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Abstract
This article proposes a new process for fabricating a polymer microneedles (MNs) patch integrated with an LED light

source (LED-HEMA/MN, LH-MN) using ultraviolet (UV) curing technology. Hydroxyethyl methacrylate (HEMA) is used

as the base material, with a focus on studying the active integrated fabrication process of the MNs patch. The study also

investigates the morphology, size, mechanical properties, ex vivo skin penetration performance, operating temperature, and

performance optimization of the LH-MN. The experimental results show that the LH-MN fabricated using the optimal

process has a good appearance, high molding rate, short production cycle, and excellent mechanical properties. It can

effectively penetrate the skin without the risk of thermal injury. In addition, the MNs patch (LED-HEMA/HEA-MN, LHH-

MN) prepared by optimizing and modifying with hydroxyethyl acrylate (HEA) possesses good flexibility and mechanical

properties. It can adapt to different shapes and locations of the affected area, greatly enhancing the practicality of the MNs.

1 Introduction

Light treatment (LT), also known as photochemotherapy,

has effects such as promoting tissue repair, promoting

blood circulation, and relieving pain (Dompe et al. 2020;

Glass 2020, 2021). In recent years, LT has been widely

used in the treatment of various diseases, such as wound

healing (Dehghanpour et al. 2023), oral mucositis (Courtois

et al. 2021) and hair loss (Roets 2023). However, biological

tissues, due to their high scattering and low absorption

optical properties, make it difficult for light to penetrate

deep tissues, resulting in LT being mainly used for the

treatment of superficial diseases (Cheong et al. 1990).

MNs are a new type of drug delivery method in modern

drug delivery technology. It is a patch made up of an array

of tiny needles. MNs can accurately penetrate the stratum

corneum without touching pain nerves, which can avoid

skin damage and pain, while achieving targeted transder-

mal drug delivery, thereby improving treatment effects

(Xue et al. 2024; Lim and Kim 2022; Yin et al. 2023).

Common preparation materials mainly include silicon,

metal, and polymer materials, among which polymer

materials have the advantages of abundant sources, low

cost, good biocompatibility, and good biodegradability,

and have great potential in the preparation of MNs (Luo

et al. 2023; Zhang et al. 2021, 2022). With the development

and upgrading of polymer MNs, they are no longer limited

to the transdermal delivery of drugs alone, and the trans-

dermal delivery of light is attracting more and more

attention.

The development and advancement of polymer micro-

needles have transcended their original limitation to mere

transdermal drug delivery. The combination of light and

drug therapy, as well as the precise delivery of light, is

garnering increasing attention. For instance, Researchers

used red light at 650–675 nm in conjunction with
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microneedles for the treatment of androgenetic alopecia,

which effectively improved the patients’ hair loss condi-

tions, promoted hair growth, and had a high safety profile

(Zheng et al. 2024). Researchers developed a multifunc-

tional cryo-microneedle patch for trackable photodynamic

therapy, requiring external irradiation of green light at

532 nm during the treatment process. This microneedle

patch has shown significant efficacy in eliminating tumors,

highlighting its broad clinical prospects (Li et al. 2024).

Furthermore, Researchers used microneedles for localized

light delivery to melanoma cells, with a highly fixed device

that can be mounted in a cell culture dish and connected to

an external power source with blue light at 467 nm, pro-

viding a new strategy for the treatment of melanoma (Wu

et al. 2022).

However, current research still relies on external light

sources, and during the treatment process, it is required to

keep the light source stable and immovable, which limits

the patient’s activity space and range. In addition, when

treating deep skin tissues, due to the barrier effect of the

skin, the external light source is difficult to provide suffi-

cient light intensity. LED light sources, with their compact

size and component volume, offer great convenience for

integration into various devices, making lighting design

more flexible and diverse. The wireless power supply

technology achieved through electromagnetic coils allows

LED light sources to be independent of external power

sources (Li et al. 2020a). Currently, researchers have suc-

cessfully implanted such wirelessly powered LED light

sources under the skin of mice for the treatment of sub-

cutaneously transplanted tumors, achieving significant

therapeutic effects (Yamagishi et al. 2018). Furthermore,

other researchers have implanted wirelessly powered LED

light sources in mice, triggering the release of nitric oxide

(NO), which has shown a significant inhibitory effect on

the growth of cancer cells (Li et al. 2020b). Based on these

studies, this article proposes a new type of MNs patch that

can embed the LED light source within the MNs and

achieve wireless power supply, aiming to improve the

inconveniences in the treatment process and enhance

therapeutic efficacy.

This article adopts a process that is simple to prepare,

with a short preparation cycle, using UV curing method to

prepare a polymer MNs patch integrated with an LED light

source (LED-HEMA/MN, LH-MN). Hydroxyethyl

methacrylate (Hydroxyethyl methacrylate, HEMA) is used

as the base material to prepare LH-MN, focusing on its UV

curing preparation process, and exploring the morphology,

size, mechanical properties, ex vivo skin penetration per-

formance, operating temperature, and performance

optimization of LH-MN. A new type of active integrated

polymer MNs proposed in this paper can not only serve as

a medium for the transmission of drugs or biological

samples but also has the ability to transmit the LED light

source from the skin surface to the deep skin, thereby

achieving a synergistic effect of LT and drug treatment,

while also supporting the separate delivery of drugs or light

alone.

2 Experimental

2.1 Materials

Methyl methacrylate hydroxyethyl (CAS: 868-77-9) and

photoinitiator 1173 (Chengdu Sichuan Four Cheng Photo-

electric Material Co., Ltd.); Rose Bengal B (China

National Medicine Group Chemical Reagent Co., Ltd.);

Hydroxyethyl acrylate (CAS: 818-61-1, Shanghai Aladdin

Biochemical Technology Co., Ltd.); Ex vivo pig skin

(Beijing Weitong Lihua Experimental Animal Co., Ltd.);

LED light source (Size: 3 mm 9 3.2 mm 9 2.8 mm,

Color: Red) and wireless transmission coil (ADA Wireless

Power Supply Light Bead Toy Company); Polydimethyl-

siloxane (CAS: 9006-65-9, components: PDMS, curing

agent, Dow Corning Corporation (USA)); All solvents used

in this paper are deionized water.

2.2 Equipment

Degassing stirrer (ZYMC-200V model, Shenzhen Zhongyi

Technology Co., Ltd.); Electronic balance (AK20002

model, Chengdu Beisai Instrument and Equipment

Research Institute); Optical microscope (SN-0745 model,

Shenzhen Sannuo Xunu Technology Co., Ltd.); Scanning

electron microscope (S-4700 model, Hitachi (China) Co.,

Ltd.); Roller to flat UV press machine (ERP-210 model,

Wavelength: 365 nm, Engineering System Co., Ltd.);

Electronic universal testing machine (EUT5000 model,

Shenzhen Sansi Testing Technology Co., Ltd.); Ultrasonic

cleaner (BXXW-30AL model, Beijing Boxiang Xingwang

Co., Ltd.); LCD thermal energy accumulation recorder

(NHR-7100/7100R model, Runhong Instrument Co., Ltd.);

Compression force tester (HLD model, Yueqing Aidebao

Instrument Co., Ltd.); Universal tensile and compression

testing machine (manual 8501 model, Shenzhen Ailigu

Instrument Co., Ltd.); Brass MNs male model(Custom-

designed Specifications, Henan Weina BenTeng Biotech-

nology Co., Ltd.).
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3 The preparation method for the MNs
PDMS model

Mix PDMS and curing agent in a weight ratio of 10:1,

place the mixture in a vacuum defoaming mixer, pour the

solution into a culture dish that has previously placed a

brass MNs positive mold with needle tips facing up, and

place it in an electric heating constant temperature drying

oven at about 40 �C for 5–6 h. After drying and molding,

scrape off the excess PDMS with a blade and peel off the

brass MNs male model to obtain the PDMS model, as

shown in Fig. 1 for the preparation process diagram.

4 Active integrated fabrication method
of polymer MNs

In order to better fix the encapsulated LED light source and

ensure that the MNs has sufficient mechanical properties to

puncture biological tissues for light transmission, select

biocompatible and fast-curing photopolymerizable material

HEMA and photoinitiator 1173 as the base materials (Xiao

et al. 2023; Elouali et al. 2009). HEMA is an organic

substance, a colorless, transparent, easily flowing liquid,

widely used in the synthesis of medical polymer materials,

thermosetting coatings, and adhesives, etc. (Baidu Baike

2-Hydroxyethyl methacrylate; Tauscher et al. 2017; Huang

et al. 2020; Cochinski et al. 2024).

The prepared UV curable material is poured onto the

surface of the MNs PDMS mold, and vacuum degassing

treatment for about 1 min is carried out in a degassing

stirrer to fully fill the cavity. Then, the LED light source is

placed at the base of the MNs, use roller to flat UV press

machine for UV curing treatment, causing the MNs to fully

cure and encapsulate the LED light source in the base.

Finally, the MNs array is demolded to obtain the MNs

array integrated with the LED light source (LED-HEMA/

MN, LH-MN), as shown in Fig. 2 for the preparation

process diagram.

To prevent the MNs array from having residual mono-

mers that are not fully polymerized, which could affect the

biocompatibility of the MNs, the formed MNs needs to be

ultrasonically cleaned. After cleaning, the MNs patch is

sterilized under UV light exposure, and finally, a drug-

loaded hydrogel (such as chitosan, polyvinylpyrrolidone,

etc.) is applied to the surface of the MNs. After drying and

forming, a MNs with good biocompatibility is obtained.

5 Influence factors of polymer MNs
fabrication

5.1 Influence of UV irradiation duration
on the quality of MNs formation

During the process of preparing MNs using UV curing

method, the duration of irradiation can affect the molding

effect and the height of the MNs. To ensure complete

curing of the photopolymerizable material to improve the

molding rate of the MNs, the prepared material is poured

onto the surface of the Polydimethylsiloxane (PDMS)

mold, followed by about 1 min of vacuum degassing

treatment to fully fill the mold cavity. Subsequently, the

UV irradiation duration is set to 5, 10, 20, 30, 40, 50, 60,

80, 100, 120, and 180 s, respectively. Finally, the cured

MNs are demolded to obtain the MNs array. The optimal

UV irradiation duration is determined by two criteria: the

molding rate and the height of the MNs.

The effect of UV irradiation duration on the molding

rate and height of the MNs is shown in Fig. 3. The

experimental results indicate that within the initial 10 s, the

molding rate and height of the MNs increase rapidly. As

the irradiation duration increases, the rate of increase in the

molding rate and height of the MNs slows down. When the

irradiation duration is around 60 s, the needle tip has

essentially been fully cured. Although increasing the irra-

diation duration can further enhance the molding rate and

height of the MNs, the additional increase is relatively

small, and prolonged exposure may lead to yellowing and

brittleness of the MNs. Therefore, the optimal UV irradi-

ation duration during the preparation process should be

controlled at 60 s.

5.2 Influence of photoinitiator content
on the quality of MNs formation

To avoid interference from the UV irradiation duration

when investigating the influence of photoinitiator content

Fig. 1 Preparation process

diagram of PDMS model
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on the quality of MNs formation, the irradiation duration is

uniformly set to 1 min. Subsequently, photopolymerizable

materials with photoinitiator concentrations of 0.5%, 1%,

2%, 3%, 4%, and 5% are prepared. The prepared material

is poured onto the surface of the MNs PDMS mold and

subjected to about 1 min of vacuum degassing treatment to

fully fill the mold cavity. Afterward, the MNs are cured

with 1 min of UV irradiation. Finally, the cured MNs are

demolded to obtain the MNs array. The optimal photoini-

tiator concentration is determined by the molding rate of

the MNs.

The effect of photoinitiator content on the molding rate

and height of the MNs is shown in Fig. 4. The experi-

mental results show that when the photoinitiator concen-

tration is less than 3%, the molding rate of the MNs is poor;

when the photoinitiator concentration is 3%, both the

polymerization rate and the molding rate are optimal, with

the molding rate of the MNs reaching over 92%; when the

photoinitiator concentration is greater than 3%, it can filter

out some of the light due to its own filtering effect,

reducing the UV penetration ability and resulting in a lower

molding rate. In addition, as the concentration of the

photoinitiator increases, the adhesion of the MNs patch

also increases, making it difficult to demold the needle

body and thus reducing the molding rate. Therefore, the

optimal photoinitiator concentration during the preparation

process is 3%.

5.3 Influence of ultrasonic cleaning time on MNs
cytotoxicity

To explore the influence of ultrasonic cleaning time on the

cytotoxicity of the MNs array, the formed MNs are ultra-

sonically cleaned for 5, 10, 15, and 20 min. After cleaning,

the MNs patches are sterilized under UV light exposure.

L-929 cells are cultured in a CO2 incubator (5% CO2,

Fig. 2 Preparation process

diagram of LH-MN

Fig. 3 Effect of lighting duration on the forming rate and height of

MNs

Fig. 4 Influence of photoinitiator concentration on the molding rate

of MNs
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37 �C) for 24 h, centrifuged for 3 min to prepare a cell

suspension, and the cell density is diluted to 5000 lg/mL.

Then, the experimental group, physiological saline control

group, and blank group cell suspensions are inoculated

onto a 96-well plate, with 100 lL of cell suspension

inoculated into each well and continued to culture for 24 h.

Subsequently, 15 lL of the sample extract is added to each

well for culture. After the cell culture is completed, the

cells are placed under a microscope to observe their mor-

phology and to measure their viability.

The cytotoxicity assessment of the LH-MN array treated

with different ultrasonic cleaning times is shown in Fig. 5.

Experimental results show that the cell survival rate of the

LH-MN array ultrasonically cleaned for 5 min is relatively

low, only about 70%, indicating that there may be residual

monomers on the surface of the LH-MN array that have not

fully polymerized, thus exerting a certain level of toxicity

to the cells. As the cleaning time increases, cell activity

increases, and after about 15 min of ultrasonic cleaning,

the cell survival rate can reach over 85%. It can be con-

cluded that proper ultrasonic cleaning can effectively

remove residual monomers, and the optimal ultrasonic

cleaning time in the preparation process is 15 min.

6 Polymer MNs performance optimization

Light-curing acrylic coatings/photo-sensitive coatings

HEA, after curing, exhibit high wear resistance, adhesion,

flexibility, and bio-safety, making it an excellent compre-

hensive performance radiation-curing material. The use of

a small amount of HEA can significantly enhance the

performance of the products (Yu et al. 2022; Ma et al.

2024; Zhang et al. 2023). To improve the adhesion of the

MNs patch and enable it to be applied to different shapes of

target lesions, this paper uses HEA to modify HEMA,

giving it both flexibility and strength, thereby enhancing

the practicality of the MNs patch.

Firstly, HEMA and HEA are mixed in the proportions of

9:1, 8:2, 7:3, 6:4, and 5:5 (w/w), and finally, a photoini-

tiator is added to obtain a HEMA/HEA solution containing

3% photoinitiator 1173. The MNs preparation process is

carried out as shown in Fig. 1, where the HEMA/HEA

mixed solution containing 3% photoinitiator 1173 is

poured onto the PDMS mold surface, vacuum degassed for

about 2 min in a degassing stirrer to fully fill the mold

cavity. Then, the LED light source is placed at the base of

the MNs, and UV curing is performed using a roller to flat

UV press machine for 1 min, causing the MNs to fully cure

and encapsulate the LED light source in the base. Finally,

the MNs array is demolded to obtain the flexible MNs array

integrated with the LED light source (LED-HEMA/HEA-

MN, LHH-MN). During the preparation process, it is

ensured that the LHH-MN array of each proportion has a

uniform composition and structure.

7 Testing and characterization

7.1 Testing and characterization of LH-MN

7.1.1 Morphology and size characterization

To characterize the size and molding effect of the LH-MN

array, the surface smoothness and key size parameters of

the MNs are first observed using an optical microscope.

Under the optical microscope, the micro details of the MNs

surface can be observed, including surface defects or

smoothness. Subsequently, a scanning electron microscope

(SEM) is used for further observation. Before SEM

observation, the MNs are cut into a 2 9 2 array and fixed

on the sample stage with conductive tape to ensure stability

in a high vacuum environment. After gold sputtering

treatment, they are placed in the SEM for observation of

morphology and size.

7.1.2 Mechanical property testing

To test whether the LH-MN array has sufficient mechanical

properties to penetrate skin tissue, a compression force

tester is used to test the mechanical properties of the MNs.

Before testing, the MN array is cut into a 2 9 2 array and

fixed on the sample stage with double-sided tape. The

bending speed is set to 0.5 mm/min, and the force–dis-

placement change of the MNs is recorded.

Fig. 5 Cell toxicity test results graph
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7.1.3 Puncture performance testing

To explore the transdermal performance of the LH-MN

array, pig skin is used to simulate the MNs’s puncture to

the skin. A piece of thawed pig skin is cut into a size of

3 cm 9 3 cm with a surgical knife, disinfected with 75%

alcohol, and then placed on filter paper to absorb excess

moisture. During the experiment, the electronic universal

testing machine is set to a pressure of 10 N, and the 8 9 8

MNs array is pressed onto the ex vivo pig skin. After

3 min, the skin surface is stained with Rose Bengal B

solution, and the puncture situation is observed under an

optical microscope.

7.1.4 LED light source temperature test

To avoid thermal damage to the tissue during the treatment

process, the working temperature of the LED light source is

monitored. The LED light source is placed in an electro-

magnetic induction coil to stably light up, and then the

working temperature of the LED light source is measured

using an LCD thermal energy accumulation recorder.

Temperatures are recorded at 0, 12, 24, 48, 72, and 96 h.

7.2 Testing and characterization of LHH-MN

7.2.1 Appearance morphology characterization

To investigate the effect of adding HEA to HEMA on the

flexibility of the MNs patch, a series of MNs patches with

different flexibilities are prepared by adjusting the ratio of

the two monomers. By applying controllable pressure to

the LHH-MN array with fingers, it undergoes bending

deformation. This experiment simulates the curvature

changes and mechanical challenges that the MNs patch

may encounter in actual use. Through this manual

squeezing method, the deformation behavior of the MNs

patch under the action of external force can be intuitively

observed, including bending angle, shape recovery ability,

and whether breakage occurs or not.

7.2.2 Flexibility test

To explore the flexibility of LHH-MN (assuming LHH-MN

refers to a specific type of MNs), a hand-cranked universal

tensile and compressive testing machine is used for the test.

This type of testing machine provides a convenient and

cost-effective method to evaluate the response of MNs

patches when subjected to mechanical stress. Before con-

ducting the test, the MNs patch to be tested is securely

mounted in the clamps of the testing machine, ensuring that

its position is fixed during the test to prevent any slipping

or displacement. After confirming that there is no

interference from external forces, the rotating handle is

turned at a uniform speed, and the test is stopped when the

MNs patch breaks or reaches its bending limit. The force

applied to the MNs and the corresponding displacement

changes are recorded for analysis of its flexibility.

7.2.3 Mechanical performance test

To test whether the LHH-MN array has sufficient

mechanical properties to penetrate skin tissue, a compres-

sion force testing machine is used to conduct the

mechanical performance test of the MNs. Before the test,

the MNs array is cut into a 2 9 2 array, and the MNs patch

is fixed onto the specimen stage using double-sided adhe-

sive tape. The bending speed is set to 0.5 mm/min, and the

relationship between the force applied to the MNs and the

displacement is recorded. The mechanical properties of

MNs with different proportions of HEMA/HEA (assuming

HEMA and HEA refer to specific materials or components

in the MNs formulation) are compared.

8 Results and discussion

8.1 Results and discussion of LH-MN

8.1.1 Morphology and size

The LH-MN array’s size and molding effect were charac-

terized using an optical microscope and a scanning electron

microscope (SEM), as shown in Fig. 6a–f. The needle body

of the LH-MN array is triangular pyramidal in shape, with

a base edge length of (400 ± 3) lm, a height of

(480 ± 10) lm, a tip diameter of (10 ± 5) lm, an apex

angle of about (41 ± 2)�, and a molding rate of about 97%.

The MNs are uniformly long, well-formed, and show no

significant breakage.

8.1.2 Mechanical properties

The mechanical properties of the LH-MN array were tested

using a compression force tester, and the force–displace-

ment change curve during compression was obtained, as

shown in Fig. 7a, b. During compression, the deformation

of the MNs increases continuously with increasing pres-

sure, and there is no obvious abrupt point in the graph,

indicating that the MNs did not experience significant

breakage throughout the compression process. It takes

about 4.5 N of force to deform the MNs by 200 lm. Pre-

vious studies have indicated that the minimum pressure

required for a single MN to penetrate the skin is 10 mN

(Cole et al. 2016; Sun et al. 2017; Li and Zhang 2013;

Moussi et al. 2019). Therefore, for a 2 9 2 array of MNs to
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penetrate the skin, the minimum pressure required is

40 mN. Experimental results show that the mechanical

strength of the LH-MNs meets the experimental require-

ments and far exceeds what is needed, demonstrating their

excellent reliability and safety.

8.1.3 Puncture performance

High-resolution microscopy was used to capture the overall

effect after the MNs were inserted into the skin, as shown

in Fig. 8a. It can be clearly seen that the MNs have

successfully penetrated the skin, leaving a row of neat

microchannels. The formation of these microchannels is

direct evidence of the successful penetration of the MNs

patch through the skin surface and is also a key channel for

light transmission to the internal skin tissue. The overall

effect after staining with Rose Bengal B solution is shown

in Fig. 8b. The dark areas in the figure clearly indicate the

location of the microchannels, a step that not only enhances

the visibility of the microchannels but also facilitates

subsequent analysis. To observe the structure of the

Fig. 6 Morphological Dimensions of LH-MN; a–c represent the three views of the MNs array optical microscope, respectively; d–f represent the
three views of the MNs array scanning electron microscope, respectively

Fig. 7 Mechanical Properties of

LH-MN; a Schematic diagram

of LH-MN mechanical

performance testing; b LH-MN

force and displacement

variation curve graph
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microchannels more clearly, some areas were enlarged, as

shown in Fig. 7c.

8.1.4 LED light source operating temperature

To enable the LH-MN array to be implanted in subcuta-

neous tissue or even deeper tissues or organs, a wireless

power supply system was constructed. The LED light

source in the electromagnetic induction coil can be stably

lit at various positions, and it remains effective within

about 20 cm above and below, providing a stable light

source. The LED light source of the LH-MN array is

wirelessly powered and lit for an extended period, as

shown in Fig. 9a, b. An LCD thermal energy accumulation

recorder was used to measure the working temperature of

the LED light source, and the temperature change curve

was obtained, as shown in Fig. 10a, b. The experimental

results show that after 12 h of illumination, the temperature

of the LED light source rose from 21 to 22 �C, and after

24 h, it rose to 24 �C, and remained constant thereafter. It

can be concluded that the LED light source has a limited

temperature increase during long-term operation, is rela-

tively safe, and does not pose a risk of thermal injury to

tissue.

8.2 Results and discussion of LHH-MN

8.2.1 Appearance morphology

When HEMA and HEA are mixed in different proportions,

the resulting MNs exhibit different degrees of flexibility, as

shown in Fig. 11a–f. As the proportion of HEA gradually

increases, the flexibility of the MNs patch also increases.

This is due to the differences in the molecular structures of

HEMA and HEA, which affect their interaction when

mixed, thereby influencing the flexibility of the final

material. The HEMA molecule contains a methyl group,

which makes the molecular chains more closely arranged

in space, increasing the rigidity and hardness of the

material. The HEA molecule does not contain a methyl

group, and the molecular chains are more loosely arranged,

giving the material better flexibility. When HEMA and

HEA are mixed in higher proportions, the rigidity and

hardness of HEMA dominate, resulting in a relatively stiff

material. Conversely, because the molecular chains of

HEA are more easily movable and bendable, when the

proportion of HEA is higher, the material’s flexibility is

better.

Therefore, by adjusting the ratio of HEMA to HEA, the

flexibility of the final material can be controlled. In

applications requiring higher flexibility, the proportion of

HEA can be increased. In applications requiring higher

Fig. 8 In vitro puncture performance of MNs; a Overall effect after MNs insertion into pig skin; b Staining diagram after microneedling into the

skin; c Enlarged view of the local area after microneedling into the skin

Fig. 9 Wireless power supply

system; a Schematic diagram of

LED light source for wireless

power supply; b MNs patch

diagram when LED light source

is on
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rigidity, the proportion of HEMA can be increased. This

method of adjustment provides flexibility in the design and

optimization of MNs to meet their needs in different

application scenarios.

8.2.2 Flexibility analysis

The modified MNs patch was tested for flexibility using a

tensile and compression testing machine, and the force–

displacement change curve of the LHH-MN array during

compression was obtained, as shown in Fig. 12a, b. Before

the displacement is about 0.6 mm, the material undergoes

elastic deformation, and the force and displacement basi-

cally increase linearly. When the displacement is in the

range of 0.6–1.1 mm, the material undergoes yield defor-

mation. It can be seen that the unmodified MNs patch has

poor flexibility, requiring about 9 N of force to bend the

LHH-MN array by 1.7 mm, and brittle fracture occurs. As

the proportion of HEA increases, the flexibility of the MNs

is improved. When the HEMA to HEA ratio is 9:1, 8:2, 7:3,

6:4, and 5:5, it only requires about 7, 6.2, 4.5, 4, and 3.8 N

of force, respectively, to bend the LHH-MN array by

1.7 mm, and the LHH-MN arrays with ratios of 6:4 and 5:5

do not break even when bent by 3 mm, indicating that

Fig. 10 Working temperature of LED emitting devices in LH-MN; a LED light-emitting device temperature testing system schematic; b LED

light-emitting device temperature change curve

Fig. 11 a–f Flexible appearance
characterization of LHH-MN

under different proportions of

HEMA/HEA
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HEA can effectively improve the flexibility of HEMA to

meet the needs of different shapes and positions of the

lesion, significantly enhancing the practicality of the MNs.

8.2.3 Mechanical properties

Mechanical property testing was conducted using a com-

pression force testing machine, and the relationship

between force and displacement during the compression

process for LHH-MN arrays with different HEMA/HEA

ratios was obtained, as shown in Fig. 13a, b. During

compression, the deformation of the MNs increased con-

tinuously with increasing pressure, and no obvious abrupt

points were observed in the graph, indicating that the MNs

did not undergo significant breakage throughout the com-

pression process. Furthermore, as the proportion of HEA

(hydroxyethyl acrylate) continuously increased, the

mechanical properties of the MNs decreased. When the

ratio of HEMA (hydroxyethyl methacrylate) to HEA was

5:5, the force required to deform the MNs by 200 lm was

approximately 1.9 N. Therefore, the modified LHH-MN

possess a certain degree of mechanical strength that meets

the experimental requirements.

9 Conclusion

This paper studies the polymer MNs integrated with an

LED light source, proposing a new process for fabricating

solid MNs arrays with high molding rate and short cycle

using UV curing method. The morphology and size were

characterized, and the mechanical properties, ex vivo skin

penetration performance, and temperature of the light-

emitting device were tested. On this basis, HEMA was

modified with HEA to prepare MNs patches with good

flexibility and high strength, and their appearance, flexi-

bility, and mechanical properties were tested. The specific

conclusions are as follows:

Sensor

(a) (b)Fig. 12 Flexibility of LHH-

MN; a Schematic diagram of

the flexibility test for LHH-MN;

b Force–displacement curve of

LHH-MN

Sensor

Fixed station

(a) (b)Fig. 13 Mechanical properties

of LHH-MN; a Schematic

diagram of LHH-MN

mechanical performance

testing; b Force and

displacement variation curves

for mechanical performance

testing of LHH-MN with

different ratios
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(1) The LH-MN prepared using the UV curing method

has a high molding rate and short preparation cycle.

The base has no bubbles, good smoothness, and the

light source can be embedded in the base. The

optimal preparation process obtained from the

experiment is: a photoinitiator concentration of 3%,

UV light irradiation time of 1 min, and ultrasonic

cleaning time of 15 min. The overall preparation

cycle is only about 25 min, and the molding rate is

above 97%.

(2) The LH-MN has good mechanical properties, skin

penetration performance, and high safety. Mechan-

ical experiments show that the MNs does not break

obviously under the maximum compression of 4.5 N,

and the ex vivo skin penetration performance also

proves that the LH-MN can successfully penetrate

the skin to form microchannels. The temperature test

of the light-emitting device indicates that the LH-

MN has high safety and does not pose a risk of

thermal injury to tissue.

(3) The modification results of the HEMA/HEA mixed

MNs show that the flexibility of the LHH-MN is also

improved with the increase of the HEA ratio. When

the HEMA to HEA ratio is 6:4 and 5:5, it only

requires about 4 N of force to bend the MNs by

3 mm, and it will not break. At the same time, the

mechanical property test also shows that the modi-

fied LHH-MN does not break obviously under the

compression of about 1.9 N, possessing both high

strength and flexibility. It can meet the needs of

different shapes and positions of the lesion, signif-

icantly improving the practicality of the MNs.

This article introduces an innovative fabrication process

for MNs that embeds an LED light source within the MNs,

paving the way for combined light and drug therapy as well

as precise light delivery through MNs. Compared to tra-

ditional external light sources, the MN patch with a built-in

LED light source offers a more flexible and patient-friendly

treatment method. This innovative design not only over-

comes the problem of limited patient mobility but also

provides the possibility of deep tissue treatment through

concentrated and uniform light exposure, which is expected

to significantly enhance therapeutic effects. Researchers

can select the most suitable LED light source, including

wavelength, intensity, and efficiency, according to specific

application scenarios and treatment needs. Through the

optimization of the MN fabrication process, a high molding

rate and excellent mechanical properties have been

achieved, ensuring that the MNs can effectively penetrate

the skin while maintaining a high level of biosafety. In

addition, by adjusting the material ratio of the MNs, we

have customized MN patches with different flexibility to

adapt to the skin conditions and treatment needs of dif-

ferent patients.

The MN patch in this study shows great potential in the

field of phototherapy, especially in treatment plans that

require precise control of light exposure conditions. For

instance, in cases where localized phototherapy is needed

to promote tissue repair or suppress inflammation, the MN

patch can provide more accurate light exposure. In the

future, with the development of wireless power supply

technology, this MN patch is also expected to be applied to

a wider range of remote medical and home medical sce-

narios. Through further research and development, we can

explore the impact of different wavelengths of LED light

sources on the treatment of specific diseases, as well as

how to combine MNs with other treatment methods (such

as drug therapy, gene therapy, etc.) to achieve more com-

prehensive therapeutic effects. Overall, this study has not

only achieved innovative results in the development of

MNs but also opened up a broad vision and a variety of

possibilities for future clinical applications and scientific

research.
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