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Abstract 
As a novel painless and minimally invasive transdermal drug delivery method, microneedles 

have solved the challenges of microbial infection and tissue necrosis associated with multiple 

subcutaneous injections for drug delivery in diabetic patients. However, common soluble 

microneedles are difficult to switch drug release on and off at any time according to the patient's 

needs during long-term use, which is one of the most critical elements of diabetes treatment. Herein, 

we have designed an insoluble insulin thermosensitive microneedle (ITMN) that can control the 

release of insulin at any time by adjusting the temperature, enabling precise treatment of diabetes. 

The thermosensitive microneedles were produced by in situ photopolymerisation of the 

temperature-sensitive compound N-isopropylacrylamide (NIPAm) with the hydrophilic monomer 

N-vinylpyrrolidone (NVP), which was encapsulated with insulin inside and bound to a mini 

heating membrane outside. In vitro and in vivo experiments have demonstrated that the ITMN we 

prepared has good mechanical strength and temperature sensitivity, can release significantly 

different insulin doses at different temperatures, and effectively regulates blood glucose in type I 

diabetic mice. Therefore, ITMN provides a possibility for intelligent and convenient on-demand 

drug delivery for diabetic patients, and when combined with blood glucose testing devices, it has 

the potential to form an integrated and precise closed-loop treatment for diabetes, which is of great 

importance in diabetes management. 

 

Keywords: Thermosensitive microneedles; Drug delivery; Temperature-controlled release; 

Diabetes treatment 
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摘 要 

微针作为一种新型的无痛、微创经皮给药方式，已经解决了糖尿病患者多次皮下注射

所导致的一些问题，如微生物感染或组织坏死。然而，普通的可溶性微针在长期使用过程

中，很难根据患者的需要“开关式”释放药物，而这却是糖尿病治疗成功与否的关键。因

此，为了突破上述瓶颈，我们设计了一种不溶性胰岛素温敏微针（ITMN），它可以通过调

节温度随时控制胰岛素的释放，从而使糖尿病得以精准治疗。温敏微针是通过温敏化合物

N-异丙基丙烯酰胺（NIPAm）与亲水单体N-乙烯基吡咯烷酮（NVP）原位光聚合产生，其

内部包裹着胰岛素，外部结合到微型的加热膜上。体内外实验表明，我们制备的ITMN微针

具有良好的机械强度和温敏特性，可在不同温度下释放不同剂量的胰岛素，并且能够有效

地调节 I 型糖尿病小鼠的血糖。总的来说，ITMN为实现糖尿病患者智能、按需给药提供

了可能。当与血糖仪结合时，有潜力形成一种综合、精准的糖尿病闭环治疗方式，在糖尿

病治疗管理中具有重要意义。 

 

关键词：温敏微针；药物递送；温控释放；糖尿病治疗 
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Body Text 

1. Introduction 

 Compared to drug release in response to endogenous stimuli, external stimuli are not 

necessary to take into account differences in disease processes between patients, thus enabling 

easier and accurate spatiotemporal control of drug release [1-3]. Among external stimuli, 

temperature is one of the most frequently investigated stimulus signals due to the merits of simple 

control and convenient application to biological and other fields [4-6]. Temperature-sensitive 

polymers such as poly-N-isopropylacrylamide (PNIPAm), methylcellulose, 

hydroxypropylcellulose (HPC), and polyvinyl alcohol-vinyl acetate copolymer (PVA) are well-

studied drug delivery materials, which perform conformational transformations according to 

temperature changes, as changing from the swollen form to the contracted form, thus expelling the 

drug encapsulated within them. Meanwhile, this conformational transformation process is 

reversible, which subsequently causes a halt in drug release [7-10]. Therefore, thermosensitive 

polymers are capable of "on-off" drug release through temperature changes for on-demand drug 

delivery. 

As a novel transdermal drug delivery approach, microneedles present an innovative 

perspective for the transdermal delivery of protein drugs [11,12]. Microneedles between 50-900 μm 

in length can painlessly penetrate the cutaneous stratum corneum and reach the epidermis or 

dermis at a predetermined depth, where the drug is then rapidly absorbed by diffusion or lymph-

mediated uptake, and the resulting micropore channels can also repair themselves after drug 

delivery [13,14]. Compared to oral, transpulmonary and nasal drug delivery, microneedle delivery 

avoids chemical and enzymatic degradation in the digestive tract, and allows protein-based drugs 

with a relatively large molecular weight to break through the skin barrier and enter the capillary 

network. Furthermore, the convenience of its administration increases compliance in patients, thus 

facilitating disease control [15-17]. 

It is clear from the above that if a microneedle with temperature-sensitive properties that will 

effectively achieve subcutaneous “on-off” release of macromolecular drugs. Diabetes mellitus 

(DM) is a metabolic disease that causes an increased prevalence of several diseases and could be 
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life-threatening in severe cases [18,19]. As a common drug for the treatment of diabetes mellitus, 

insulin has a short half-life. Diabetic patients are required to inject insulin subcutaneously by 

themselves several times a day and frequently adjust the dose administered according to the blood 

glucose value, which is highly susceptible to various side effects such as microbial infection, local 

tissue necrosis and improper glycemic control [20,21]. Therefore, exploring microneedle delivery 

modalities that can replace subcutaneous injection for minimally invasive transdermal delivery of 

insulin is clinically attractive for diabetes treatment. However, most of the current delivery 

microneedles are soluble microneedles with poor performance in effectively improving 

bioavailability while controlling drug release [22-24]. Controlling the dose of insulin is critical during 

the implementation of a treatment plan for patients with diabetes. Inadequate doses of insulin make 

it difficult to lower blood glucose to normal levels, while excessive insulin uptake can cause 

hypoglycaemia, which in severe cases can lead to coma or even death [25,26]. Thus, there is an 

urgent need to develop an insoluble thermosensitive microneedle patch to achieve on-demand 

insulin release in order to both conveniently and precisely meet the therapeutic needs of diabetic 

patients. 

Herein, we have designed insulin thermosensitive microneedles (ITMN) that enables the 

release of insulin to be controlled by temperature changes, which are expected to achieve precise 

diabetes treatment by adjusting insulin release at any time according to blood glucose values. The 

thermosensitive microneedles comprise the temperature-sensitive compound N-

isopropylacrylamide (NIPAm) and the hydrophilic monomer N-vinylpyrrolidone (NVP), which 

are produced by in situ photopolymerisation and then encapsulated with insulin and combined with 

mini heating membranes, resulting in insoluble microneedles with temperature-controlled insulin 

release (Scheme 1A). Experiments have demonstrated that the ITMN has excellent mechanical 

strength and temperature sensitivity, and can penetrate the skin stratum corneum to achieve 

effective drug delivery and responsive release, as well as showing effective glycemic control in in 

vivo studies. Once combined with a blood glucose detection device, a closed loop intelligent 

diabetes treatment system could be established with integrated diagnosis and treatment. When the 

blood glucose is monitored above the set value, the mini heating membrane is triggered to release 

insulin in response to the thermosensitive microneedles; when the blood glucose level returns to 

the normal range, the mini heating membrane is switched off, thus effectively avoiding the risk of 
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hypoglycaemia due to over-release of the drug (Scheme 1B). Thus, our construction of this 

thermosensitive microneedle confers the possibility for personalised and precise diabetes treatment 

with highly potential clinical applications. 

 

Scheme 1. A schematic diagram of the preparation process of an insulin temperature-sensitive 
microneedle (ITMN) and its combination with a blood glucose detection device for the precise treatment 
of diabetes. (A) Constructing monomers and mechanism of action of ITMN. (B) The action process of ITMN 
combined with blood glucose detection mobile terminal. 
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2. Materials and Methods 

2.1 Materials 

N-isopropylacrylamide (NIPAm), N-vinylpyrrolidone (NVP), ethylene glycol dimethacrylate 

(EGDMA), fluorescein isothiocyanate (FITC) and 2-hydroxy-4'-(2-hydroxyethoxy)-2-

methylpropiophenone (photoinitiator 2959) were purchased from Aladdin (Shanghai, China). 

Insulin (from porcine pancreas) was purchased from Macklin (Shanghai, China). Bovine serum 

albumin (BSA) was obtained from Labgic Technology (Hefei, China) and PBS buffer was obtained 

from Servicebio Corporation (Wuhan, China). Trypan Blue was purchased from SunShine 

Biotechnology (Nanjing, China). PDMS microneedle negative moulds (15 × 15 arrays, needle 

body diameter 380 μm, needle body height 850 μm, needle tip distance 700 μm) were prepared by 

Weixin Technology (Taizhou, China). The polyimide heating film was custom made by Yousheng 

Electronics Ltd (Suzhou, China). 

 

2.2 Cell culture and animals 

L929 cells (mouse epithelioid fibroblasts) were cultured in RPMI-1640 medium containing 10% 

fetal bovine serum (FBS) and placed in an incubator at 37°C with 5% CO2. ICR mice (male, 20-

30 g) were supplied by the Experimental Animal Centre of Yangzhou University (Yangzhou, 

China). All animal experiments were performed in accordance with ethical approval by the ethical 

committee of China Pharmaceutical University. 

 

2.3 Synthesis and characterization of the thermosensitive material NIPAm-NVP (NEN)  

100 mg of NIPAm and 2 mg of photoinitiator Irgacure 2959 were added into a centrifuge tube, 

into which 2 mL DI water, 100 μL NVP and 2 μL crosslinker EGDMA were added and mixed to 

obtain clear and transparent solution. The solution was irradiated with UV light (365 nm 7W) for 

30 min under ice bath, so that the monomer NVP and NIPAm reacted by free radical 

polymerisation to obtain the microneedle material NIPAm-NVP (NEN).  

The obtained thermosensitive material NEN was dialyzed overnight at room temperature to 

remove unreacted monomers, and then lyophilized for subsequent characterization. The 1H NMR 

spectrum of EGDMA were as follows: 1H NMR (500 MHz, CDCl3) δ 6.14(d, 2H) , 5.60(d, 2H), 

4.41(t, 4H), 1.96(d, 6H); 1H NMR spectrum of NVP: 1H NMR (500 MHz, D2O) δ 6.86(dd, 1H), 
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4.58(t, 2H), 3.54(t, 2H), 2.47(t, 2H), 2.04(m, 2H); 1H NMR spectrum of NIPAm: 1H NMR (500 

MHz, D2O) δ 6.10(d, 1H), 5.65(d, 1H), 5.63(d, 1H), 3.90(m, 1H), 1.09(d, 6H); 1H NMR spectrum 

of NEN: 1H NMR (500 MHz, D2O) δ 4.70, 3.79, 3.73, 3.58, 3.55, 3.53, 3.19, 2.32, 2.04, 1.93, 1.50, 

1.04. 

Meanwhile, appropriate amounts of NEN, NVP and NIPAm were taken respectively for 

attenuated total reflection (ATR) infrared spectroscopy (BRUKER TENSOR 27, Germany) with a 

spectral scan range of 400-4000 cm-1. 

 

2.4 Investigation of the swelling properties of the thermosensitive material NEN 

100 mg of monomer NIPAm and 2 mg photoinitiator Irgacure 2959 were added into a 

centrifugal tube, then 100 μL deionized water, 100 μL monomer NVP and crosslinker EGDMA 

(1%, 4% or 8% of the total mass of the two monomers) were added into the tube to obtain 

transparent mixed solution. The mixed solution was irradiated with UV light (365 nm 7W) for 30 

min under ice bath to obtain the thermosensitive material NEN. m0 (g) of NEN was placed in 10 

mL pH 7.4 PBS at 33°C, and removed from the PBS at different time points, then carefully wiped 

the surface water and recorded precisely the mass mi (g) until the swelling reached equilibrium. 

Calculate swelling ratio by the following formula: 

swelling	ratio =
𝑚𝑖 −𝑚0
𝑚0

× 100% 

The swelling rate and saturation swelling ratio were used to evaluate the swelling ability of the 

NEN with different crosslinker ratio. 

At the same time, NEN was placed in PBS under water bath at 33℃ (60 min) and 41℃ (20 

min) alternately, removed from PBS at the corresponding time points, and carefully wiped the 

surface water and weighed precisely to calculate the swelling ratio. The temperature response 

ability of NEN was estimated by the change of swelling ratio. 

 
2.5 Formulation screening of NIPAm to NVP ratio in NEN 

Materials were added as shown in the table 1 to lead the mass ratios of NIPAm and NVP to be 

5:4, 1:1 and 5:6, respectively. After homogenization, clear and transparent solution of 

thermosensitive monomer material was obtained. Then 160 μL of the solution was mixed with 40 

μL BSA-FITC (50 mg/mL). 20 μL of each mixture was placed in a 1.5 mL centrifuge tube and 
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irradiated by UV light for 30 min under ice bath to produce the thermosensitive material NEN. 

Materials 
Ratio 

5:4 1:1 5:6 

NIPAm 100 mg 100 mg 100 mg 

Irgacure 2959 2 mg 2 mg 2 mg 

DI water 100 μL 100 μL 100 μL 

EGDMA 2 μL 2 μL 2 μL 

NVP 80 μL 100 μL 120 μL 

Table 1: The dosage of all materials in formulation screening. 

 

2.6 Safety examination of NEN 

The MTT method was utilized to investigate the safety of the microneedle material NEN on 

L929 cells as follows: cells in logarithmic growth were digested and inoculated in 96-well plates. 

The 96-well plates were incubated at 37°C and 5% CO2 for 24 h. A series of concentration 

gradients of 1 ng/mL, 10 g/mL, 102 ng/mL, 103 ng/mL, 104 ng/mL, 105 ng/mL, 106 ng/mL, 107 

ng/mL of NEN was added and blank medium was used as the control group. The 96-well plates 

were incubated for 24 h before 20 μL of 5 mg/mL MTT solution was added and incubated for 4 h. 

The supernatant medium was then removed from the plates, 150 μL of DMSO solution was added 

and gently shaken to dissolve the purple crystals, and the UV absorbance of each well was 

measured by an enzymatic digitizer (Synergy2, Bio Tek, USA) at a detection wavelength of 490 

nm. The safety of NEN was evaluated by the Relative Growth Rate (RGR) of L929 cells, which 

was calculated using the following formula: 

𝑅𝐺𝑅 =
𝑂𝐷9 − 𝑂𝐷:
𝑂𝐷; − 𝑂𝐷:

 

Where, ODc: absorbance of the control group, ODT: absorbance of the experimental group, 

OD0: absorbance of the blank control group. 

 

2.7 Preparation and characterisation of insulin thermosensitive microneedles (ITMN) 

100 mg NIPAm and 2 mg photoinitiator Irgacure 2959 were added into a centrifuge tube, then 

2 mL DI water, 100 μL NVP and 2 μL crosslinker EGDMA were added into the tube and mixed to 
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obtain clear and transparent monomer solution. The insulin was dissolved in 0.1 M dilute 

hydrochloric acid to form high concentration insulin stock solution according to the actual required 

dose. 40 μL of insulin stock solution was mixed with 160 μL of monomer solution. The mixture is 

then transferred to a microneedle mould and centrifuged at 5000 rpm for 30 min to fill the cavities 

of the mould. After the removal of the surplus liquid, the microneedle mould is exposed to UV 

light (365 nm 7W) for 15 min under ice bath to produce the microneedle bodies (Fig. 1). 

    

Fig.1 Preparation of insulin-loaded thermosensitive microneedles (ITMN) 

Next, 2 mg of photoinitiator Irgacure 2959 was weighed into a 1.5 mL centrifuge tube. 80 μL 

DI water, 120 μL NVP and 2 μL cross-linker EGDMA were also added into the tube, then mixed 

well to form clear and transparent monomer solution to fabricate the back of microneedles. The 

solution was added to the microneedle mould and centrifuged at 5000 rpm for 10 min, after which 

it was placed under ice bath and irradiated with UV light (365nm 7W) for 15 min to cure the 

backing. The completed microneedles were dried overnight in a desiccator and carefully 

demoulded to obtain insulin thermosensitive microneedles ITMN. The surface morphology of the 

microneedles was characterised by Scanning Electron Microscope (Hitachi Regulus-8100, Japan) 

and digital camera (Canon, Japan). 

Meanwhile, a control group of non-thermosensitive microneedles NVP-MN was prepared in a 

similar way to ITMN. 2 mg Irgacure 2959 was weighed into a 1.5 mL centrifuge tube, then 100 

μL of DI water, 100 μL NVP and 2 μL crosslinker EGDMA were added into the tube and mixed 

well to obtain clear and transparent solution. The mixture of non-thermosensitive microneedle 
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monomer solution and the appropriate amount of insulin stock solution was transferred to a 

microneedle mould for further centrifuging and UV-irradiating to obtain the microneedle body. 

The microneedle backing was fabricated in the same way as described above. After drying and 

demoulding, the intact NVP-MN can be further employed as a negative control for thermosensitive 

microneedles. 

During microneedle preparation, the amount of insulin lost during UV curing after 

centrifugation is negligible and therefore the amount of insulin encapsulated in the microneedle 

can be calculated by the following equation: 

𝑚< =
𝑉> × 𝑁 × 𝐶 × 𝑉A

200  

where, mi is the amount of insulin encapsulated in each microneedle patch, mg; V1 is the 

volume of each needle body, μL; N is the number of needles bodys; C is the concentration of the 

insulin stock solution, mg/mL, and V2 is the volume of insulin stock solution per 200 μL of needle 

solution, mL. 

 

2.8 Evaluation of the mechanical strength of microneedles 

Thermosensitive microneedles with crosslinker contents of 1%, 4% and 8% were fabricated 

respectively and the fracture force of the microneedles was measured by an electronic universal 

testing machine (Chuan Testing, China) and force-displacement curves were gained. The 

displacement tested was 0.35 mm, the preload force was 0.01 N and the velocity was 0.1 mm/s. 

 

2.9 Morphology characterisation of microneedles encapsulated with BSA-FITC 

To characterise the morphology of the microneedles by fluorescence photography, the 

encapsulated insulin was substituted with fluorescein isothiocyanate (FITC)-labelled bovine serum 

albumin (BSA-FITC). BSA-FITC was synthesized as follows: 200 mg of BSA powder was 

dissolved in 5 mL of sodium carbonate-sodium bicarbonate buffer (pH 9) to form 40 mg/mL 

solution of BSA. In addition, 10 mg of FITC powder was dissolved in 100 μL of dimethyl sulfoxide 

(DMSO) to form 100 mg/mL FITC solution. The FITC solution was added dropwise into the BSA 

solution with stirring and continue to stir for 12 h at room temperature in the dark. The reaction 

product was then dialyzed in pure water for 2 days to obtain clear orange liquid, which was 

lyophilized to obtain BSA-FITC. 
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20 μL of 50 mg/mL BSA-FITC solution was mixed with 180 μL of thermosensitive or non-

thermosensitive monomer solution, and the mixture was transferred into a microneedle mold. The 

BSA-FITC-loaded microneedles were placed on slides and imaged by inverted fluorescence 

microscopy (EVOS FL, Life Technologies) to characterise their morphology. 

 

2.10 In vitro release studies 

Thermosensitive microneedles (BSA-TMN) and non-thermosensitive microneedles (BSA-

NVP-MN) encapsulated with 145 μg of BSA-FITC were prepared according to the method 

described in 2.5, where the mass ratio of NIPAm and NVP in thermosensitive microneedles was 5: 

4. 

Insulin-FITC was synthesized as one of the microneedle-loaded drugs for release study. 

Insulin-FITC was synthesized as follows: 20 mg of insulin powder was dissolved in 5 mL of 

sodium carbonate-sodium bicarbonate buffer (pH 9) to form 4 mg/mL insulin solution. In addition, 

4 mg of FITC powder was dissolved in 100 μL of dimethyl sulfoxide (DMSO) to prepare 40 

mg/mL of FITC solution. The FITC solution was then added dropwise to 4 mg/mL of insulin 

solution with stirring, and the reaction was stirred at room temperature for 12 h under light-proof 

conditions.  

To investigate the release behaviour of the microneedles, thermosensitive microneedles (ITMN) 

and non-thermosensitive microneedles (NVP-MN) encapsulated with insulin or insulin-FITC were 

fabricated and their release behaviour at different temperatures was investigated. The above 

microneedles were immersed in PBS buffer (pH 7.4) at 33°C or 41°C. 50 μL of sample was taken 

from the release medium and placed in a 96-well plate at 2 h, 4 h, 6 h, 8 h, 10 h, 12 h and 24 h. 

Meanwhile, equivalent volume of release medium was replenished. The sample solution was 

topped up to a volume of 200 μL with PBS buffer (pH 7.4). The fluorescence absorption of insulin-

FITC was measured using a Microplate Reader at 485 nm excitation wavelength and 528 nm 

emission wavelength, while the amount of insulin released from the insulin-coated microneedles 

was measured using Coomassie brilliant blue. 

To study the release behaviour of temperature-sensitive microneedles when place at two 

temperatures alternatively, each microneedle was immersed in 1 mL of PBS buffer (pH 7.4). The 

release system was heated to 41°C for 20 min, 50 μL was sampled, and an equal volume of release 
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medium was replenished; subsequently, the temperature was cooled to 33°C for 60 min, 50 μL was 

sampled, and the release medium was replenished. The aforementioned heating to 41°C and 

cooling to 33°C was one cycle, seven cycles were performed. The sample solution was topped up 

to a volume of 200 μL with PBS buffer (pH 7.4). The fluorescence absorption of FITC-insulin was 

measured using a Microplate Reader at 485 nm excitation wavelength and 528 nm emission 

wavelength, while the amount of insulin released from the insulin-coated microneedles was 

measured using Coomassie brilliant blue.  

 

2.11 Ex vivo skin penetration studies 

Microneedles BSA-TMN and BSA-NVP-MN encapsulated with BSA-FITC and microneedles 

ITMN and NVP-MN encapsulated with insulin-FITC were inserted into the dorsal skin of isolated 

mice and the microneedle-skin conjugate was subsequently immobilized on a transdermal 

diffusion cell. The recipient cell was filled with 8 mL pH 7.4 PBS buffer. The transdermal diffusion 

cells were placed on a transdermal diffusion tester (TK-12B, SHANGHAI KAIKAI 

TECHNOLOGY TRADING CO., LTD.) and the recipient cells solution was set at a constant 

temperature of 37°C. 

Afterwards, the transdermal release of the microneedles was investigated under the 

temperature cycling condition, where the microneedles were heated to 41°C for 20 min, 150 μL 

liquid was sampled from the recipient cells and replenished with equal volume of PBS buffer; 

subsequently, the microneedle was set at 33°C for 60 min, 150 μL liquid was sampled and 

replenished with equal volume of PBS. Seven cycles were performed for fluorescence 

quantification in total experiment.   

 

2.12 ITMN skin penetration assay 

Firstly, 40 mg of trypan blue powder was dissolved in 1 mL distilled water to obtain 4% trypan 

blue solution and stored at 4℃. Before using, the solution was diluted 10 times by PBS （pH 7.4）

to obtain a final concentration of 0.4%. After unhairing dorsal skin of the mice with hair removal 

cream (Vetin), ITMN was applied vertically to the back of the mice with slight force for 15 min. 

Then removed the microneedles completely and stained the applied sites with 0.4% trypan blue 

solution for 15 min, and residual trypan blue solution was gently wiped with pH 7.4 PBS buffer 
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so as to subsequently photograph and observe. 

After photographing, the microneedles applied sites skin was carefully peeled from the mice, 

rinsed with saline and immersed in 4% paraformaldehyde solution for fixation. Then H&E staining 

was performed to investigate mechanical strength and safety of the microneedles. 

 

2.13 Skin safety evaluation of ITMN  

After unhairing the back of mice, ITMN was applied vertically to the dorsal skin the mice with 

slight force for 30 min. The microneedles applied sites were photographed, at 0, 10 and 30 min 

after completely removing the microneedles, to observe whether the application of microneedles 

would induce damage to dorsal skin of mice, which would initially assess the safety of the ITMN. 

 

2.14 In vivo therapy evaluation 

To investigate the therapy effect of ITMN on diabetic mice, the type I diabetic ICR mice model 

was constructed: male ICR mice were fasted without water for 12 h, followed by intraperitoneal 

injection of 120 μg/kg of Streptozotocin. Blood glucose level was measured at 7 days and 14 days 

after the injection, and the both blood glucose value above 200 mg/mL means successfully 

obtaining the model. 

The type I diabetic ICR mice were separated into five groups: ITMN+Heating (temperature-

sensitive microneedle with heating film), ITMN+RT (temperature-sensitive microneedle without 

heating film), NVP-MN (non-temperature-sensitive microneedle), SC insulin (subcutaneous 

injection insulin) and Non-treated Healthy (control). The different microneedles were applied to 

the back skin of mice in each group (Fig. 2). The dose of insulin was 0.45 mg in ITMN+Heating, 

ITMN+RT and NVP-MN groups, and insulin injected subcutaneously was 0.05 mg. Tail vein blood 

glucose values were measured each hour for 10 h by blood glucose meter (Yuyue, China) in each 

group. The microneedles were heated at 41°C for 20 min in ITMN+Heating group, then the blood 

glucose level in tail vein was measured after 10 min. If the blood glucose level was above 200 

mg/mL, the microneedles would be heated for another 20 min and stop heating if the blood glucose 

value return back to normal level. 
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Fig. 2 (A) Physical image of polyimide heating film. (B) Schematic diagram of the experimental setup for the 

in vivo efficacy of ITMN group. 
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3 Results and discussion 

3.1 Synthesis and chemical characterization of needles in ITMN patches 

Poly(N-isopropylacrylamide) (PNIPAm) and its derivatives are of interest in thermosensitive 

hydrogel drug delivery systems with a low critical solubility temperature (LCST): below LCST, 

the polymer is in solution as a helical hydrophilic chain; above LCST, its structure changes to a 

tight spherical conformation, facilitating the expulsion of water molecules and reducing its size 
[27]. As the LCST of NIPAm is about 32°C, it is lower than the normal body surface temperature 

of the human body. The introduction of hydrophilic monomers was found to be an effective 

strategy to increase its LCST [28]. Therefore, to make it better suitable for in vivo application, 

NIPAm was copolymerised with the hydrophilic monomer NVP to make its LCST slightly higher 

than the normal body surface temperature. In this study, we applied NIPAm as a temperature-

sensitive material and EGDMA as a cross-linking agent to produce the needles of the ITMN patch, 

NIPAm-NVP (NEN), by copolymerisation with the hydrophilic monomer NVP under UV light 

irradiation in the presence of the photoinitiator Irgacure 2959. As shown in Fig. 3A, the crosslinker 

EGDMA, which contains a double bond at both ends, enables crosslinking of NIPAm and NVP 

via an addition polymerisation reaction to produce microneedles. 

The NMR hydrogen spectra of the monomeric materials and the NEN are shown in Fig. 3B. 

The chemical shifts of the hydrogen on the double bonds in the monomers NVP, NIPAm and the 

cross-linker EGDMA were all above 4 ppm, but the characteristic peaks of the NEN was mainly 

concentrated in the range of 1-4 ppm, which indicated that there were almost no double bonds on 

the NEN and most of the double bonds had been polymerised, proving that the monomers were 

successfully polymerised into temperature-sensitive materials. 

Then, the monomeric and temperature sensitive materials were characterized by attenuated 

total reflection (ATR) infrared spectroscopy and the results are shown in Fig. 3C. The IR spectra 

of NIPAm showed characteristic peaks at 1656 cm-1 and 1620 cm-1 attributed to carbonyl (C=O) 

and carbon-carbon double bond (C=C) stretching vibrations, respectively. The IR spectra of the 

monomer NVP showed absorption peaks at 1693 cm-1 and 1625 cm-1 attributed to stretching 

vibrations of the carbonyl group (C=O) and the carbon-carbon double bond (C=C). Both 

monomers show stronger peaks in the 800-1000 cm-1 range (around 840 cm-1 and 980 cm-1 
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respectively), which is consistent with the previous literature [29] reporting a stronger peak for 

CH2=CHR in the 800-1000 cm-1 range. At the same time, absorption peaks associated with 

secondary amides were also found in the infrared spectrum of NIPAm, respectively an in-plane 

bending vibration (βNH) at 1544 cm-1 and an out-of-plane bending vibration (γNH) at 3284 cm-1. In 

contrast, only the carbonyl (C=O) absorption peak at 1643 cm-1 is found in the polymer NEN, and 

the characteristic peaks of the carbon-carbon double bond disappear, as does the peak of 

CH2=CHR at 800-1000 cm-1, which indicates that the carbon-carbon double bond (C=C) of the 

monomers NVP and NIPAm has undergone a radical polymerisation reaction to become a single 

bond. In addition, the infrared spectrum of NEN exhibited absorption peaks associated with 

seconal amides at 1538 cm-1 and 3294 cm-1. These results demonstrate the successful synthesis of 

the temperature-sensitive material NEN. 

The thermosensitive microneedles designed in this study are swelling-only but not dissolving 

microneedles, which rely on the structural contraction of the thermosensitive polymer to expel the 

drug during release. Hence, the swelling ability of the temperature-sensitive material NEN at 33°C 

was investigated at different cross-linker ratios. Since NEN swells and dissolves quickly in water 

when the cross-linker ratio is below 1% and is not suitable for microneedle preparation, we 

investigated the swelling capacity of NEN at 1%, 4% and 8% cross-linker ratios, and the results 

are shown in Fig. 3D-i. The swelling capacity of NEN with 1%, 4% and 8% crosslinkers varied 

significantly, with swelling rates of about 144.9%, 70.8% and 35.2% at 40 min and 236.2%, 103.7% 

and 57.2% at 100 min, respectively. The 1% cross-linker NEN reached swelling equilibrium at 

approximately 16 h with an equilibrium swelling rate of 417%, while the 4% and 8% NEN reached 

swelling equilibrium at approximately 8.5 h with equilibrium swelling rates of 149% and 84.6%. 

The swelling rate and maximum swelling capacity of the 1% cross-linker NEN were obviously 

higher than those of the other two groups, indicating that the higher the percentage of cross-linker 

in this temperature-sensitive material, the weaker the swelling capacity. 

The results of cyclic swelling of NEN alternately placed at 33°C (simulating human 

epidermal temperature) for 60 min and 41°C (simulating microneedle heating temperature) for 20 

min are shown in Fig. 3D-ⅱ. The NEN with 1% cross-linking agent showed the most obvious 

stepwise change in swelling rate under alternating temperature changes, while the remaining two 
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groups showed very little change, which correlated with the results of swelling rate. It was also 

proved that the NEN with 1% cross-linker undergoes a highly evident crumpling of volume when 

the temperature rises to 41°C, which facilitates the rapid release of the drug, while when the 

temperature decreases to 33°C, the NEN reabsorbs water and expands rapidly in volume, slowing 

down the release of the drug. Based on the above swelling capacity results, the NEN polymer 

containing 1% crosslinker was finally selected for the synthesis of thermosensitive microneedles 

in this study. 
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Fig.3 Synthesis and chemical characterization of materials for the needles of thermosensitive microneedles. 
(A) Synthesis process of NEN. (B) The NMR hydrogen spectra of NEN, NIPAm, NVP and EGDMA. (C) 
Attenuated total reflection infrared spectra of NEN, NIPAm, NVP and EGDMA. (D) Examination of the swelling 
properties of NEN containing different ratios of crosslinkers. 
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3.2 Formulation screening and cytotoxicity study of NEN 

To screen superior temperature-sensitive release ratios of NEN, samples with different mass 

ratios of NIPAm to NVP: NIPAm:NVP=5:4, NIPAm:NVP=5:5 and NIPAm:NVP=5:6 were 

prepared for investigation on the premise that NIPAm is soluble in a solvent mixture of NVP and 

water. The above samples were placed in 1.5 mL EP tubes and subsequently placed in three 

different temperature water baths (25, 33 and 41°C), where 25°C simulated room temperature 

conditions, 33°C simulated human epidermal temperature and 41°C was the heating temperature 

for ITMN application. As shown in Fig. 4A, the sample with a NIPAm: NVP mass ratio of 5: 4 

released the highest amount of BSA-FITC at a temperature of 41°C, reaching 48.9% at 12 h, which 

was distinctly different from the amount released at 33°C (19.2%). The release behaviour was 

similar when the NIPAm: NVP mass ratios were 5: 5 and 5: 6, with 33.0% and 30.0% released at 

41°C for 12 h. The difference in release between these two samples at 41°C and 33°C was smaller 

compared to the sample with a NIPAm: NVP mass ratio of 5: 4. In addition, compared to the 

temperature-sensitive formulation, the release of the non-temperature-sensitive formulation was 

quite similar at different temperatures, with 38.7% release at 12 h at 41°C and 33.3% release at 12 

h at 33°C. Therefore, taking into account the solubility of NIPAm and the release of the drug, the 

NEN composed of NIPAm: NVP mass ratio of 5: 4 was chosen as the needle for ITMN for the 

subsequent study. 

To further evaluate the safety of the needles of ITMN patch, different concentrations of NEN 

were subjected to MTT experiments on L929 cells. In the range of NEN concentrations from 1 

ng/mL to 107 ng/mL, there was no obvious apoptosis, indicating that the needles of ITMN were 

virtually non-toxic to mouse epithelial-like fibroblasts (Fig. 4B). 
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Fig.4 Formulation screening and cytotoxicity study of NEN. (A) In vitro BSA-FITC release of several 
thermosensitive and non-thermosensitive polymers at different temperatures (n = 3). (B) MTT assay to detect 
cytotoxicity of NEN (n = 3). Data are shown as mean ± SD; n indicates the number of biologically independent 
samples. *P < 0.05, **P < 0.01, ***P < 0.001. 
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3.3 Preparation and characterization of ITMN 

The process of preparation of the ITMN patch is shown in Fig. 5A. First, the NEN solution 

is adequately filled into the pores of the microneedle mould by centrifugation, and then the drug-

containing temperature-sensitive needles is produced by UV light irradiation. Next, a microneedle 

base solution without the temperature-sensitive material and drug is added, followed by UV 

irradiation and drying to produce the complete microneedle. 

As a novel form of transdermal drug delivery, microneedles are able to overcome the barrier 

of the stratum corneum and penetrate the dermis at a certain depth, which allows the drug to be 

rapidly absorbed through local capillary and lymphatic networks [30]. Therefore, having a certain 

mechanical strength to penetrate the skin is essential for microneedles to be effective. To evaluate 

the mechanical strength of ITMN, insulin thermosensitive microneedles with 1%, 4% and 8% of 

cross-linker were prepared and the fracture force of the microneedle patch was measured by an 

electronic universal testing machine to obtain the force-displacement curve. The results are shown 

in Fig. 5B. The increased percentage of crosslinker increased the stiffness of the microneedle but 

weakened the strength of the microneedle. By comparison, the thermosensitive microneedles with 

1% cross-linking agent had the highest strength and were the least likely to cause fracture of the 

needles in application, with a fracture force of approximately 0.30 N/needle, which is greater than 

the 0.058 N/needle required to penetrate the skin [31,32]. This result reaffirms that the choice of 1% 

crosslinker for the preparation of thermosensitive microneedles results in better physical properties. 

The morphological characterization of the microneedles was then performed. The ITMN 

images taken with a digital camera are shown in Fig. 5C, which shows that the prepared 

microneedle patches are transparent and have a regular array structure. Meanwhile, the 

microneedles were imaged by scanning electron microscopy (Fig. 5D), showing a neat array of 

ITMN with conical shaped needles and a sharp tip, which is beneficial for penetrating the skin and 

improving drug utilization. Subsequently, the encapsulated drug was replaced with BSA-FITC to 

produce microneedles with fluorescent needles, and photographed by fluorescence microscopy. 

As shown in Fig. 5E, both temperature-sensitive and non-temperature-sensitive microneedles were 

over 600 μm in length, and the drug was successfully loaded into the needle body and deposited 
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mostly at the tip, probably due to centrifugation, which coincided with the efficient penetration of 

the drug through the skin stratum corneum. 

 

Fig.5 Preparation and characterization of thermosensitive microneedles. (A) Schematic representation of 
ITMN prepared by in situ photopolymerization strategy. (B) Mechanical strength assay of ITMN. (C) Digital 
camera photograph of ITMN. (D) Scanning electron microscope image of ITMN. Scale bars, 500 μm (left panel), 
100 μm (right panel). (E) Fluorescence microscopy images of a BSA-FITC-loaded thermosensitive microneedles 
(i) and non-thermosensitive microneedles (ii). Scale bars, 400 μm. 
 

3.4 In vitro release of BSA-FITC thermosensitive microneedles 

After investigating the in vitro temperature-sensitive release behaviour of samples with 

different mass ratios of NIPAm to NVP, microneedles with the best release ratio (NIPAm: NVP 

mass ratio of 5:4) were selected for subsequent release studies. The in vitro release behaviour of 

the thermosensitive microneedles was first examined by encapsulating the model drug BSA-FITC. 

BSA-FITC thermosensitive microneedles (BSA-TMN) and BSA-FITC non-temperature-sensitive 

microneedles (BSA-NVP-MN) were placed in PBS solution and both groups were divided into 
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two groups heated at 33°C and 41°C for 24 h. The release of BSA-FITC was measured in this 

period. As shown in Fig. 6A, BSA-TMN released 46.1% of BSA-FITC in PBS solution at 41°C 

for 24 h, while only 19.7% of BSA-FITC was released at 33°C, showing a large difference in 

release at different temperatures. In contrast, the non-temperature sensitive control BSA-NVP-MN 

released similar amounts at 41°C and 33°C, both at around 42% (Fig. 6B). The above results 

indicate that the prepared temperature-sensitive microneedles had excellent temperature-

dependent drug release compared to non-temperature-sensitive microneedles.  

Typically, insulin has an onset time of 15-30 min in vivo [33,34]. Based on this, we placed the 

microneedles in PBS solution and set them to be heated at 41°C for 20 min and subsequently 

lowered to 33°C for 60 min as a temperature cycle to simulate the release behaviour of the 

microneedles during actual use. The results are shown in Fig. 6C. The BSA-TMN release profile 

showed a stepwise pattern in the first five temperature cycles, with a higher release rate at 41°C 

and a flatter release at 33°C, which proved that the drug release of this formulation was sensitive 

to temperature response and reached 39.0% after seven cycles for the temperature-sensitive 

formulation. Instead, the BSA-FITC in BSA-NVP-MN was released at a certain rate of gentle 

release (Fig. 6D) and the effect of temperature on its release rate was weak. 

To further simulate the in vivo release of the drug, the transdermal diffusion cell was 

employed to examine the in vitro skin penetration of BSA-TMN and BSA-NVP-MN. The 

microneedles were first pierced into the skin of mice, and then the microneedles and mouse skin 

were fixed in the transdermal diffusion cell and subjected to seven temperature cycles of 41°C (20 

min)-33°C (60 min). The results are shown in Fig. 6E. The transdermal release of the BSA-TMN 

group was stepwise and clearly temperature dependent, releasing approximately 10.9% of BSA-

FITC after 560 min. Whereas the release of the BSA-NVP-MN group did not vary with 

temperature, with approximately 14% of BSA-FITC released after seven cycles (Fig. 6F). 

From the above results, it was observed that the thermosensitive microneedle designed in this 

project has the property of temperature-controlled drug release, while the non-thermosensitive 

microneedle has no such property. In clinical practice, controlled release of insulin is essential for 

stabilizing blood glucose in diabetic patients, as uncontrolled over-release of insulin could lead to 

serious consequences such as hypoglycemic coma [25,35]. Therefore, we have designed a 
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thermosensitive microneedle to facilitate a safe and convenient option for the treatment of diabetic 

patients. 

 
Fig.6 In vitro and ex vivo skin penetration studies of drug release from thermosensitive microneedles 
encapsulating the BSA-FITC in PBS solution. (A) BSA-FITC release from BSA-TMN in PBS solution at 
41°C and 33°C for 24 h (n = 3). (B) BSA-FITC release from BSA-NVP-MN in PBS solution at 41°C and 33°C 
for 24 h (n = 3). (C) BSA-FITC release from BSA-TMN in PBS solution subjected to seven 41°C-33°C 
temperature cycles (n = 3). (D) BSA-FITC release from BSA-NVP-MN in PBS solution subjected to seven 
41°C-33°C temperature cycles (n = 3). (E) BSA-FITC release from BSA-TMN during seven 41°C-33°C 
temperature cycles in a transdermal diffusion cell (n = 3). (F) BSA-FITC release from BSA-NVP-MN during 
seven 41°C-33°C temperature cycles in a transdermal diffusion cell (n = 3). Data are shown as mean ± standard 
deviation; n indicates the number of biologically independent samples. *P < 0.05, **P < 0.01, ***P < 0.001. 
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3.5 In vitro release of the ITMN patch 

Following the study of the release behaviour of BSA-FITC within microneedles, insulin 

encapsulation was continued to verify the in vitro release of thermosensitive microneedles. First, 

thermosensitive microneedles (ITMN) and non-thermosensitive microneedles (NVP-MN) loaded 

with insulin or insulin-FITC were placed in PBS solution, set at 33°C and 41°C for 24 h. The 

results of the fluorescence quantification are shown in Fig. 7A, 7B. In 24 h, ITMN released 49.8% 

of insulin-FITC in PBS at 41°C and only 22.7% of insulin-FITC at 33°C. NVP-MN, which has no 

temperature-sensitive properties, released similar amounts of insulin at 41°C and 33°C, about 

45.7%. The results of the insulin release measured by the Kormas Brilliant Blue method showed 

the similar results. ITMN released 54.4% of insulin at 41°C and 23.7% at 33°C, while NVP-MN 

released almost the same amount of insulin at both temperatures (Fig. S1A, S1B). Thus, the results 

once again demonstrated a pronounced temperature dependence of drug release from the prepared 

thermosensitive microneedles compared to the non-thermosensitive group. 

The temperature cycling of 41°C (20min)-33°C (60min) was further performed to simulate 

the release behaviour of the microneedles during actual application. The results of the fluorescence 

quantification are shown in Fig. 7C-D. The release rate of insulin-FITC encapsulated in ITMN 

was higher at 41°C and flatter at 33°C. After seven cycles, the release of insulin-FITC reached 

40.2%. On the other hand, the release of NVP-MN was remained smooth and the effect of 

temperature on its release rate was less, which was also consistent with the release of insulin 

measured by the Kormas Brilliant Blue method (Fig. S1C, S1D). 

Next the ex vivo skin penetration of encapsulated insulin-FITC microneedles was examined. 

ITMN and NVP-MN were punctured into the skin of mice and then subjected to seven temperature 

cycles of 41°C (20 min)-33°C (60 min) in a transdermal diffusion cell. As shown in Fig. 7E-F, the 

rate of transdermal release of insulin-FITC from ITMN in the first four cycles was stepwise, with 

a clear temperature dependence, and approximately 14.8% of insulin-FITC was released after 

seven cycles, while the release of NVP-MN was not stepwise, indicating that it had no control 

behaviour on insulin release. The above results confirm again that the thermosensitive microneedle 

in this subject is capable of temperature-controlled drug release and is a novel non-soluble 

microneedle with great application value. 
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Fig.7 In vitro release of thermosensitive microneedles encapsulating insulin-FITC in PBS solution and ex 
vivo skin penetration studies. (A) Release of insulin-FITC from ITMN in PBS solution at 41°C and 33°C for 
24 h (n = 3). (B) Insulin-FITC release from NVP-MN in PBS solution at 41°C and 33°C for 24 h (n = 3). (C) 
Insulin-FITC release from ITMN in PBS solution for seven 41°C-33°C temperature cycles (n = 3). (D) Insulin-
FITC release from NVP-MN in PBS solution for seven temperature cycles of 41°C-33°C (n = 3). (E) Insulin-
FITC release from ITMN during seven 41°C-33°C temperature cycles in a transdermal diffusion cell (n = 3). (F) 
Insulin-FITC release from NVP-MN during seven 41°C-33°C temperature cycles in a transdermal diffusion cell 
(n = 3). Data are shown as mean ± standard deviation; n indicates the number of biologically independent 
samples. *P < 0.05, **P < 0.01, ***P < 0.001. 
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3.6 In vivo application study of ITMN in mice 

Based on the validation that thermosensitive microneedle release in vitro is temperature-

controlled a study was conducted on the application of ITMN patch in mice. Typan blue is a cell-

active dye that is unable to penetrate the cuticle under normal physiological conditions; when the 

cuticle is broken, it is able to stain the internal tissue through the break [36]. We applied ITMN 

vertically to the dorsal skin of mice treated with hair removal, and subsequently stained the area 

with 0.4% Typan blue solution. The results are shown in Fig. 8A, where clear and neat pinholes 

are visible on the surface of the skin after application of the microneedles. 

In addition, the mechanical strength and safety of the microneedles were further investigated 

by H&E staining of the mouse skin. As shown in Fig. 8B-i, the skin of mice showed microneedle-

like depressions and partial fracture of the stratum corneum after ITMN patch application, whereas 

the untreated skin surface of mice was smooth and coherent (Fig. 8B-ii). Meanwhile, no 

inflammatory reactions were observed in the skin of the mice after ITMN application, which has 

a high safety profile. The above results confirm that the prepared thermosensitive microneedles 

have satisfactory mechanical strength, capable of effectively breaching the barrier effect of the 

skin stratum corneum and improving the efficiency of transdermal drug delivery. 

ITMN was then applied vertically to the dorsal skin of the depilated mice and the application 

sites were photographed at 0, 10 and 30 min after removal of the microneedles. As shown in Fig. 

8C, when the microneedles were first removed, the marks were clearly visible; by the 10th minute, 

the marks had disappeared; and by the 30th minute, the skin of the mice had basically returned to 

normal. These results demonstrate that the prepared thermosensitive microneedles have excellent 

safety and are non-allergenic. 

Finally, the therapeutic effect of ITMN in diabetic mice was examined. ICR mice with type 

I diabetes were divided into the ITMN+Heating group, ITMN+RT (ITMN unheated room 

temperature group), NVP-MN, sc insulin (subcutaneous insulin injection group) and Non-treated 

Healthy group and applied to the skin of the back of the mice (Fig. 8D). In the ITMN+Heating 

group, the ITMN was first heated for 20 min and then the blood glucose was measured after 10 

min: if the blood glucose was excessive, the heating was continued for 20 min; if the blood glucose 

was normal, the heating was stopped. The above process was continued for 10 hours. Following 
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the treatment of each group of diabetic mice, the mice in the ITMN+Heating group were able to 

maintain normal blood glucose levels for about 6 hours between 2 and 7 hours, while the mice in 

the other microneedle preparation groups did not have a significant decrease in blood glucose and 

were still in a hyperglycemic state. Furthermore, the mice in the subcutaneous insulin injection 

group were only allowed to maintain normal blood glucose levels for a relatively short period of 

time. Therefore, the in vivo treatment results proved that ITMN, when used in combination with 

the blood glucose testing device, can precisely restore blood glucose in diabetic mice by 

temperature-initiated insulin release during hyperglycemia, and stop the release of large amounts 

of insulin during normoglycemia, ultimately achieving stable blood glucose for a longer period of 

time, providing a safe and long-lasting convenient treatment for diabetic patients (Fig. 8E). 

 

 
Fig.8 In vivo efficacy validation of ITMN. (A) The dorsal skin of mice before and after the application of 
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ITMN after trypan blue staining. Scale bar, 1 mm. (B) H&E staining of mouse skin after ITMN treatment (i) and 
without treatment (ii). Scale bar, 100 μm. (C) Dorsal skin of mice after 0, 10 and 30 min of ITMN application. 
(D) Schematic representation of ITMN administration in diabetic mice. (E) Plot of in vivo blood glucose changes 
in mice after administration of each group of microneedles (n = 3). RT = room temperature. SC = subcutaneous 
injection. Data are shown as mean ± standard deviation; n indicates the number of biologically independent 
samples. 

 

4. Conclusion 

In summary, we have produced insulin thermosensitive microneedles with promising 

mechanical strength and safety by a simple in situ photopolymerization method, which 

demonstrated excellent thermosensitive release performance in vitro and in vivo, and effectively 

avoided various adverse effects caused by insufficient or excessive drug release, and precisely 

controlled blood glucose in type I diabetic mice. In this study, insulin was encapsulated in the 

thermosensitive microneedle in a simple and gentle manner, and its encapsulation rate was close 

to 100%, while the protein-based drug activity was successfully retained. Additionally, the 

thermosensitive microneedle only swells but does not dissolve when applied, avoiding both 

allergic reactions to the skin and the problem of sudden drug release caused by the dissolution of 

the microneedle. Finally, when combined with a blood glucose detection device, it enables a 

closed-loop diabetes diagnosis and treatment function in real time, which holds the promise of 

exploring precise and personalized diabetes therapy. 
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Supporting information 
 

Thermosensitive microneedles capable of on demand insulin 
release for precise diabetes treatment 

 

Fig.S1 In vitro release of insulin-loaded thermosensitive microneedles in PBS solution (measured by 

Coomassie brilliant blue method). (A) Insulin release from ITMN in PBS solution at 41°C and 33°C for 24 h 

(n = 3). (B) Insulin release of NVP-MN in PBS solution at 41°C and 33°C for 24 h (n = 3). (C) Insulin release 

from ITMN in PBS solution for seven temperature cycles from 41°C to 33°C (n = 3). (D) Insulin release profile 

of NVP-MN in PBS solution for seven temperature cycles of 41°C-33°C (n = 3). Data are shown as mean ± SD; 

n represents the number of biologically independent samples. *P < 0.05, **P < 0.01, ***P < 0.001. 
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