hypothesized that the 
interactions between HFSCs and endothelial cells may 
be regulated by the two ions, which promote in situ hair 
follicle regeneration and angiogenesis in the excisional 
wound. To confirm our hypotheses, we first investigated 
the effects of Si and Zn ions on migration and proliferation 
of different cells as well as blood vessel formation to 
determine a suitable concentration of ion solution. 

However, bioactive ions such as Si or Zn ions have 
several limitations, such as the difficulty of being fabricated 
into three-dimensional (3D) scaffolds and a rapidly 
scattered site which scarcely matches the demand of in situ 
regeneration. Integrating multiple biocompatible factors 
into 3D-printed hydrogel-based scaffolds is a practical and 
effective approach to improving skin repair efficacy[11,12]. 
Gelatin methacryloyl (GelMA) is one of the widely used 
natural bioinks for 3D-printed hydrogel-based scaffolds 
due to their excellent features of biocompatibility and 
degradability, as well as desirable release profiles[13]. In 
this study, we integrated the solution containing identified 
bioactive concentration of ions with 3D-printed GelMA 
hydrogel and then treated excisional wound in mice to 
observe the synergetic effects on wound healing, perfusion 
recovery and in situ regeneration of hair follicle.

2. Materials and methods
2.1. Materials
We obtained two ion solutions from Chinese Academy 
of Sciences: one only contains Si ions (120 μg/mL), and 

the other contains Zn/Si dual ions (Si 120 μg/mL and Zn 
20  μg/mL). GelMA and photoinitiators were obtained 
from EFL (Jiangsu, China). Hydrocolloid wound dressing 
was purchased from Roosin (Jiangsu, China).

2.2. Studying the effects of ions on cells migration
To determine the optimal concentration of ions, we 
prepared a series of gradient concentration of solutions 
(1/64, 1/32, 1/16, 1/8) diluted with corresponding media 
(DMEM, SH30243.01, Hyclone, USA; HUVEC specific 
medium, iCell-h110-001b, iCell, China). Then, scratch 
wound healing assay was employed to assess the migration 
of human skin fibroblasts (HSFs), human umbilical 
vein endothelial cells (HUVECs), human immortalized 
keratinocytes (HaCaTs), and hair follicle dermal papilla 
(DP) cells in media with different concentration of ions[14]. 
Briefly, cells were seeded in six-well plates and cultured 
up to about 80% confluent. Then, a plastic tip (200 μL) 
was used to scrap the cell monolayer in each well, and 
the original media was replaced with serum-free media 
containing ions. At 0, 12, and 24 h, an optical microscope 
(Leica DMI 4000 B, Germany) was used to capture optical 
images. ImageJ was employed to analyze the migration rate, 
which was calculated as the percentage of the remaining 
area (A) to the initial wound area (A0).

Cell migration rate
A A

A
�

�
�0

0

100% � (I)

where A is the wound area value of all groups at each time-
point, and A0 is the wound area value of the corresponding 
group at 0 h. 

2.3. Studying the beneficial effects of ions on cell 
viability
Then, the viability of different cells was evaluated by a 
Cell Counting Kit (CCK-8) assay (CK04, Dojindo, Japan) 
after treatment with different concentration of ions. 
HSFs, HUVECs, HaCaTs, and DP cells were respectively 
seeded into 96-well plates at 3 × 103 cells per well and 
cultured in the corresponding complete media for 24  h. 
Then, the original media was replaced by 100 μL ions 
solutions diluted by complete media. Then, the cells were 
continuously cultured for 4 days, and a CCK-8 assay was 
applied to cells at 1st, 2nd, 3rd and 4th day. A multimode 
microplate reader (Tecan Spark 10M, Switzerland) was 
employed to measure the absorbance of the reaction 
product at a wavelength of 450 nm. The results were 
calculated according to Equation II:

Cell viability rate
OD OD

OD
e b

b

�
�
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The optical density (OD) in experimental groups (Si, Zn/Si) 
was designated as ODe, and that in control group was ODb.
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2.4. Tube formation assay
The effects of ions on angiogenesis were evaluated by 
tube formation assay. Briefly, Matrigel (356234, Corning, 
USA) was added into 48-well plates and was solidified. 
Then, HUVECs (2 × 104 per well) were seeded into the 
wells and treated with ions in different concentrations. 
After incubation for 8 h, an inverted optical microscope 
(Leica DMI 4000 B, Germany) was employed to capture 
the images, and the length of the tube and the number of 
branch points were counted by ImageJ[15]. 

2.5. Preparation of hydrogels integrated with 
silicon/zinc ions
Briefly, 1 g of GelMA was dissolved in 5 mL phosphate-
buffered saline (PBS) containing lithium phenyl 
(2,4,6-trimethylbenzoyl) photoinitiator (EFL-LAP, EFL, 
China) and then, the solution was put into a water bath at 
37°C for 1 h. About 312.5 μL Zn/Si dual ions solution was 
added to 5 mL GelMA hydrogel solution and then, PBS 
was added to 10 mL, which means the final concentration 
of ions reached the level of 1/32 Zn/Si ions solution (Zn 
0.625 μg/mL, Si 3.75 μg/mL). The hydrogel with Zn/Si dual 
ions was named GelMA-Zn/Si, and the hydrogel without 
ions was named GelMA for control.

2.6. Structural characterization
A scanning electron microscope (SEM; S-4800, Hitachi, 
Japan) was employed to characterize the structure of 
hydrogels[16]. Briefly, the hydrogels were dehydrated by 
freeze-drying and were coated with gold-palladium in a 
Hitachi ion sputter. Then, the images were captured, and 
the pore size and the porosity were quantified via ImageJ.

Porosity Pore area
Total area

� �100% � (III)

2.7. Swelling property
Samples were shaped into cylinders (height = 10 mm and 
diameter = 20 mm) whose values of initial weight were 
recorded as W0. Then, the hydrogels were put into PBS 
solution (pH = 7.4) for complete swelling at 37°C, and the 
values of constant mass were recorded as Wt. The swelling 
ratio was calculated according to Equation IV[17].

Swelling ratio
W W

W
t�
� 0

0

� (IV)

2.8. Rheological test
A rheometer (TA-ARES G2, USA) with a 40 mm-diameter 
parallel plate was applied to assess the rheological 
properties of the hydrogels. Frequency sweep tests were 
conducted from 0.1 to 100 rad/s at 1% strain amplitude at 
25°C. The elastic modulus (G′) and viscous modulus (G′) 
were investigated as a function of frequency[18]. 

2.9. Compression test
A universal testing machine (Instron 3365, UK) with a 
100-N load was employed to perform the compression 
tests. Samples were shaped into cylinders (height = 
10 mm and diameter = 20 mm) and were compressed at 
a strain velocity of 1 mm/min until fracture at 25°C. The 
displacement in the hydrogel height and the increasing 
load were recorded. Then, typical curves were obtained 
and the first 15%–25% of the curve was used to calculate 
Young’s modulus[17].

2.10. In vitro degradation
The initial dry weight of the hydrogels was recorded (W0). 
Then, the samples were shaped into cylinders (height = 
10 mm and diameter = 20 mm) and were incubated in 
PBS at 37°C. The PBS was replaced by the fresh solution 
at determined time intervals, and the dry weight of the 
remaining hydrogels was recorded (Wd) at different time 
points. The degeneration rate was calculated according to 
Equation V[19]. 

Remaining mass of the hydrogel
W
W

d� �
0

100% � (V)

2.11. Releasing profile of ions from hydrogel
1 mL solidified GelMA-Zn/Si hydrogel was immersed 
in PBS (pH = 7.4, 9 mL) at 37°C. At predetermined time 
points (1, 3, 5, and 7 days), samples were collected, and 
the concentration of ions was measured by inductively 
coupled plasma emission spectrometer (ICP).

2.12. Mouse excisional model and hydrogel 
treatment
Female C57 mice aged 4 weeks were obtained from SPF 
Biotechnology Company (China). GelMA were adequately 
exposed to ultraviolet light for sterilization, and Zn/Si dual 
ions solution was sterilized through 0.22-micrometer-
pore-size filters (SLGVR33RB, Millipore, Germany). 
The PBS was sterilized at 124°C for 30 min, and then, 
the sterile GelMA-Zn/Si hydrogel was prepared. The 
mouse excisional wound model was established after 
being anaesthetized with pentobarbital sodium solution 
(100 mg/kg)[20]. A wound with a diameter of 10 mm was 
created. Then, the GelMA-Zn/Si hydrogel was loaded into 
a syringe. One milliliter hydrogel was in situ printed and 
fully covered the wounds. White light was employed to 
crosslink the hydrogel for 60 s. Gauze and bandage were 
employed to dress the wound surface. A new hydrogel 
dressing was replaced every 3 days. In addition, we set 
another three groups using saline, hydrocolloid and pure 
GelMA, respectively, for comparison with GelMA-Zn/Si 
group. Gross images of the wound area were captured on 
days 0, 7, and 14 postoperation, and 1-cm diameter rubber 
rings were used as a size reference.
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2.13. Histological analysis
Fourteen days after the treatment, all the mice were 
euthanized to harvest wound skin for histological 
examination. After being fixed in 4% paraformaldehyde 
for 6 h, the samples were embedded in O.C.T. Compound 
(Optimal Cutting Temperature, Sakura, Japan) and were 
cut into 7-μm sections[21]. Then, hematoxylin (G1150, 
Solarbio, China) and eosin (G1100, Solarbio, China) (H&E) 
were employed to stain the sections. Observations were 
performed with a microscope (Olympus DP72, Japan). 

For immunostaining, antigen retrieval and blocking 
were performed, and sections were incubated for 18 h 
at 4°C with primary antibodies (CK19 [1:300, ab76539, 
Abcam, USA], CD31 [1:300, ab24590, Abcam, USA], 
α-SMA [1:500, ab32575, Abcam, USA]). Then, sections 
were incubated with CoraLite488-conjugated Goat Anti-
Rabbit IgG (1:300, SA00013-2, Proteintech, USA) and 
CoraLite594-conjugated Goat Anti-Mouse IgG (1:300, 
SA00013-3, Proteintech, USA) for 2 h in the dark at room 
temperature. Finally, 4′,6-diamidino-2-phenylindole 
(DAPI) Fluoromount-G (0100-20, SouthernBiotech, USA) 
was added to the sections, and pictures were captured with 
a confocal microscope (Olympus TCS SP8, Japan)[21]. Then, 
pictures were applied for the analysis of HFSCs activation 
and angiogenesis. The number of HFSCs was quantified 
according to the CK 19 staining. The intensity of CD31 and 
α-SMA double staining was measured by ImageJ.

2.14. Hair follicle differentiation-related 
gene expression
To evaluate the influences of GelMA-Zn/Si hydrogel 
on expression of genes related to angiogenesis and hair 
follicle regeneration, on the 14th day, the wound skin 
was harvested to extract RNA, using TRIzol reagent 
(15596018, Invitrogen, USA), for quantitative reverse-
transcription polymerase chain reaction (qRT-PCR). A 
NanoPhotometer (Impen P-Class, Germany) was employed 
to assay the concentrations of total RNA. Then, a Prime-
Script RT reagent kit (RR047Q, Takara Bio, Japan) was 
applied to synthesize cDNA. Primers for hair neogenesis 
and angiogenesis containing Vegf (vascular endothelial-
derived growth factor), Egf (epidermal growth factor), Igf1 
(insulin-like growth factor 1), Kgf (keratinocyte growth 
factor), Pdgfa (platelet-derived growth factor subunit a), 
Pdgfb (platelet-derived growth factor subunit b) and the 
housekeeping gene, Gapdh, were synthesized by Tsingke 
Biotechnology (China)[22,23]. Quantitative analysis of gene 
expression was performed on a QuantStudio 5 system 
(Thermo Fisher Scientific, USA). The gene expression 
level was normalized to that of Gapdh, and the data was 
analyzed by the 2–ΔΔCt method. The sequences of primers 
are given in Table 1.

2.15. Blood perfusion evaluation
Mice were anaesthetized with 1% pentobarbital sodium 
solution and fixed on a heated platform in a supine 
position. A PeriCam PSI-ZR (Sweden) was employed to 
measure perfusion value of each wound. PIMSoft (Moor 
Instruments Ltd, UK) was used to analyze the mean 
perfusion volume of each wound[24]. 

2.16. Statistical analysis
The data are expressed as means ± standard deviation and 
were processed using the statistical software GraphPad 
Prism 8.0. A t-test was used for comparison between 
two groups at the same time-point. One-way analysis 
of variance (ANOVA) was performed to compare the 
differences between multiple groups at the same time-
point. Two-way ANOVA was performed to compare the 
differences between multiple groups at different time-
points. Statistical significance was considered when *P < 
0.05, **P < 0.01, ***P < 0.001, ****P < 0.001.

3. Results
3.1. Synergistic effects of Zn ions and Si ions on the 
migration of cells
In the study, we employed two ion solutions. To investigate 
the synergistic effects of ions on cell proliferation and 
screen the optimal ions concentration for the following 
animal experiments, we prepared a series of concentration 
gradient of solutions. Next, we evaluated the impact of ions 
on cell migration. As shown in Figure 1A and B, after co-
incubation for 12 and 24 h, all the HSFs groups treated with 
ion solutions migrated significantly faster than the control 
group. The average migration ratio of 1/32 Zn/Si solution 

Table 1. Primer sequences

Gene  
(forward or reverse)

Sequence (5′–3′ direction)

Vegf (F) 5′-GCACATAGAGAGAATGAGCTTCC-3′

Vegf (R) 5′-CTCCGCTCTGAACAAGGCT-3′

Igf1 (F) 5′-AAATCAGCAGCCTTCCAACTC-3′

Igf1 (R) 5′-GCACTTCCTCTACTTGTGTTCTT-3′

Egf (F) 5′-CGAATGGTGCAGTAGTAGATGC-3′

Egf (R) 5′-GTCTCCATGAAGTCAGATGCAC-3′

Kgf (F) 5′-CTCTACAGGTCATGCTTCCACC-3′

Kgf (R) 5′-ACAGAACAGTCTTCTCACCCT-3′

Pdgfa (F) 5′-GGACCTGGGCTTGCCTGCTGCTC-3′

Pdgfa (R) 5′-GGGCGGCCGGCTCTATCTCACC-3′

Pdgfb (F) 5′-AAGTGTGAGACAATAGTGACCCC-3′

Pdgfb (R) 5′-CATGGGTGTGCTTAAACTTTCG-3′

Gapdh (F) 5′-AACGACCCCTTCATTGACCT-3′

Gapdh (R) 5′-ATGTTAGTGGGGTCTCGCTC-3′
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(86.77 ± 5.01%) is the highest among the groups and is 
significantly higher than the control group (63.94 ± 6.56%). 
These results revealed that Zn ions with Si ions possess 
great biocompatibility and can facilitate cell migration 
further, accelerating wound healing. Intriguingly, at 24 h 
after treatment, there were four groups with significant 
differences in Zn/Si solution, while only one group in Si 
solution, which means the combination of Zn and Si ions 
is more efficient than pure Si ions. Wound healing and hair 
follicle regeneration are influenced not only by fibroblasts 
but also by keratinocytes and endothelial cells[25-27]. 
Therefore, we performed the scratch wound healing assay 
with HaCaTs and HUVECs to investigate the synergistic 
effects of ions on the cells. At 24 h after treatment, all 
HaCaTs groups with Zn/Si ions significantly increased in 

migration area, while only one group with pure Si ions 
had a statistical difference compared to the control group 
(Figure 1C and D). The 1/32 Zn/Si group had the highest 
mean value. In the case of HUVECs, there was a similar 
tendency that the 1/32 Zn/Si group possesses the strongest 
effect on cell migration (Figure 1E and F). To determine 
the effect of ions on hair follicle in vitro, we employed 
dermal papilla (DP) cells to perform migration assay. After 
co-incubation for 12 h, all the groups had no significant 
difference in migration area (Figure S1A and B). However, 
at 24 h after treatment, 1/16 Si group and all Zn/Si groups 
had larger migration area than the control group, which 
indicates that Zn and Si ions have synergetic effect and 
can promote DP cell migration. The mean value of the 
1/32 Zn/Si group is the biggest among the groups, which 

Figure 1. Synergistic effect of various concentration of ions on migration of different cells. (A) Typical images of HSFs treated with various concentration 
of ions. (B) Quantitative analysis of scratch wound areas. (C) Typical images of HaCaTs treated with various concentration of ions. (D) Quantification of 
scratch wound areas. (E) Typical images of HUVECs treated with ions. (F) Quantitative analysis of scratch wound areas. *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001. N = 3 for each time point. All the analyses were performed with two-way ANOVA. Scale bar = 500 μm.
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suggests that the concentration may be optimal for DP 
cells. Therefore, Zn/Si at 1/32 dilution ratio (Zn 0.625 μg/
mL, Si 3.75 μg/mL) may be the optimal concentration for 
the following experiments.

3.2. Synergistic effects of Zn ions and Si ions on the 
viability of cells in vitro
To further confirm the optimal concentration of ions, 
we determined the effects of ions on the viability of cells 
through CCK-8 assays, and the results are shown in 
Figure 2. At various dilution ratios from 1/64 to 1/8, two 
ion solutions showed no cytotoxicity against HSFs. Zn/
Si solution at 1/32 dilution ratio revealed a stimulatory 
effect on HSFs proliferation on the 3rd day after treatment. 
Although the data of the groups on the 4th day have no 
significant difference, there still is a tendency that 1/32 Zn/
Si solution can promote HSFs proliferation (Figure 2A). In 
addition, we investigated the effect of pure Zn ion solution 
(20 μg/mL) on HSFs by CCK-8 assay, and there was no 
obvious difference among the groups, indicating that 
Zn ion solution alone cannot significantly accelerate the 
proliferation of HSFs (Figure S2). At dilution ratios of 1/64 
to 1/8, two ion solutions maintained the viability of HaCaTs, 
indicating that these concentrations have no cytotoxic effect 
against HaCaTs (Figure 2B). All the groups treated with Zn/
Si solution had a higher proliferation rate compared to the 
control group. In Si groups, only 1/16 and 1/8 ratios always 
had a beneficial effect on HaCaTs, indicating that there may 
exist a synergistic effect between Zn and Si ions. Similarly, 
1/32 Zn/Si solution accelerated the growth of HUVECs 
on the 3rd and 4th day after intervention (Figure 2C).  
The effect of ions on DP cells was determined, and the 
results indicated that 1/32 Zn/Si solution can promote 
the proliferation of DP cells (Figure  S1C). These results 

suggest that Si and Zn ions play a key role in regulating cell 
proliferation, and the combination of the two ions is more 
efficient in this regard. About 1/32 Zn/Si solution may be 
optimal for the following experiments.

3.3. Effect of ions on angiogenesis
Blood vessels can transport nutrition and oxygen for 
cells around wounds, which have been considered 
critical for tissue regeneration[28]. There are interactions 
between endothelial cells and HFSCs during hair follicle 
regeneration[27]. Therefore, it is essential to identify a proper 
concentration of ions to promote angiogenesis (Figure 3A). 
Both ion solutions with appropriate concentration could 
increase the branch points (Figure 3B) and total length of 
the tube (Figure 3C), and the 1/32 Zn/Si group had the 
highest mean value among the groups. Therefore, it can 
be concluded that the ions promote angiogenesis, and 
the 1/32 Zn/Si solution may be optimal for the following 
applications.

3.4. Characterization of hydrogels
After determining the suitable ion concentration for 
treatment, we added ions to GelMA and then investigated 
whether ions would affect its physicochemical properties. 
First, the SEM images display that ions do not change the 
cross-sectional microstructure of the GelMA hydrogel. 
Both GelMA and GelMA-Zn/Si hydrogel possess relatively 
smooth surfaces and interconnecting porous structures 
and have no difference in internal pore size and porosity 
(Figure 4A–C, Figure S3). Both types of hydrogels exhibited 
applicable swelling ratios, suggesting that they can absorb 
tissue exudates and maintain wound moist (Figure 4D)[19]. 
As for degradation in vitro, GelMA-Zn/Si hydrogel still had 
a faster degradation rate (Figure 4E). As compared with 

Figure 2. Cell viability of cells cultured with different concentration of ions. (A) Percent of the viability of HSFs co-cultured with different concentrations 
of ions. (B) Percent of the viability of HaCaTs co-cultured with different concentrations of ions. (C) Percent of the viability of HUVECs co-cultured with 
different concentrations of ions. *P < 0.05, **P < 0.01, ***P < 0.001. N = 3 for each time point. All the analyses were performed with two-way ANOVA.
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pure GelMA hydrogel, GelMA-Zn/Si hydrogel showed no 
great changes in mechanical properties. Figure 4G presents 
typical compressive stress-strain curves of different 
hydrogels. The two curves almost coincide, and there is 
no difference in compressive modulus between the two 
hydrogels (Figure 4H). 

The rheological properties of both hydrogels were 
investigated by frequency sweeping. Storage modulus (G′) 
and loss modulus (G″) of hydrogels were tested by time 
scanning. Figure 4I indicates that GelMA and GelMA-
Zn/Si hydrogels have an identical point where G′ and 
G″ intersected with each other. The viscosities of both 
hydrogels have the same tendency with the increasing shear 
rate (Figure 4J). Frequency scanning reveals that the value 
of G′ is higher than that of G″ within an angular frequency 
range of 0.1–100 rad/s (Figure 4K). The ion release  
behavior of GelMA-Zn/Si hydrogel was evaluated by ICP. 
The results showed that the cumulative release of Zn and Si 
ions reached 0.363 μg/mL and 0.060 μg/mL, respectively, in 
7 days (Figure 4L). For that, 1 mL GelMA-Zn/Si hydrogel 
was soaked in 9 mL PBS, the ion concentration was within 
biologically active concentration range after conversion. 
Taken together, our results suggest that GelMA-Zn/Si 
hydrogel has no changes in physicochemical properties 

compared to pure GelMA and is still suitable for treatment 
application.

3.5. Wound healing and regeneration of hair follicle 
in mice models
To determine whether ions promote in situ hair follicle 
regeneration in vivo, we introduced a mouse excisional 
model. As shown in Figure 5, there was no significant 
difference between the two groups on day 0 in the wound 
area. On day 7, the wound area of the control group 
greatly decreased, possibly due to the contraction of the 
wound without moisturizing, but the group showed more 
significant scar formation. At the time-point, we found 
that the GelMA-Zn/Si group had moister and smoother 
wounds without scar formation than other groups. Pure 
GelMA group also had relatively good wounds, which were 
better than hydrocolloid group. On day 14, all the treated 
groups almost achieved closure, while the control group 
still presented with detectable unhealed wounds. More 
interestingly, the GelMA-Zn/Si group had more significant 
hair follicle reappearance in the center of the wound and 
less scar formation based on gross observation, which 
indicates that GelMA-Zn/Si hydrogel can promote in situ 
hair follicle regeneration and reduce scar formation.

Figure 3. The proangiogenic effect of different concentrations of ions. (A) The typical images of tube formation of HUVECs with different treatments.  
(B, C) Quantitative analysis of tube formation ability. *P < 0.05, **P < 0.01, ***P < 0.001. N = 3 for each group. All the analyses were performed with one-
way ANOVA. Scale bar = 200 μm.
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3.6. Histological analysis
To further confirm hair follicle regeneration in GelMA-
Zn/Si hydrogel group, H&E staining was performed on 
the samples. On the 14th day, GelMA-Zn/Si hydrogel 
group had the most hair follicles whereas the other groups 
nearly have no regeneration tendency (Figure 6A). Then, 
immunofluorescence staining was performed to observe 
HFSC marker K19[29]. After treatment with GelMA-Zn/
Si hydrogel, the activation of HFSCs in the wound was 
determined. As compared with GelMA and hydrocolloid 

group, GelMA-Zn/Si hydrogel group had a larger number 
of K19+ cells, indicating that hair follicle-related cells 
began to migrate and neogenic hair follicles started to 
grow (Figure 6B and C). In contrast, the control group had 
nearly no K19-positive staining. The results suggested that 
GelMA-Zn/Si hydrogel can activate HFSCs to promote 
hair follicle regeneration.

Vascularization of the wound areas is important to 
wound repair and tissue regeneration[30]. To observe the 
vessel regeneration, CD31 and α-SMA were stained in 

Figure 4. Characterization of hydrogels. (A) SEM images of GelMA and GelMA-Zn/Si hydrogels. (B, C) Comparison of the pore size and porosity of 
hydrogels. (D) Comparison of the swelling ratio of GelMA and GelMA-Zn/Si hydrogels. (E) Degradation of the GelMA and GelMA-Zn/Si hydrogels.  
(F) Typical images of the compression test process. (G) Typical compression stress–strain curves of the hydrogels. (H) The compressive modulus (15%–
25% strain pressure) of different hydrogels. (I) G′ and G″ at an angular frequency of 1 Hz at 25°C. (J) Apparent viscosities of hydrogels under steady 
shear from 0.1 s−1 to 100 s−1 at 25°C. (K) G′ and G″ under steady angular frequency from 0.1 rad/s to 100 rad/s and an oscillatory strain of 5% at 25°C. (L) 
GelMA-Zn/Si hydrogel can release biologically active ions within 7 days. *P < 0.05, ***P < 0.001. N = 3 for each group. All the analyses in (B), (C), (D), and  
(H) were performed with an unpaired two-tailed t-test. The analyses in (E) were performed with two-way ANOVA.
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the wound tissue. The results showed that on the 14th 
day, GelMA-Zn/Si group had more positive staining in 
the wound areas, while less yellow staining was found in 
the other groups (Figure 6D). The quantitative analyses 
confirmed that GelMA-Zn/Si hydrogel group had 
the highest neovascularization, whereas GelMA and 
hydrocolloid groups only had a small amount of neogenic 
vessels (Figure 6E). These findings indicated that GelMA-
Zn/Si hydrogel has stimulatory effects on angiogenesis.

3.7. Gene expression
To further investigate the effect of GelMA-Zn/Si hydrogel 
on hair follicle regeneration and angiogenesis, on the 14th 
day, the wound tissue was harvested and used for qRT-
PCR (Figure 7). We determined the expression of hair 
follicle anagen markers, such as Pdgfa and Pdgfb[31]. The 
results indicated that GelMA-Zn/Si hydrogel group had 
the highest expression level, which means the hydrogel 
may stimulate hair follicle regeneration. The stem cell 

Figure 5. GelMA-Zn/Si hydrogel enhances in situ regeneration of hair follicle in mice excisional models. Gross appearance of the skin wounds. (A) Images 
were captured at 0, 7, and 14 days after operation. (B) Quantification of wound area. **P < 0.01. The diameter of the rubber ring is 1 cm.
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markers, such as Kgf and Egf, were also detected in the 
study, and GelMA-Zn/Si hydrogel group had a stronger 
expression than others, suggesting that GelMA-Zn/Si 
hydrogel may promote the regeneration activity of the 
tissue[32]. Compared with other groups, GelMA-Zn/Si 
hydrogel greatly upregulated the expression of Vegf, which 

is related to angiogenesis. Insulin-like growth factor 1 is 
an important growth factor that stimulates endothelial 
cell migration and regulates neovascularization[33]. Similar 
to the results of Vegf, GelMA-Zn/Si hydrogel strongly 
upregulated the expression of Igf1 and the data implies that 
GelMA-Zn/Si hydrogel may accelerate the formation of 

Figure 6. (A) Representative H&E-stained sections on the 14th day after treatment. Black arrows point to the neogenic hair follicles. (B) Representative 
immunofluorescence images on the 14th day after treatment show the presence of K19+ cells. (C) Quantitative analysis of the number of K19+ cells.  
(D) Representative immunofluorescence images on the 14th day after treatment show the presence of CD31/α-SMA+ vessels. (E) Quantitative analysis of 
CD31/α-SMA+ intensity (K19, green; CD31, red; α-SMA, green; DAPI, blue). N = 3 for each group. All the analyses were performed with one-way ANOVA. 
Scale bar = 200 μm (A); 100 μm (B, D).
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neogenic vessels. More interestingly, GelMA group did not 
have significantly higher expression of most of the targeted 
genes, suggesting that the ions in the hydrogel may be 
the main effective factors in hair follicle regeneration and 
angiogenesis.

3.8. Perfusion recovery 
Favorable blood perfusion contributes to wound healing 
and tissue regeneration[34]. Zn and Si ions can stimulate 

angiogenesis[9], and our results showed that GelMA-Zn/Si 
hydrogel group has the highest expression of angiogenesis-
related genes. Therefore, laser Doppler perfusion 
measurement (LDPM) was employed to measure wound 
perfusion recovery in the scope to evaluate physiological 
and pharmacological changes of vascular function 
in vivo[35]. As shown in Figure 8, on 0 day, four groups had 
the same perfusion. On the 7th day, GelMA-Zn/Si hydrogel 
group presented with the richest blood flow signals, while 

Figure 7. The relative gene expression of wound tissue on the 14th day after various treatments. *P < 0.05, **P < 0.01, ****P < 0.0001. N = 3 for each group. 
All the analyses were performed with one-way ANOVA.
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the control group had the lowest intensity. Hydrocolloid 
and GelMA groups had the same perfusion level, which 
was lower than GelMA-Zn/Si group. In the follow-up 
study, four groups maintained low signal intensity for the 
coverage of neogenic epidermis, but GelMA-Zn/Si group 
always had the highest level. In short, the results showed 
that GelMA-Zn/Si hydrogel can improve wound perfusion 
after trauma, which is consistent with the results above.

4. Discussion
Most mammalian animals can achieve scar-free wound 
repair during their fetal development. However, the 
ability frequently disappears after birth[5]. Recent studies 
reported that the adult wound tissues still have the 
regenerative competence but the lack of regeneration 
signals contributes to the failure of tissue regeneration. 

Figure 8. The blood flows at the wounds were measured by laser Doppler of animals. (A) Representative images of blood perfusion volume. The circle 
represents the position of the material. (B) Quantitative analysis of blood flow. N = 3 for each group. *P < 0.05, **P < 0.01. All the analyses were performed 
with two-way ANOVA. Scale bar = 1 cm.
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Fibrosis and tissue regeneration are frequently believed 
to be opposing. Once the appropriate cues are modified, 
regeneration may be achieved after injury, rather than 
fibrotic repair[36,37]. Establishing developmental signals 
in dermis after trauma may be a practicable method to 
achieve regenerative repair[38,39]. Therefore, potential tools 
to revert skin cells to an “embryonic status” so as to achieve 
regeneration may be existing. In this study, we adopted 
GelMA loaded with bioactive ions and attempted to break 
the balance to regenerate hair follicles. As expected, the use 
of 3D-printed GelMA scaffold with mixed Zn/Si dual ions 
lead to an improvement in in situ hair follicle regeneration 
and wound healing.

Generally, both Zn and Si ions display good 
biocompatibility and stimulatory effect on fibroblasts, 
keratinocytes, and endothelial cells[9,40]. Further analyses 
indicate that 1/32 Zn/Si dual-ion solution is optimal 
because it can maximally improve fibroblasts wound 
healing and promote vessel tube formation. Zn ion 
solution alone cannot significantly influence the behavior 
of cells. Pure Si ion solution has the stimulatory effect but 
is slightly weaker than the mixture of two ions, implying 
that synergistic effects between the ions may be existing. 
Additionally, we investigated the effect of ions on hair 
follicle in vitro by employing DP cells, which are located 
at the base of hair follicle and play an important role 
in regeneration. The ions can promote migration and 
proliferation of DP cells, indicating the beneficial impact 
of ions on hair follicle in vitro. To overcome the limits 
of bioactive ions, in this work, the Zn/Si dual ions were 
incorporated into GelMA to prepare the GelMA-Zn/Si 
hydrogel and to match the demand of in situ regeneration.

To investigate the efficacy of this combination on 
stimulating hair follicle regeneration, we first verified 
that GelMA-Zn/Si hydrogel has no significant changes 
in physicochemical properties compared to pure GelMA 
hydrogel. After treatment, excisional wound healing in 
mice could recapitulate aspects of true tissue regeneration, 
i.e., the formation of new hair follicles, and presented with 
less scar formation. Intriguingly, in the gross observation, 

we noticed that GelMA-Zn/Si group had more hair in the 
wound center than other groups. Histological analysis also 
indicated that in GelMA-Zn/Si group, hair follicles started 
to grow in the center of the wound first and then spread 
to the margin. The phenomenon is named in situ hair 
follicle regeneration and has been considered the same as 
hair follicle development in the embryonic stage[5,41,42]. It 
has been reported that hair follicle neogenesis is regulated 
by microenvironment consisting of fibroblasts, stem cells 
and endothelial cells[43,44]. Our immunofluorescence results 
suggested that GelMA-Zn/Si hydrogel can activate HFSCs 
and angiogenesis to facilitate hair follicle regeneration. 
Apart from that, the expression of genes associated with 
angiogenesis and hair follicle development was significantly 
improved, which was not observed in the control group. 
Therefore, it is reasonable to assume that besides direct 
regulation through stem cells, ions may indirectly regulate 
hair follicle neogenesis via surrounding cells, such as 
endothelial cells. The speculation above was further 
confirmed by blood perfusion measurement, which showed 
that the mice treated with GelMA-Zn/Si hydrogel had more 
favorable blood perfusion. Good perfusion can provide 
sufficient nutrition and accelerate the transport of ions to 
the dermis to strengthen their biological effect, which may 
form a positive cycle in the end[45,46]. In addition, in this 
work, we employed in situ 3D bioprinting technology to 
print hydrogels to the wound. It has been reported that 3D 
bioprinting may provide the dressing with a tightly fitting 
surface and suitable topography and profoundly affect 
mechanotransduction, which may also contribute to the 
activation of hair follicle regeneration signaling pathways 
to some extent[47]. Therefore, we speculate that GelMA-
Zn/Si hydrogel may provide signals to break the balance 
between scar formation and regenerative wound healing, 
and then, the repair process starts with cells reverted to 
“embryonic status” so as to achieve regenerative healing 
(Figure 9)[5].

Our study is the first to combine Zn/Si dual ions with 
GelMA to treat excisional wounds and achieve in situ 
regeneration of hair follicle. GelMA-Zn/Si hydrogel not 

Figure 9. Proposed mechanism of GelMA-Zn/Si hydrogel promoting in situ regeneration of hair follicles in mouse excisional model.
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only has a stimulatory effect on stem cells, but also can 
promote angiogenesis and perfusion recovery, indicating 
that there are direct and indirect manners to regulate hair 
follicle regeneration. Although further work is required to 
illuminate the molecular mechanisms, integrating Zn/Si 
dual ions with GelMA hydrogel is an attractive option that 
opens new avenues for hair follicle regenerative skin repair.

5. Conclusion
In summary, we describe a feasible method to combine 
GelMA with Zn/Si dual ions to promote in situ hair 
follicle regeneration with the assistance of 3D bioprinting 
technology. Collectively, our in vitro and in vivo data 
underscore the capabilities of Zn/Si ions to impact the 
behavior of HFSCs and endothelial cells during hair 
follicle regeneration, which may directly or indirectly 
contribute to microenvironment manipulation of cell 
fate. The research also offers insights into promoting hair 
follicle regeneration.
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