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1. Introduction

Hydrogels have various biomedical 
applications such as tissue-engineered 
constructs,[1] drug delivery systems,[2] cell-
based therapies,[3] wound dressings,[2b,4] 
and antiadhesion materials.[5] The use of 
hydrogels is a consequence of their being 
composed of a large amount of water and 
a crosslinked polymer network that pro-
vides physical similarity to the extracellular 
matrix and the capability to easily encapsu-
late drugs.[6] Cell and cytokine therapeutics 
can be significantly enhanced via encapsu-
lation within hydrogels,[7] due to stabiliza-
tion during delivery,[2b,8] protection from 
the immune system in vivo,[9] and localiza-
tion to the intended delivery region,[10] ulti-
mately extending the therapeutic window.

Recently, the evolution of injectable 
hydrogels has been driven by the need to 
overcome the drawback of the pre-formed 
hydrogel for recapitulating natural tissue 
function with a minimally invasive implan-
tation procedure.[3b,11] The injectable hydro-

gels not only have the typical advantages of conventional hydrogels 
but they can also be injected with minimal invasiveness into target 
sites and used for irregularly shaped sites. Accordingly, they have 
been developed as a promising and successful material system for 
many biomedical applications including the delivery of therapeutic 
agents for the treatment of infectious diseases[2a] and for the regen-
eration of tissues such as bone, cartilage, muscle, and skin.[12]

However, there still are several major challenges to enhancing 
care with hydrogels and reducing costs and waste: i) Poorly 
scalable fabrication of a functional hydrogel hinders the wider 
clinical applications and wastes resources.[13] A simple and cost-
effective manufacturing system with high throughput would 
provide a much-needed boost to enable the utility of functional 
hydrogels in a variety of industrial settings. ii) It is difficult using 
the existing hydrogels to precisely tailor mechanical properties 
for individual cases to match specific cell regeneration require-
ments. The mechanical properties of hydrogels affect the fate 
and phenotype of the extracellular matrix.[1a] For instance, the 
elastic moduli of 0.1–1 kPa influence mesenchymal stem cell dif-
ferentiation.[14] iii) Controlling the release of distinct molecules at 
different rates from existing hydrogels remains a challenge. The 
potential importance of tunable drug release rates is exemplified 
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by the fact that tissue repair and regeneration involve the sequen-
tial signaling of several growth factors.[2a] Therefore, controllable 
hydrogel dressings with the ability to provide customized treat-
ment settings and modify drug release profiles at different rates 
for diverse tissue engineering applications are urgently needed.

Here,  we  develop an injectable fibro-gel with controllable 
physicochemical properties and drug release rates by changing 
the length of the individual fibers that make up the gel. The 
fibro-gel refers to a gel that is formed upon extrusion of a sus-
pension of long, flexible microfibers.[15] Based on this flow-
induced gelation mechanism,  we  sought to synthesize an oil-
free, biocompatible, biomimetic, and fully scalable hydrogel 
material with a wide range of properties for use. Benefiting from 
tetracycline (TC) and epidermal growth factor (EGF) loaded 
inside the microfiber, as shown in Figure 1a, the fibro-gel exhib-
ited biological active functions: antibacterial activity and vascu-
larization, which  were  verified with both in vitro and in vivo 
experiments. In addition, we explored the potential of fibro-gel 
for clinical applications by using an excisional wound healing 
model. In vivo, the drug-loaded fibro-gel served as a wound 
dressing demonstrating significantly improved therapeutic out-
comes compared to a commercial gel (Hydrosorb Gel).

2. Results and Discussion

2.1. From Microfiber Suspension to Fibro-Gel

For the fabrication of the fibro-gel, instead of traditional oil/
aqueous systems,[15]  we  used the aqueous two-phase system 

(ATPS),[16] poly(ethylene glycol) diacrylate (PEGDA) and potas-
sium phosphate tribasic, to fabricate the microfibers using 
continuous flow microfluidic methods. After reaching phase 
equilibria, the polymer-rich phase  was  mixed with a photo-
initiator, lithium phenyl-2,4,6-trimethylbenzoylphosphinate 
(LAP), and drugs, e.g., tetracycline (TC) and/or epidermal 
growth factor (EGF), and then flowed as the inner phase. The 
salt-rich phase  was  used as the outer phase for forming the 
co-flow configuration. The flow rates of the outer and inner 
phases  were  fixed during the whole fabrication procedure, 
which created a uniform inner flow with a central stream of 
diameter 110 µm. Pulsed UV illumination was used to segment 
a continuous pre-gel aqueous phase into uniform microfibers, 
as shown in Figure 1a. The length of the fiber, Lfiber, is propor-
tional to the product of the flow rate and the exposure time (the 
“pulse on” time). In  our  study, Lfiber  was  only adjusted by the 
UV exposure time due to the fixed flow rates.

After collecting a certain volume of microfibers from the 
microfluidic device, the injection strategy was adapted to form 
the fibro-gel from the microfiber suspensions, as shown in 
Figure 1c and Movie S1, Supporting Information. Triggered by 
a flow-induced mechanism that produced physical entangle-
ments,[15] upon extrusion the fiber suspension was converted 
into a viscoelastic gel, with no additional chemical reactions or 
post-processing required. This approach can be extended to fab-
ricate fibers using most photosensitive hydrogel components, 
as well as to fabricate the corresponding fibro-gels.

Using this method to form the fibro-gel also yielded a 
high throughput with roughly 3  mL of fibro-gel (volume frac-
tion = 50%) every 1  h operating a single channel device. The 
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Figure 1.  Fabrication of fibro-gel. a) Schematic illustrations of the microfiber generation using a co-flow microfluidic device. The inner phase contains 
polymer (PEGDA), photoinitiator (LAP), and drug (TC/EGF). The drug-loaded microfibers are synthesized by pulsed UV illumination. The flow rates 
are fixed and the length of the fiber, Lfiber, is adjusted by the exposure time. b) Extrusion of the fibro-gel from a needle, where the fibro-gel is formed 
from a suspension of fibers. The extruded fibro-gel is viscoelastic with a high viscosity. c) SEM image of a dried fibro-gel, with a magnified image (right) 
showing the micromorphology of the fibro-gel.
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throughput can be increased significantly and easily using mul-
tiple streams.[17] This laboratory-scale experiment paves the way 
for the cost-effective and high-throughput fabrication of fibro-
gels at an industrial scale.

2.2. Characterization of the Fibro-Gel

2.2.1. Controllable Physicochemical Properties of Fibro-Gel

The micromorphology of the hydrogel was observed by scan-
ning electron microscopy (SEM). The structures revealed that 
the fundamental process of gelation is mechanical, in which 
fibers flex (bend, twist, form loops, etc.) and form topological 
entanglements as a result of extrusion, as shown in Figure 1d.

By changing Lfiber  we  were able to generate fibro-gels with 
distinct properties. The fibro-gels with the same fiber diam-
eter (110  µm) but different fiber lengths were formed with 
the same fiber volume fraction (50%) from a needle with the 
same extrusion rate. Individual confocal z-slices of fibro-gels 
created with different Lfiber were taken (Figure 2a), showing 
a 3D structure formed by coiled fibers. With an increase of 
Lfiber from 8.8 to 220  mm, the number of looped and coiled 
fibers increased, indicating that fibro-gels with longer fiber 
lengths had more complex topological entanglements. Based 
on the confocal images, the porosity of the fibro-gels for dif-
ferent Lfiber was explored. As shown in Figure 2b, the porosity 
of the fibro-gel decreased with an increase in the fiber length, 
which was a direct consequence of more complex topological 
entanglements.

Adv. Mater. 2023, 35, 2211637

Figure 2.  Characterizations of the fibro-gel. The properties of the fibro-gel, such as swelling ratio and modulus, depending on the length of the indi-
vidual microfibers, Lfiber. a) Individual confocal z-slices showing the microfiber deformations in the fibro-gels for different fiber lengths and the same 
fiber diameter produced with similar operating conditions. The number of looped and coiled fibers increases with Lfiber. Scale bar: 200 µm. b) The 
porosity of the fibro-gels for different fiber lengths decreases with the increase of Lfiber. c) Frequency-sweep rheological properties of the fibro-gel for 
different fiber lengths. The elastic modulus G′ (solid pattern) and viscous modulus G″ (hollow pattern) are measured using a parallel-plate rheometer. 
The fibro-gels exhibited an elastic-like behavior (i.e., G′ > G″). Both G′ and G″ increase with Lfiber. The arrow highlights the increase for G’ and G’’ with 
increasing Lfiber. d) Strain-sweep rheology study of fibro-gels for different fiber lengths. The arrow highlights the increase for G′ and G″ with increasing 
Lfiber. e,f) The tunable swelling behavior of the fibro-gels for different fiber lengths. The fibro-gels reached the equilibrium swollen state within 5 minutes. 
The fibro-gel with longer fiber lengths displayed a smaller swelling ratio.
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To verify the mechanical properties of fibro-gels, rheological 
analysis as a function of frequency and strain were conducted 
using a parallel-plate rheometer.[15] To study the influence of 
Lfiber on the mechanical properties of the fibro-gels, the rheo-
logical properties of the fibro-gels for different Lfiber lengths 
were compared. As shown in Figure  2c,d, the fibro-gels exhib-
ited an elastic-like behavior (i.e., G′  > G″)[18] and both G′ and 
G″ increased with an increase in fiber length (indicated by the 
arrow); here G′ indicates the elastic modulus and G″ indicates 
the viscous modulus. All the fibro-gels showed linear viscoelastic 
regions for strains < 10%; G′ decreased at higher strain values 
due to the onset of network breakdown. Both the micro-network, 
which is the chemical crosslinking of the individual microfibers, 
and the macro-network, which is the entanglement among 
many microfibers, exist in the fibro-gels. With the same experi-
mental conditions, the molecular scale, chemical crosslinking of 
the hydrogel should be the same. Hence, a qualitative explana-
tion for the difference in the mechanical properties is that with 
an increase in the fiber length, the entanglements inside the 
fibro-gels become more complex with a larger number of looped 
and coiled fibers, which suggests that the main mechanism for 
the formation of the macro-network of the fibro-gels leads to 
the differences of G′ and G″. These easily tunable mechanical 
properties allow the production of fibro-gels with a wide range 
of properties to be constructed for clinical use.

The fibro-gels also showed different swelling behaviors for 
different Lfiber, as shown in Figure 2e,f. The swelling ratio (%) 
of the fibro-gels was calculated as:

swelling ratio % 100%t 0

0

W W

W
( ) = −

× � (1)

where Wt was the weight of the swollen fibro-gel at time t and W0 
was the weight of the initial fibro-gel before swelling. Although 
all of these fibro-gels reached an equilibrium swollen state within 
5 min (Figure 2e), which illustrates the favorable swelling ability, 
the fibro-gel with longer fiber lengths displayed a smaller swelling 
ratio as shown in Figure 2f. Hydrogels with higher specific sur-
face areas and larger pore sizes have larger swelling rates and 
lower swelling activation energies due to their faster response 
behavior.[19] Thus, the measurements indicate that different fiber 
lengths would not only lead to different degrees of physical entan-
glements (Figure 2c,d), and so distinct rheological properties, but 
also to different surface areas and pore sizes of the fibro-gel.

2.2.2. Tunable Release Profile of Fibro-Gel

To explore the drug release profile of the fibro-gel, we first encap-
sulated tetracycline (TC) into the fibro-gels and measured the 
released amount of TC from the same volume of fibro-gels with 
different Lfiber. The cumulative drug release (%) and the drug 
release rate (mg per day) of the hydrogels were calculated as:

where Pt was the percentage released at time t and Pt-∆t was the 
percentage released at the time of the previous measurement. 
As shown by the results in Figure 3a, fibro-gels with different 
fiber lengths have different drug release profiles. A fibro-gel 
with longer fibers provided a prolonged drug release time, 
which was calibrated by using a UV absorption spectrometer 
(see Experimental Section and Figure S1, Supporting Informa-
tion). The drug release rates of fibro-gels with different Lfiber 
showed that there was a rapid release rate (burst release) at 
earlier times as shown in Figure 3b (upper-right panel), which 
decreased with increasing fiber length, followed by a sustained 
release rate as shown in Figure 3b (bottom-right panel), which 
increased a small fraction with increasing fiber length. To dem-
onstrate whether the fibro-gels can achieve tunable release of 
various cargo, the release rates of EGF from fibro-gels with dif-
ferent Lfiber were explored in Figure 3c,d, showing that the EGF 
release profile changes with Lfiber as well.

As part of the drug administration strategy, burst release 
has been used to deliver drugs at high release rates,[20] while 
sustained release can provide the ability to maintain a constant 
medication level within the body.[21] For instance, the drugs used 
at the beginning of wound treatment with an initial burst pro-
vide immediate relief followed by prolonged release to promote  
gradual healing.[2a] In accordance with the fiber-length-respon-
siveness, the fibro-gel could release the drug more rapidly when 
the fiber length is shorter and more slowly when the fiber 
length is increased (Figure 3b,d).

When a drug is incorporated into a swellable gel, the dif-
fusivity of encapsulated molecules is directly affected by the 
degree of swelling and porosity of the gel.[22] The drug release 
kinetics is controlled by the increase in release area produced 
by the swelling phenomenon. The fibro-gel with shorter fibers 
has a faster response swelling behavior, higher swelling degree, 
and larger pore size (Figure  2a,b,e,f). Consequently, the drug 
is released faster from the fibro-gel with shorter fibers. Based 
on the fiber-length-dependent swelling property, the networks 
inside the fibro-gels were expected to be different, with the 
pore size inside the fibro-gel increasing with a decrease of fiber 
length;[22] thus, we have achieved on-demand, controlled delivery 
of therapeutics by using the fiber-length-dependent properties. 
For tissue engineering applications, different drugs (e.g., integ-
rins, growth factors, and small molecule medicines) should be 
presented over different timescales during therapy so that coor-
dinated cellular response can be accurately triggered.[2a,23] With 
the fiber-length-dependent drug release rate, we can achieve the 
controlled release of different drugs at different rates by loading 
drugs into different microfibers whose fiber lengths are dif-
ferent. An illustration of how this approach can be used on an 
actual wound is shown in Figure 3e. To confirm the assumption 
of the on-demand release of different drugs, 0.85 mg mL−1 TC 
and 42.5 ng mL−1 EGF were encapsulated into the 8.8 mm and 
220  mm microfiber respectively to form a two-layer fibro-gel.  

cumulative percentage release (%)
Volume of sample withdrawn mL

Bath volume mL
P Pt t t

( )
( )

= × +−∆ � (2)

drug release rate mg/day
Cumulative drug release amount mg

release time day
( ) ( )

( )= � (3)
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Figure 3.  Drug release profile of the fibro-gel. The drug release rates of the fibro-gel can be adjusted by Lfiber. a) The TC release profile of fibro-gels for 
different fiber lengths. The fibro-gel with longer fibers exhibits a more sustained drug release profile. Hydrolysis and/or the drug tightly entrapped in 
the gel also result in the incomplete release of the drug. b) The TC release rates of the fibro-gels for different fiber lengths show that there is a rapid 
release rate at earlier times (upper-right panel; burst release in the early stage), which decreases with increasing fiber length, followed by a sustained 
release rate (lower-right panel; sustained release in the later stage), which increases a small fraction with increasing fiber length. The drug release 
rates were calculated from the average cumulative drug release amount (Equation 3). c) The EGF release profile of fibro-gel for different fiber lengths. 
Hydrolysis and/or the drug tightly entrapped in the gel also result in the incomplete release of the drug. d) The EGF release rates of the fibro-gels for 
different fiber lengths show that there is a rapid release rate at earlier times (upper-right panel), which decreases with increasing fiber length, followed 
by a sustained release rate (lower-right panel), which increases a small fraction with increasing fiber length. e) Schematic illustration of a wound healing 
application of a two-layer fibro-gel encapsulating different drugs. The TC was loaded into the bottom layer with shorter fibers (Lfiber = 8.8mm), while 
the EGF was loaded in the upper layer with longer fiber (Lfiber = 220 mm). Two layers of the fibro-gel were extruded sequentially. f) The TC and EGF 
release profiles of the two-layer fibro-gel as shown in Figure 3e. The EGF that was loaded in the longer fibers has a prolonged release time compared 
with the TC loaded in the shorter fibers. g) The TC and EGF release rates of the two-layer fibro-gel. The TC in the shorter fibers has a rapid release rate, 
while the EGF in the longer fibers shows a sustained release rate. Release experiments were conducted in triplicate and results were presented as the 
average ± standard deviation.
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The drug release profile and the drug release rates were meas-
ured as shown in Figure 3f,g. TC loaded into the shorter fiber 
layer has a shorter release time with a faster release rate, while 
EGF loaded into the longer fiber layer has a prolonged release 
time with a sustained release rate.

2.3. Biocompatibility Test

To assess the potential of the fibro-gel as a dressing for tissue 
engineering applications, in vitro cell culture experiments 
were carried out using a fibro-gel consisting of fibers of diam-
eter 110 µm and Lfiber = 44  mm. Note that in the following in 
vitro and in vivo tests, for the fibro-gel with TC and EGF group 
(A), the TC and EGF were loaded together into the same fiber 
(Lfiber = 44 mm). While for the fibro-gel with TC and EGF (dif-
ferent Lfiber) group (B), TC was loaded into the shorter fibers 
(Lfiber = 8.8 mm), EGF was loaded into the longer fibers (Lfiber = 
220  mm), respectively. Afterward, two layers of the fibro-gel 
were extruded in sequence (see the schematic illustration in 
Figure 3e).

The biocompatibility of the fibro-gel was assessed using a 
Live/Dead assay and the Cell Counting Kit 8 (CCK8) during 
a 5-day culture of NIH 3T3 cells. In Figure 4a, fluorescence 
images of cell cytotoxicity testing for the control group, the 
commercial gel (Hydrosorb Gel) group, the fibro-gel without 
TC and EGF group, and the fibro-gel group with TC and EGF 
group (A) showed the condition of live cells (green) and dead 
cells (red) on days 1, 3, and 5. Over the course of the study, 
most cells retained their traditional spindle-like morphology, 
and on days 3 and 5 they still showed strong proliferative 
activity. Another control, cells treated with free EGF, was also 
performed (see Figure S4, Supporting Information), showing 
that the fibro-gel improves growth factor effectiveness over a 
simple bolus treatment. The mean optical density (OD, absorb-
ance) was used to calculate the percentage of cell viability based 
on the quantitative results verified by the CCK-8 kit:

relative cell viability (%) 100%material DI water

cell medium DI water

OD OD

OD OD

( )
( )

=
−
−

× � (4)

The cell viability values were plotted by averaging triplicate 
results. The relative cell viability values in all groups are shown 
in Figure 4b. For the first day, the cell viability in the fibro-gel 
with TC and EGF group was significantly higher than in the 
other three groups. Although there was no significant differ-
ence in the growth trend between control group and the fibro-
gel group with TC and EGF on the third day, by the fifth day it 
was clear that the cells were growing faster in the fibro-gel with 
TC and EGF group. The results of the fibro-gel without TC and 
EGF group also further demonstrated the favorable biocom-
patibility of the pure fibro-gel. All results confirmed that the 
NIH 3T3 cells used in this experiment maintained a classical 
spindle-like morphology throughout the experiment and had 
good viability and proliferation despite different concentrations 
of fibro-gels, which demonstrates the good biocompatibility of 
the fibro-gel (Figure 4c; Figure S2, Supporting Information).

The effects on cells of Lfiber and fiber arrangement and ori-
entation in the fibro-gels with different fiber lengths were also 
investigated (see Figure S3, Supporting Information). The 

results showed that Lfiber of fibro-gel did not affect the cell 
viability, as most of the cells still showed strong proliferative 
activity in the fibro-gel after 96 h, which demonstrates the good 
biocompatibility of the fibro-gel for different fiber lengths.

2.4. Angiogenesis Assay in Vitro

Vasculogenesis is a major element in tissue engineering appli-
cations,[24] so tube-formation experiments were used to assess 
the effects of the fibro-gel on the angiogenesis process in vitro. 
In particular, the cell nucleus was stained by 4′,6-diamidino-
2-phenylindole (DAPI), and the actin filaments of the cells were 
stained by Phalloidin. The results in Figure 4d,e showed that the 
human umbilical vein endothelial cells (HUVECs) treated with 
the fibro-gel with TC and EGF (14.7 ± 1.5 mm) or the fibro-gel 
without TC and EGF (11.1 ± 0.3 mm) exhibited more junctions 
and longer tube lengths than the control group (1.5 ± 0.5 mm) 
and the commercial gel group (Hydrosorb Gel) (7.3 ± 1.3 mm). 
Another control, HUVECs treated with free EGF, has been 
conducted (see Figure S5, Supporting Information), indicating 
that the sustained delivery improves vascularization. Although 
vascular tube formation appeared in the control group and the 
commercial gel group, the tubular framework seemed less 
complete and with a smaller number of junctions and tube 
lengths compared to the fibro-gel group.

2.5. In Vivo Proof-of-Concept of the Efficacy of the Fibro-Gel

The excisional wound healing model[25] is an animal model in 
which a small piece of full-thickness skin is completely removed 
from the wound bed. The assessment of epithelialization, gran-
ulation tissue formation, scar formation, and angiogenesis can 
be achieved in this single model. Thus, it is a good model for 
assessing the fibro-gel’s in vivo biocompatibility and the poten-
tial of accelerating the repair of tissues,[26] Therefore, the tissue 
regeneration efficiency of the commercial gel, the fibro-gel 
without TC and EGF, and the fibro-gel with TC and EGF were 
investigated in vivo by a mice excision skin model as shown in 
Figure 5a. The healing results at various times are shown in 
Figure 5b. In the control group, dressings were not applied to 
the wounds while in the commercial gel group and the fibro-gel 
group, the mice were dressed, respectively, with corresponding 
hydrogels. In the free TC and EGF group, the mice were treated 
with 0.85 mg TC and 42.5 ng EGF on day 0. On day 4, a lot of 
yellow pus (indicated by the dashed line) was seen scattered in 
the wound bed in the control group indicating a wound infec-
tion, while it was rarely detected in the other groups over the 
course of the study. On the same day, compared with other 
groups, the wound healing area was minimized in the fibro-
gel with TC and EGF group (B) (different Lfiber), indicating that 
infection had been managed effectively, the inflammation was 
significantly reduced, and the wound repair process acceler-
ated wound healing at the early stage, which is an advantage 
of the faster release of TC from the first-layer fibro-gel, as 
shown in Figure  5c. The wound healing area in the control 
group expanded slowly in the first 8 days, which could mean 
that the infection was not under control. In contrast, in the 

Adv. Mater. 2023, 35, 2211637
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fibro-gel with TC and EGF group (B) (different Lfiber), antibiotic 
(TC) release in the early stages effectively shortened the anti-
inflammatory time and accelerated wound healing into the later 
stages. The sustained release of EGF from the second layer also 

accelerated cell proliferation and remodeling. The healing rate 
on day 8 of the fibro-gel with TC and EGF group (B) (different 
Lfiber) (98.3 ± 0.7%) was higher than that of the control group 
(48.7 ± 1.9%), the commercial gel group (61.8 ± 2.5%), the free 

Adv. Mater. 2023, 35, 2211637

Figure 4.  Cell cytotoxicity and angiogenesis assay of the fibro-gel. a) Live/dead fluorescence results of the control group, the commercial gel group 
(Hydrosorb Gel), the fibro-gel without TC and EGF group, and the fibro-gel with TC and EGF group (A). Fluorescence images of cell cytotoxicity testing 
for the four groups showing the condition of live cells (green) and dead cells (red) on days 1, 3, and 5. Scale bar: 500 µm. b) Cell viability as determined 
with NIH 3T3 cell counting CCK-8 assay for the control group, the commercial gel group, and the fibro-gel group for 1, 3, and 5 days. The concentra-
tion of hydrogel is the same in each gel group at 10 mg mL−1. c) Cell viability using CCK-8 assay following treatment with different concentrations of 
fibro-gels with TC and EGF (A) for 24 h. d) Vascular tube-formation in vitro of HUVECs for the control group, the commercial gel group, and the fibro-
gel group at 6 h. Scale bar: 40 µm. e) The total vascular tube length for the control group, the commercial gel group, and the fibro-gel group at 6 h.  
(NS, not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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Figure 5.  In vivo proof-of-concept of the efficacy of the fibro-gel. a) Schematic of the mice excision skin model. A full-thickness circle of skin with a 
1 cm diameter was excised. In the control group, the mice were not dressed while in the commercial gel group (Hydrosorb Gel), the fibro-gel without 
TC and EGF group, the fibro-gel with TC and EGF group (A) (same Lfiber), and the fibro-gel with TC and EGF group (B) (different Lfiber), the mice were 
dressed with the commercial gel and the corresponding fibro-gel respectively. In the free TC and EGF group, the mice were treated with 0.85 mg TC 
and 42.5 ng EGF on day 0. b) Photographs of mice skin wound tissues for different groups on days 0, 4, 8, and 12, showing that the wound site of the 
fibro-gel group with TC and EGF in different fiber lengths is substantially reduced. The inner diameter of the rubber ring is 1 cm. c) Measured wound 
healing rate of different groups for 4, 8, and 12 days, showing the fastest wound healing rates occur with the fibro-gel with TC and EGF group (B).  
d) Hematoxylin and eosin (H&E) staining of skin tissue for the control group, the commercial gel group, the free TC and EGF group, the fibro-gel 
without TC and EGF group, the fibro-gel with TC and EGF group (A) on day 12 and the fibro-gel with TC and EGF group (B) on day 8. In the fibro-gel 
with TC and EGF group (B), the magnified images showed the complete epithelium and dermis structures, while in the control group, the free TC 
and EGF group, and the commercial gel group the regenerated skin tissues displayed the typical appearance of collagenous scar tissue. e) Epidermal 
thickness of skin tissue for different groups at the end of the experiment for the control group, the commercial gel group, the free TC and EGF group, 
the fibro-gel without TC and EGF group, the fibro-gel with TC and EGF group (A) on day 12 and the fibro-gel with TC and EGF group (B) on day 8.  
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TC and EGF group (63.2 ± 1.5%), and the fibro-gel with TC and 
EGF group (A) (88.1 ± 4.8%); these indicate a significant effect 
on promoting wound healing as shown in Figure  5b,c. When 
the treatment was extended, the healing area of the wound 
continued increasing, and a 98.3 ± 0.7% wound closure rate 
was reached on day 8 in the fibro-gel with TC and EGF group 
(B) (different Lfiber) (Figure 5b,c), when compared with that in 
the free TC and EGF group (90.5± 0.9%), the commercial gel 
group (91.7 ± 1.0%), the fibro-gel with TC and EGF group (A)  
(95.8 ± 1.3%) and the control group (82.5 ± 3.2%) on day 12. As 
evidenced by the macroscopic observations, the fibro-gel exhib-
ited significant potential to expedite the complex process of 
tissue regeneration, which required both antibacterial activity 
and vascularization.

2.6. Histological Analysis

2.6.1. Hematoxylin and Eosin Staining

The wound samples at each time point were harvested and the 
frozen sections were utilized for hematoxylin and eosin (H&E) 
staining. As illustrated in Figure  5d, in the control group the 
regenerated skin tissue displayed the typical appearance of scar 
tissue with a flattened epidermis after 12 days of treatment. In 
the commercial gel group, the regenerated tissue displayed a 
similar appearance, but with a thicker overall tissue compared 
with the control group (Figure 5d,e). However, in the fibro-gel 
with TC and EGF group (B) (different Lfiber), the defect was 
almost closed after 8 days of treatment and the regenerated 
skin tissue revealed a de novo regenerated appearance that 
almost has no difference from normal tissue (Figure  5d–f). 
Overall, there was poor epithelialization in both the control and 
commercial gel groups histologically, whereas the fibro-gel with 
TC and EGF group (B) (different Lfiber) showed complete re-epi-
thelialization after 8 days of treatment.

2.6.2. Immunofluorescence Staining

Furthermore, we also used an immunofluorescence stain to 
determine if the potential to vascularize was present. The fluo-
rescence expressions of vascular smooth muscle cells marker 
α-SMA and vascular endothelial-specific marker CD31 were 
tested as shown in Figure 6a,b. α-smooth muscle actin (α-SMA) 
is often used as a marker of myofibroblast formation and CD31 
is a protein that in humans is encoded by the PECAM1 gene 
which can help to evaluate the degree of tissue angiogenesis. 
The corresponding results on day 12 for the control group, the 
commercial gel group, and the free TC and EGF group, shown 
in Figure 6c,d, revealed minimal α-SMA and CD31 expression 
during the whole period. Conversely, the fluorescence inten-
sity of α-SMA and CD31 expression intensity in the fibro-gel 

with TC and EGF group (B) (different Lfiber) on day 8 was 25.1 
± 2.7 and 27.3 ± 2.3 respectively, which were significantly higher 
than the expression intensity in the other groups. The higher 
expression of α-SMA in the fibro-gel group also indicates more 
myofibroblast formation during the wound healing process. 
Myofibroblast can be derived from the transition of fibroblast 
through mechanical and physical regulation. The fibro-gel may 
have provided the physical stimuli. The faster wound healing 
or closure of the wound in the fibro-gel group may also be the 
result of the myofibroblast contraction. Overall, we conclude 
that the fibro-gel provided an excellent 3D sterile microenviron-
ment platform for reconstructing a vascular network and was 
more effective for improving tissue regeneration based on all of 
the aforementioned findings.

3. Conclusion

We have designed and fabricated an oil-free, biocompatible, 
biomimetic, and fully scalable fibro-gel for tissue engineering 
applications. A considerable range of physicochemical proper-
ties and drug release rates can be modulated for our fibro-gel 
by simply adjusting the microfiber lengths. Thus, fibro-gels 
have a wide range of properties that can be constructed for clin-
ical use. Combining the tunable properties and the “plug and 
play” nature of this microfluidically generated strategy allows 
the incorporation of diverse already established materials (for 
example, fibrin or hyaluronic acid), signals (for example, growth 
factors), and cell populations (for example, stem cells). Complex 
combinations of microfibers with different fiber lengths with 
deterministic chemical and physical properties may enable 
tissue regeneration in a variety of distinct physiological niches 
(for example, neural, cardiac, skin, and so on). We also demon-
strated, by using a mice excision skin model, that the fibro-gel 
has favorable biocompatibility and accelerated tissue regenera-
tion ability. The preliminary in vivo test results showed the con-
siderable advantages of the fibro-gel with a faster new tissue 
regeneration rate and healthier de novo regenerated tissue 
when compared with the commercial gel. In the future, we 
need to further evaluate the tunable properties and the effects 
of complex combinations of microfibers with different drugs or 
cells in different animal models. Overall, the unique combina-
tion of scalable, injectable, and tunable physicochemical prop-
erties of fibro-gel has the potential to introduce a new approach 
toward a precisely tailored gel for in situ tissue engineering.

4. Experimental Section
Fabrication of the Fibro-Gel: Microfibers were made by an aqueous 

two-phase system (ATPS), poly(ethylene glycol) diacrylate (PEGDA, 
Mw = 575 g mol−1, 25 wt.%; Sigma), and potassium phosphate tribasic  
(6 wt%; Sigma). The polymer-rich phase was mixed with 1 wt.% of the photo-
initiator, lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP; Sigma), 

f) Quantitative analysis of the regenerated tissue thickness for the control group, the commercial gel group, the free TC and EGF group, the fibro-gel 
without TC and EGF group, the fibro-gel with TC and EGF group (A) on day 12 and the fibro-gel with TC and EGF group (B) on day 8. The recovery 
of regenerated tissue was evaluated by measuring the thickness of regenerated tissue. Paired t was calculated and values with a p-value ≤ 0.05 are 
considered statistically significant. (NS, not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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and the drugs, 1  mg mL−1 tetracycline (TC; Sigma) and/or 50  ng mL−1  
epidermal growth factor (EGF; Thermo Fisher); this solution was used 
as the inner phase of the co-flow. Pulsed UV illumination was used to 
polymerize the aqueous jet into uniform microfibers. By tuning the UV 
curing time, the length of the microfiber can be changed.

After collecting a certain volume of microfiber, the microfibers were 
washed three times with DI water. Then the drug-loaded microfiber 
suspension (fiber volume fraction = 50%) was extruded from a standard 
needle (0.5″ long 27 G needle, inner diameter = 0.21 mm) at a constant 
extrusion rate 65  mL h−1 by syringe pump to form a fibro-gel. The 
concentrations of the TC and EGF in the fibro-gel after washing were 
calibrated at 0.85 mg mL−1 and 42.5 ng mL−1.

Characterization of the Fibro-Gel: Scanning electron microscopy: 
Freeze-dried fibro-gel was adhered on an aluminum substrate using 
carbon tape and coated with a small amount of gold for 30 s. The coated 
samples were observed by SEM (HITACHI S-4800).

Confocal z-slices were performed on a laser-scanning confocal 
microscope (Zeiss). Fluorescent dye, rhodamine 6G (sigma), was used 
for imaging.

Rheological Measurements: The rheological properties of the fibro-gel 
were measured using a stress-controlled rheometer.[15] All experiments were 
carried out at room temperature (23 °C). To minimize the effect of wall slip, 
we used a rough parallel plate with a diameter of 50 mm. The measurement 
gap was fixed at 1 mm, and the shear stress was set at a constant 0.7 Pa.

Drug Release Profile: The released amount of tetracycline (TC) and/
or epidermal growth factor (EGF) from the fibro-gels for different fiber 
lengths was detected in PBS (pH = 7.4). The fibro-gels (1  mL) were 
immersed in 15 mL of PBS and the samples were shaken at 25  rpm on 
a rotary shaker at 37 °C throughout the release study.[27] At certain time 
intervals (Δt = 1, 2, 3, 4, 5,10  h, and every 24  h), 1  mL of the solution 
was removed for measurement and an equal volume of fresh PBS was 
added. UV–vis spectrophotometer (Shimadzu) was used to measure the 
amount of released TC. The released amount of EGF in the collected PBS 
solution was quantified using an EGF ELISA kit (Thermo Fisher). For the 
two-layer fibro-gel, the TC-loaded layer was extruded from the shorter fiber 
suspensions (Lfiber = 8.8 mm; 1 mL) followed by extruding the second layer 
of EGF-loaded fibro-gel (Lfiber = 220 mm; 1 mL) on the top of the first layer. 
Due to the high viscosity of the fibro-gel itself, there was no additional 
reaction between the two layers. The two-layer fibro-gels were immersed in 
15 mL of PBS and the samples were shaken at 25 rpm on a rotary shaker 
at 37 °C throughout the release study. At certain time intervals (∆t = 1, 
2, 3, 4, 5,10  h, and every 24  h), release experiments were conducted in 
triplicate and results were presented as the average ± standard deviation. 
The cumulative drug release (%) and the drug release rates of the TC and/
or EGF were calculated according to Equations 2 and 3.

Cell Experiments: NIH 3T3 and HUVEC cells (Thermo Fisher) were 
used for in vitro experiments. The cells were incubated in DMEM 
(Gibco) supplemented with 10% fetal bovine serum (Gibco), 1% 
penicillin-streptomycin solution (Hyclone) and incubated in a CO2 
constant temperature incubator.

Biocompatibility Test: NIH 3T3 cells were seeded in 96-well plates at 
proper density and cultured with the DMEM buffer in the control group, with  
10  mg mL−1 commercial hydrogel in the commercial group, and with  
10 mg mL−1 microfiber-based hydrogel in the fibro-gel group. After 1, 3, and 5 days 
of incubation, CCK-8 reagent (Dojindo) was mixed with fresh DMEM medium 
for culturing for 4 h and cell viability was quantified by a microplate reader at 
450 nm (Molecular Devices). Additionally, the Live/Dead kit (Invitrogen) was 
comprised of calcein-AM (green fluorescence) and ethidium homodimer-1  
(red fluorescence) that were employed to assess NIH 3T3 cell viability. The 
fluorescent images were acquired using a Nikon Ti2-E Widefield microscope. 
Also, different concentrations (0, 8, 16, 32, and 64  mg mL−1) of fibro-gels 
were cultured with the NIH 3T3 cells for 24 h to verify the cell viability.

Angiogenesis Assay In Vitro: Growth factor-reduced basement 
membrane extract Matrigel (200  µL; Corning) was used as a culture 
substratum. A thin layer (10  µL per well) of commercial gel, fibro-gel 
without TC and EGF, fibro-gel with TC and EGF (A) were laid over 
the prechilled 24-well culture plates in the commercial gel group, the 
fibro-gel without TC and EGF group, and the fibro-gel with TC and EGF 
group (A) respectively. The concentrations of the TC and EGF in the 
fibro-gel with TC and EGF group (A) were 0.85  mg mL−1  and 42.5  ng 
mL−1. The free EGF group was added with 42.5 ng mL−1 EGF while the 
control group received nothing (all in triplicate). HUVEC cells were 
seeded in the prepared 24-well plates at proper densities and cultured in 
a CO2 constant temperature incubator. The morphology was monitored 
under the optical microscope regularly. After 6 h, the wells were rinsed 
with PBS three times and then fixed with 4% polyformaldehyde (PFA; 
Sangon Biotech), permeabilized with 0.2% Triton X-100 (Sigma), 
and stained with phalloidin (Invitrogen) and DAPI (Sigma) solution. 
Fluorescence images were acquired using a laser scanning confocal 
microscope (Zeiss), and vascular tube lengths were quantified by Image 
J Software in five randomly selected fields of view.

Animal Tests: The animal experiments were carried out according to 
a protocol approved by the Committee on the Use of Live Animals in 
Teaching and Research (CULATR, the University of Hong Kong: 5805-21), 
which adheres to The International Guiding Principles for Biomedical 
Research Involving Animals and The Hong Kong Code of Practice for Care 
and Use of Animals for Experimental Purposes. In total, 36 male, 8-week-old 
C57BL/6N mice weighing ≈20 grams were used in the experiment (The 
University of Hong Kong; CULATR no. 5805–21). The mice were separated 
into six groups (the control group, commercial gel group, free TC and EGF 
group, fibro-gel without drug TC and EGF group, fibro-gel with TC and 
EGF (same Lfiber) group (A), and fibro-gel with TC and EGF (different Lfiber) 
group (B) (see Figure 5) for 4 different days (day = 0, 4, 8, and 12; n = 3 
for each timepoint for each group). Two circles with 1.0 cm diameter full-
thickness skin were excised on the back of mice. The control group and 
the fibro-gel with TC and EGF group (A) were tested by the same mice 
for 12 days. The commercial gel group and the fibro-gel without TC and 
EGF group were tested by the same mice for 12 days. The free TC and EGF 
group and the fibro-gel with TC and EGF group (B) were tested by the same 
mice for 12 days. Anesthesia is achieved with an intraperitoneal injection 
of pentobarbital sodium solution at a dose of 50 mg kg−1. In the control 
group, the mice were not dressed, while in the commercial gel group, the 
fibro-gel without TC and EGF group, and the fibro-gel with TC and EGF 
group (A and B), the mice were dressed in the corresponding hydrogel with 
the same volume (1 mL) respectively. In the free TC and EGF group and the 
fibro-gel with TC and EGF group (A and B), the concentrations of TC and 
EGF were 0.85 mg mL−1 and 42.5 ng mL−1 respectively.

In Vivo Wound Healing: The criteria of complete healing of the wound 
were defined by the denuded wound being completely covered by layers 
of keratinocytes, and a newly stratified epidermis with underlying basal 
lamina re-established from the margins of the wound. The skins in 
various groups were harvested immediately after the wounds healed 
completely. H&E trichrome stain and immunohistochemical test were 
carried out in each group. The closure rate of the wound in different 
groups at each time point was calculated by the formula: healing rate 
(%) = (A0[initial wound area] − At [residual wound area at each time 
point])/(A0[initial wound area]) × 100%.

Histological Analysis: The wound samples at each time point were 
harvested and the frozen sections were utilized for hematoxylin and 
eosin (H&E) staining. The epithelialization of the control group, 
the commercial gel group, the free TC and EGF group, the fibro-gel 
without TC and EGF group, and the fibro-gel with TC and EGF group 
(A) on day 12 were calculated. While the epithelialization of the fibro-gel 
with TC and EGF group (B) on day 8 was calculated. The percentage 

Figure 6.  Immunofluorescence staining of α-SMA and CD31 for different groups. a,b) Histological section images of mice skin wound tissues with 
immunohistochemistry staining of protein α-SMA (green) and CD31(red) for the control group, the commercial gel group, the free TC and EGF group, 
the fibro-gel without TC and EGF group, the fibro-gel with TC and EGF group (A) on day 12 and the fibro-gel with TC and EGF group (B) on day 8. 
Scale bars are 200 µm in the top row and 50 µm in the bottom row. c) Measured α-SMA density in (a) for different groups (n = 3). d) Measured CD31 
density in (b) for different groups. (n = 3; NS, not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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of epithelialization was calculated based on the H&E staining images 
according to the equation: 1 − (pixels open wound area/pixels total 
wound area) × 100%. Means of epithelialization were calculated based 
on 15–20 random site measurements. Immunofluorescence, such 
as α-SMA (Abcam) and CD31 (Abcam), was used to analyze collagen 
deposition and angiogenesis. All images were captured using a 
fluorescence microscope (Zeiss).

Statistical Analyses: All experiments were repeated at least three times. 
The data were analyzed by one-way ANOVA followed by Tukey’s test 
(GraphPad Prism software) where p < 0.05 meant a significant difference. 
(NS, not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.)
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Supporting Information is available from the Wiley Online Library or 
from the author.
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