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Traditional Chinese medicine, such as Tripterygium wilfordii and Paeonia lactiflora, has potential values in 
treating systemic sclerosis (SSc) and other autoimmune diseases, while their toxic side effect elimination 
and precise tropical drug delivery are still challenges. Here, we present multiple traditional Chinese 
medicine integrated photoresponsive black phosphorus (BP) microneedles (MNs) with the desired features 
for the SSc treatment. By employing a template-assisted layer-by-layer curing method, such MNs with 
triptolide (TP)/paeoniflorin (Pae) needle tips and BP-hydrogel needle bottoms could be well generated. 
The combined administration of TP and Pae can not only provide anti-inflammatory, detoxification, and 
immunomodulatory effects to treat skin lesions in the early stage of SSc but also remarkably reduce the 
toxicity of single drug delivery. Besides, the additive BPs possess good biocompatibility and near-infrared 
(NIR) responsiveness, imparting the MN photothermal-controlled drug release capability. Based on these 
features, we have demonstrated that the traditional Chinese medicine integrated responsive MNs could 
effectively improve skin fibrosis and telangiectasia, reduce collagen deposition, and reduce epidermal 
thickness in the SSc mouse models. These results indicated that the proposed Chinese medicine integrated 
responsive MNs had enormous potential in clinical therapy of SSc and other diseases.

Introduction

Systemic sclerosis (SSc) is a kind of autoimmune disease char-
acterized by small-vessel disease and fibroblast dysfunction, 
which has poor prognosis and high mortality [1,2]. Early 
treatment plays an important role in improving the survival 
rate of SSc, and skin lesion is the main manifestation of SSc 
in the early stage [3,4]. In clinical practices, medication is the 
kingcraft for SSc treatment. Many Western medicines, includ-
ing glucocorticoids, immunosuppressants, and methotrexate, 
have been frequently used, while their therapeutic effects are 
usually unsatisfied [5–8]. As an alternative, traditional Chinese 
medicine, such as Tripterygium wilfordii and Paeonia lactiflora, 
has attracted more and more attention from clinicians due to 
its strong immunosuppressant effects [9–13]. However, these 
drugs are normally administered orally or intravenously at 
present, which are difficult to act effectively on the lesions in 
the skin and lead to different degrees of systemic adverse reac-
tions [5]. Besides, although some dosage forms have been 
developed for local external application, their clinical use is 
still limited by simple composition and single function [14]. 
Thus, it remains a great challenge to reduce the traditional 
Chinese medicine toxicity and improve its delivery efficiency 
for SSc treatment [15–19].

Here, we proposed novel photoresponsive black phosphorus 
(BP) microneedles (MNs) with dual traditional Chinese medicine 
integration for treating SSc skin injury, as shown in Fig. 1. As an 
emerging transdermal delivery method for local drug adminis-
tration, MNs have proven their ability to penetrate the cuticle, act 
on the deep tissue of lesions directly, avoid liver first-pass effects, 
enhance drug absorption, and reduce the systemic adverse reac-
tions [20–26]. In contrast, characterized by good biocompatibil-
ity, low cytotoxicity, ideal biodegradability, and near-infrared 
(NIR) responsiveness, BPs enabled the photothermal regulation 
of their tagged hydrogels or other delivery systems to release the 
actives quickly and controllably [27–35]. Benefiting from these 
advantages and properties, the integration of MNs and BPs has 
been regarded as an intelligent delivery stratagem to skin and 
becomes a new research direction [34,36–40]. However, these 
technologies are seldom integrated with traditional Chinese med-
icine, and the reported examples are usually with single function 
of delivering one single pharmaceutical, which have restricted 
their practical values [21,25,41]. In addition, the efforts of these 
MNs in treating SSc are still lacking investigation.

In this paper, we present the desired photoresponsive multifunc-
tional MNs by integrating different traditional Chinese medicine 
and BP nanoparticles, and explore their values in topical treatment 
of SSc. By employing a template-assisted layer-by-layer curing 
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method, such MNs with triptolide (TP)/paeoniflorin (Pae) needle 
tips and BP-hydrogel needle bottoms were generated. TP, as the 
main component of T. wilfordii, has excellent anti-inflammatory, 
detoxification, and immunomodulatory effects [9,42,43], while Pae 
is an important extractive of P. lactiflora, which can further enhance 
the therapeutic effect and decrease the toxicity of TP [44–46]. When 
the traditional Chinese medicine integrated responsive MNs were 
pasted on the skin, their mechanical properties could bring about 
instant skin penetration to fully contact the lesion regions. 
Benefiting from the two-layer structure's dominance of the com-
position dispersion, their loaded drugs could be quickly released 
under the NIR by the photothermal regulation capability of the BP 
components [47–52]. Based on these features, the traditional 
Chinese medicine integrated responsive MNs have shown excellent 
performance in the treatment of skin thickening and hardening, 
collagen fiber increase, and capillary dilatation in the early stages 
of SSc mouse models. These results indicated that the proposed 
Chinese medicine integrated responsive MNs had clinical signifi-
cance in treating early SSc and enormous potential for promoting 
many other diseases.

Results

Morphology characterization of compound MNs
In a typical experiment, we used a layer-by-layer curing method 
to prepare the MNs in three steps (Fig. 2A). Methacrylate gel-
atin (GelMA) with good cell activity and biocompatibility was 
selected as the base material of the tip, and the tip was divided 
into two layers. The base material only containing drug emul-
sions was filled into the upper layer of the tip by centrifugation 
and dried overnight at 37 °C. Then, the base material with BPs 
was quickly filled into the remaining tip by vacuuming. After 
the redundant material was removed and the tip was solidified, 

polyethylene (glycol) diacrylate (PEGDA) as the backing mate-
rial covered the tips and was cured under ultraviolet (UV) light. 
Finally, the complete MN patch was obtained by drying over-
night at 37 °C and careful demolding. In this way, the functional 
structure of MNs was arranged in layers. It was measured that 
the sharp tip of the MNs had a cone shape with a height of 950 μm 
and a bottom diameter of 430 μm (Fig. S1). The overall view 
of the MNs was further represented by scanning electron 
microscopy (SEM) (Fig. 2B and C) and fluorescence micros-
copy (Fig. 2D). Besides, by adding fluorescent nanoparticles of 
two colors in the layered fabrication, the double-layer structure 
of the MN could be observed under a confocal microscope (Fig. 
2E). This double-layer design ensured that the maximum of 
medicine was released into the deepest layer of the skin and 
that the photothermal conversion could be easily completed at 
the bottom. In addition, we dispersed differently colored fluo-
rescent nanoparticles homogeneously in water and oil in a 
separate experiment to simulate the coloading of two drugs 
and their distributions, and emulsified TP could be distributed 
equally in MNs (Fig. 2F and G).

The MN tips need to have adequate mechanical strength 
and puncture ability, which are related to their material com-
positions. To optimize the material composition, we tested the 
maximum force that the GelMA MNs with different hydrogel 
concentrations and compositions could tolerate. When meas-
uring, the MNs were put on the horizontal device of the elec-
tronic universal testing machine, with the tip pointing upward 
and the force sensor element slowly pressed to the MNs. The 
recording begins when the sensor was exposed at the top and 
ends when the force reached 90 N. Results showed that the 
mechanical strength of MNs enhanced as GelMA concentra-
tion increased (Fig. 2H and I). The stress–displacement curve 
showed that a single needle of MNs could sustain a force of 

Fig. 1. Schematic illustrations of NIR response MNs loaded with TP and Pae for the treatment of early skin lesions of SSc.
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more than 0.9 N, which was enough to pierce the skin. Meanwhile, 
it was found that the mixed material of BP and drug emulsion 
also affected the mechanical strength of MN tips. Considering 
the retention time and the pathological skin characteristics of 
SSc, we selected 35% GelMA with the best mechanical strength. 
We also made puncture experiments on pig skin, and SEM 
images showed that MNs could pierce the pig skin successfully 
(Fig. S2).

Performance of photothermal conversion
The loaded BPs gave the MNs the capacity to emit heat under 
NIR illumination. We tested the photothermal properties of BPs 
at different concentrations controlled by high and low power 
(Fig. S3). It is worth noting that 1.5 W NIR power could rapidly 
increase MN temperature to a peak of 49 °C within 3 min, as 
shown in Fig. 3A. While the rate of work was increased to 3 W, 
the temperature of MNs rapidly reached 100 °C in 2 min. The 
BP concentrations also influence the photothermal conversion 
effects, with higher BP concentrations leading to a higher tem-
perature. Taking account of these results and the possible skin 
injury caused by overheating, 1.5 W and 0.2 mg/ml were per-
ceived as the optimum conditions. To verify that this photo-
thermal conversion capability can be repeatedly triggered by 
1.5-W NIR light, we performed five continuous NIR switching 
cycles on MNs. In the five cycles, the conversion capacity of 
MNs from heating to cooling did not perform significant atten-
uation (Fig. 3B). These performances illustrated that the pho-
tothermal conversion process of MNs could be repeated under 
the control by NIR. The MNs not only could generate heat trig-
gered by NIR in vitro but also were applied to the mouse skin. 

The thermal imager observed a rapid rise in skin temperature 
from 28 °C to about 47 °C within 2 min, exhibiting desirable 
photothermal conversion in vivo (Fig. 3C).

Drug release behavior of MNs
In terms of drug release, the release profiles of two kinds of 
drugs from the MNs and the impacts of NIR were measured. 
We applied coumarin with similar molecular weight and phys-
icochemical properties to simulate TP. We observed that the 
release of both drugs basically achieved 70% of the drug load 
under 10 min of NIR per hour, while those without NIR sim-
ulation only reached 50%. These results confirmed the drug 
delivery ability and responsive release effects of MNs (Fig. 3D). 
In addition, to verify the effect of drug emulsification on release, 
Pae was loaded into the MNs in emulsified and non-emulsified 
ways, respectively. It was found that the emulsified drug release 
was higher and faster in comparison to the non-emulsified one 
(Fig. S4). Especially, after NIR irradiation, the drug release rate 
was accelerated to a higher degree, and the total drug release 
increased significantly. We also compared the release of 5 and 
10 min of NIR per hour in each group. There was little differ-
ence in the total release amount between the two modes, and 
the release rate was a little faster in the 10-min irradiation group 
(Fig. S4). These results verified the effective control of BP-loaded 
responsive MNs on drug release.

Biocompatibility of MNs and synergies  
between drugs
As for the biocompatibility of MN tips, it was observed that 
standard fibroblast cell line (3T3) cells grew well cocultured 
with MN tip composition, demonstrating favorable biosafety 
(Fig. 4A and B and Fig. S5). We also tested the degradation of 
GelMA hydrogel in 72 h (Fig. S6) and found that GelMA hydro-
gel could remain stable in vitro and vivo for several days. To test 
the cytotoxicity and synergy of the two drugs, we employed the 

Fig. 2. Characterization and mechanical strength of the MNs. (A) Schematic illustration 
of the fabrication of the photoresponsive MNs. (B and C) SEM images of the MNs. 
(D) Fluorescence microscopy images of the MN arrays loaded with fluorescent 
nanoparticles. (E) Confocal images of MNs loaded with fluorescent nanoparticles 
to characterize the structure of tips. (F and G) Confocal images of MNs loaded with 
fluorescent nanoparticles to characterize two drugs. (H) Optical images of MNs before 
being pressed and after. (I) Forces of the MNs with different GelMA concentrations 
and compositions. Scale bars, 500 μm.

Fig. 3. Photothermal conversion and controllable drug release. (A) Temperature rising 
profiles of the MNs under NIR light of 1.5 and 3.0 W. (B) Temperature changes of 
MNs during 5 on/off cycles. The power of NIR light was 1.5 W. (C) Thermal images 
of MNs applied to the mouse dorsal skin before and after 2-min NIR irradiation. The 
NIR power was 1.5 W. (D) Drug-releasing conditions of different groups (BSA group, 
NIR-BSA group, coumarin group, and NIR-coumarin group).
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CCK-8 assay to test the viability of 3T3 cells cultured with dif-
ferent concentrations of TP and Pae (Fig. 4C). A similar protocol 
was used to verify the performance of different water–oil ratios 
on cell viability (Fig. S7). The proliferation rate of cells reflected 
that TP concentration was 0.02 mg/ml and 0.02 to 0.1 mg/ml of 
Pae had little cytotoxicity. Castor oil share also affected the sur-
vival rate of cells, and it displays little cytotoxicity when the ratio 
of water to oil was 20:1. To depict the synergetic effects, combi-
nation index (CI) could quantitatively determine the strength 
and quality of drug interactions was used through the Chou–
Talalay method. Specifically, CI < 1 indicates synergistic effect, 
and the synergistic effect is stronger when CI value is lower. The 
results are illustrated by Fa-CI (Fa: inhibition rate) (Fig. S8). The 
CI values at Fa = 0.5 of different combination treatments were 
summarized in Fig. 4D. A synergism effect was observed for the 
TP/Pae ratio from 4:1 to 1:5 in 3T3 cells. We also found that the 
cell growth of the Pae + TP group was better than that of TP 

alone when the concentration of TP was 0.02 mg/ml and TP:Pae 
was 1:2 (Fig. S8), which could confirm the detoxifying effects of 
Pae on TP and the advantages of combinative administration.

Efficacy validation on SSc mouse models
To prove the practical value of MNs, we established an early 
full-thickness skin wound model of SSc mice by daily bleomy-
cin injection and by creating a 1 cm2 square wound on their 
backs, with one group left as the blank control (normal group). 
Then, the bleomycin-induced model mice were randomized 
into six groups averagely (Fig. 5A). One group was regarded as 
the negative control (model group) and received no treatment. 
In addition, MNs loaded with different combinations of BP, TP, 
and Pae as well as NIR were applied to other mice as treatment 
groups, which were the BP + NIR group, BP + TP + NIR group, 
BP + Pae + NIR group, BP + TP + Pae group, and BP + TP + 
Pae + NIR group, respectively. Changes in the area of skin injury 

Fig. 4. Biocompatibility of the MN patch, toxicity of drugs, and synergy between two drugs. (A) NIH-3T3 cells cocultured with GelMA MNs, GelMA + BP MNs, GelMA + BP + o/w 
MNs, and GelMA + BP + (TP + Pae)o/w MNs at days 0, 2, and 3. Scale bar, 100 μm. (B) Growth rate of NIH-3T3 cells cocultured with materials for 3 days. (C) CCK-8 assay of 
NIH-3T3 cocultured with TP and Pae. (D) CI values at Fa = 0.5 of different combinations of TP with Pae (CI value >1 indicates antagonism, and CI value <1 is the synergistic effect).
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were recorded and analyzed during the treatment. It was observed 
that the BP + TP + Pae and BP + TP + Pae + NIR groups, 
which received TP and Pae at the same time, recovered better 
than did other groups (Fig. S9). Hematoxylin and eosin (H&E) 
staining showed that compared with the negative control group, 
other treatment groups had varying degrees of dermis thickness 
reduction (Fig. 5B). Among them, the BP + TP + Pae + NIR 
group displayed the best dermis thickness reduction (Fig. 5D). 
Besides, collagen synthesis, deposition, and orientation play an 
important role in the development of SSc. Masson staining and 
hydroxyproline (HYP) levels showed that the BP + TP + Pae 
+ NIR group reduced the collagen thickness of the lesion skin 

and the degree of skin fibrosis (Fig. 5C and E and Fig. S10). As 
an amino acid specific to collagen, HYP levels correlate with 
the severity of fibrotic lesions. The proline content showed that 
the BP + TP + Pae + NIR group could decrease the HYP con-
tent of the skin lesions and reduce the degree of skin fibrosis. 
The body weight of mice in treatment groups also increased 
(Fig. 5F). We also observed the toxicity of the MNs and the 
attenuated effect about the combination of the two drugs, 
demonstrating that the MN-loaded TP and Pae simultaneously 
effectively reduced liver toxicity of TP (Fig. 5G and Fig. S11). 
At the same time, there was no obvious toxicity to kidney and 
ovary (Fig. S12).

Inflammation and angiogenesis were further evaluated to 
explore the processes and biological mechanism of lesion 
repair. For this purpose, interleukin-1β (IL-1β) (IL-1), tumor 
necrosis factor-α (TNF-α), transforming growth factor-β1 
(TGF-β1) (TGF-β), COL1A1 (COL1), α-smooth muscle actin 
(α-SMA), Perilipin-1 (PLIN1), and IL-6 immunofluorescence 
staining were performed. Only low levels of IL-1 and IL-6 were 
secreted, and the expression of TNF-α and TGF-β was observed 
to decrease in treatment groups (Fig. 6A to D and Fig. S13), 
indicating little sign of inflammation. Besides, immunofluo-
rescence staining of COL1 and α-SMA separately revealed the 
decreased collagen expression and reduced α-SMA expression 
in the collagen layer, and we also found that the expression of 
PLIN1 increased may denote a generation of adipose layer in 
the treatment groups (Fig. 6E). Additionally, since the BP + TP 
+ Pae + NIR group showed the best performance among all 
other groups, it could be deduced that the NIR-guided com-
bined delivery of the two drugs had the best therapeutic effect. 
Notably, we also verified the influence of other parameters that 
had no relationship with drugs on the disease model and found 
that NIR or merely MN patch had almost no therapeutic effects 
on SSc. All these results suggest that responsive MNs have an 
ideal ability to treat early SSc skin lesions.

Discussion
In conclusion, we presented photothermal responsive MNs 
loaded with TP and Pae, which could achieve controlled drug 
release and treat early SSc skin injury effectively. Due to the 
high mobility and unclear pathogenesis of SSc, the treatment 
of SSc is an urgent problem to be solved all over the world. At 
present, the clinical application of drugs is limited to great 
adverse effects and restricted potency, bringing great pain to 
patients. Therefore, exploration of new therapies to control SSc 
timely in an early stage and to alleviate the suffering of patients 
is urgently needed. To treat early skin lesions in SSc with min-
imal side effects, we fabricated TP/Pae-loaded responsive MNs 
for SSc skin lesion treatment. GelMA, which was biocompatible 
with excellent mechanical strength, was chosen as the MN tip 
material with TP/Pae encapsulation in the upper half and TP/
Pae/BP in the bottom one. TP played an important role in 
immunosuppression and skin injury, while Pae had excellent 
immunomodulatory ability and excellent performance in reduc-
ing the side effects of TP. The combination of TP and Pae was 
particularly effective in regulating immunity and improving 
skin fibrosis. Due to the good photothermal effect of BPs, the 
local temperature of the affected skin increased rapidly under 
NIR irradiation, accelerating the release of emulsified drugs. It 
was worth noting that our MNs presented good utility perfor-
mance in the treatment of early full-thickness skin wound 

Fig.  5.  Model establishment and therapeutic effect/biotoxicity of the responsive 
MNs on SSc model mice. (A) Process of the establishment and treatment of the 
SSc mouse model. (B) Corresponding H&E staining of the skin lesions of different 
groups on day 42. (C) Collagen deposition illustrated by Masson’s trichrome staining 
of different groups on day 42. (D) Skin thickness of the mice in corresponding groups. 
All statistical differences were compared with the model group. (E) Concentration 
of HYP in different groups on day 42. Statistical differences were compared with 
the model group. (F) Body weight of the corresponding groups at different stages 
during the induction and therapy of bleomycin-induced SSc model mice. Statistical 
differences were compared with the corresponding groups on day 28. (G) Alanine 
transaminase (ALT) levels in the blood of mice. (I: normal group; II: model group; III: 
BP + NIR group; IV: BP + TP + NIR group; V: BP + Pae + NIR group; VI: BP + TP + Pae 
group; VII: BP + TP + Pae + NIR group). Scale bars, 20 μm. *P < 0.05, **P < 0.01.
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model of SSc mice, indicating that they would have broad pros-
pects in early scleroderma and related biomedical areas.

Materials and Methods

Materials
PEGDA, anhydride (94%), and gelatin (from porcine skin) were 
obtained from Sigma-Aldrich. Gelatin methacryloyl (GelMA) was 
synthesized by methacrylic anhydride and gelatin in the laboratory. 
Castor oil, Tween 20, hydroxy-2-methylpropiophenone (HMPP), 
TP, and Pae were purchased from Aladdin Industrial Corporation. 
BP was purchased from Nanjing XFNANO Material Tech Co. Ltd. 
Fetal bovine serum (FBS) and penicillin–streptomycin double 
antibiotics were provided by Gibco. Cell Counting Kit-8 (CCK-8) 
and Dulbecco’s modified Eagle’s medium (DMEM) were pur-
chased from KeyGEN BioTECH Ltd., Jiangsu. Calcein AM cell 
viability assay kit/propidium iodide (PI) was obtained from 
Beyotime Biotechnology. The antibodies including α-SMA, IL-1, 
IL-6, TNF-α, and TGF-β were purchased from Servicebio. The 
antibodies PLIN1 and COL1 were obtained from Abcam. 
Phosphate-buffered saline (PBS) was prepared in the laboratory. 
All reagents and drugs were of standard-based analytical levels and 
immediately used as received.

Characterization
We used a stereomicroscope (JSZ6S, Jiangnan Novel Optics) 
to observe the morphology of MNs under the bright field and 
captured by a charge-coupled device camera (Oplenic digital 

camera). SEM images were characterized by a scanning elec-
tron microscope (HITACHI SU8010). The fluorescence pho-
tographs were observed by a fluorescence microscope (Olympus, 
IX73-A12FL/PH) with the pictures taken by charge-coupled 
device camera. The fluorescence images of the MNs were 
obtained with a laser scanning confocal microscope (Nikon, 
A1). The mechanical properties of MNs were tested with All-
purpose Electronic Tester (Instron 5944). The thermograms 
were recorded by thermography (FLIR, E5xt).

Cell lines and animals
The cells used in experiments were standard fibroblast cell line 
(NIH-3T3) cells provided by the Cell Repository of the Chinese 
Academy of Sciences and incubated in DMEM added with 1% 
(v/v) penicillin–streptomycin double antibiotics and 10% (v/v) 
FBS in a cell incubator with the conditions of 37 °C, 5% CO2. 
Female BALB/c mice (20 to 25 g) were obtained from SPF 
(Beijing) Biotechnology Co. Ltd. All experiments related to the 
handling and caring of animals were finished with the Guide 
for the Care and Use of Laboratory Animals in strict accordance 
and conformed with ethical review from Animal Investigation 
Ethics Committee of Nanjing Drum Tower Hospital.

Fabrication of the MNs
To prepare a 2 mg/ml stock solution, 4 mg of TP was dissolved 
in 2 ml of methanol. GelMA (0.35 g/ml), BP (0.2 mg/ml), TP 
(0.2 mg/ml), Pae (0.2 mg/ml), and HMPP (1%, v/v) were mixed 
with castor oil and emulsified with Tween 20 at 20:1. In the 
same way, another solution without BPs was prepared as the 
MN tip material. Tip solution (100 μl) without BP was added 
into the MN template with a pipetting tube, which filled into 
the cavity of the template by means of horizontal centrifugation. 
Extra tip solution was removed with about one-half of the tip 
being filled, and it was dried in oven for 37 °C overnight. Tip 
solution with BP was then added, which quickly filled the 
remaining cavity with vacuum and was cured afterward with 
10-W UV irradiation for 20 s. The tips were covered with 150 μl 
of back layer solution completely, and the tip was irradiated by 
UV for 12 s and then dried in drying oven (37 °C) for 12 h. 
Finally, the mold was carefully detached to obtain the complete 
MNs.

Mechanical strength tests
The MNs with different concentrations of GelMA and other 
components were placed on a horizontal position of the elec-
tronic universal testing machine (Instron 5944) in turn with 
the tips toward the pressure sensor. Subsequently, the pressure 
transducer vertically pressed down the MNs at the rate of 2 mm/
min. The measurement of force started from the pressure trans-
ducer just touching the MN and finished with the compression 
force reaching the measuring range of the testing machine.

NIR-triggered photothermal conversion capability
In the photothermal conversion experiment, the MNs were put 
under an 808-nm light at a distance of 5 cm with a power of 
1.5 or 3.0 W. Real-time temperature of the MNs was collected 
every 10 s. For the on/off cycles, NIR irradiation was applied 
until the MNs reached the maximum temperature, and then 
the next cycle was begun when it cooled to the lowest point 
(room temperature). The initial and final thermal images of the 
MNs applied to mice skin were also taken.

Fig. 6. Investigation of the biological mechanism of the SSc mice. (A to D) Fluorescence 
volume fraction statistics of IL-1 (A), TNF-α (B), TGF-β (C), and COL1A (D). (E) Expression 
of COL1A, α-SMA, and PLIN1 was detected by immunofluorescent staining in different 
groups (I: normal group; II: model group; III: BP + NIR group; IV: BP + TP + NIR group; 
V: BP + Pae + NIR group; VI: BP + TP + Pae group; VII: BP + TP + Pae + NIR group). 
Scale bars, 20 μm.
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Biocompatibility experiments
Alcohol (75%) is used to disinfect the MN patches. These patches 
were rinsed 3 times with PBS and then sterilized with ozone and 
UV rays overnight. NIH-3T3 cell suspension at a concentration 
of 2 × 104 cells/ml was evenly divided into 4 groups. Each group 
of 500-μl cell suspension was coincubated with different kinds of 
stuff and drugs in the 48-well plate (Corning, USA) for 72 h. 
Group 1 was 35% GelMA films; group 2 was GelMA + BP films; 
group 3 was GelMA + BP + o/w films; group 4 was GelMA + 
BP + (TP + Pae)o/w films. All the films were in the same size, 
and each group had four parallels. Cell proliferation was observed 
with an inverted fluorescence microscope after staining with 
calcein AM/PI on days 0, 2, and 3.

Drug toxicity tests
Cell suspensions (200 μl) at a concentration of 2 × 104 cells/ml 
were cocultured with TP and Pae of different concentrations 
(0.02, 0.04, 0.05, 0.08, 0.1, and 0.2 mg/ml) separately in 96-well 
plates for 12 h, and each group had six parallels. The original 
medium was then changed to new medium mixing 10% CCK 
reagent, and the cells were incubated for 2.5 h for color devel-
opment. Then, the absorbance value was measured at 450 nm.

Analysis of TP-Pae interactions and efficacies
TP and Pae were mixed in different ratios of 4:1, 2:1, 1:1, 1:2, 
1:4, and 1:5; at the same time, six concentration gradients were 
set between 0.02 and 0.2 mg/ml of TP. They were cocultured 
with NIH-3T3 cells for 12 h, and then cell viability was evalu-
ated by CCK-8 assay (four parallels for each group). The Chou–
Talalay (Compusync software) CI was used to calculate and 
detect whether the interaction between TP and Pae was syner-
gistic, additive, or antagonistic. The character and intensity of 
drug interactions can be quantitatively determined by CI value 
(CI > 1 is antagonistic, CI = 1 indicates additive, 0.7 < CI < 1 
marks a slight synergistic effect, 0.3 < CI < 0.7 indicates syn-
ergy, CI < 0.3 signifies a strong synergy).

Drug release tests in vitro
To verify the drug release ability, coumarin with similar molec-
ular weight and physicochemical properties was used to replace 
TP in experiments. MNs loaded with drugs were immersed in 
PBS, and the release of drugs in PBS was detected at specific 
time intervals. Six different groups were designed [GelMA + 
BP + o/w group, GelMA + BP + o/w + NIR group, GelMA + 
BP + Pae(o/w) group, GelMA + BP + Pae(o/w) + NIR group, 
GelMA + BP + Coumarin(o/w) group, and GelMA + BP + 
Coumarin(o/w) + NIR group]. The NIR irradiation group was 
irradiated for 10 min every half hour. Four parallel tests were 
conducted for each group, and the drug release was recorded 
at 0, 1, 2, 4, 8, 12, and 24 h, respectively.

Establishment of mouse model and treatment
Forty-nine female mice (BALB/c) were randomly and equiva-
lently divided into seven groups and injected with 0.1 ml of 
bleomycin (Nippon Kayaku Co. Ltd., Japan) at a concentration 
of 1 mg/ml in normal saline every day for 4 weeks to induce 
skin fibrosis [53]. Then, on the 29th day, one mouse was ran-
domly selected from each group and killed to observe the mod-
eling situation. The seven groups were normal mice without 
modeling (normal group), disease mice without treatment after 
modeling (model group), BP + o/w + NIR MN patch treatment 

(BP + NIR group), BP + TP(o/w) + NIR MN patch treatment 
(BP + TP + NIR group), BP + Pae(o/w) MN patch treatment 
(BP + Pae + NIR group), BP + TP + Pae(o/w) MN patch treat-
ment (BP + TP + Pae group), and BP + TP + Pae(o/w) + NIR 
MN patch treatment (BP + TP + Pae + NIR group). All the 
NIR groups were irradiated for 5 min four times a day; then, 
the MN patches were removed after attachment for 12 h. After 
14 days for treatment, the mice were sacrificed after eyeball 
blood collection. The skin and organs were collected and 
soaked in 4% paraformaldehyde. The tissue samples were dehy-
drated using 70% to 100% graded ethanol, vitrified by dimethylb-
enzene, embedded by mineral wax paraffin, and sectioned for 
further histological chemical analysis and immunofluorescence 
staining.

Toxicity behavior of the MNs in vivo
We weighed the mice in each group before modeling (day 0), 
after modeling (day 28), and after treatment (day 42) and recorded 
the changes in body weight. After the mice were sacrificed, liver, 
kidney, and ovary were carefully separated to weigh each organ. 
Then, the main organs were embedded in wax paraffin and 
carved into 5-μm slices for H&E staining. The blood level of 
alanine aminotransferase (ALT) of mice in each group was 
detected with an ALT activity detection kit (Solarbio Science 
& Technology Co. Ltd., Beijing, China).

HYP, H&E, Masson staining, and 
immunofluorescence
Skin tissue (0.05 g) was used to detect HYP content with a HYP 
content detection kit (Solarbio Science & Technology Co. Ltd., 
Beijing, China). Tissue sections (5 μm) were prepared for H&E 
and Masson staining, and the epidermal thickness and collagen 
thickness were statistically analyzed by ImageJ software. Skin 
tissue (7 μm) was cut for immunofluorescence staining (α-SMA, 
COL1, PLIN1, IL-1, IL-6, TNF-α, TGF-β) and then analyzed 
statistically with ImageJ software.

Statistical analysis
Statistical analysis was deduced by GraphPad Prism software. 
All data were expressed as average ± SD. Statistical significance 
was calculated by using Student’s t test for comparison between 
groups.

Acknowledgments
Funding: This work was supported by the National Key Research 
and Development Program of China (2020YFA0908200), the 
National Natural Science Foundation of China (T2225003, 
52073060, and 61927805), the Nanjing Medical Science and 
Technique Development Foundation (ZKX21019), the Clinical 
Trials from Nanjing Drum Tower Hospital (2022-LCYJ-ZD-01), 
the Guangdong Basic and Applied Basic Research Foundation 
(2021B1515120054), the Shenzhen Fundamental Research 
Program (JCYJ20190813152616459 and JCYJ20210324133214038), 
and the Postgraduate Research & Practice Innovation Program of 
Jiangsu Province (KYCX22_2064). Author contributions: Y.Z. 
conceived the idea and designed the experiment. X.L. conducted 
experiments and analyzed data. X.L. and X.Z. wrote the paper. 
M.N. assisted with the scientific discussion of the article. 
Competing interests: The authors declare that they have no com-
peting interests.

https://doi.org/10.34133/research.0141


Luan et al. 2023 | https://doi.org/10.34133/research.0141 8

Data Availability
The data are available from the authors upon a reasonable 
request.

Supplementary Materials
Figs. S1 to S13 

References

	 1.	 Denton CP, Khanna DJTL. Systemic sclerosis. Lancet. 
2017;390(10103):1685–1699.

	 2.	 Gur C, Wang SY, Sheban F, Sheban F, Zada M, Li B, 
Kharouf F, Peleg H, Aamar S, Yalin A, et al. Lgr5 expressing 
skin fibroblasts define a major cellular hub perturbed in 
scleroderma. Cell. 2022;185(8):1373–1388.e20.

	 3.	 Ebata S, Yoshizaki A, Oba K, Kashiwabara K, Ueda K, Uemura Y,  
Watadani T, Fukasawa T, Miura S, Yoshizaki-Ogawa A, et al. 
Safety and efficacy of rituximab in systemic sclerosis (desires): 
Open-label extension of a double-blind, investigators-initiated, 
randomised, placebo-controlled trial. Lancet Rheumatol. 
2022;4(8):e546–e555.

	 4.	 Sullivan KM, Goldmuntz EA, Keyes-Elstein L, McSweeney P,  
Pinckney A, Welch B, Mayes MD, Nash RA, Crofford LJ,  
Eggleston B, et al. Myeloablative autologous stem-cell 
transplantation for severe scleroderma. N Engl J Med. 
2018;378(1):35–47.

	 5.	 Kowal-Bielecka O, Fransen J, Avouac J, Becker M, Kulak A, 
Allanore Y, Distler O, Clements P, Cutolo M, Czirjak L, et al. 
Update of EULAR recommendations for the treatment of 
systemic sclerosis. Ann Rheum Dis. 2017;76(8):1327–1339.

	 6.	 Woodworth TG, Suliman YA, Li W, Furst DE, Clements P. 
Scleroderma renal crisis and renal involvement in systemic 
sclerosis. Nat Rev Nephrol. 2016;12(11):678–691.

	 7.	 Volkmann ER, Andréasson K, Smith VJTL. Systemic sclerosis. 
Lancet. 2023;401(10373):304–318.

	 8.	 Seyger M, Van Den Hoogen F, van Vlijmen-Willems I, 
van de Kerkhof PC, de Jong EM. Localized and systemic 
scleroderma show different histological responses to 
methotrexate therapy. J Pathol. 2001;193(4):511–516.

	 9.	 Yang L, Wang Q, Hou Y, Zhao J, Li M, Xu D, Zeng X. The 
Chinese herb Tripterygium wilfordii Hook f for the treatment of 
systemic sclerosis-associated interstitial lung disease: Data from 
a Chinese EUSTAR Center. Clin Rheumatol. 2020;39(3):813–821.

	10.	 Li K, Wang Q, Lv Q, Guo K, Han L, Duan P, Deng Y, Bian H. 
Wenyang Huazhuo Tongluo formula alleviates pulmonary 
vascular injury and downregulates HIF-1α in bleomycin-
induced systemic sclerosis mouse model. BMC Complement 
Med Ther. 2022;22(1):Article 167.

	11.	 Assar S, Khazaei H, Naseri M, El-Senduny F, Momtaz S, 
Farzaei MH, Echeverría J. Natural formulations: Novel 
viewpoint for scleroderma adjunct treatment. J Immunol Res. 
2021;2021:Article 9920416.

	12.	 Almeida A, Linares V, Mora-Castano G, Casas M, Caraballo I, 
Sarmento B. 3D printed systems for colon-specific delivery of 
camptothecin-loaded chitosan micelles. Eur J Pharm Biopharm. 
2021;167:48–56.

	13.	 Li C, Du Y, Lv H, Zhang J, Zhuang P, Yang W, Zhang Y, 
Wang J, Cui W, Chen W. Injectable amphipathic artesunate 
prodrug-hydrogel microsphere as gene/drug nano-
microplex for rheumatoid arthritis therapy. Adv Funct Mater. 
2022;32(44):Article 2206261.

	14.	 Xu L, Pan J, Chen Q, Yu Q, Chen H, Xu H, Qiu Y, Yang X.  
In vivo evaluation of the safety of triptolide-loaded 
hydrogel-thickened microemulsion. Food Chem Toxicol. 
2008;46(12):3792–3799.

	15.	 Zhu C, Zhang Y, Wu T, He Z, Guo T, Feng N. Optimizing 
glycerosome formulations via an orthogonal experimental 
design to enhance transdermal triptolide delivery. Acta Pharm. 
2022;72(1):135–146.

	16.	 Nacer RS, Silva BAK, Poppi RR, Silva DKM, Cardoso VS, 
Delben JRJ, Delben AAST. Biocompatibility and osteogenesis 
of the castor bean polymer doped with silica (SiO2) or 
barium titanate (BaTiO3) nanoparticles. Acta Cir Bras. 
2015;30(4):255–263.

	17.	 Vithani K, Jannin V, Pouton CW, Boyd BJ. Colloidal aspects 
of dispersion and digestion of self-dispersing lipid-based 
formulations for poorly water-soluble drugs. Adv Drug Deliv 
Rev. 2019;142:16–34.

	18.	 Pu X, Linforth R, Dragosavac MM, Wolf B. Dynamic aroma 
release from complex food emulsions. J Agric Food Chem. 
2019;67(33):9325–9334.

	19.	 Li J, Shen F, Guan C, Wang W, Sun X, Fu X, Huang M, Jin J, 
Huang Z. Activation of nrf2 protects against triptolide-induced 
hepatotoxicity. PLOS One. 2014;9(7):Article e100685.

	20.	 Yang J, Zhang H, Hu T, Xu C, Jiang L, Shrike Zhang Y, Xie M. 
Recent advances of microneedles used towards stimuli-responsive 
drug delivery, disease theranostics, and bioinspired applications. 
Chem Eng J. 2021;426:Article 130561.

	21.	 Makvandi P, Jamaledin R, Chen G, Baghbantaraghdari Z,  
Zare EN, Natale CD, Onesto V, Vecchione R, Lee J, Tay FR,  
et al. Stimuli-responsive transdermal microneedle patches. 
Mater Today. 2021;47:206–222.

	22.	 Hu X, Zhang H, Wang Z, Shiu CYA, Gu Z. Microneedle 
array patches integrated with nanoparticles for therapy and 
diagnosis. Small Struct. 2021;2(4):Article 2000097.

	23.	 Lopez-Ramirez MA, Soto F, Wang C, Rueda R, Shukla S,  
Silva-Lopez C, Kupor D, McBride DA, Pokorski JK, Nourhani A, 
et al. Built-in active microneedle patch with enhanced autonomous 
drug delivery. Adv Mater. 2020;32(1):Article 1905740.

	24.	 Nie M, Kong B, Chen G, Xie Y, Zhao Y, Sun L. MSCs-
laden injectable self-healing hydrogel for systemic sclerosis 
treatment. Bioact Mater. 2022;17:369–378.

	25.	 Zhang X, Chen G, Liu Y, Sun L, Sun L, Zhao Y. Black 
phosphorus-loaded separable microneedles as responsive 
oxygen delivery carriers for wound healing. ACS Nano. 
2020;14(5):5901–5908.

	26.	 Guo M, Wang Y, Gao B, He B. Shark tooth-inspired 
microneedle dressing for intelligent wound management. ACS 
Nano. 2021;15(9):15316–15327.

	27.	 Yi S, Liu Q, Luo Z, He JJ, Ma HL, Li W, Wang D, Zhou C, 
Garciamendez CE, Hou L, et al. Micropore-forming gelatin 
methacryloyl (GelMA) bioink toolbox 2.0: Designable 
tunability and adaptability for 3D bioprinting applications. 
Small. 2022;18(25):Article 2106357.

	28.	 Yan J, Wang Y, Ran M, Mustafa RA, Luo H, Wang J,  
Smått JH, Rosenholm JM, Cui W, Lu Y, et al. Peritumoral 
microgel reservoir for long-term light-controlled triple-synergistic 
treatment of osteosarcoma with single ultra-low dose. Small. 
2021;17(31):Article 2100479.

	29.	 Liu Z, Zhao B, Zhang L, Qian S, Mao J, Cheng L, Mao X, 
Cai Z, Zhang Y, Cui W, et al. Modulated integrin signaling 
receptors of stem cells via ultra-soft hydrogel for promoting 
angiogenesis. Compos Part B Eng. 2022;234:Article 109747.

https://doi.org/10.34133/research.0141


Luan et al. 2023 | https://doi.org/10.34133/research.0141 9

	30.	 Xu R, Hua M, Wu S, Ma S, Zhang Y, Zhang L, Yu B, Cai M, 
He X, Zhou F. Continuously growing multi-layered hydrogel 
structures with seamless interlocked interface. Matter. 
2022;5(2):634–653.

	31.	 Jin L, Guo X, Gao D, Liu Y, Ni J, Zhang Z, Huang Y, Xu G, 
Yang Z, Zhang X, et al. An NIR photothermal-responsive 
hybrid hydrogel for enhanced wound healing. Bioact Mater. 
2022;16:162–172.

	32.	 Ouyang J, Ji X, Zhang X, Feng C, Tang Z, Kong N, Xie A,  
Wang J, Sui X, Deng L, et al. In situ sprayed NIR-
responsive, analgesic black phosphorus-based gel for 
diabetic ulcer treatment. Proc Natl Acad Sci U S A. 
2020;117(46):28667–28677.

	33.	 Tao W, Zhu X, Yu X, Zeng X, Xiao Q, Zhang X, Ji X,  
Wang X, Shi J, Zhang H, et al. Black phosphorus nanosheets as 
a robust delivery platform for cancer theranostics. Adv Mater. 
2017;29(1):Article 1603276.

	34.	 Ouyang J, Feng C, Zhang X, Kong N, Tao W. Black phosphorus 
in biological applications: Evolutionary journey from 
monoelemental materials to composite materials. Acc Mater 
Res. 2021;2(7):489–500.

	35.	 Sun Z, Xie H, Tang S, Yu XF, Guo Z, Shao J, Zhang H,  
Huang H, Wang H, Chu PK. Ultrasmall black phosphorus 
quantum dots: Synthesis and use as photothermal agents. 
Angew Chem Int Ed. 2015;54(39):11526–11530.

	36.	 Zhang L, Ma X, Zhou W, Wu Q, Yan J, Xu X, Ghimire B, 
Rosenholm JM, Feng J, Wang D, et al. Combination of 
photothermal, prodrug and tumor cell camouflage technologies 
for triple-negative breast cancer treatment. Mater Today Adv. 
2022;13:Article 100199.

	37.	 Zhao Y, Lo CY, Ruan L, Pi CH, Kim C, Alsaid Y, Frenkel I, 
Rico R, Tsao TC, He X. Somatosensory actuator based on 
stretchable conductive photothermally responsive hydrogel. 
 Sci Robot. 2021;6(53):Article eabd5483.

	38.	 Ouyang J, Rao S, Liu R, Wang L, Chen W, Tao W, Kong N. 2D 
materials-based nanomedicine: From discovery to applications. 
Adv Drug Deliver Rev. 2022;185:Article 114268.

	39.	 Ouyang J, Xie A, Zhou J, Liu R, Wang L, Liu H, Kong N, Tao W. 
Minimally invasive nanomedicine: Nanotechnology in photo-/
ultrasound-/radiation-/magnetism-mediated therapy and 
imaging. Chem Soc Rev. 2022;51:4996–5041.

	40.	 Ji X, Ge L, Liu C, Tang Z, Xiao Y, Chen W, Lei Z, Gao W, 
Blake S, de D, et al. Capturing functional two-dimensional 
nanosheets from sandwich-structure vermiculite for cancer 
theranostics. Nat Commun. 2021;12(1):Article 1124.

	41.	 Chi J, Sun L, Cai L, Fan L, Shao C, Shang L, Zhao Y. Chinese 
herb microneedle patch for wound healing. Bioact Mater. 
2021;6(10):3507–3514.

	42.	 Luong VH, Chino T, Tokuriki A, Oyama N, Hasegawa M, 
Kuboi Y, Obara T, Yasuda N, Muramoto K, Imai T. Anti-

CX3CL1 monoclonal antibody: A promising therapy for 
systemic sclerosis. J Dermatol Sci. 2016;84:e111–e112.

	43.	 Zheng Q, Ye L, Gao R, Han J, Xiong M, Zhao D, Gong T, 
Zhang Z. Kinetic release of triptolide after injection of renal-
targeting 14-succinyl triptolide-lysozyme in a rat kidney 
study by liquid chromatography/mass spectrometry. Biomed 
Chromatogr. 2007;21(7):724–729.

	44.	 Wu T, Chu H, Tu W, Song M, Chen D, Yuan J, Yu L, Ma Y, 
Liu Q, Jin L, et al. Dissection of the mechanism of traditional 
Chinese medical prescription-Yiqihuoxue formula as an 
effective anti-fibrotic treatment for systemic sclerosis. BMC 
Complement Altern Med. 2014;14:Article 224.

	45.	 Ji Y, Wang T, Wei ZF, Lu GX, Jiang SD, Xia YF, Dai Y. 
Paeoniflorin, the main active constituent of Paeonia lactiflora 
roots, attenuates bleomycin-induced pulmonary fibrosis in 
mice by suppressing the synthesis of type I collagen. 
 J Ethnopharmacol. 2013;149(3):825–832.

	46.	 Guan YM, Shen Q, He LF, Chen L-m, Zang Z, Liu L, Zhu W-f, 
Li-hua C, Liu H-n. Pharmacokinetics and tissue distribution of 
combined triptolide and paeoniflorin regimen for percutaneous 
administration in rats assessed by liquid chromatography-
tandem mass spectrometry. Evid Based Complement Alternat 
Med. 2021;2021:Article 8864273.

	47.	 Liu C, Shin J, Son S, Choe Y, Farokhzad N, Tang Z, Xiao Y, 
Kong N, Xie T, Kim JS, et al. Pnictogens in medicinal chemistry: 
Evolution from erstwhile drugs to emerging layered photonic 
nanomedicine. Chem Soc Rev. 2021;50(4):2260–2279.

	48.	 Tang Z, Kong N, Ouyang J, Feng C, Kim NY, Ji X, Wang C, 
Farokhzad OC, Zhang H, Tao W. Phosphorus science-oriented 
design and synthesis of multifunctional nanomaterials for 
biomedical applications. Matter. 2020;2(2):297–322.

	49.	 Feng C, Ouyang J, Tang Z, Kong N, Liu Y, Fu LY,  
Ji X, Xie T, Farokhzad OC, Tao W. Germanene-based 
theranostic materials for surgical adjuvant treatment: 
Inhibiting tumor recurrence and wound infection. Matter. 
2020;3(1):127–144.

	50.	 Kong N, Ji X, Wang J, Sun X, Chen G, Fan T, Liang W,  
Zhang H, Xie A, Farokhzad OC, et al. Ros-mediated selective 
killing effect of black phosphorus: Mechanistic understanding 
and its guidance for safe biomedical applications. Nano Lett. 
2020;20(5):3943–3955.

	51.	 Zhang L, Li W, Parvin R, Wang XC, Fan Q, Ye F. Screening 
prostate cancer cell-derived exosomal microrna expression 
with photothermal-driven digital PCR. Adv Funct Mater. 
2022;32(48):Article 2207879.

	52.	 Parvin R, Zhang L, Zu Y, Ye F. Photothermal responsive digital 
polymerase chain reaction resolving exosomal micrornas 
expression in liver cancer. Small. 2023;Article 2207672.

	53.	 Shiozawa S. Arthritis research: Methods and protocols. Humana 
Press. Springer; 2014.

https://doi.org/10.34133/research.0141

	Traditional Chinese Medicine Integrated Responsive Microneedles for Systemic Sclerosis Treatment
	Introduction
	Results
	Morphology characterization of compound MNs
	Performance of photothermal conversion
	Drug release behavior of MNs
	Biocompatibility of MNs and synergies between drugs
	Efficacy validation on SSc mouse models

	Discussion
	Materials and Methods
	Materials
	Characterization
	Cell lines and animals
	Fabrication of the MNs
	Mechanical strength tests
	NIR-triggered photothermal conversion capability
	Biocompatibility experiments
	Drug toxicity tests
	Analysis of TP-Pae interactions and efficacies
	Drug release tests in vitro
	Establishment of mouse model and treatment
	Toxicity behavior of the MNs in vivo
	HYP, H&E, Masson staining, and immunofluorescence
	Statistical analysis

	Acknowledgments
	Data Availability
	Supplementary Materials
	References


