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Abstract: Hollow microneedle patches (HMNPs) have great promise for efficient and precise transdermal drug delivery in a 
painless manner. Currently, the clinical application of HMNPs is restricted by its complex manufacturing processes. Here, we 
use a new three-dimensional (3D) printing technology, static optical projection lithography (SOPL), for the fast fabrication 
of HMNPs. In this technology, a light beam is modulated into a customized pattern by a digital micromirror device (DMD) 
and projected to induce the spatial polymerization of monomer solutions which is controlled by the distribution of the light 
intensity in the monomer solutions. After an annulus picture is inputted into the DMD via the computer, the microneedles 
with hollow-cone structure can be precisely printed in seconds. By designing the printing pictures, the personalized HMNPs 
can be fast customized, which can afford the scale-up preparation of personalized HMNPs. Meanwhile, the obtained hollow 
microneedles (HMNs) have smooth surface without layer-by-layer structure in the commonly 3D-printed products. After 
being equipped with a micro-syringe, the HMNPs can efficiently deliver insulin into the skin by injection, resulting in effective 
control of the blood glucose level in diabetic mice. This work demonstrates a SOPL-based 3D printing technology for fast 
customization of HMNPs with promising medical applications.
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1. Introduction
Microneedles are micron-sized needles, capable of 
perforating stratum corneum painlessly and delivering 
drugs into the body. The primary superiority of 
microneedles is that they combine the potential 
delivery ability of a hypodermic needle with the user-
friendly benefits of a percutaneous patch. Based on the 
application characteristics of microneedles, they can be 
divided into solid microneedles, coated microneedles, 
dissolving microneedles, porous microneedles, and 
hollow microneedles (HMNs). The pretreatment of 
skin with solid microneedles in advance promotes the 
permeation of transdermal preparations (e.g., ointments, 
gels, and emulsions). Solid microneedles can also be 

used to destroy the skin cell structures and induce the 
expression and deposition of elastin and collagen. Coated 
microneedles deliver the drugs coated on the surface of 
microneedles into the skin. Dissolving microneedles are 
made of dissolvable materials and release the drugs after 
microneedle dissolution. Porous microneedles release the 
drug into the skin through the pores of the needle body, 
such as swelling hydrogel-forming microneedle[1], and 
other porous microneedles[2-4]. HMNs can be regarded 
as scaled-down traditional hypodermic needles with a 
micron-level length and diameter. When connected to 
a syringe or device, they have the potential to replace 
syringe-based administration that usually causes fear 
in the user. Compared with the other four types of 
microneedles, HMNs have major advantages, such as 
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rapid drug delivery directly into the body without a time-
consuming slow penetration and release process, and 
a higher drug utilization rate. By combining with the 
minimally invasive, painless, and convenient delivery 
of microneedles, HMNs have been used for transdermal 
drug delivery of insulin[5,6], vaccine[7,8], lidocaine,[9] etc.

HMN patches (HMNPs) are commonly fabricated 
using microelectromechanical systems (MEMS) 
techniques, including photolithography[10,11], etching[12,13], 
laser direct writing,[14] etc. In these methods, a thin 
substrate film is firstly created by chemical, physical vapor 
deposition, or spin coating. Next, the two-dimensional 
master pattern of the required material is transferred 
from the original photomask to the photosensitive film 
on the substrate by photolithography technology. Finally, 
microneedles are made by wet or dry (plasma-based) 
etching[15]. However, MEMS techniques cannot achieve 
the high-precision manufacturing of HMNs with fine 
structures. In addition, MEMS techniques can hardly be 
used for customization and large-scale manufacturing 
because of the cumbersome, time-consuming, and costly 
manufacturing processes. Therefore, the translation of 
HMNPs to clinical applications is challenging and novel 
techniques for rapid fabrication of HMNPs are urgently 
needed.

Recently, three-dimensional (3D) printing 
technology has been used to flexibly customize with 
intricate structures, and the manufacturing period has been 
decreased to dozens of minutes[14,16-18]. For example, laser 
stereolithography (SLA) can be used to fabricate cone- and 
pyramid-shaped HMNs and basic syringe-shaped needle 
arrays (12.5  min are needed for the generation of each 
device)[17]. Liquid crystal display vat polymerization and 
digital light processing (DLP) have an improved molding 
speed when constructing HMNs[16,19]. These 3D printing 
technologies shorten the fabrication period and simplify 
the production processes of customized HMNs. However, 
layer-by-layer additive manufacturing always resulted in a 
layered structure, which affects the mechanical properties 
of the microneedle and potentially causes needle break 
and penetration failure during use. The layer-by-layer 
structure can be improved by high printing precision, 
such as high-precision two-photon polymerization (TPP). 
Moreover, TPP enables the fabrication of HMNs with 
various straightforward shapes and small openings[20] 
as well as in-plane and out-of-plane microneedles with 
different aspect ratios[18,21]. However, it requires a long 
period to prepare microneedle arrays (10 min per needle) 
by TPP[14], leaving considerable room for improvement in 
terms of fabrication speed. Together, it remains a challenge 
to rapidly fabricate high-quality HMNs. Nonetheless, 
our group developed a 3D printing technology, namely 
static optical projection lithography (SOPL), for rapid 
customizing high-quality solid microneedle arrays[22]. 

The obtained solid microneedles do not have the stair-like 
surface and layer-by-layer structure that are associated 
with the common 3D-printing technologies.

Herein, we innovatively use the SOPL technique 
for rapid customization of HMNPs within 5 s. In this 
technology, the digital light is modulated by a digital 
micromirror device (DMD) and projected to induce 
spatial polymerization controlled by the distribution of the 
light intensity in the monomer solutions. After an annulus 
picture is inputted into the DMD via the computer, the 
microneedles with hollow-cone structure can be precisely 
printed in seconds. By adjusting printing pictures, various 
structures of HMNs can be customized. The obtained 
HMNs have smooth surfaces and good mechanical 
properties. After being equipped with a micro-syringe, 
the HMNP enables the quantitative, minimally invasive, 
and pain-free insulin injection, which greatly reduces 
physical pain and mental anguish.

2. Materials and methods
2.1. Materials
Photosensitive resin was purchased from Ausbond 
(China). Cell-Counting Kit-8 was purchased from 
SUNBAO BIOTECH (China). Quick-drying adhesive 
was obtained from ergo (Switzerland). Agarose gel was 
purchased from Bioweste (Spain). Insulin injection was 
purchased from Jiangsu Wanbang Biochemical Medicine 
Co., Ltd (China). Streptozocin (STZ) was purchased 
from BioFroxx (Germany). All chemical reagents were 
of analytical grade. C57BL/6 mice were provided by 
Chengdu Dossy Experimental Animals Co., LTD. Animal 
studies were in compliance with the guidelines for the 
ethical use of animals and were conducted at State Key 
Laboratory of Biotherapy, Sichuan University, China.

2.2. HMNPs customized by SOPL
The main modules for SOPL equipment to prepare HMNPs 
are excitation light source, DMD chip, high magnification 
micromirror, and reservoir. Printing picture is one of the 
key points of this technology. The printing picture of a 
HMN, made of Adobe Photoshop CC 2019, consists of 
two non-concentric circles, which can be regarded as an 
annulus. Its small inner circle represents the unexposed 
area, while the large outer circle represents the exposed 
area. Large circle and small circle are overlaid to form an 
annular pattern of the exposure area. The size of the large 
white circle represents the bottom size of the HMN. The 
size of the small black circle and the relative position to 
the large circle represent the opening size and opening 
position of the HMN, respectively.

The preparation of the HMN was as follows: First, 
the printing picture of the HMN was inputted into a DLP 
LightCrafter 4500 Control Software. Second, a light beam 
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(405 nm) was modulated into the customized pattern of 
the HMN by DMD on the basis of the aforementioned 
printing picture. Thirdly, digital light projected from 
DMD was adjusted by a high magnification microlens to 
improve the printing resolution. Finally, the resin in the 
reservoir was solidified according to the special spatial 
distribution of digital light in the monomer solutions and 
a 3D structure was formed. In addition, various structures 
of HMNs were prepared by adjusting printing pictures.

HMNPs were fabricated to prepare HMN syringes. 
The printing picture of the HMN array and substrate 
were drawn respectively. Multiple annular pictures 
were arranged to form a printing picture of the HMN 
array. The printing picture of the substrate was set as a 
rectangular picture with large white circles of HMNs 
turned to nonexposed area. The glass slide was placed 
on a photosensitive resin bath before printing. The 
HMNP was printed consecutively in two steps. First, the 
photosensitive resin underwent polymerization under the 
first projected light pattern originating from the printing 
picture of HMN array and HMNs formed. Then, the 
second projected light pattern from the printing picture of 
the substrate was exposed in turn, and the substrate of the 
HMNP was printed and the HMMP was obtained.

The morphology of 3D-printed HMNs and HMNPs 
were observed by the camera and scanning electron 
microscope (SEM) (JSM-7500F) at 15 kV.

2.3. Simulation of the HMN formation process
To visualize the diffractive lithography by microlens effect 
and the complicated diffracted intensity distribution within 
the photosensitive resin in our fabrication, numerical 
simulation was implemented using an electromagnetic 
wave beam envelope module in COMSOL Multiphysics 
software. The ultraviolet (UV) light electric field when 
z = 0 (the surface of liquid resin), namely, E (r’, 0) was 
introduced as uniform distribution propagating along 
the positive z-direction. The original intensity at z =0 
was set as I0 = 30 mW.cm–2, according to the UV power 
measurement and the attenuation coefficients along 
needle growing direction were set as C0=0.9627, C1=0, 
and C2=0.002878, respectively[23,24].

2.4. Post-treatment of HMNPs
The printed HMNPs were separated from the glass 
slide with a sharp blade. Since there were residual 
uncured materials on the printed products, HMNPs were 
soaked in anhydrous ethanol 3  times (each with 2 min) 
to completely remove the residual resin on the surface 
and in the cavity of microneedles. HMNPs were then 
dried. To enhance the mechanical properties of printed 
objects, HMNPs were exposed to UV-visible radiation 
at 450  nm under a light-emitting diode, LED lamp for 
3 min to polymerize remaining uncured resin. They were 

successively soaked in 75% ethanol for 24  h and ×1 
phosphate-buffered saline (PBS) for 24 h to improve the 
biocompatibility of HMNPs. The resultant HMNPs were 
dried at room temperature before used.

2.5. In vitro biocompatibility of HMNPs
In accordance with EN ISO 10993-12:2012 guidelines, 
the in vitro biocompatibility of HMNPs was conducted 
using six 1 cm3 cubes with the same printing materials 
and post-processing as HMNPs. The cubes were soaked 
in 6 ml of PBS for 24 h to obtain the extract of printing 
materials[25’26]. Skin cells of human adult low calcium high 
temperature (HaCaT, human-immortalized keratinocytes) 
and human dermal fibroblast (HDF) were used to assess 
the toxicity of the printed HMNPs. Cells were cultured in 
each well of 96-well microtiter plates, treated with 180 μl 
of fresh culture medium plus 20 μl of the extract for each 
well. The negative control was incubated with 180 μl 
of fresh culture medium and 20 μl of sterile PBS. After 
incubated for 24 h (day 1) and 72 h (day 3), CCK-8 assay 
was used to analyze cell viability with an absorbance 
wavelength of 450 nm.

2.6. Mechanical strength testing of HMNs
Compression test of a single HMN was performed to 
investigate the mechanical property of HMNs by a dynamic 
mechanical analysis (DMA) (Q800 TA Instruments). 
In brief, a single HMN was placed on the test stage 
positioned vertically and a metal probe was moved to the 
point where it touched the tip of HMN. The metal probe 
was then moved vertically downward at a compressive 
force of 2.5 N/min. The deformation process of the HMN 
during compression tests was captured by a camera. The 
relationship between compression displacement and 
static force was recorded by TA Instruments Universal 
Analysis 2000 (software of DMA). The fracture (failure) 
force was the turning point of static force on the curve.

2.7. Puncture experiment and skin healing 
experiment
Puncture experiment was applied on the skin of mice to 
evaluate the skin insertion ability of HMNPs. The hair on 
the back of mouse was shaved and depilated immediately 
after death by over anesthesia of the mouse and then 
wiped clean with saline. HMNPs were inserted into the 
dorsal skin of mice for 3  min to check their puncture 
ability. Then, the treated skin was fixed with formalin for 
48 h and rinsed with running water for 2 h. Samples were 
then dehydrated before they were embedded in paraffin. 
Five-micrometer-thick cross-sections were cut from the 
samples followed by hematoxylin-eosin (H&E) staining. 
In addition, we applied HMNPs to the mouse skin for 
3 min, and then removed them to verify whether the skin 
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would quickly heal after microneedle treatment. The skin 
of mice was observed with the naked eye at 0, 10, 20, 
30, 60, and 120 min after the HMNP application. Pictures 
were taken with a camera for recording them.

2.8. Preparation of HMN syringe
A 3D-printed HMNP was pasted after post-treatment 
on the punched steel plate with quick-drying adhesive. 
The punched steel plate had the same size as HMNP, 
and the holes in the plate correspond to the cavities of 
microneedles. The HMN syringe was then formed by 
connecting HMNP at one end of the converter and 
a micro-syringe at the other end. The converter was 
customized by 3D printing technology of SLA to match 
HMNPs and micro-syringes.

2.9. Delivery ability of HMN syringe in vitro
The agarose gel was used as an in vitro skin model and 
rhodamine as the model drug to assess the in vitro drug 
delivery ability of the HMN syringe. According to the 
literature[27], agarose powder was added with distilled 
water (0.0265 g/mL), heated to 100°C until completely 
dissolved, and then poured into the mold for cooling and 
molding for later use. Rhodamine was slowly injected 
into the above skin model using the HMN syringe, and 
the delivery process was photographed under an optical 
microscope.

2.10. Mouse models of diabetes
C57BL/6 mice were placed in a pathogen-free room with 
a 12 h light-dark cycle. The diabetic mouse was induced 
by STZ. Generally, male C57BL/6 mice (6 – 8 weeks old) 
were intraperitoneally injected with 2% STZ (150 mg/kg) 
after overnight fasting. Mice were then fed with a normal 
diet. One week later, the experiment was carried out in 
the morning where diabetic mice had fasted for 12  h. 
The blood was collected from tail clipping, and blood 
glucose levels were monitored with a glucometer of 
Yuwell. Fasting blood glucose higher than 16.7 mmol/L 
(or 300 mg/dl) were confirmed as type 1 diabetic mice 
and were used for further experiment[28].

2.11. Blood glucose control study in type 1 
diabetic mice
The experiment began in the morning with diabetic 
mice fasted for 12  h. The hair of mice was partially 
shaved the day before the experiment to facilitate the 
injection. The initial blood glucose levels of the diabetic 
mice were measured at first. Diabetic mice with similar 
blood glucose were randomly divided into three groups 
(n = 5 for each group) with untreated diabetic mice as 
the negative control group, commercial insulin syringe 
as the positive control group, and HMN syringe group. 

The insulin injection dose of two IU/kg was selected for 
the positive control group and experimental group to 
avoid hypoglycemia. The blood glucose levels were then 
monitored at 0, 0.5, 1, 2, and 4 h after insulin injection. 
In the negative control group, mice received no other 
treatment except that blood was collected at the same 
time to monitor blood glucose levels.

2.12. Ethics statement
The experimental procedures were approved by the 
Institutional Animal Care and Use Committee of West 
China Hospital of Sichuan University (20211424A) and 
were performed in accordance with the guidelines and 
regulations of the Sichuan University Committee on 
Animal Research and Ethics.

2.13. Statistical/data analysis
All data were analyzed and arranged using GraphPad 
Prism 8 (GraphPad Software Inc., CA, USA). The 
significance of the data was calculated using Student’s 
t-test or one-way ANOVA methods. Results were 
presented as means with standard error of the mean and a 
P < 0.05 was considered statistically significant.

3. Results
3.1. HMNPs customized by SOPL
Schematic diagram for fabricating HMNPs via SOPL is 
depicted in Figure 1. During the printing process, according 
to the printing picture, a light beam was modulated into a 
customized pattern by a DMD and then passed through a 
high magnification microlens, which significantly improved 
the printing resolution to 5 μm. An annulus consisting of 
two non-concentric circles, namely a large white circle and 
a small black circle was designed in the printing picture 
to customize the HMN. The white circle represented the 
area exposed by the digital light, and the black circle was 
the unexposed area. The formation principle of HMNs 
was based on the spatial intensity distribution of projected 
annulus light. On the one hand, the light intensity distribution 
of circle light gradually weakened from the center of the 
focal plane to the outside and resembled an inverted cone. 
The small black circle represented nonexposed area, thus 
forming a hollow-cone structure. On the other side, the 
light intensity was greatly reduced after being absorbed 
by photosensitive resin according to the Beer-Lambert 
Law. The unique distribution of light intensity enabled the 
formation of HMNs accordingly. In addition, we simulated 
the light propagation and light intensity distribution during 
printing (see video in Supplementary File) to visualize the 
formation process of the HMN. It can be observed that the 
hollow-cone light intensity distribution was adjusted with 
the curing of the monomer solution, and finally, the HMN 
was formed.



Figure 1. Schematic diagram of fabrication principle of hollow microneedle patches (HMNPs) via static optical projection lithography.
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HMNs with three different opening sizes were 
obtained (Figure  2B and C) by adjusting the size of 
small black circles in printing pictures (Figure 2A). The 
opening sizes of HMNs enlarged with the increase of small 
black circles in size, and the bottom of HMNs remained 
unchanged when keeping large white circles unchanged. 
HMNs with five different opening positions are formed 
by adjusting the relative position of small black circles 
(Figure 3). The HMNs in Figure 3A-C had holes at the 

bottom; while HMNs in Figure 3D and E had no holes 
at the bottom. This is mainly due to the different intensity 
distribution of digital light in photosensitive resin. When 
the small black circle is too close to the edge of the large 
white circle, the exposure area at the edge is small and 
the light intensity is not enough to support the closed 
loop at the bottom of the HMN. When the small black 
circle is too close to the center of the large white circle, 
the stronger annular light will be scattered in the solution, 

Figure 2. The morphologies of hollow microneedles (HMNs) observed by scanning electron microscope (SEM). As the size of small black 
circles in printing pictures increased, the opening sizes of HMNs were enlarged. (A) Printing pictures. (B) HMNs with different opening 
sizes (Scale bar: 300 μm). (C) HMN arrays with different opening sizes (Scale bar: 500 μm).

C

B

A
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thus blocking the cavity of the microneedle. All the HMNs 
can be fabricated by a single exposure within 5 s. These 
results indicate that SOPL technology can flexibly and 
rapidly customize HMNs with various structures, which 
may have broader applications. For instance, HMNs with 
large openings can be made into coated HMNs, which 
would increase drug loading efficiency[29].

HMNPs can be fabricated by sequentially exposing 
printing pictures of HMN arrays and substrates. SOPL 
technique can customize HMN arrays with various 
alignments by designing printing pictures. For example, 
HMNPs with the aligned arrangement and dislocated 
arrangement were portrayed in Figure  4A and B, 
respectively. As shown in Figure  4A, a 5 × 8 aligned 
HMNP could be obtained by exposing the specific printing 
pictures of the HMN array and the substrate in sequence. 
The dislocation-arranged HMNP could be prepared 
by changing the arrangement of the printing pictures 
(Figure 4B). It was worth noting that the printing picture 

of the substrate should be consistent with the arrangement 
of the large white circles. A 10 × 6 mm HMNP could be 
formed within 5 s via rapid photopolymerization. SEM 
showed that the height of each HMN was about 1000 
μm. HMNs had distinct opening and sharp tip without 
the layered structure commonly associated with other 3D 
printing methods (Figure 4B).

In short, to fabricate the ideal HMNPs, the first step 
is to design printing pictures. For example, the sizes of 
the large white circle and the small black circle, which 
are related to the sizes of the bottom and opening of the 
HMNs. The relative position of the small black circle 
and the white circle is designed to prepare the suitable 
structure of HMN. The arrangement between the large 
white circles and the shape of the substrate determines 
the distribution of the microneedle array and the structure 
of the patch respectively. Then, according to the designed 
printing pictures, digital light allows the photosensitive 
materials to rapidly polymerize to form the HMNP 

Figure 3. The morphologies of HMNs with different opening positions observed by SEM (Scale bars: 500 μm). (A-C) HMNs had holes at 
the bottom. (D-E) HMNs had no holes at the bottom.

EDCBA

Figure 4. The printing pictures and morphologies of HMNPs. (A) A HMNP with aligned arrangement observed by camera (Scale bar: 
1 mm). (B) A HMNP with dislocated arrangement observed by SEM (Scale bar: 500 μm).

BA



Figure 5. Relative cell viability of human adult low calcium high 
temperature (HaCaT) and human dermal fibroblast (HDF) cells as 
a percentage of their controls after 24 h and 72 h of incubation with 
3D printed polymer extract. Data are mean ± standard error of the 
mean (n = 6).
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without layer-by-layer structure. As a result, SOPL 
technology enables rapid customization of high-quality 
HMNPs.

3.2. In vitro biocompatibility of HMNPs
The safety issue of materials used in 3D printing was 
controversial[30] and the biocompatibility of the printing 
ink should be evaluated. In this study, the cytotoxicity of 
the extract of printing material was used to assess the in 
vitro biocompatibility of HMNP. The printed 1 cm3 cubes 
were processed according to section 2.4. Post-treatment 
of HMNPs for the extract, and then co-incubated with 
HaCaT and HDF cells. The relative cell viability of cells 
incubated with the extract of 3D printing material had no 
significant difference at 24 h (1 day) and 72 h (3 days) 
when compared with the cells incubated with PBS 
(Figure 5). This implies that 3D-printed HMNPs have no 
cytotoxicity to skin cells after post-treatment.

3.3. Mechanical strength testing of HMNs
Microneedles must have enough mechanical strength 
to retain their intact shape when used for drug delivery. 
Therefore, it is necessary to test the mechanical strength 
of HMNs. The schematic diagram of mechanical test of 
a HMN is shown in Figure 6A. The HMN was placed 
on the test stage positioned vertically and a metal probe 
moved vertically downward at a compressive force of 
2.5N/min. From the pictures of the compression process, 
the HMN initially remained intact, then gradually 
fractured (Figure 6B). Force-displacement curve showed 
the relationship between displacement and the force was 
almost linear at the outset. Thereafter, the HMN was 
broken, the curve shook suddenly, and the arrow in the 
figure indicated its turning point with the compression 

distance of about 250 μm and compression strength of 
about 4 N. It was reported that insertion forces of 0.1 – 
3 N were sufficient to permit insertion by hand[31]. This 
reveals that the mechanical strength of HMNs is sufficient 
for skin puncture.

3.4. Puncture experiment and skin healing 
experiment on mouse skin
Good puncture ability is critical for the microneedles 
to pierce stratum corneum and to assess the efficacy 
of transdermal drug delivery. As shown in Figure  7A, 
HMNPs efficiently penetrated the skin of mice, as 
evidenced by the H&E staining of tissue section with a 
puncture depth of about 300 μm. The pores formed by 
HMNs facilitated drug injection. After puncture, the skin 
barrier should be restored to avoid infection and other 
adverse reactions. Figure 7B showed that the micropore 
array on the surface of the mouse skin could be seen by 
naked eyes, and the shape was just the same as that of 
the HMNP. Then, the micropores gradually disappeared 
after HMNPs removal. After 120  min, the skin almost 
completely recovered, indicating that the skin could heal 
from HMNP insertion. These results show that HMNPs 
can be used for drug injection in a minimally invasive 
way.

3.5. Preparation of HMN syringes
Many drugs need to be injected subcutaneously/
intracutaneously to exert their effects. HMN syringes 
transdermally deliver drugs in minimally invasive and 
painless way, showing notable advantages due to the 
convenient quantitative delivery. In this study, HMNPs 
with holes at the bottom (Figure  3C) were used to 
manufacture HMN syringes for efficient and convenient 
drug delivery. The HMN syringe was assembled according 
to the schematic diagram shown in Figure 8A. An HMN 
syringe consists of an HMNP, a 3D printed converter and 
a micro-syringe. After assembly, an actual picture of the 
HMN syringe is shown in Figure 8B, which was a small, 

Figure  6. Mechanical strength testing of HMNs. (A) Schematic 
diagrams of mechanical strength testing of an HMN. (B) Force-
displacement curve of a single HMN subjected to a compressive 
force of 2.5 N/min, and pictures for the deformation process of the 
HMN during compression tests (Scale bar: 1 mm).

BA



Figure 7. Puncture experiment and skin healing experiment. (A) Hematoxylin-eosin-stained cross-section of inserted skin by HMNs (Scale 
bar: 50 μm). (B) Skin healing images at 0 min, 10 min, 20 min, 30 min, 60 min, and 120 min after the HMNP treatment (Scale bar: 500 μm).
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portable microinjection device. Based on the range and 
scale of syringe, injection volume and injection precision 
of HMN syringe can be determined, such as 0 – 10 μl, 0 
– 25 μl, 0 – 50 μl, etc.

3.6. Delivery ability of HMN syringes in vitro
The drug delivery ability of HMN syringes needs to be 
first verified in vitro. Agarose gel is commonly used to 
simulate skin in vitro. It is a homogeneous and semi-clear 
material that enables the observation of the drug delivery 
process with an optical microscope[27]. Rhodamine is 
often used as a model drug for microneedle delivery. The 
results of multiple intermittent photographs within 0 – 
1  min showed that rhodamine gradually diffused along 
the injection site within the agarose gel while an HMN 
syringe was used to perform injection (Figure 9). These 
results indicate that HMN syringes can be used for drug 
delivery.

3.7. Blood glucose control study in type 1 
diabetic mice
People with Type 1 diabetes must inject insulin to control 
blood glucose. The long insulin needle causes huge 
physical and psychological pain to the patient. Therefore, 
repeated injection always causes poor compliance and 
unsatisfactory glycemic control. A portable HMN syringe 
is found to be useful for quantitative, minimally invasive, 
painless, and user-friendly injection, which can ease 
diabetic patients from needle phobia under traditional 
subcutaneous injection of insulin, thus improving their 
life quality.

In this study, our HMN syringes were used to 
deliver insulin for regulating blood glucose levels in 
diabetic mice. First, diabetic mice were successfully 
induced after STZ administration. The initial blood 
glucose level was 23 ± 5 mmol/L. Diabetic mice were 
then randomly divided into three groups. Diabetic 
mice in the commercial insulin syringe and HMN 
syringe group were treated with insulin (2 IU/kg). Their 
schematic representations of insulin injection are shown 

in Figure 10A and B. Commercial insulin needles often 
penetrate deep into the body, which often irritates nerves 
and causes pain. While the HMN with micron needles 
only penetrate the superficial layer of skin, which holds 
the advantages of minimal invasiveness and painlessness. 
The regulation of blood glucose levels detected at the 
time points of 0, 0.5, 1, 2, 4  h in the untreated group, 
commercial insulin syringe, and HMN syringe group are 
shown in Figure  10C. The reduction in blood glucose 
level in the HMN syringe group was similar to that in the 
commercial insulin syringe group. There was no obvious 
improvement in blood glucose levels in the untreated 
group, and the slight increase in 0.5 h might be due to 
stress response caused by blood sampling for monitoring 
blood glucose. The results indicate that the HMN syringe 
can be used for insulin injection to control blood glucose 
levels in a quantitative, minimally invasive, painless, and 
user-friendly way, which is beneficial for blood glucose 
management.

4. Discussion
Currently, HMNs have been used for drug delivery in four 
main forms, that is, coated HMNs with drug-impregnated 
outer surface and inner cavity[29], HMN-based patch-
like drug delivery system combining HMNP with drug 
reservoir[32], microinjection devices with a complex 
auxiliary injection device[5,7,8,33], and HMN syringe 

BA

Figure 8. Preparation of the HMN syringe. (A) Schematic diagram 
for assembly of an HMN syringe. (B) An actual picture of an HMN 
syringe (Scale bar: 500 μm).
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Figure 9. Delivery process of rhodamine into agarose gel by the HMN syringe (Scale bar: 200 μm).
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connecting HMN with a syringe[34-36]. However, coated 
HMNs are similar to commonly coated microneedles 
and hardly enable quantitative drug delivery. HMN-
based patch-like drug delivery system and microinjection 
devices suffer from the limitation of complicated 

preparation and difficulty in drug dosage control. 
Microinjection devices need to connect the HMNs with a 
MEMS and injection device; therefore, the entire device 
has a large volume and is not conducive to portable use. 
In comparison, HMN syringe holds obvious advantages 
in the convenient quantitative delivery of drugs 
without complicated devices. HMN syringes have been 
effectively used for transdermal delivery of insulin[5,6,34,37], 
vaccines[7,38], immune checkpoint blockers[39], gene 
drugs[36], phenylephrine[40], etc. In addition, it is worth 
noted that HMNs are only suitable for local and small-
dose drug delivery. Therefore, the insertion site and 
dosage of the drug administration should be carefully 
considered when exploiting the application of HMNs.

In this study, SOPL technology customizes an HMNP 
in seconds, which is the fastest speed for fabricating 
HMNPs at present. Meanwhile, the obtained HMNs 
have a smooth surface without layer-by-layer structure, 
improving the quality of 3D-printed HMNs. Despite the 
unprecedented progress in 3D printing of HMNPs, there 
are still several hurdles in this technology. First, because 
of the one-step photopolymerization of SOPL, it may be 
difficult to make microneedles with particularly complex 
structures, such as hollow surgical microneedle[41]. Second, 
only photopolymeric materials with certain transparency 
are available for preparing 3D-printed HMNPs. Third, 
most photopolymeric materials cannot meet the 
requirement of fabricating HMNs with good mechanical 
properties. Therefore, there is an urgent need to develop 
photopolymer materials with high strength, high toughness 
and high transparency. Finally, complicated post-
treatment processes are required for the resultant HMNPs, 
including washing to remove residual materials, secondary 
photocuring to enhance HMNs and soaking into alcohol to 
improve biocompatibility, etc. The issue of complex post-
processing can also be solved by exploiting new materials 

Figure 10. Blood glucose control study in type 1 diabetic mice. 
(A) Schematic representation of insulin injection via commercial 
insulin syringe. (B) Schematic representation of insulin injection 
via HMN syringe. (C) Comparative blood glucose levels versus 
time (at time point of 0, 0.5, 1, 2, 4  h) for the untreated group, 
commercial insulin syringe and HMN syringe group applied to 
diabetic mice (n = 5).
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with better properties. Collectively, SOPL, a compelling 
and suitable approach, overcomes the limitations of 
speed, volume, and quality in HMNP fabrication. With 
the development of materials and technology, SOPL 
technology could promote the effective clinical translation 
and commercialization of HMNP.

5. Conclusions
In summary, this study innovatively used SOPL technology 
for fast customization of HMNPs with high quality. An 
HMNP could be obtained by one-step photopolymerization 
within 5 s. The obtained HMNs had good biocompatibility, 
mechanical properties, and puncture performance. After 
being equipped with syringes, HMNPs could be used 
for minimally invasive and painless injection of insulin 
to control blood glucose levels. Collectively, SOPL 
technology is expected to provide technical support for the 
mass production of HMNPs and promote their widespread 
clinical application.
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