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Abstract
Scaffolds functionalized with graded changes in both fiber alignment and mineral content are more appealing for tendon-bone 
healing. This study reports the healing of rotator cuff injury using a heterogeneous nanofiber scaffold, which is associated 
with a structural gradating from aligned to random and an increasing gradient of mineral content in the same orientation. 
The photothermal-triggered structural change of a nanofiber scaffold followed by graded mineralization is key to construct-
ing such scaffolds. This type of scaffold was found to be biocompatible and provide beneficial contact guidance in the 
manipulation of tendon-derived stem cell morphologies in vitro. Specifically, tenogenic and osteogenic differentiation of 
tendon-derived stem cells were simultaneously achieved using the fabricated scaffold. In vivo investigation also showed 
the improved healing of rabbit rotator cuff injuries based on immunohistochemical analysis and biomechanical investigation 
that indicates the promising potential of a dual-gradient nanofiber scaffold in clinical tendon-bone healing.

Keywords Photothermal welding · Graded mineralization · Nanofiber scaffold · Tendon-derived stem cells · Tendon-to-
bone healing

Introduction

Rotator cuff tears are one of the most common sports inju-
ries, often causing individual symptoms including pain, 
weakness, stiffness, and a limited range of mobility of the 
shoulder, which eventually pose significant financial burden 
on society [1]. Treatment for symptomatic rotator cuff tears 
is usually based on surgical repair. Although some patients 
may experience a significant improvement in shoulder func-
tion after surgery, the re-tear rate is sometimes high, ranging 
from 15 to 94% [2, 3]. This is due to lack of regeneration of 
the complex soft-to-hard structure and low tissue strength 
resulting from the scar healing at the tendon-bone interface 
[4, 5]. In this regard, surgical management of rotator cuff 
tears remains a challenge, and better methods to avoid re-
tears must be developed.

Tendon-bone tissue engineering has received increasing 
attention as a novel treatment strategy. Tissue engineer-
ing, which aids in tendon-bone tissue healing, can imitate 
natural tissues and provides a suitable extracellular matrix 
environment (ECM), which is essential for tissue repair. 
The ECM microenvironment of the cellular niche is crucial 
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because it can regulate the behavior and fate of stem cells 
[6]. Decellularized tendon-bone junction tissue has been 
used for tendon-bone healing to provide an essential ECM 
microenvironment [7]. Moreover, investigators have endeav-
ored to obtain an optimal strategy to produce biomaterials 
that mimic the natural tendon-bone tissue structure so as to 
facilitate tissue regeneration [8]. Scaffolds have been found 
to promote homologous cell differentiation by mimicking 
biophysical and biochemical properties present in natural 
tissues [9]. An ideal tendon-bone tissue repair scaffold is 
composed of nanofibers arranged uniaxially at one end and 
randomly at the other end [10, 11]. Furthermore, a hierar-
chical arrangement of the scaffold with graded changes in 
porosity and fiber alignment has been introduced to imi-
tate the graded transition in cell morphology at the tendon-
bone insertion [12]. Similarly, structures with graduated 
hardness  that simulate changes in mineralization at the 
tendon-bone interface facilitate osteogenic differentiation 
of stem cells [13]. Various stem cells have been used in 
experiments on tendon-bone healing, including bone mar-
row stem cells (BMSCs) [14], adipose-derived stem cells, 
and tendon-derived stem cells (TDSCs) [15]. Compared with 
BMSCs, which have been applied in most of the previous 
studies, TDSCs have been found to have higher tenogenicity 
and higher levels of tendon-related factor expression [16].

In our previous study, we reported a method for the 
photothermal welding of non-woven mats of electrospun 
nanofibers by introducing a near-infrared (NIR) dye, such as 
indocyanine green (ICG) [17]. The nanofibers were observed 
to weld at their cross points or even fuse together under the 
photothermal effect. The degree of welding can be controlled 
with adjustment of the power and duration of an NIR laser 
in different regions, resulting in gradient structural features. 
Nevertheless, a gradient in hydroxyapatite content exists at 
the natural tendon-bone interface. Biomineralization has 
been applied to produce mineral coating on nanofibers to 
imitate the mineralization gradient [18]. There is a positive 
correlation between fiber mineralization and the time period 
for which the fiber is immersed in solution [19]. Thus, the 
gradient change in the mineralization layer on the scaffold 
surface can be achieved by controlling immersion time of 
the scaffold in the solution. This strategy has been success-
fully applied to generate gradations in mineral content on 
poly(lactic-co-glycolic acid) (PLGA) and polycaprolactone 
(PCL) nanofibers.

In humans, most rotator cuff tears involve the supraspi-
natus tendon [20] owing to innate features, for example, 
the tendon’s susceptibility to injury. External factors, such 
as overuse and repetitive injury also contribute to the high 
prevalence of supraspinatus injury [21]. External factors 
are mostly related to the tendons passing through the tunnel 
formed by the coraco-acromial arch when the humerus is 
elevated and stimulated. Therefore, an ideal animal model 

of rotator cuff pathology needs to closely reproduce this 
external interaction between the tendon and its surrounding 
skeletal structure. The rabbit subscapularis tendon passes 
through a similar tunnel, which is considered anatomically, 
biomechanically, and histologically suitable for studying 
the pathology and repairing the human rotator cuff [22]. In 
addition, the rabbit subscapularis footprint was reported to 
be about one-quarter of the size of the human supraspina-
tus footprint, allowing researchers to create a rotator cuff 
tear model [23]. Considering that the nanofiber scaffold is 
a two-dimensional structure, it may be difficult to repair a 
full-thickness tear of the rotator cuff. Therefore, we chose a 
rabbit model of a partial injury of the subscapularis tendon. 
Some limitations to this model include that the shoulder 
is a weight-bearing joint for a quadruped animal, unlike in 
humans, and the model we created is an acute tendon injury, 
which does not reflect the clinical situation of a chronically 
torn rotator cuff.

In the current study, we used the photothermal weld-
ing technique to generate gradient structures from aligned 
to random, together with the graded mineralization coat-
ing to mimic the natural change in the tendon-bone interface 
(Scheme 1). This study aimed to investigate the effect of the 
nanofiber scaffold with dual gradients of fiber alignment and 
mineral composition on the regulation of TDSCs behaviors 
in vitro and its healing performance in a rabbit rotator cuff 
injury model in vivo.

Schematic illustration showing the scaffold modified with 
dual gradients of both surface structure and mineral content 
to replicate the native interface between tendon and bone, 
and its use to facilitate the tendon-bone healing in a rabbit 
rotator cuff injury model.

Experimental Section

Chemicals and Materials

PU was provided by the Biomaterials and Tissue Regen-
eration Group from Donghua University. ICG was pur-
chased from Tokyo Chemical Industry Co., Ltd (Tokyo, 
Japan). Hexafluoroisopropanol was acquired from Macklin 
Biochemical Co., Ltd. (Shanghai, China). The Phalloidin-
iFluor 488 antibody and rabbit anti-mouse Tenascin C pri-
mary antibody were obtained from Abcam (Cambridge, 
UK). The Cell Counting Kit-8 (CCK-8), rabbit anti-rabbit 
Collagen I primary antibody, rabbit anti-rabbit Collagen III 
primary antibody, rabbit anti-rabbit Runt-related transcrip-
tion factor 2 (Runx2) primary antibody, and goat anti-mouse 
Alexa Fluor-488 secondary antibody were purchased from 
Bioss Biotechnology Co., Ltd. (Beijing, China). Dulbecco's 
modified eagle medium (DMEM), penicillin/streptomycin, 
collagenase type I, 4',6-diamidino-2-phenylindole (DAPI), 
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and goat anti-rabbit Alexa Fluor-594 secondary antibody 
were bought from Solarbio Science & Technology (Beijing, 
China). Fetal Bovine Serum (FBS) was purchased from 
Gibco (California, USA). Dispersase II and trypsin-ethyl-
enediamine tetraacetic acid (EDTA) were acquired from 
Sigma (Saint Louis, USA). Simulated Body Fluid (SBF) 
was purchased from Beijing Leagene Biotechnology Co., 
Ltd. (Beijing, China).

Fabrication and Characterization of Uniaxially 
Aligned PU/ICG Nanofibers

The uniaxially aligned nanofibers were fabricated using 
an electrospinning setup with a high-speed drum. PU was 
dissolved in hexafluoroisopropanol at a concentration of 8 
wt.%, and then ICG was directly mixed into the solution 
for electrospinning. In the electrospinning process, the 
solution was aspired into a 5 mL syringe, and subsequently, 
the syringe was installed onto the electrospinning equip-
ment for spinning. The solution was pumped out at a rate 
of 0.8 mL/h through a blunt 22-gauge needle. A high volt-
age (DC) of 18 kV was applied between the needle and 
a grounded collector separated by 15 cm. A high-speed 
drum (2500 rpm) was used as the collector to obtain uni-
axially aligned nanofibers. The electrospinning process was 

terminated after 30 min. The sample was coated with Au/
Pd using a Hummer 6 sputter (Anatech, CA, USA) and then 
imaged using a Hitachi 8230 cold field-emission scanning 
electron microscope (Tokyo, Japan). The average diameter 
of the nanofibers was measured using ImageJ software from 
100 nanofibers in the scanning electron microscopy (SEM) 
images.

Photothermal Welding and Mineralization 
for the Nanofibers

Uniaxially aligned nanofiber scaffolds with ICG content 
of 0.5% and 1% were prepared. The nanofiber scaffolds 
were cut into several squares of equal size (2 × 2  cm2 for 
each sample) and attached to the glass slide with biologi-
cal glue. They were then irradiated with a laser, which 
excited the photothermal material (ICG) to produce heat, 
causing the nanofibers to reach the melting point and be 
welded. During laser irradiation, the unilluminated areas 
of the scaffold were covered using a plate with holes, and 
the temperature of the scaffold surface was observed using 
a thermal imaging camera. The temperature changes at 
different light intensities and times were recorded. The 
nanofiber scaffolds were observed using SEM.

Scheme 1  Schematic illustration
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Four structures of the nanofiber scaffolds were selected 
based on the SEM results, and the selected four struc-
tures were mineralized with a coating treatment in the pre-
sent study. The concentration of the mineralized solution 
was 10 times that of SBF [18]. The pH of this solution 
was adjusted between 4.2–4.5 with HCl and NaOH, and 
then  NaHCO3 was added to adjust the pH to 6.5–6.8. The 
obtained nanofiber scaffolds were placed vertically in a 
10 cm diameter dish and slightly fixed. The four struc-
tures were immersed in the prepared solution for 0, 0.5, 1, 
and 2 h separately. After the treatment, the scaffolds were 
rinsed repeatedly with distilled water and anhydrous etha-
nol, and the mineralized scaffolds at different times were 
acquired. SEM was used to analyze the surface morphol-
ogy of the nanofiber scaffolds.

TDSC Isolation and Identification

This study was approved by the Institutional Animal Care 
and Utilization Committee of Qingdao University. The sub-
scapularis tendon of a 4-week-old New Zealand white rabbit 
was mixed with 1 mL of 0.05% trypsin-(EDTA) to cover and 
digest the tendon tissue. The complete medium was then 
used to terminate the trypsin–EDTA reaction. The tendon 
tissue was cut into small pieces (1 × 1 × 1  mm3) and digested 
with a mixture of 3 mL of type I collagenase (3 mg/mL) 
and 4 mg/mL of Dispersase II. The solution was filtered 
with a 70 µm cell filter to obtain the remaining cells. These 
cells were then cultured in T25 culture flasks at 37 °C in 
the presence of 5%  CO2. The culture medium was replaced 
every 3 days. The cells were passaged after reaching 90% 
confluence, and the third-generation cells were used in the 
experiment. The cells were cultured in specific differentia-
tion media to undergo multiple differentiations and identifi-
cations of cells. (1) The cells were cultured with adipogenic 
induction, and maintenance medium for 14 days and oil 
red staining confirmed the differentiation into adipocytes. 
(2) The cells were cultured with an osteogenic induction 
medium for 14 days, and Alizarin Red staining confirmed 
the differentiation into osteoblasts. (3) The cell pellets were 
cultured with chondrogenic induction and maintenance 
medium for 21 days, and Safranine O staining confirmed 
the differentiation into chondrocytes. The cells were inoc-
ulated at the density of 10, 20, 40, and 80 cells/cm2 in a 
6 cm-diameter Petri dish for 14–20 days to identify the pro-
liferation and colony formation of the cells. The cells were 
incubated with the fluorescent primary antibody diluted with 
phosphate buffered saline (PBS) on ice for 60 min, washed 
thrice, and then detected using flow cytometry to confirm 
specific antibodies (SSEA-4 and OCT-4) on the cell surface.

Cell Viability

The nanofiber scaffolds with different welding extents 
with or without mineralization were cut to the appropri-
ate size. The scaffolds were adhered to circular glasses 
with biological glue and then clung to a 24-well plate. The 
plain glass was used as a control group. After 75% alco-
hol fumigation for 6 h, the TDSCs were inoculated on the 
nanofiber scaffolds. The scaffolds were treated with ultra-
violet radiation for 0.5 h in the ultra-clean platform. They 
were washed three times with PBS containing 1% penicil-
lin/streptomycin and separately washed thrice with DMEM. 
They were then incubated with a 10% complete medium at 
37 °C for 1 h. Subsequently, the TDSCs were inoculated into 
the 24-well plate at 1 ×  104/well for 3 days. The cells were 
washed with PBS, and the fresh complete culture medium 
with a 10% CCK-8 reagent was added to each well. After 
incubation for 3 h, the plate was shaken for 15 min, and the 
absorbance of the supernatant at 450 nm was measured using 
a microplate reader.

Generation of the Nanofiber Mat With Gradations 
in Both Fiber Alignment and Mineral Content

The four regions in the nanofiber scaffold were arranged 
in the radial direction. After fabrication, SEM was used 
to observe changes in the nanofiber structure, which was 
specified as regions I, II, III, and IV. Region I represented 
uniaxially aligned nanofibers, regions II and III constituted 
transition regions, and region IV designated random fibers. 
The nanofiber scaffold was put in a 10 cm-diameter Petri 
dish and gently fixed. Region IV of the scaffold was at the 
bottom, region I was in the upper area, and regions II and 
III were in the middle. A propulsion pump was used to add 
mineralization solution into the dish at a rate of 0.5 mL/min 
for 2–2.5 h. After repeated washing with distilled water and 
anhydrous ethanol, a bidirectional gradient nanofiber scaf-
fold was obtained. The scaffold with the gradient of fiber 
alignment caused by photothermal welding was named PW. 
The scaffold with dual gradients of fiber alignment and min-
eral composition was named PW + GM. SEM and energy- 
dispersive X-ray spectroscopy (EDX) were used to observe 
changes in the nanofiber structure and mineralization con-
tent. The scaffolds were also detected by a Bruker atomic 
force microscope (AFM, Dimension Icon, America).

Cell Morphology and Differentiation

The nanofiber scaffolds with structural gradient changes 
before and after mineralization were placed in a 24-well 
plate and inoculated with TDSCs after sterilization. The 
CCK-8 test was performed separately after culturing the 
cells for 1  day, 3  days, and 7 days. After culturing for 
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3 days, immunofluorescence F-actin/DAPI staining was 
performed, and changes in cell morphology were observed 
under a microscope. After culturing the TDSCs for 3 days, 
the culture medium was removed, and 3% glutaraldehyde 
was used to fix samples for 30 min at room temperature. 
After that, 0.1% Triton X-100 was applied to permeate for 
5 min, and the samples were washed with PBS thrice. Each 
sample was mixed with 200 µL of bovine serum albumin 
(BSA) solution containing 0.1% F-actin and incubated at 
room temperature for 30 min in the dark. After washing the 
sample three times with PBS, mounting tablets containing 
DAPI were added, and the sample was observed under an 
Olympus IX73 inverted microscope. In the negative control 
staining, the F-actin staining agent was not added, and the 
other steps were the same as noted above. ImageJ software 
was used to measure the length and breadth of the cells at 
the four regions of the scaffolds.

TDSCs were cultured on the fibrous scaffold with miner-
alization for 14 days and stained with immunofluorescence 
Runx2/Tenascin C/DAPI to observe the corresponding pro-
tein expression. After 14 days of culturing, the medium was 
removed. The samples were fixed with 3% glutaraldehyde 
for 5 min at room temperature and washed three times with 
PBS. Following that, 0.1% Triton X-100 was used to perme-
ate the cell membrane for 5 min. After washing the samples 
three times with PBS, the samples were blocked with 1% 
BSA for 2 h and then again washed with PBS three times. 
Each sample was mixed with 200 µL of 1% BSA solution 
containing a 0.1% Runx2 rabbit anti-rabbit primary anti-
body and 0.5% Tenascin C mouse anti-rabbit primary anti-
body, and then  incubated at room temperature for 2 h. The 
samples were washed once with 0.1% Tween 20 and twice 
with PBS. Each sample was mixed with 200 µL of 1% BSA 
solution containing a 0.5% goat anti-rabbit 594 secondary 
antibody and 0.5% goat anti-mouse 488 secondary antibody. 
The samples were incubated at room temperature for 30 min 
in the dark and then washed once with 0.1% Tween 20 and 
twice with PBS. Next, mounting tablets containing DAPI 
were added to each sample, and the samples were observed 
under the fluorescence microscope. The average fluores-
cence intensity at each position was calculated from four 
samples using ImageJ software and then plotted. In the nega-
tive control staining, the primary antibody was not added, 
and the other steps were the same as noted above.

In Vivo Investigation

All of the in vivo experimental procedures conformed to the 
institutional guidelines for animal care and were approved 
by the Animal Ethics Committee of the Affiliated Hospital 
and Qingdao University. Adult New Zealand white rabbits 
weighing 3.5–4 kg were used as the experimental animals, 
and the injuries of subscapularis tendons were applied to 

the model. First, 24 rabbits were randomly divided into four 
groups: the photothermal welding plus graded mineraliza-
tion (PW + GM) group, photothermal welding (PW) group, 
control group, and normal group. For animal experiments, 
75% alcohol was used to fumigate the nanofiber scaffolds 
of structural gradient changes with and without mineraliza-
tion overnight. The rabbits were anesthetized by injection 
of sodium pentobarbital (30 mg/kg). After the left and right 
shoulders were shaved, Lidocaine Hydrochloride Injection 
(0.25%) was sterilized into the shoulder for local anesthesia. 
To establish the bilateral partly rotator cuff tear models, a 
percutaneous surgical incision of about 3 cm was made on 
the anterolateral aspect of both shoulders. The subscapu-
laris tendon was found after blunt dissection of the deltoid 
and supraspinatus muscle. Then, 50% of the thickness of the 
subscapularis tendon was cut sharply at the location where 
the tendon was linked to the bone, and the surface stump 
of the humeral head was cleaned. The nanofiber scaffold 
with or without mineralization was cut into 1.5 × 0.6  cm2 in 
size. Then, the injured tendons were separately covered with 
the different scaffolds (PW + GM and PW) and fixed at the 
four corners with sutures. The injured subscapularis tendons 
served as the control group and the uninjured tendons served 
as the normal group. The muscles and the skin incisions 
were closed in layers. The shoulders were bandaged with 
gauze. After the surgery, penicillin was injected intramuscu-
larly for 3 days. Then, the rabbits were put in cages without 
restricting their activities.

After 3 and 6  weeks, the shoulder specimens were 
explanted. The healing status was observed by hematoxylin 
and eosin (H&E), Masson, Sirius red staining and immuno-
histochemically staining for collagen I and collagen III. The 
tissues for histologic analyses were fixed with 10% neutral 
buffered formalin for approximately 2 weeks, fully decal-
cified in 5% nitric acid, and then trimmed and embedded 
in paraffin. The sections (3 μm in thickness) were cut and 
stained with H&E and Masson. The tissue sections were 
separately treated by Sirius red staining and immunohisto-
chemical staining of collagen I and collagen III to observe 
the expression of collagen in the repaired tissues. The per-
centage of positive areas in Masson and the immunohisto-
chemical staining micrographs were measured and calcu-
lated using ImageJ software. Immunofluorescence staining 
was performed as described earlier to analyze the expression 
levels of tendon-related proteins in injured tendons. Briefly, 
the sections were deparaffined, hydrated, inactivated with 
endogenous peroxidase, repaired with antigens, blocked 
with 5% normal goat serum, and then incubated overnight 
at 4 °C using Tenascin C (mouse anti-rabbit 1:1000) and 
Runx2 (rabbit anti-rabbit 1:500) monoclonal antibodies. 
This was followed by incubation with the goat anti-mouse 
488-conjugated secondary antibody (1:500) and goat anti-
rabbit 594-conjugated secondary antibody (1:500) for 1 h. 
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The sections were mounted using mounting tablets contain-
ing DAPI and examined under a fluorescence microscope. 
The primary antibody was not added in the negative control 
staining, and the other steps were the same as noted above.

Four specimens were selected from each of the three 
groups at 3 and 6 weeks. The subscapularis muscle and 
the proximal humerus were intercepted on both sides. The 
tendon side was fixed with sandpaper, and the proximal 
humerus was fixed with a hemp rope. The tensile test was 
performed on the Instron-3300 universal material testing 
machine, and the load rate was 0.4 mm/s. The rupture posi-
tion, maximum load (N), and load of the subscapularis ten-
don were recorded in detail.

Statistical Analysis

One-way analysis of variance (ANOVA) was used for multi-
factor comparison, followed by Student t tests for all of the 
pairwise comparisons. All of the values were averaged at 
least in triplicate and expressed as  the mean ± standard 
deviation.

Results and Discussion

Photothermal Welding of Electrospun Nanofibers 
to Change the Fiber Alignment

The average diameter of the nanofibers was 683 ± 215 nm. 
The temperature changes in the mats with 0.5% and 1% ICG 
content were separately recorded using an infrared camera 
after irradiation with an 808-nm laser under different power 
densities (Figure S1). A positive correlation was found 
between the surface temperature of the nanofiber scaffold 
and irradiation time. The temperature was observed to rise 
more promptly with a higher laser intensity with the same 
irradiation time. Higher ICG content was associated with 
less time to reach a certain surface temperature under the 
same laser intensity. The variation pattern is consistent with 
our previous findings [17]. As the temperature increased, the 
scaffolds finally melted and broke. From the infrared images, 
photographs, and SEM observation in Fig. 1A–C, we deter-
mined the ICG content (1%) and laser intensity (2 W/cm2) 
for optimization of the nanofiber structure. The irradiation 
times set for gradient changes where the fiber oriented from 
uniaxially to randomly were 0, 5, 8, and 10 s. The final scaf-
fold surface temperatures were 25, 110, 130, and 145 °C.

Mineralization of Nanofibers with Different Welding 
Extent

SEM images of PU fibrous membranes after mineraliza-
tion for different times are displayed in Fig. 1D. After 0.5 h 

immersion into 10SBF, there were a few apatites observed 
on these fibers. After 1 h, some apatite clusters appeared 
on the fiber surface. More apatite clusters with nano-sheet 
structure were observed on the fiber surface after extend-
ing the mineralization time to 2 h. Further, the mineral 
deposition on the scaffold surface was observed to increase 
with the immersion time [24]. The preparation of calcium 
phosphate coating was convenient and fast, and the coating 
could be formed by 10SBF quickly on the scaffold surface 
[19, 25].

Cell Viability on Welded and Mineralized Nanofibers

The extracted TDSCs exhibited classical stem cell charac-
teristics, including clonogenicity, typical surface antigen 
expression, and multi-lineage differentiation potential. 
The cells demonstrated a fibroblast-like cell morphology 
in vitro (Figure S2A). Crystal violet staining indicated that 
the colonies were formed after in vitro culture for 16 days 
(Figure S2B–E). The fluorescence activating cell sorter 
results showed that more than 85% and 90% of surface-spe-
cific markers OCT4 and SSEA4 were positive for TDSCs, 
respectively (Figure S2F and G). TDSCs could be induced 
to differentiate into chondrocytes, adipocytes, and osteo-
blasts in vitro (Figure S3). Thereafter, the extracted TDSCs 
were planted on the obtained nanofiber scaffold to verify its 
cytocompatibility. The results indicated that relative viabil-
ity of the TDSCs at 72 h was close, which means that PU 
fiber membrane and calcium phosphate coating did not show 
obvious cytotoxicity against the cells (Fig. 1E,F) [26].

Generation of the Nanofiber Mat With Gradations 
in Both Fiber Alignment and Mineral Content

Regions I, II, III, and IV were marked on a piece of nanofiber 
scaffold with a suitable size. A laser intensity of 2 W/cm2 
was applied to irradiate the scaffolds for 0, 5, 8, and 10 s, 
respectively. During irradiation, the unirradiated areas were 
covered with a mask to prevent welding [17]. The SEM 
images (Fig. 2A) of the different regions of the nanofiber 
scaffold revealed the change of nanofibers in a membrane. A 
structural gradation from an aligned to random arrangement 
was obtained owing to the different welding extents in each 
region. Complex gradients of cell types and tissue proper-
ties were noted by adjusting the generated strain gradients 
[11]. The obtained monolithic fiber scaffold was put in the 
container of increasing mineralization solution to make the 
hierarchical calcium phosphate coating. The SEM and AFM 
results in Fig. 2B and Figure S4A illustrate that the sur-
face coating of calcium phosphate gradually increased from 
region I to region IV. The Young's modulus of the mat sur-
face, from 67.78 ± 2.1 MPa (region I) to 4248.6 ± 339.7 MPa 
(region IV), had a positive correlation with the number of 
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mineral crystals (Fig. 2C). In addition, the result of EDX 
(Fig. 2D and Figure S5) indicates that the increasing miner-
alization solution formed continuous gradient mineralization 
on the surface of the scaffold, which increased the mechani-
cal strengths of the scaffold (Figure S6A).

TDSC Morphology and Differentiation

F-actin/DAPI staining  indicates  that the morphology of 
TDSCs was elongated and arranged regularly in region I, the 
morphologies changed in regions II and III, and they were 
disorganized in region IV (Fig. 3A, B). The negative control 
staining is shown in Figure S6B. Measuring the length and 
width of the cells revealed that mineralization did not have a 
significant impact on the changes in cell morphology. For the 

cells on the scaffold of the PW + GM group, the ratio of the 
length and breadth of TDSCs in region I was 3.3 times than 
that in region IV, and the ratio in the case of the PW group 
was 2.8 times than in region IV (Fig. 3C). The cytoskeleton 
of the cell could be regulated by the change of the nanofiber 
alignment on the same nanofiber-based scaffold, which mim-
icked the cell in the native tendon-bone interface [12]. The 
proliferation of cells was not significantly changed among 
PW, PW + GM, and control groups (Fig. 3D). The scaffold 
was biocompatible without toxicity to cells. Modifications 
based on the physical microenvironment, particularly the 
mechanical force and surface morphology, were applied to 
scaffolds to better mimic the natural tendon microenviron-
ment and induce the differentiation of stem cells toward the 
tendon cell lineage. Surface morphology is an important 

Fig. 1  Characterizations and 
cell viability of the PU/ICG 
nanofiber scaffolds before and 
post treatment of photothermal 
welding and mineralization. (A) 
Infrared images, (B) photo-
graphs, and (C) SEM images 
showing the surface tempera-
tures and morphologies of the 
nanofiber scaffolds containing 
1% ICG after exposure to the 
laser at an irradiance of 2 W/
cm2 for 0, 5, 8, and 10 s (from 
left to right). (D) SEM images 
showing the corresponding 
nanofiber scaffolds treated with 
mineralization solution for 0, 
0.5, 1, and 2 h. (E) The viability 
of TDSCs on different nanofiber 
scaffolds without mineralization 
after culture for 3 days. (F) The 
viability of tendon derived stem 
cells on different nanofiber scaf-
folds post mineralization after 
culture for 3 days. The arrow 
represents the direction of fiber 
orientation
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factor in the extracellular physical microenvironment. Intra-
cellular signaling and distribution of focal adhesions depend 
on surface morphology, which can guide cell morphology 
and motility, regulate cell growth and function, and influence 
the fate of stem cell differentiation [27–30].

According to the fluorescence intensity (Fig.  4) of 
TDSCs that were cultured for 14 days, it was inferred that 
the cells in region I intended to express more Tenascin 
C protein (green) and less Runx2 protein (red). The cell 
protein expression in region IV was the opposite. The fluo-
rescence intensity ratios of the two proteins were com-
pared to analyze the difference in their expression in the 
four regions of the cell (Figure S6C). The negative control 

staining is depicted in Figure S6D. Runx2 was a landmark 
factor of osteogenic differentiation, which correlates with 
the development of calcium pyrroles, and Tenascin C was 
a landmark factor of tenogenic differentiation, playing a 
key role in transmitting mechanical forces from one tis-
sue to the next [31–33]. The calcium phosphate coating 
increased the stiffness of the scaffold and provided sig-
nals for TDSCs differentiation toward osteoblasts. It has 
been proved that the alignment of nanofibers significantly 
hinders the osteolineage differentiation of human TDSCs 
cultured under osteogenic conditions [34]. Mechanical sig-
nals can be transmitted by a cell through biological factors 
such as growth factors that bind to receptors on the cell 

Fig. 2  Characterizations of the scaffold modified with dual gradi-
ents of both surface structure and mineral content. (A) SEM images 
showing the transition from uniaxially aligned to random on the same 
nanofiber scaffold. (B) SEM images of the nanofiber scaffold cov-
ered by a graded coating of calcium phosphate at different regions. 
The mineral content was increased with the transition from aligned 
to random for the underneath nanofibers. The arrow represents the 

direction of nanofiber orientation. (C) Application of atomic force 
microscopy to characterize the Young's modulus of different regions 
on nanofiber scaffolds. Data are expressed as mean ± SD (n = 5). (D) 
Characterization of the mineral content of the different regions on the 
nanofiber scaffold and schematic illustration showing the generation 
of a graded coating of calcium phosphate on a nanofiber scaffold. 
Data are expressed as mean ± SD (n = 4)
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membrane and transmit signals into the cell, thereby ini-
tiating several cytoplasmic signaling cascades [35]. The 
aligned scaffold fibers played a critical role in promoting 
TDSCs differentiation to tendon cells. It was recapitulated 
that the organization of ECM could induce the tenogenic 
differentiation of stem cells, thus leading to cellular organ-
ization and matrix deposition resembling native tendon 
tissues [34]. In conclusion, a nanofiber scaffold with a 
dual gradient of structure and mineralized coating was 
successfully prepared. The scaffold had good biocompat-
ibility and adhesion, and it offered an attachment structure 
to change the morphology in cells and promote regular 
protein expression, thereby providing a theoretical basis 
for its role in in vitro experiments.

In Vivo Repair of Rabbit Rotator Cuff Injury

Scaffolds made of electrospun nanofibers have been con-
sidered to be a promising category of carriers for delivering 
cells [6]. In this regard, such dual-gradient nanofiber scaf-
folds could also be used to load and deliver exogenous ten-
don-derived stem cells for in vivo animal studies. Consider-
ing future clinical applications, however, there are still some 
limitations (e.g., costly cell culture steps, long-term isolation 
and culturing, extensive cell numbers, and cellular immu-
nogenicity) in pre-culturing and implanting exogenous stem 
cells relative to in situ recruitment of the endogenous stem 
cells [36, 37]. As such, we used the dual-gradient nanofiber 
scaffolds for in situ repair of the injured area.

Fig. 3  The effect of nanofibers and mineralization in different regions 
on the morphologies and biocompatibility of TDSCs. (A, B) Fluo-
rescence micrographs showing the morphologies of TDSCs after 
co-cultured with the nanofiber scaffolds treated by photothermal 
welding (PW) or photothermal welding plus graded mineraliza-

tion (PW + GM) for 3  days. The arrow represents the direction of 
nanofiber orientation. (C) The ratio of length and breadth of TDSCs 
incubated on different regions of the PW and PW + GM groups. (D) 
The proliferation of TDSCs on the different samples tested by CCK-8 
assay at 1, 3, and 7 days.



917Advanced Fiber Materials (2022) 4:908–922 

1 3

The subscapularis tendon and part of the humerus were 
obtained at 3 and 6 weeks to observe the healing of the 
injured tendons (Fig. 5A). None of the animal models got 
infection. At 3 weeks, the injury in the three groups did not 
heal significantly, and in 6 weeks, the injuries of subscapu-
laris tendon in PW and PW + GM groups had obvious heal-
ing. Especially at 6 weeks, the scaffolds were coated in the 
hyperplastic tissue at the humerus part. Compared with the 
control group, the humerus end in the PW and PW + GM 
groups showed chondroid hyperplasia. H&E and Masson 
(Figs. 5B and 6A) staining revealed that all of the specimens 
had poor healing at 3 weeks, when the injuries were clearly 
visible, and the injuries in three groups were healing well at 
6 weeks. The specimens in the PW + GM group produced 
more connective tissue, and the production of tendon fibers 
was observed in the middle part (Fig. 6A). The semiquan-
titative analyses of Masson staining showed that there was 
more connective tissue appearing in the PW + GM and PW 
groups (Figure S7A). It was speculated that the fibrous scaf-
fold provided an attachment site for connective tissue pro-
liferation to facilitate tendon repair. The microscopic obser-
vation showed that the cell arrangement at the injury site 
of the PW + GM and PW groups was more orderly than that 
of the control group. This result suggests that the aligned 
nanofibers in region I induced tendon-fiber alignment. Sir-
ius red staining (Fig. 6B) illustrated that there was more 
expression of collagen fibers in the injured sites involving 

Fig. 4  Tenogenic and osteogenic differentiation of the TDSCs on the 
different regions of the dual gradient scaffold. Fluorescence micro-
graphs showing the expression of Tenascin C and Runx2 of TDSCs 
after co-cultured with the nanofiber scaffold treated by photothermal 
welding plus graded mineralization for 2  weeks. Cell nucleus were 
stained by DAPI. Regions I to IV are corresponding to that shown 
in Fig. 2. The arrow represents the direction of nanofiber orientation

Fig. 5  In vivo evaluation of H&E staining results at 3- and 6-weeks 
post implantation. (A) Intraoperative and postoperative photographs 
of the subscapularis tendon: partial injury at the junction of the sub-
scapularis tendon, humerus; implanting the nanofiber scaffold to 

cover the injury site and samples were explanted after 3 and 6 weeks, 
respectively. (B) H&E staining images of the samples explanted at 3 
or 6 weeks. The yellow arrows indicate the nanofiber scaffold
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the use of the PW + GM and PW groups at 6 weeks. In the 
immunohistochemical staining micrographs (Fig. 6C, S7B 
and C), the expression of type I and III collagen was seen in 
all of the groups at both time points. The PW + GM and PW 
groups appeared to express more type I collagen than the 
control group at 6 weeks (Figure S7B). The expression pat-
tern of collagen I and collagen III is critical in maintaining 
the tendon structure and function, which is consistent with 
the natural healing process of the tendon [38]. In the heal-
ing of rotator cuff tears, collagen III was mainly produced 

in the early phase of healing and subsequently replaced by 
collagen I, which gradually increased [39]. This suggests 
that the directionally aligned nanofibers contributed to the 
regular arrangement of cells and promoted the production 
of type I collagen, which is beneficial for tendon repair. The 
fluorescence intensities (Fig. 6D) of regions I and IV of 
the PW + GM group illustrated that the cells around region 
I expressed more tendon-related protein Tenascin C at 3 
and 6 weeks, and the osteogenesis-related protein Runx2 
was more expressed around region IV. The negative control 

Fig. 6  Collagen reproduction and the expression of Tenascin C and 
Runx2 at 3- and 6-weeks post in-vivo implantation. (A) Masson 
staining images of the samples explanted at 3 or 6 weeks. (B) Sirius 
Red staining images of the samples explanted at 3 or 6 weeks. The 
yellow circles indicate the damage repair parts. (C) Immunohisto-
chemical staining of the samples explanted at 3 and 6  weeks. The 

white arrows point to the damage-repair areas. (D) The expression 
of Tenascin C and Runx2 on regions I and IV after explanted the 
nanofiber scaffold treated by photothermal welding and graded min-
eralization at 3 and 6 weeks, respectively. Regions I and IV are cor-
responding to that shown in Fig.  2. The yellow arrows indicate the 
nanofiber scaffold
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staining is shown in Figure S6E. This result is consistent 
with the findings we obtained in vitro. There was some 
limitation on the observation of region II and III. However, 
region I and IV exhibited a positive effect on the arrange-
ment of cells and fibers and promoted cell differentiation for 
tendon-bone healing. 

The biomechanical test (Fig. 7) proved that there was 
no significant difference between the PW + GM, PW, and 
control groups in terms of ultimate failure loads at 3 weeks 
and ultimate stress at both 3 and 6 weeks. However, the 
ultimate failure loads in the PW + GM and PW groups at 
6 weeks (142 ± 16 N and 135 ± 18 N, respectively) were sig-
nificantly higher than those in the control group (112 ± 14 N) 
(*P < 0.05) (Fig. 7D). We still tend to make the mineraliza-
tion gradient such that phosphate calcium provides a tough 

surface and enhances the overall strength of the membrane. 
In subsequent studies, the mineralization gradient is also 
the preferred choice in the progress of developing a three-
dimensional scaffold for tendon-bone healing. The mineral-
ized part should be in the bone tunnel to provide chemotaxis 
for bone ingrowth [40]. Several studies reported the tendon-
bone injury repair with a tissue-engineered graft, which was 
built as a whole composite tissue unit [41, 42]. The graft 
needs to be obtained from a donor and processed accord-
ingly. The scaffold in this study is convenient to fabricate 
and easy to preserve. However, it promotes the regeneration 
of the tendon-bone interface with an assistive effect, which 
means that it is not able to provide a strong mechanical prop-
erty to substitute the injured tissue. The scaffolds modified 
with such dual gradients of both structure and mineralized 
coating had excellent effects on the morphology and dif-
ferentiation of TDSCs in vitro and also demonstrated the 
ability to accelerate the healing of injured rotator cuffs in 
in vivo experiments.

A number of methods have been developed for generating 
gradations in structures and/or compositions. In previous 
studies, specific collections of electrospun nanofibers have 
been used to obtain an aligned-to-random structure transition 
[43–45]. As one typical example, a parallel-collector con-
figuration was used to collect electrospun nanofibers [43]. In 
this case, aligned fibers were bridged between the collectors 
while randomly oriented fibers were gathered on collector 
edges. Such transition microstructures showed an influence 
on cell morphologies, tissue topology, and the formation of 
enthesis. In a preliminary study, uniaxially aligned nanofib-
ers were treated by graded welding of the fibers along the 
fiber orientation to form a gradient structure that changed 
from aligned to random [12]. When seeding BMSCs on such 
a scaffold, the morphologies of BMSCs were well-controlled 
from oriented stretching to randomly gathering, correspond-
ing to the fibers underneath. In this example, however, the 
scaffolds were not used in vivo. In addition to the nanofiber 
scaffold, a gradient bimetallic (Cu and Zn) ion-based hydro-
gel made of thiolated gelatin was also designed and suc-
cessfully used for the reconstruction of tendon-bone inser-
tion using a rat rotator cuff tear model [46]. Considering the 
biomimetics of both the components and the structures of a 
native tendon-bone interface, we developed a dual-gradient 
scaffold that recapitulated both the aligned-to-random transi-
tion and the mineral gradation via photothermal welding and 
dipping/immersion methods. This strategy makes it easy to 
control the region when changing the fiber structure with the 
use of a moveable mask, which can be simply extended to 
use with other polymers if one wants to degrade the scaffold 
as expected. In terms of the creation of mineral gradation, 
one can also generate the gradients in other ingredients such 
as bioactive proteins and growth factors, using this method 
or the masked electrospray technique, as a coating layer to 

Fig. 7  Biomechanical tests of the scaffolds at 3- and 6-weeks post 
in-vivo implantation. (A, B) Photographs showing the biomechanical 
test procedure of the samples explanted at 3 or 6 weeks. (C, D) Ulti-
mate failure load and (E, F) ultimate stress of the different samples 
(n = 4). The bar charts represent the mean ± standard deviation; statis-
tically significant at *P ≤ 0.05, ***P ≤ 0.001
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manipulate cell behaviors including cell migration and dif-
ferentiation [47, 48]. We believe the dual-gradient scaffold 
developed in this study will pave the way for the develop-
ment of biomaterials for clinical tendon-bone repair and 
related biomedical applications.

Despite the preliminary outcome in the present study, 
there were some limitations. For example, the nanofiber 
scaffold has a two-dimensional structure, hence, it is not 
suitable for repairing a full-thickness rotator cuff tear. In this 
regard, attempts are being made to extend this strategy to 
design a three-dimensional scaffold with spatial gradients in 
fiber alignment, mineral contents, and cell types. The devel-
opment of three-dimensional technology offers new ideas 
for the production of scaffolds [49, 50]. We hope that this 
technology will be realized in three-dimensional scaffold 
fabrication and will provide a new way to treat tendon-bone 
injuries in the future.

Conclusions

A biomimetic nanofiber scaffold with a dual gradient of 
structure and mineralized coating was successfully fabri-
cated, and its effect on the morphology change and dissimi-
lar differentiation of TDSCs at different regions of the same 
scaffold was verified by in vitro experiments in this study. 
In particular, the prepared scaffold promoted the injured 
rotator cuff repair in a rabbit model, revealed by the for-
mation of type I collagen and the ultimate tension of the 
repaired tendon. We believe that this strategy of generating 
a nanofiber scaffold with dual gradients in both structures 
and components can also be extended for use with various 
kinds of three-dimensional scaffolds, providing new candi-
dates for repairing full-thickness ruptures or tendons defects. 
Following that, we will further develop this type of nanofiber 
scaffold to produce three-dimensional structures, including 
more samples for in vivo verification in large animal models.
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