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Objective: Tissue engineering approaches seem to be an attractive therapy for tendon 
rupture. Novel injectable porous gelatin microcryogels (GMs) can promote cell attachment 
and proliferation, thus facilitating the repair potential for target tissue regeneration. The 
research objectives of this study were to assess the efficacy of tissue-like microunits con
structed by multiple GMs laden with adipose-derived mesenchymal stem cells (ASCs) in 
accelerated tendon regeneration in a rat model.
Methods: Through a series of experiments, such as isolation and identification of ASCs, 
scanning electron microscopy, mercury intrusion porosimetry (MIP), laser scanning con
focal microscopy and the CCK-8 test, the biocompatibility of GMs was evaluated. In an 
in vivo study, 64 rat right transected Achilles tendons were randomly divided into four 
groups: the ASCs+GMs group (microunits aggregated by multiple ASC-laden GMs 
injected into the gap), the ASCs group (ASCs injected into the gap), the GMs group 
(GMs injected into the gap) and the blank defect group (non-treated). At 2 and 4 weeks 
postoperatively, the healing tissue was harvested to evaluate the gross observation and 
scoring, biomechanical testing, histological staining and quantitative scoring. Gait analy
sis was performed over time. The 64 rats were randomly assigned into 4 groups: (1) 
micro-unit group (ASCs+GMs) containing ASC (105)-loaded 120 GMs in 60 μL DMEM; 
(2) cell control group (ASCs) containing 106 ASCs in 60 μL DMEM; (3) GM control 
group (GMs) containing 120 blank GMs in 60 μL DMEM; (4) blank defect group 
(Defect) containing 60 μL DMEM, which were injected into the defect sites. All animals 
were sacrificed at 2 and 4 weeks postsurgery (Table 1).
Results: In an in vitro study, GMs (from 126 μm to 348 μm) showed good porosities 
and a three-dimensional void structure with a good interpore connectivity of the 
micropores and exhibited excellent biocompatibility with ASCs. As the culture time 
elapsed, the extracellular matrix (ECM) secreted by ASCs encased the GMs, bound 
multiple microspheres together, and then formed active tendon tissue-engineering 
microunits. In animal experiments, the ASCs+GMs group and the ASCs group showed 
stimulatory effects on Achilles tendon healing. Moreover, the ASCs+GMs group was 
the best at improving the macroscopic appearance, histological morphology, Achilles 
functional index (AFI), and biomechanical properties of repair tissue without causing 
adverse immune reactions.
Conclusion: Porous GMs were conducive to promoting cell proliferation and facilitating 
ECM secretion. The ASCs-GMs matrices showed an obvious therapeutic efficiency for 
Achilles tendon rupture in rats.
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Introduction
The Achilles tendon is the largest and strongest tendon in 
the human body and begins from the extension of the calf 
triceps and ends with the calcaneus. The incidence of 
ruptured Achilles tendon has continued to rise over the 
past decade.1,2 Apart from direct trauma, more than 70% 
of the Achilles tendon ruptures are related to increased 
participation in sports, particularly ball games and other 
athletics.3 Additional factors, including gender, age, corti
costeroids and microtrauma, may all contribute.1,4–6 There 
still exists controversy regarding the best treatment for the 
Achilles tendon. The numerous treatments described in 
published studies are mainly divided into two methods: 
surgical and nonsurgical. Surgical management mainly 
consists of open repair, percutaneous repair and limited 
open repair, while nonsurgical methods involve strict 
immobilization and subsequently functional rehabilitation 
in a cast or brace.7–10 Both limited open repair and con
servative management are viable alternatives due to 
reported advantages such as similar rerupture rates, lower 
overall complication rates, satisfactory outcomes and 
a better cosmetic appearance when compared with tradi
tional open repair.11 However, these tendon repair methods 
result in healed tissue with poor mechanical and functional 
qualities.

Nonetheless, tendon engineering provides a promising 
approach for repairing Achilles tendon rupture. Recently, 
many animal models have demonstrated that Achilles tendon 
healing can be accelerated by methods such as local injection 
of biologics, transplanting biomaterials combined with cells 
and gene therapy.12–15 Notably, local injection of bone mar
row cells has been reported to accelerate Achilles tendon 
healing in rat models.12 Obviously, minimally invasive ther
apeutic approaches, such as injections enable reducing 
wound-related complications and increasing the effective
ness of the treatment, have been recommended. At present, 
bone marrow-derived mesenchymal stem cells (BMSCs) and 
ASCs are the two most commonly used seed cells. Although 
BMSCs have been successfully applied in many studies, it is 
difficult for BMSCs to serve as cell sources because of their 
invasive properties.16 Compared to BMSCs, adipose-derived 
mesenchymal stem cells (ASCs) are advantageous for har
vesting, are easier to expand, have wider sources and have 

lower immunogenicity.17–20 Thus, we chose ASCs as our 
experimental cells.

Traditional direct injection easily leads to cell loss and 
cell death. The high rate of cell loss due to leakage to 
surrounding tissues, cell death due to mechanical damage 
during injection, and lack of appropriate cell–cell and cell– 
matrix interactions due to digestive resuspension could all be 
relevant to the poor cell retention, survival and functionality 
in ischemic and inflammatory lesion tissues.21,22 To enhance 
cell-based regenerative therapy, biomaterial-assisted mini
mally invasive injectable carriers based on natural polymers 
are expected to ameliorate the abovementioned 
conditions.22–24 Previously, our groups developed injectable 
microscale cellular carriers, namely, biodegradable gelatin 
microcryogels (GMs), which provide a conductive 3D envir
onment for stem cell attachment and proliferation and stimu
late the accumulation of deposited extracellular matrix 
(ECM) as well as enhance cell–cell interactions.25 Porous 
GMs have been proven to protect cell membranes from 
rupture during injection and facilitate prolonged cell survival 
and maintain cell functionality in the harsh injury 
environment.25 In the present study, we aimed to investigate 
the compatibility between ASCs and GMs and examined the 
effects of injecting microunits constructed by ASCs seeded 
within GMs on tendon healing in a rat model of Achilles 
tendon rupture. The hypothesis of this study was that tendon 
healing could be accelerated by microunits resulting from 
histological and biomechanical analysis as well as functional 
evaluation of the Achilles tendon.

Materials and Methods
Rats and Experimental Design
A total of 80 male Sprague Dawley rats were purchased 
from the Laboratory Animal Center of the Academy of 
Military Medical Sciences of China. Sixteen of these rats 
were 3 days old and were used for the preparation of ASCs. 
The remaining 64 rats weighing 200 g to 220 g were used for 
animal experiments. All studies were approved by the Ethics 
Committee of the Animal Facility of Chinese PLA General 
Hospital and according to Laboratory animal-Guideline for 
ethical review of animal welfare (GB/T 35,892–2018).

The 64 rats were randomly assigned into 4 groups: (1) 
micro-unit group (ASCs+GMs) containing ASCs (105)-loaded 
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120 GMs in 60 μL DMEM; (2) cell control group (ASCs) 
containing 106 ASCs in 60 μL DMEM; (3) GM control group 
(GMs) containing 120 blank GMs in 60 μL DMEM; (4) blank 
defect group (Defect) containing 60 μL DMEM, which were 
injected into the defect sites. All animals were sacrificed at 2 
and 4 weeks postsurgery (Table 1).

Preparation of GMs and Characterization 
of GMs
Fabrication of GMs has been described previously.25 In 
brief, porous gelatin microcryogels were prepared by poly
methyl methacrylate (PMMA) microstencil array chips 
(600 microwells with a diameter of 400 μm) fabricated 
by a laser prototyping technique. An adequately dissolved 
gelatin precursor solution [6% (wt/vol) in deionized water] 
was incubated on ice for 5 min followed by the addition of 
0.3% glutaraldehyde. Then, 200 μL of premixed solution 
was pipetted onto the holes of the chips. The chips under
went cryogelation for 16 h in a −20 °C refrigerator and 
were then lyophilized for 30 min. Approximately 600 
interconnected macroporous GMs could be harvested by 
the push-out method and then washed with 0.1 M NaBH4 

to neutralize the uncross-linked aldehyde, followed by 
extensive washing with deionized water. These GMs 
were next harvested into a dish in the shape of 
a monolayer, lyophilized, and stored in vacuum for char
acterization analysis and cell culture.

The harvested and freeze-dried GMs were observed by 
a granulometer (Morphologi G3-ID) and then gold-coated 
for scanning electron microscope (SEM, Hitachi S-3000N) 
imaging. The particle size distribution of GMs was 

measured by mercury intrusion porosimetry (MIP) 
(Poremaster-GT60).

Isolation and Culture of ASCs
Inguinal fat pads from 3-day-old rats were cut into small 
pieces (<1 mm3) and digested in 1 mg/mL collagenase 
type II (Sigma) for 1 h at 37 °C. The digestion was 
terminated with an equal volume of DMEM containing 
10% FBS (fetal bovine serum, HyClone) and 1% penicil
lin/streptomycin. Cells were collected after centrifugation 
at 201.24 xg for 10 min and suspended in the expansion 
medium. The cell suspension was filtered through 100 μm 
cell strainers and then centrifuged at 201.24 xg for 5 min. 
ASCs were suspended at a density of 2×105/cm3 with the 
expansion medium and cultured at 37 °C, 5% CO2. Cells 
were passaged every 2 or 3 days when the confluence 
reached approximately 90% with 0.25% trypsin EDTA 
(Gibco). ASCs at passage 2 to passage 4 were used for 
the following experiments.

Identification of ASCs
Passage 2 ASCs were used to induce differentiation into 
adipogenic, chondrogenic and osteogenic lineages according 
to the corresponding reagent instructions (Cyagen). After 
induction, the cells were fixed in 4% paraformaldehyde at 
room temperature for 20 min, washed three times in PBS 
and stained by oil red O, alcian blue and alizarin red.

Surface markers were detected by flow cytometry 
(BECTON DICKINSON). Passage 2 ASCs were resus
pended in an appropriate volume of PBS and divided 
into four tubes at a concentration of 106 cells/mL. Then, 

Table 1 Experimental Groups, Scaffold Components and Number of Samples Taken from Each Group Used for Each Assay

Groups Description Injection 
Components

Number 
of 
Animals

3D Intensity Footprints 
Achilles Functional Index (AFI)

Histological 
Analysis

Biomechanical 
Testing

ASCs 

+GMs

ASCs and 

GMs

ASCs (105)-loaded 120 

GMs in 60 μL DMEM

16 4b 3c 5

ASCs Cell control 106 ASCs in 60-μL 

DMEM

16 4b 3c 5

GMs GM control 120 blank GMs in 60-μL 

DMEM

16 4b 3c 5

Defect Blank defecta 60-μL DMEM 16 4b 3c 5

Notes: aComplete transverse incisions was made 7 mm proximal to the calcaneal insertion with no surgical repair. bn = 4 picked at random from each experimental groups 
at 1, 4, 7, 10, 14, 21, and 28 days. cn = 3 sampled randomly from each experimental groups of eight animals at 2 weeks and 4 weeks with the remaining five samples used for 
biomechanical testing.
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the rat antibody (abcam) was added into the reaction for 30 
min at 4 °C before testing with flow cytometry.

Biocompatibility
Cell Seeding and Cell Viability and Proliferation
After digestion and centrifugation, a concentration of 
1×106 cells/mL was added. Fifty microliters of the solu
tion was slowly dropped onto a thin layer of 500 GMs that 
were previously sterilized by Co60 in a 35 mm dish until 
thorough autoabsorption and incubated at 37 °C for 2 h to 
allow for cell attachment. Subsequently, the culture med
ium was added for long-term culture.

A CCK-8 reagent kit (CK04, Dojindo) was used to 
determine the cell loading capacity and proliferation 
within each microcryogel. First, a standard curve was 
created to correlate the linear relationship between fluor
escence intensity and cell number. Then, GMs were seeded 
with different densities of ASCs, and cell viability was 
assessed from day 1 to day 4. The cell number per micro
cryogel was calculated according to the established stan
dard curve.

Live/Dead Staining
Fluorescein diacetate (FDA) and propidium iodide (PI) 
were used for live/dead staining. Briefly, at the 
sixth hour, the second day and the fifth day, GMs seeded 
with ASCs were washed three times with PBS, incubated 
in FDA (5 μg/mL) for 5 min at room temperature, and then 
washed three times in PBS and incubated in PI (5 μg/mL) 
for 5 min. The distribution and viability of cells were 
observed with a laser scanning confocal microscope 
(TCS SP8, Leica). The viable cells showed green fluores
cence, and the dead cells showed red fluorescence.

SEM Assay
GMs seeded with ASCs at 6 h, 2 days and 4 days were 
examined on an SEM (Hitachi S-3000N) through a series 
of processes including washing in PBS, fixing in 3% 
glutaraldehyde at 4 °C overnight and in 0.1% osmium 
acid at 4 °C for 2 h, dehydrating in a gradient series of 
alcohols and final sputter-coated with gold.

Surgical Protocol
Under general anesthesia (pentobarbital), the right leg 
was shaved. With the use of aseptic technique, the skin 
followed by the paratenon was incised longitudinally over 
each Achilles tendon. A complete transverse incision 
7 mm proximal to the calcaneal insertion was made 

with a surgical blade (7 mm). The skin was sutured 
with 4–0 monofilament nylon (Figure 1B). Next, we 
injected 60 μL DMEM containing different abovemen
tioned substances into the transection site. 
Postoperatively, both ankles were placed in casts for 12 
h. Thereafter, no more immobilization was applied, and 
the rats were allowed to move freely in their cages to 
simulate early functional therapy.

Macrographic Examination
The treated rats were sacrificed under anesthesia at 2 
weeks and 4 weeks after the operation. Surgical spots in 
the right leg were exposed to observe any signs of abnor
mal secretion or infection. The color and luster of the 
repaired tissue as well as its continuity with surrounding 
tissue also needed to be carefully assessed. Then, the 
corresponding quantitative scoring was performed accord
ing to the method in the previous paper.26

3D Intensity Footprints and Achilles 
Functional Index (AFI)
Gait analysis was conducted on walking rats (n=4) at 1, 4, 
7, 10, 14, 21, and 28 days after the operation using the 
catwalk method (Catwalk XT10.6, Noldus). Achilles ten
don functional recovery was quantitatively assessed using 
George’s method, namely, the AFI, which was calculated 
by parameters such as the print width, print length and 
intermediate toe.27 The 3D intensity footprints, which 
reflect the pressure exerted by the paw, were measured to 
evaluate the tendon function of the experimental right 
ankles.

Biomechanical Testing
The Achilles tendon (n=5) between the calcaneus and the 
musculotendinous junction was harvested at 2 and 4 weeks 
after the operation. Before testing, tendon thickness at the 
healing site and tendon length were measured with 
a precision caliper. Both ends of the specimens were 
securely fastened onto a mechanical testing machine 
(ELF3200, BOSE). The tendon was pulled at a constant 
speed of 0.2 mm/min. Force–displacement curves were 
recorded digitally for subsequent data analysis. The ulti
mate failure load and stiffness were measured. In five 
randomly chosen animals at two time points, the uninjured 
left Achilles tendon was also harvested for biomechani
cally testing, serving as the native tendon control.
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Histopathological Analysis
The harvested specimens were processed for hematoxylin 
and eosin (H&E) staining, Masson staining, Sirius red 
staining and immunohistochemical staining. Specimens 
were first fixed in 4% paraformaldehyde and paraffin- 
embedded, and then longitudinal sections (5 μm) were 
made on the midline of the tendons’ longitudinal axis. 
For H&E staining, Masson staining, and Sirius red stain
ing, sections were stained with standard protocols. For 
immunohistochemistry, samples were briefly processed 
with standard protocols such as deparaffinized, heat- 
induced antigen retrieval, hydrogen peroxide blocking 
and 5% goat-serum occlusion and then incubated with 
anti-collagen type I (7 µg/mL, ab34710, Abcam), anti- 
collagen type III (1:600, ab6310, Abcam) antibodies at 4 
°C overnight. Subsequently, secondary antibody and 
3,3-diaminobenzidine tetrahydrochloride (DAB) were per
formed according to the manufacturer’s instructions. 
Hematoxylin was used as a nuclear counterstain. All 
stained sections were scanned and analyzed with light 
microscopy (BX-51, Olympus).

Histological scoring analysis was performed with 
a previously reported grading scale.13 The scale consists 
of the following 6 features, each quantified as 0, 1, 2 or 3: 
(1) fiber arrangement, (2) fiber structure, (3) angiogenesis, 
(4) nuclear rounding, (5) inflammation, and (6) cell den
sity. Each slide from three randomly selected individual 
samples from each group at the two time points was 
examined by three histologists.

Statistical Analysis
Data are presented as the mean and standard deviation. For 
the analyses of cell viability and proliferation, Student’s 
t-test was conducted. One-way ANOVA was performed in 
the macrographic quantitative scoring, AFI, biomechanical 
testing and histological scoring. For multiple comparisons, 
Tukey’s test was used to evaluate the difference between 
the four groups. The Dunnett test was used between each 
group and the normal tendon. The significance for all 
statistical analyses was defined as P < 0.05. All statistical 
analyses were performed using SPSS 19.0.

Results
Characterization of GMs
The harvested GMs exhibited a predefined sphere or drop 
shape with an appropriate size (Figure 2A and C). SEM 
revealed that GMs had a well-distributed macroporous 
structure (Figure 2B and D). MIP showed that the dia
meters of GMs ranged from 126 μm to 348 μm, with 
a mean pore size of 47.38 μm and a high porosity of 
90.18% (Figure 2E). Moreover, long-term preservation of 
the collected GMs was realized by vacuum packaging.

Phenotypic Characterization and Multiple 
Differentiation of ASCs
The number of ASCs presented a long spindle shape, and 
a few were polygonal and round from P0 to P3. After 
culture for 3 days, ASCs exhibited mass proliferation 
with a spiral growth habit. The results of surface markers 

Figure 1 Schematic illustration of the overall research design (A). Complete transverse incision was made 7 mm from the calcaneal insertion of the Achilles tendon (B).
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of ASCs showed stem cell-associated markers CD90 and 
CD29 with no expression of CD34 and CD45 (Figure 3A).

After induction of osteogenesis for 15 days, the cells grew 
in layers and nodules with obvious calcium deposition nodules 
and positive alizarin red staining (Figure 3C). After 10 days of 
adipocytic induction, oval lipid droplets were observed in 
most of the ASCs under a microscope with positive oil red 
O staining (Figure 3D). After 3 weeks of chondrogenic 

differentiation, the cells agglomerated and integrated into 
a pellet, which could be stained with alcian blue (Figure 3B).

Biocompatibility of ASCs Seeded Within 
GMs
ASCs cultured in GMs had a significantly elevated prolif
eration rate compared with that of single ASC cultures 

Figure 2 Observation of GMs by granulometry (A, C) and scanning electron microscopy (B, D). Report of GMs size distribution by mercury intrusion porosimetry (E). 
The white rectangle indicates the area shown in the below images at higher magnification. Scale bars: 50 µm in A, 20 µm in C, 100 µm in B and 50 µm in D.
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(Figure 4C). The initial number of ASCs seeded within 
a single GM was controllable by regulating the initial cell 
suspension density. The initial cell seeding density of 
2×106/mL enabled rapid proliferation, resulting in suffi
cient cells per GM at 4 days, which was chosen for sub
sequent experiments (Figure 4D).

LSCM images showed that at 6 h, a large number of 
ASCs were tightly attached to GMs. At 2 days, ASCs grew 
well and appeared to be uniformly distributed with almost 
no dead cells. With the extension of culture time, the 
number of ASCs increased significantly at 4 days. 
Interestingly, multiple GMs were also observed to assem
ble together (Figure 4A).

SEM (Figure 4B) results showed that ASCs were 
attached to the surface of GMs after inoculation on GMs 
for 6 h. After 2 days, ASCs in GMs showed good mor
phology and uniform density. At 4 days, ASCs secreted 

a large amount of ECMs completely encapsulating multi
ple GMs to form tissue-like microunits.

ASCs showed a strong proliferation ability and adhe
sion ability on the surface of GMs. Therefore, we con
cluded that ASCs have good biocompatibility with GMs. 
Porous GMs can be used as an injectable carrier for ASCs 
in tendon tissue engineering.

Results of the AFI and 3D Intensity 
Footprints
At 1 day, all groups had very low AFI scores (ASCs + 
GMs group: −122.97±10.65, ASCs group: −120.06±5.59, 
GMs group: −126.07±7.57, Defect group: −117.90±17.12). 
Subsequently, the general tendency of all groups increased 
consecutively. On day 14, the ASCs+GMs (−38.49±2.94) 
group was the first to exceed the 50% functional recovery 
line and had a significantly higher AFI than the GMs 

Figure 3 Expression of ASC surface marks detected by flow cytometry (A). Three lineages differentiation and corresponding identification of ADSCs (B–D). (B) alcian blue 
staining for chondrogenic induction. (C) alizarin red staining for osteogenic induction; (D) Oil red O staining for adipogenic induction; Scale bars: 200 µm in C and D, 500 µm 
in (B).
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Figure 4 Laser scanning confocal microscope (LSCM) images of ASCs seeded in GMs showed attachment at 6 h postseeding, proliferation at 2 days and microunits 
aggregated after 4 days of culture (A). Green fluorescence represents viable cells. Red fluorescence represents dead cells. Scanning electron microscopy (SEM) of GMs laden 
with ASCs at 6 h and 2 days (B1, B2) postseeding and microunits aggregated and packaged with a large amount of secreted ECM after 4 days of culture (B3). Comparison of 
single ASC cultures with ASC-laden GM cocultures (C). Quantification of ASC loading and proliferation in GMs with different initial loading densities (D). Scale bars: 200 µm 
in A and 100 µm in B. Data are presented as the mean ± SD; statistical analyses were performed with the unpaired Student’s t-test; **P<0.01; ***P<0.001.
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Figure 5 3D foot print strength observation of the four groups at 4, 14 and 28 days after surgery (A); The mean AFI values with standard deviation error bars for each 
group (n = 4) versus time (B). The mean Max contact area ratio (injured side/normal side) values with standard deviation error bars for each group versus time (C). *P<0.05 
vs the ASCs group; #P<0.05 vs the GMs group ##P<0.01 vs the GMs group; &P<0.05 vs the Defect group; &&P<0.01 vs the Defect group.
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group (−63.77±8.96, P < 0.05) and the Defect group 
(−67.28±12.29, P < 0.01). All groups displayed a slow 
improvement from day 14 to day 28. By 28 days, the 
ASCs+GMs group had improved further (−10.31±3.89), 
followed by the ASCs group (−20.39±7.77), GMs group 
(−29.58±8.02) and finally the Defect group (−32.21 
±13.65) (Figure 5B). Incidentally, the 3D foot print 
strength showed that all groups gradually recovered post
operative foot print strength, but both the speed and the 
degree of recovery in the ASCs+GMs group were better 
than those in the other three groups (Figure 5A).

The max contact area (injured side/normal side) ratio 
also reflected the recovery of motor function. Obvious 
improvements in the ratio were found beginning at 
14 day after transplantation in the ASCs+GMs groups 
(82.95 ± 3.35%), but no such improvement was observed 
in the other three group. At 21 day, the ratio in the ASCs 
+GMs group (91.28 ± 2.44%) was significantly superior to 
those in the ASCs group (80.53 ± 4.68%, P < 0.05), the 
GMs group (76.3±6.4%, P < 0.01), and the Defect group 
(74.77 ± 6.33%, P < 0.01), and there were no significant 
differences between the four groups at 28 days 
(Figure 5C).

Macroscopic Assessment
Two weeks after surgery, small defects were clearly 
observed in the Defect group and the GMs group, whereas 
in the ASCs+GMs group and the ASCs group, the defect 
was almost invisible. The GMs and Defect groups had 
fewer repair tissues and were darker in color than the 
other two groups (Figure 6A1–A4). At 4 weeks postopera
tively, no obvious defect was found in either group. In the 
Defect group and GMs group, the newborn callus was 
slightly darker than the surrounding tissue. In contrast, 
the callus in the other two groups was almost white. The 
general morphology of the ASCs+GMs group was also 
closer to normal (Figure 6B1–B4). At 2 weeks after sur
gery, the gross rating scores of each group were signifi
cantly lower than those of the normal Achilles tendon 
(Normal: 17.0, P < 0.001), and the scores of the ASCs 
+GMs group (8.7±1.5) were higher than those of the ASCs 
group (7.0±1.7) (P > 0.05) and the GMs group (5.3±1.5) 
(P > 0.05) and were significantly higher than those of the 
Defect group (4.7±1.2) (P < 0.05). At 4 w postoperatively, 
the ASCs+GMs group (12.3±2.8) had the highest scores, 
but these were scores significantly lower than those of the 
normal Achilles tendon group (P < 0.05); furthermore, the 
ASCs group (9.5±2.5) and GMs group (9.5±3.0) had 

a significantly lower score than the normal Achilles tendon 
group (P < 0.01), and the Defect group (8.5±2.1) had 
a significantly lower score than the normal Achilles tendon 
group (P < 0.001) (Figure 7A).

It is worth mentioning that the length of the ASCs 
+GMs group remained almost unchanged, namely, from 
12.21±0.64 mm to 12.52±0.82 mm. This length was the 
shortest among the four groups [2 weeks: (ASCs group: 
13.48±0.49 mm), (GMs group: 15.32±1.17 mm, P < 
0.001), (Defect group: 14.43±0.8 mm, P < 0.01); 4 
weeks: (ASCs group: 14.49±1.09 mm, P < 0.05), (GMs 
group: 15.24±1.3 mm, P < 0.01), (Defect group: 15.56 
±0.93 mm, P < 0.01)] but significantly longer than that 
of the normal tendon (10.48±0.35 mm). However, the 
other three groups showed a slight increase and signifi
cantly longer length than the normal tendon group (P < 
0.001) (Figure 7B).

Starting with a cross-sectional area of 12.12±0.44 mm2 

at 2 weeks, the ASCs+GMs group showed a decrease to 
11.03±1.03 mm2 at 4 weeks. The value in this group was 
significantly higher than that of the GMs group (9.69 
±0.77 mm2, P < 0.05) and the Defect group (9.09 
±2.03 mm2, P < 0.01) but lower than that of the ASCs 
group (14.15±0.79 mm2) at 2 weeks. In contrast, the other 
three groups (ASCs group: 15.39±0.88 mm2, GMs group: 
13.02±0.96 mm2, Defect group: 12.39±1.97 mm2) exhib
ited a rising tendency that was even higher than the 
experimental group at 4 weeks. All four groups had sig
nificantly higher values than the normal tendon group 
(3.01±0.29 mm2, P < 0.001) at two time points 
(Figure 7C).

Biomechanical Analysis
The ultimate failure load steadily increased from 52.92 
±9.06 N to 65.08±4.50 N in the ASCs+GMs group after 
2 and 4 weeks. Compared with the GMs group (2 weeks: 
38.22±6.04 N, P<0.05; 4 weeks: 55.26±5.37 N, P<0.05) 
and the Defect group (2 weeks: 34.58±4.87 N, P<0.01; 4 
weeks: 54.02±7.19 N, P<0.05), the ultimate failure load 
was significantly greater at the two time points. The ASCs 
group increased rapidly from 46.28±9.93 N to 66.86±3.17 
N and was significantly stronger than the normal tendon 
group, the GMs group and the Defect group at 4 weeks. 
However, the ASCs group, the GMs group and the Defect 
group had significantly lower values than the normal ten
don group (58.38±3.26 N) at 2 weeks (Figure 7D).

At 2 weeks, the stiffness of the ASCs+GMs group, the 
ASCs group, the GMs group and the Defect group were 
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19.14±3.47 N/mm, 16.08±3.31 N/mm, 13.1±2.08 N/mm 
and 12.84±1.95 N/mm, respectively. Among these groups, 
the ASCs+GMs group had slightly smaller values than the 
normal tendon group (20.88±1.93 N/mm). The other three 
groups had significantly lower values than the normal 
tendon group. In contrast, at 4 weeks postoperatively, all 
four groups (22.88±2.13 N/mm, 24.02±1.17 N/mm, 21.74 

±2.22 N/mm and 28.08±3.26 N/mm) had higher values 
than the normal tendon group, but only the Defect group 
(P <0.001) had a statistical significance (Figure 7E).

Histological Analysis
H&E staining showed that at 2 weeks, the ends of the 
severed edges were visible in each group, and a small 

Figure 6 Macroscopic observation (MO) and histological evaluation of repaired tissue at 2 and 4 weeks after surgery. Gross appearance of the repaired tendon defects in 
the four groups (A1–A4, B1–B4). Hematoxylin & eosin (HE) staining (A5–A12, B5–B12) and Masson staining (A13–A20, B13–B20) of repaired tissue. The yellow 
rectangle indicates the area shown in the below images at higher magnification. Scale bars: 100 µm in (A5–A20, B5–B20).

Figure 7 Results of the macroscopic scoring of repaired tissue (A), the length of repaired tissue (B), the cross-sectional area of repaired tissue (C), the maximum force of 
repaired tissue (D), the stiffness of repaired tissue (E), and the histology score of repaired tissue (F). Data are presented as the mean ± SD; *P<0.05; **P< 0.01; ***P< 0.001; 
#P<0.05 vs the normal tendon; ##P<0.01 vs the normal tendon; ###P<0.001 vs the normal tendon.
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amount of longitudinal fibrous tissue was found in the 
ASCs+GMs group and ASCs group (Figure 6A5–A12). 
At 4 weeks, the edges were relatively invisible in each 
group. The ASCs+GMs group and the ASCs group had 
more oriented fibers and a higher density of spindle cells. 
Cellularity in the ASCs+GMs group was the lowest, 
although all groups had higher cell numbers than the 
native tendon (Figure 6B5–B12).

Masson staining revealed at 2 weeks postoperative, 
a few fine blue-stained collagen fibers were observed in 
the ASCs+GMs group and the ASCs group, among which 
the ASCs+GMs group was better, whereas the GMs group 
and the Defect group had a clear blue matrix (Figure 
6A13–A20). At 4 weeks, the blue collagen fibers of the 
ASCs+GMs group were more aligned, thicker and longer 
than those of the other three groups (Figure 6B13–B20).

The results of Sirius red staining by polarized light 
were observed at 2 weeks, and the ASCs+GMs group 
showed yellow and green refractive hybrids, indicating 
that it contained collagen I and collagen III. The ASCs 
group had more green refraction, giving priority to col
lagen III. The refraction of the other two groups was 
greenish, and some fibers displayed obvious fragmenta
tion. At 4 weeks after surgery, with the extension of time, 
the ASCs+GMs group and the ASCs group presented 
a stronger orange or bright-red refractive light, and the 
collagen alignment was more oriented. However, the 
ASCs group still had a few green refractive lights. The 
refraction of the GMs group and the Defect group was also 
yellowish green, and the fiber orientation was also disor
dered (Figure 8).

Immunohistochemical findings showed that collagen 
I staining was more deeply stained in the ASCs+GMs 
group and the ASCs group was deeper than the other 
two groups at two time points. Staining for collagen III 
showed relatively localized and sporadic staining in the 
ASCs+GMs group and the ASCs group at 2 and 4 weeks 
compared to the evenly distributed staining in the remain
ing two groups (Figure 9).

These observations were consistent with the results of 
the histology score (Figure 7F). The total histology score 
of abnormal tendons was 18, while that of native tendons 
was 0. At 2 weeks, the scores of the ASCs+GMs group, 
the ASCs group, the GMs group and the Defect group 
were 7.7±1.2, 10.1±1.3, 13.6±0.5 and 13.4±1.0, respec
tively. The scores in the ASCs+GMs group (P<0.01) and 
the ASCs group (P<0.05) were significantly lower than 
those in the GMs group and the Defect group. At 4 weeks, 

the ASCs+GMs group score (4.7±1.2) was also lower than 
those of the ASCs group (7±0.9, P<0.05), the GMs group 
(9.6±0.8, P<0.01) and the Defect group (10.6±0.2, 
P<0.001).

Discussion
Management of acute Achilles tendon ruptures has wit
nessed a drift from an era focused primarily on feasibility 
strategies to an era focused on treatment optimization, 
which pays more attention to reducing the incidence of 
complications and to functional rehabilitation.28,29 This 
progress has been achieved following a transformation 
from recognized primary surgery to minimally invasive 
repairs and functional treatments that are in vogue.11,30 

In addition, current evidence indicates that adjunct biolo
gics such as fibrin glues (adhering rupture ends),31 plate
let-rich fibrin matrix (releasing highly complex pools of 
signaling factors),32 bone marrow aspirate concentrate 
(injecting mesenchymal stem cells)33 and platelet-rich 
plasma (releasing more than 300 bioactive proteins),34 

have the potential to help accelerate tendon healing. 
There were several reasons for addressing the trend toward 
minimally invasive injection combined with bioactive 
agents. Thus, in the present study, we confirmed that 
primed injectable micro-carrier GMs enable ASC therapy 
to accelerate the process of tendon regeneration. 
Consequently, this investigation offers a solid foundation 
for the clinical application of injectable stem cell carriers.

The core concept of biological scaffolds is to provide 
a suitable growing microenvironment for seed cells to 
promote cell proliferation and ECM deposition. Similar 
to that reported in a previous paper,25 the large-aperture 
structure of porous GMs in this experiment characterized 
by good biocompatibility not only facilitates the exchange 
of nutrients and cell metabolism products but also provides 
an appropriate growth microenvironment for cell adhesion 
and proliferation. Furthermore, porous GMs provide more 
space for cells to grow into the microsphere to avoid 
damage by external stress. Laser confocal microscopy 
showed that ASCs distributed evenly and proliferated 
rapidly in the GMs at day 2, indicating that the porous 
GMs had good biocompatibility. Additionally, GMs aggre
gated together at day 4. Meanwhile, CCK8 quantitative 
experiments also verified that the GMs had no obvious 
toxicity to ASCs and promoted the growth rate of cells. 
Previous papers have shown that the accumulation of 
ECMs derived from mesenchymal stem cells (MSCs) can 
enhance the therapeutic effect, which dramatically 
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accelerates MSC proliferation, attachment, spread, migra
tion, secretion and multilineage differentiation potential 
with a low probability of inducing negative immune 
responses through activating signaling pathways via bio
physical and biochemical cues.35–37 In short, ECMs play 
important roles in maximizing the cell function through 
appropriate cell–cell and cell–matrix interactions. SEM in 
this study showed that after the ASCs were cultured on 
porous GMs for 4 days, there were large numbers of 
secreted ECM-coated microspheres, and sometimes multi
ple microspheres could be bundled into tissue-like com
pounds that we believed could better increase the 
therapeutic efficacy of ASCs. Moreover, due to the 
ECM, ASCs loaded onto GMs had a predisposition toward 
recognition and could be shielded from mechanical insults 
during injection.

Tissue engineering has been used to directly inject cell 
suspensions into a lesion site, resulting in cell necrosis and 

ECM loss.21,22,38 However, it is not advisable to use 
excessive doses of MSCs to improve the number of sur
viving cells at the damaged site because of the increased 
cultivation cost and potential safety hazard.39,40 This 
experiment using porous GM-based injectable cellular 
carriers seeded within ASCs to constitute biomimetic 
microunits with larger amount of accumulated ECM 
could not only realize a high relative density of cells at 
the lesion but also establish stronger cell–cell and cell– 
ECM interactions, avoiding the leakage of dispersed cells 
into surrounding tissues and reported possible risks such as 
embolism.41 In addition, for further clinical applications, 
injectable carriers are desirable to regenerate defects of 
irregular geometries.42

The process of tendon healing occurs in three distinct 
phases: inflammation, proliferation or repair, and 
remodeling.43 It is well known that scar tissue, which is 
mainly composed of collagen III, is first formed and then is 

Figure 8 Sirius red staining of repaired tissue at the two time points. The white rectangle indicates the area shown in the below images at higher magnification. Scale bars: 
100 µm.
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replaced by collagen I due to continuous reconstruction 
from mechanical stimulation, which accounts for approxi
mately 95% of the total collagen in the normal tendon 
ECM.43 All tendon tissue engineering and regenerative 
medicine is focused on how to optimize this healing process 
toward mechanical properties as close as possible to those 
of normal tendon tissue. During this process, the length, 
cross-sectional area, and ultimate failure load of the 
Achilles tendon all changed as the biomechanics changed. 
The biomechanics of the Achilles tendon are closely related 
to its function. The newborn Achilles tendon constituted by 
collagen III is usually weak in compensated mechanics, 
leading to a larger cross-sectional area. When it is then 
stretched by a force, it easily forms an elongated tendon, 
thus damaging the function of the Achilles tendon.44 In this 
work, the tendon length in the ASCs+GMs group was 
significantly shorter than that of the other three groups at 
2 and 4 weeks, indicating that the newborn callus in the 
ASCs+GMs group had a greater resistance to traction. This 

fact that the control tendons appeared elongated and more 
slender over time was consistent with the findings by 
Konerding et al.45 The cross-sectional area in the ASCs 
+GMs group remained larger at 2 weeks but smaller at 4 
weeks, whereas the cross-sectional area of the other three 
groups increased progressively as time elapsed. These 
results could be explained by the fact that tendon regenera
tion of the ASCs+GMs group had a faster repair speed, 
which meant that the ASCs + GMs group had more col
lagen fiber bundles, resulting in a relatively larger cross- 
sectional area at 2 weeks, but had a more mature structure 
and composition of collagen fibers than the other groups, 
leading to a stronger resistance that resulted in a relatively 
smaller cross-sectional area at 4 weeks. In agreement with 
these cross-sectional area data, the ASCs+GMs group 
showed a higher ultimate failure load at every time point. 
Furthermore, compared with the normal tendon group, the 
ASCs+GMs group had already reached the desired high 
tear resistance at 2 weeks. The other three groups were 

Figure 9 Immunohistochemical staining of repaired tissue for type III collagen (A) and type I collagen (B) at 2 weeks and 4 weeks. Scale bars: 100 µm.
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still significantly weaker than both the normal tendon and 
the experimental groups until 4 weeks. The stiffness in the 
ASCs+GMs group at the early stage was greater than that of 
the other three groups, indicating that this group had 
a higher force transfer efficiency. Remarkably and desir
ably, the tendon stiffness of the ASCs+GMs group appeared 
not to be significantly different from that of the normal 
tendon. However, at 4 weeks postoperatively, the higher 
stiffness in the defect may cause rerupture resulting from 
decreasing elasticity and greater stiffness. In summary, the 
hypothesis that these microunits resulted in superior biome
chanics can be affirmed. Furthermore, the histopathological 
staining results also provided strong support for the above
mentioned mechanical results and therefore was as reliable 
as the AFI, which directly evaluated the actual Achilles 
functional recovery condition after repair in the rat 
model.46 In the experiment, AFI values of the ASCs+GMs 
group were larger than those of the other three groups in 
each tested period. Furthermore, the ASCs+GMs group was 
the first group to reach the 50% functional line, implying 
a decrease in time required for functionality to return to the 
tendon. Meanwhile, the 3D foot-printing intensity and max 
contact area (injured side/normal side) also indicated that 
the ASCs+GMs group recovered the function of plantar 
flexion relatively quickly.

The limitation of this study was that the model of clean 
transection of the midsubstance of the Achilles tendon was 
not a direct mimic because avulsion rupture in the clinic 
exhibits mop-like ends interposed with tissue fragments. 
However, the operability of creating such ragged ends was 
not easy to pursue because the resulting lesions were less 
likely to be reproducible. Another consideration was the 
specific mechanism of how the compounds of GMs seeded 
with ASCs influence tendon regeneration and repair 
in vivo. Consequently, our group will explore the possible 
ultimate cell fate by tracking the cell location, migration 
and differentiation at the rupture site. Furthermore, more 
research is required for the clinical application of this 
injectable biomaterial in human subjects.

Conclusions
In sum, we have successfully validated the biocompatibil
ity and characterization of injectable cellular microcarriers 
composed of ASCs for cell delivery through a series of 
experiments. Porous GMs can allow cells to facilitate cell 
proliferation with extensive ECM deposition and to sur
vive injection. This novel minimally invasive injection 

therapy was indeed effective in accelerating Achilles ten
don healing following rupture.
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cipants included in the study.
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