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Abstract: Maintaining blood glucose levels within a safe range is critical for diabetic 

management. In recent decades, microneedles (MNs) have emerged as a potential 

method for delivering drugs to treat diabetes. However, insufficient drug loading and 

the complexity of achieving long-acting release have presented challenges that 

research has not addressed well. In this study, the hollow-adjustable biocompatible 

polymer MNs with varying cavity volumes were developed by cyclic freeze-thawing 

technique. The structure of shell-layer of hollow MNs was optimized with a 

sequential casting approach for regulating drug release kinetics. This design can 

ensure the sufficient mechanical strength of MNs and help to improve the 

drug-loading capacity, thereby solving the problem of low drug-loading capacity and 

short pharmacodynamic action time of traditional polymer MNs. In vivo experiments 

performed on diabetic rat models revealed the potential of the as-fabricated MNs to 

effectively pierce into the skin, leading to a notable hypoglycemic effect lasting up to 

14 h without inducing the risk of hypoglycemia. These results indicate that the 

fabricated hollow-adjustable polymer MNs is a potential candidate for transdermal 

delivery of high-dose drugs. 
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1. Introduction 

Diabetes mellitus is a chronic disease marked by abnormal blood glucose levels 

(BGLs) due to a lack of insulin regulation. This may result into numerous 

complications, including chronic wound, retinopathy, nephropathy, amputation and 

neuropathy with failure of glucose [1-4]. The number of people affected by diabetes 

worldwide has risen to 537 million in 2021, and will continue to rise to 783 million by 

2045 [5]. The routine management of BGLs in diabetes patients is the administration 

of hypoglycemic drugs, such as insulin, metformin etc., which can be delivered via 

oral or subcutaneous injection [6-7]. Despite its convenience, oral administration 

remains susceptible to the liver's first-pass effect [8]. In comparison to oral 

administration, subcutaneous injection is a commonly employed method for 

delivering a variety of hypoglycemic drugs [9]. Subcutaneous injection provides a 

direct route for hypoglycemic drug delivery to subcutaneous tissues and blood vessels, 

avoiding the elimination of drugs by the liver and intestines [10]. However, pain, 

bleeding and fear caused by frequent subcutaneous injections lead to poor compliance 

and experience of patients [11-12]. To mitigate the negative and inconvenient aspects of 

subcutaneous and oral drug administration and improve patient compliance, the 

development of a non-invasive drug delivery system is crucially necessary for 

effectively regulating BGLs of diabetics. As a promising transdermal drug delivery 

system, microneedles (MNs) have received extensive attention due to the ability to 

effectively deliver drugs through the stratum corneum of the skin [13-14]. MNs can 

improve patient compliance and experience due to the limited needle length not 



  

touching the subcutaneous nerves [15]. MNs are generally divided into solid MNs, 

coated MNs, hollow MNs, dissolvable MNs and hydrogel MNs according to the 

location of the drug [16]. Generally, the two drug-loaded MNs categories include 

dissolvable MNs and hydrogel MNs have demonstrated promising efficacy in 

promoting hair regrowth [17], treating tumors [18] and wounds [19], and diabetes 

treatment [20]. As the ideal transdermal delivery platform, dissolving MNs can create 

microchannels in both the epidermis and dermis layers with minimal invasiveness, 

allowing for the efficient transdermal delivery of various sizes of nanoparticles and 

drugs [21]. Although MNs exhibit promising potential for localized drug delivery, the 

capacity to load drugs into traditional MNs is restricted by their small microstructure 

volume. In addition, diabetes treatment differs from other diseases as it typically 

involves long-term drug administration to maintain stable BGLs levels [22]. However, 

the MNs currently used in the treatment of diabetes can only maintain the 

hypoglycemic effect for a few hours, which is inadequate compared to the efficacy of 

oral administration that can last for more than 10 h [23-24]. Hence, it is essential to 

develop a MNs system that can effectively regulate BGLs for the maximum possible 

duration. Currently, two approaches have been adopted to achieve this goal, including 

responsive release and increasing drug loading while expanding drug release time 

[25-26]. A few studies have developed responsive release MNs patches, aiming to 

achieve a sustained and controlled drug release profile [27-29]. PCL MNs loaded with a 

photothermal agent (Prussian nanoparticles) exhibited drug melt and release 

characteristics under near-infrared light irradiation, which achieved photo-responsive 



  

drug release [30]. The approach represents an innovative strategy for controlled drug 

delivery. Moreover, temperature-responsive [31-32], magnetic-responsive [33-34], and 

electrically responsive [35-36] MNs also have been proposed as novel drug-release 

strategies, enabling controlled drug release in response to external conditions. On the 

other hand, the coexisting biological responsive release MNs utilize specific reactant 

molecules to recognize and trigger drug release, offering superior closed-loop 

therapeutic control to conventional drug delivery approaches [37]. A typical 

glucose-responsive MNs system consists of glucose sensing components, such as 

glucose-binding protein (GBP) [38-39], glucose oxidase (GOx) [40-41] or phenylboronic 

acid (PBA) [42-43]. Various related designs, including gels [44], nanoparticles [45-46], and 

self-assemblies [47], have been investigated to regulate BGLs in vivo. 

Glucose-responsive MNs have emerged as a promising approach for BGLs regulation. 

However, the reported glucose-responsive MNs are still faced with the challenges of 

complicated drug loading process or limited hypoglycemic effect [41].  

An alternative approach is to enhance the drug loading capacity of MNs and 

combine multiple drug release kinetics. This strategy represents a promising 

opportunity for developing more efficient and effective drug delivery systems. To 

improve the drug loading capacity of MNs, the MNs patch backing has been explored 

as a "drug warehouse", thereby enhancing the loading capacity of metformin to 100 

mg [48]. This technology offers a simplified one-step application process, however, the 

drugs in patch backing are difficult to fully utilize, thereby reducing the utilization 

rate of the drugs. Hollow MNs possess a lumen, or internal bore, which enables the 



  

loading of drugs, thus offering a huge potential to enhance the loading capacity of 

drugs [49-50]. The hollow MNs are convenient for the delivery of multiple drug doses 

or allow diverse drug-release kinetics, thereby enabling sustained drug release and 

enhancing the effectiveness of drug therapy [51-52]. The incorporation of drug-loading 

cavities in the design of MNs has proven to be an effective strategy for increasing 

drug loading capacity. However, these works on hollow MNs made of polymers 

required expensive and requires complex manufacturing processes, such as laser and 

etching, and multi-mold fabrication, which greatly limits their development. 

In this study, the hollow-adjustable biocompatible polymer MNs with varying 

cavity volume were fabricated by cyclic freeze-thawing technique for improving the 

drug-loading capacity and extending the hypoglycemic time. The MNs are comprised 

of three layers: an outer hydrophobic shell made of polycaprolactone (PCL), an inner 

hydrogel shell made of polyvinyl alcohol/chitosan/polyvinylpyrrolidone 

(PVA/CS/PVP, PCP), and a hollow cavity for loading metformin drug, as shown in 

Figure 1A. The outer hydrogel shell serves to modulate MNs core size and thereby 

adjust drug loading capacity, while the height of the middle hydrophobic shell can be 

tailored to modulate drug release kinetics. The as-fabricated MNs exhibiting distinct 

drug-release kinetics can be combined on a single patch to achieve multi-timepoint 

drug delivery, offering a promising approach to enhance drug efficacy and improve 

convenience and compliance for patients (Figure 1B). The hollow-adjustable MNs 

exhibit excellent mechanical properties and extended hypoglycemic effects, 

representing a promising approach to improving the treatment efficacy for diabetic 



  

patients. 

 
Figure 1. Schematic illustration of hollow-adjustable MNs for prolonged hypoglycemic effect 

on diabetic rats. The structure diagram of hollow-adjustable MNs (A), hollow-adjustable MNs 

after loading drugs for prolonged hypoglycemic effect on diabetic rats (B) and schematic 

illustration for the fabrication of hollow-adjustable MNs (C). 

 

2. Materials and methods 

2.1 Materials 

Chitosan (CS), polyvinyl alcohol (PVA, alcoholysis = 99.0-99.4 mol %), 

polyvinylpyrrolidone (PVP, Mw = 130 kDa), and polycaprolactone (PCL, Mw = 

70-90 kDa) were purchased from Aladdin Bio-chemical Technology Co., Ltd. 

(Shanghai, China). Acetic acid (HPLC, ≥99.9%), rhodamine 6G (R6G), and 

fluorescein isothiocyanate (FITC) were obtained from Mclean Bio-chemical 

Technology Co., Ltd. (Shanghai, China). 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl 

tetrazolium bromide (MTT) was purchased from Beyotime Biotechnology Co., Ltd. 

(Shanghai, China). Rat Metformin Hydrochlorideelisa Kit was purchased from 



  

Shanghai Baililai Biotechnology Co., Ltd. All reagents employed were of analytical 

grade and used without further purification. 

2.2 Synthesis and characterizations of PCP hydrogel 

The polyvinyl alcohol/chitosan/polyvinylpyrrolidone (PCP) mixed solution was 

prepared as the matrix of MNs inner shell according to the previously reported 

method [53]. Briefly, a 15 wt% PVA solution was obtained by dissolving PVA in 

deionized water at 90 ℃ for 6 h. Subsequently, varied amounts of PVP were dissolved 

in the PVA solution, while CS was dissolved in acetic acid at room temperature to 

obtain a 2 wt% solution through continuous stirring. After mixing and stirring, two 

solutions with different PCP ratios (PCP = 4/1/1~ 4/1/4) were obtained. The PCP 

hydrogel was prepared by three cycles of freezing at -20 °C for 10 h followed by 

thawing at room temperature for 4 h. In addition, pure PVA hydrogel was also 

prepared through the same process. 

The chemical structure of PCP was studied by Fourier transform infrared (FT-IR), 

and the morphology of PVA and PCP was investigated by scanning electron 

microscopy (SEM, JSM-7500F, JEOL, Japan). To assess the swelling degrees of the 

crosslinked PCP hydrogel, samples measuring 8×8×1 mm³ were prepared. After 

lyophilization, the samples were immersed in PBS at 37 °C and taken out at intervals 

of 0.5, 1, 2, and 24 h. To measure the swelling degree, the patches were weighed at a 

designated time after removing the surface water with filter papers. After 24 h, the 

patches underwent another round of lyophilization before being weighed. The 

swelling ratio was calculated using the following equation: 



  

 

Where mt and m0 are the weight of hydrogels on t h and 0 h, respectively. 

2.3 Fabrication of hollow-adjustable MNs 

Pyramid-shaped MNs mold with a square base of 250 μm × 250 μm and a height 

of 750 μm were arranged in a 39 × 39 array, featuring a center-to-center spacing of 

300 μm, on a 4 × 4 cm² patch.  

The schematic illustration in Figure 1C describes the micro-molding method to 

fabricate the hollow-adjustable MNs. Firstly, different amounts of PCP matrix 

solution (2, 4, 6, 8 mL) were poured into the PDMS female mold and filled up the 

cavities with centrifugation (8,000 rpm for 3 min). Subsequently, the MNs mold filled 

with matrix solution was subjected to freezing at -40 °C for 10 h and thawed for 4 h at 

room temperature. This freeze-thaw cycle was repeated three times to achieve the 

formation of the PCP hydrogel. Then, the MNs patch with cavities structure was 

formed due to the shrinkage of PCP hydrogel. The metformin powder was loaded into 

the cavities of MNs by squeezing. To encapsulate the drug and provide a flexible 

substrate, adhesive medical tape was applied to the MNs backing. After demolding, 

the MNs were dipped with 60 ℃ hot-melt PCL and placed horizontally in a 60 ℃ 

oven to form a PCL hydrophobic shell-layer outside of MNs. The The composition 

and structure for different MNs groups are shown in Table S1. 

2.4 Mechanical and insertion properties of MNs in vitro 

The mechanical properties of the MNs were evaluated using a universal material 

testing machine (5943 MicroTester, Instron, American). The MNs were positioned 



  

horizontally on the stainless steel plate of the machine, and the pressure sensor 

pressed the MNs at a speed of 1 mm/s with an axial force. 

To determine the insertion properties, the MNs were inserted into eight layers of 

simulated skin (Parafilm M film) and biological skin tissues (fresh pigskin without 

hair) with the universal material testing machine, respectively. After the insertion, the 

MNs and each layer of simulated skin were carefully separated, and the perforation 

situation on each layer of membrane was recorded. The punctured pigskin was 

examined for insertion using a microscope. Additionally, skin slices were observed 

using confocal laser microscopy to analyze their diffusion (C2, Nikon, Japan). 

2.5 Hypoglycemic effect in vivo 

All animal procedures were approved by the Animal Ethics Committee of 

Zhejiang Sci-Tech University (acceptance number, 20230314013) and performed at 

the Hangzhou Moslet Biotechnology Co., Ltd. Healthy male SD rats (~200 g, Beijing 

Weitong Lihua Experimental Animal Technology Co., Ltd) were used in this study. 

The SD rats were used for the subsequent experiments upon the successful 

establishment of the type 2 diabetes model according to previous animal modeling 

methods [55]. The MNs were directly inserted into the skin after they were anesthetized. 

To evaluate the hypoglycemic effect of MNs, the rats were randomly divided into the 

following six groups: (a) an untreated hyperglycemia group (negative control); (b) an 

injection group (SC injection, positive control, 15 mg); (c) MNs#1 group (height of 

PCL shell: 0 μm); (d) MNs#2 group (height of PCL shell: 200 μm); (e) MNs#3 group 

(height of PCL shell: 500 μm); (f) MNs#4 group (One-third MNs with PCL shell 



  

height at 0, 200 and 500 μm) (n = 5 per group). The MNs were continuously applied 

for 24 h after being fixed by medical tape. The BGLs within 20 h after administration 

were recorded. A blood glucose meter was used to test BGLs at the predetermined 

time. In addition, the efficiency of regulation in SD rats with a traditional 

breakfast-lunch-dinner lifestyle in the MNs#4 group was also evaluated. Accordingly, 

the blood samples were collected to measure metformin content in blood with a 

metformin ELISA Kit. 

2.6 Histological and immunohistochemical analyses 

To assess the safety implications of microneedle administration, skin tissues and 

organs of rats were subjected to histological analysis. After the rats were executed, the 

skin tissue of the rats was fixed with paraformaldehyde and embedded in paraffin for 

further study. The skin tissue sections and main organs were stained using 

hematoxylin-eosin (H&E) staining techniques. Immunohistochemical sections stained 

by IF-6 were used to evaluate the inflammation of the skin. All slices were analyzed 

and scanned using a scanner. 

3 Results and discussion 

3.1 Synthesis and characterizations of PCP hydrogel 

In this study, PVA, CS and PVP are selected as the matrix materials of MNs due 

to their biocompatibility and chemical inertness. More importantly, PVA forms micro- 

or submicrocrystalline domains as the cross-linking junctions by a freeze-thaw 

treatment under a mild condition [56-57]. These micro- or submicrocrystalline domains 

playing the role of knots in the gel network can improve the stability and elasticity of 



  

the resultant PCP hydrogel, as shown in Figure 2A. It is found that the obtained PCP 

mixed solution without freeze-thaw process possesses a transparent sol state. After 

freeze-thaw treatment, the gel state can be formed (Figure 2B).  

Due to the increased cross-linking density resulting from the freeze-thaw 

treatment, the hydrogel's stiffness will be enhanced, which contributes to providing 

the MNs with suitable mechanical strength.[58] Figures 2C and D illustrate the 

microstructure of PVA and PCP after the freeze-thaw cycle. Figure S1 shows the pore 

size distribution of PVA and PCP hydrogels that obtained from BET tests. PCP 

hydrogels exhibit a larger porous structure with average diameter at 30.75 nm in 

comparison with the PVA with average diameter at 13.73 nm. The relative higher 

crosslinking density in PVA results in a smaller pore size in the resultant hydrogel. 

However, in the case of a PCP hydrogel, the introduction of CS and PVP may lead to 

a decrease in the crosslinking density, which is partly enlarge the pore size of the 

composite hydrogel [59]. The large pore structure in hydrogels facilitates water 

penetration, leading to an effective release of drugs. 

The self-crosslinking of PVA after freeze-thaw treatment was confirmed by FTIR 

test. As shown in Figure S2, the characteristic absorption peaks at 3446 and 1651 cm-1 

attributed to O-H and N-H, respectively. C=O stretching is shifted to lower 

frequencies in the composite hydrogel, indicating strong hydrogen bonding [60-61]. To 

investigate phase composition in the composite hydrogel, XRD is used to test samples 

with or without freeze-thaw treatment. As shown in Figure 2E, the PVA hydrogel 

subjected to freeze-thaw treatment exhibits a sharp diffraction peak at 2θ = 19.6° and 



  

a shoulder-peak at 2θ = 22.6°, which is related to the (101) and (200) crystal plane of 

PVA [62-63]. However, only a weak diffraction peak at ~19.6° can be observed for PVA 

powder without freeze-thaw treatment, which confirms an increase in the crystalline 

nature of PVA [64]. In the PCP composite hydrogel, the characteristic peak of PVA at 

~19.6° remains discernible. Additionally, a slight reduction in the shoulder-peak at 

2θ = 22.6° is evident. This decrease can be due to the formation of intermolecular 

hydrogen bonds between PVA and CS or PVP chains, leading to form new 

crosslinkages and 3D networking structure of hydrogel during the freeze-thawing 

process [65-66].  

These intermolecular hydrogen bonds hinder the formation of hydrogen bonds 

within the PVA molecular chain itself, thereby leading to a slight reduction in 

crystallinity [59]. Interestingly, the structure of MNs exhibits an inward shrinkage 

during the preparation using PVA as the matrix. This shrinkage can be attributed to the 

presence of numerous crystalline regions in the PVA molecular chain [67], which 

generates internal stress and leads to the volume shrinkage of PVA matrix without 

cavity formation (Figure 2F and H). However, in the case of PCP composite matrix, a 

cavity structure in the central of MNs can be formed by an outward shrinkage process. 

The resulting MNs showed a negligible morphological change in comparison with 

MNs’ mold [68], as shown in Figures 2G and I. This phenomenon can be attributed to 

decreasing binding force among PVA chains after adding CS and PVP. The weakened 

binding force facilitates the movement of the PVA molecular chain. In addition, 

during the freeze-thaw process, the composite matrix of MNs is in contact with the 



  

mold, and a layer of frozen polymer material (skin layer) will be formed. The rapid 

solidification of the skin layer hinders the filling of the micro-features and can lead to 

incomplete filling and form a hollow structure [69]. 

 

Figure 2. The formation mechanism of hollow-adjustable polymer MNs. Cross-linking 

mechanism of the composite hydrogel matrix of MNs after freeze-thaw treatment (A), 

optical images of the composite hydrogel matrix of MNs before and after freeze-thaw 

treatment (B), SEM images of PVA (C) and the PCP composite hydrogel (D), XRD patterns 

PVA powder, freeze-thawed PVA and freeze-thawed PCP composite hydrogels (E), 

schematic diagram of hollow-adjustable polymer MNs during freeze-thaw process (F and 

G), and SEM images and fluorescence field images of MNs made from dried PVA and PCP 

composite hydrogels (I). 

 

To determine the optimal proportion of composite matrix, different MNs are 

prepared by varying compositions of PVA, CS and PVP. Figure S3 displays the shape 

and structure of resultant MNs made from various compositions. The MNs array 

structure remains intact using PVA and PVP as the matrix with the mass ratio of 4:1 

(Figure S3A). No notable cavity structure can be formed. However, adding a small 



  

amount of CS into matrix with a mass ratio of PVA:CS:PVP = 4:1:1, the resultant 

MNs exhibit a cavity structure at the center while still maintaining a complete 

pyramid-shape (Figure S3B). Further increasing the amount of CS in matrix with 

mass ratio of PVA:CS:PVP= 4:2:1 and 4:3:1, the cavity structure in the center of MNs 

still can be kept, but the relative proportion of MNs with damaged structures is 

increased as well (Figures S3C and D). In order to determine the effect of PVP on 

MNs structure, the swellings of dried composite hydrogels with different 

compositions are tested in PBS solution. As shown in Figure S4, a higher swelling 

degree can be observed with increasing the relative content of PVP in the composite 

hydrogels while maintaining the mass ratio of PVA and CS at 4:1. To ensure a longer 

drug release time and good mechanical strength after penetrating MNs into the skin, 

the mass ratio of PVA:CS:PVP = 4:1:1 has been selected as matrix for preparation of 

hollow-adjustable MNs. 

3.2 Fabrication of hollow-adjustable MNs 

The MNs are fabricated using a mixed solution with a ratio of PVA/CS/PVP at 

4:1:1. It should be noted that the variations in PCP amount directly affect the drying 

shrinkage of MNs, as shown in Figure S5, which determines the size of the MNs’ 

cavity. A larger PCP amount fills more into the MNs mold during drying, resulting in 

smaller cavities after shrinkage. To clarify the correlation between the cavity and PCP 

amount, MNs with different sizes of MNs’ cavity are fabricated, as shown in Figure 

3A. Based on the side and 3D views of the MNs, the size of the cavity is inversely 

correlated to the amount of PCP. Specifically, MNs prepared by adding ~2 mL 



  

solution of PCP exhibit the most largest cavity volume after drying, whereas MNs 

prepared by adding ~8 mL solution of PCP exhibit the smallest cavity volume. As 

shown in Figure 3B, the height of the cavity can be decreased from 596 μm to 195 μm 

by controlling the added amount of PCP from 2 to 8 mL, which provides a new way 

to adjust the cavity size of hollow MNs and thus regulating the drug loading capacity 

of MNs.  

 
Figure 3. Optical images of loaded without drug powder MNs prepared with different PCP 

amounts (2, 4, 6, and 8 mL) (A). The height of vacant volume according to increasing 

backing thickness (B). Optical images of loaded with drug powder MNs prepared with 

different PCP amounts (2, 4, 6, and 8 mL) (C). Top view before and after MNs filling of drug 

powder (D). The loading capacity of metformin (E). 



  

 

To evaluate the drug loading, metformin replaced by Prussian Blue (PB) is used 

to load into the MNs cavity for convenience observation. The side view and 3D view 

of hollow MNs after drug loading are shown in Figure 3C. It can be observed that PB 

is effectively filled into cavities of MNs without any leakage. From the top-view of 

the drug-encapsulated MNs, it can be found that PB has been successfully filled into 

the cavity without any loss in the substrate layer (Figure 3D).  

The cavity inside the MNs provides a superior site for drug loading, thereby 

significantly increasing the drug loading capacity in comparison with traditional solid 

MNs. The amount of drug loading of the MNs is tested through UV curve comparison 

method. As shown in Figure 3E, the amount of drug loading in the MNs is increased 

by increasing the cavity size of the hollow MNs. The maximum drug loading amount 

in MNs is 25.9 mg/patch (17.02 ng/needle) for MNs-2. The total drug loading amount 

can be adjusted from 25.9 to 15.7 mg/patch according to the size of the cavity inside 

the MNs. 

The PCL hydrophobic shell is coated on the surface of hollow-adjustable MNs 

through a hot-melting route, enabling the delay of drug release by adjusting the 

coverage height. As illustrated in Figure 4A, there are four stages for forming the PCL 

shell: dipping in melt PCL and inversion (a1), partial coverage (a2), complete 

coverage by PCL (a3), and exposing the needle tips (a4). Figure 4B shows the digital 

images of MNs at the above different stages. For convenience observation, PCL 

stained by red-dye R6G is used to wrap MNs. MNs with glossy surfaces are vertically 



  

lifted on the patch before dipping in the hot-melt PCL. While the red-melt PCL drops 

can be observed on the top of needle tips. Maintaining the temperature above the 

melting point of PCL (~60 ℃) for a certain period, the PCL shell-layer will be formed 

and solidified around MNs due to its flowing down under the gravity effect. 

For better observation of the structure of the as-fabricated MNs with hollow 

structure, FITC (green) and R6G (red) are utilized to stain the PCL outer-shell and 

PCP middle-shell, respectively. Laser confocal observation is performed to visualize 

the prepared MNs, and the corresponding fluorescence images are depicted in Figure 

4C. The pyramid-like MNs with green and red fluorescence can be clearly observed, 

and the color of MNs becomes yellow in the merged image. The side-view images of 

MNs show the green and red fluorescence shells, and the inner black area represents 

the cavity of hollow MNs. The overall structure of the MNs with different height 

cross-sections is further analyzed using laser confocal top-down tomography, as 

shown in Figure 4D. Only the red fluorescence dot of the solid area of the PCP needle 

tip can be observed with height cross-sections at 150 μm due to the flowing down of 

excessive melt PCL and thus the exposure of PCP middle-shell. However, the red 

fluorescence areas are overlapped by green fluorescence to form yellow fluorescence 

square-rings at the deeper cross-sections from 250 to 650 μm, demonstrating the 

formation of the cavity structure in the MNs. This unique structure enables each part 

of MNs to perform different roles. The internal cavity can be used to load drugs, the 

inner PCP shell provides sufficient mechanical strength for hollow MNs, and the 

outermost PCL shell-layer can regulate the drug release rate after insertion into skin. 



  

In addition, the height of the PCL shell-layer outside of hollow MNs can also be 

adjusted by controlling the time of hot-melt-standing. As shown in Figure 4E, the 

MNs is fully enveloped by PCL at the initial stage (e1), After hot-melt-standing for 30 

min, a small portion of the needle tip is exposed, resulting in the height of PCL 

shell-layer reduction to ~600 μm (e2). And the height of PCL shell-layer can be 

further decreased to ~200 μm after 1 h (e3). The morphology of MNs is almost 

returned to its original state after 2 h hot-melt-standing (e4). 

 

Figure 4. The process of preparing PCL hydrophobic shell of MNs (B): initial state (b1), 



  

dipped in PCL (b2), partially covered (b3) and fully covered by PCL (b4). Laser confocal 

images of three-layer core-shell MNs (C). Schematic and fluorescence images of laser 

confocal tomography for three-layer core-shell MNs (D). SEM images of PCL shells MNs 

with different heights (e1: 750 μm, e2: 500 μm, e3: 200 μm, e4: 0 μm) (E). 

 

3.3 Mechanical and insertion properties of MNs 

To evaluate the mechanical characteristics of MNs, the fracture strength is tested 

by an universal material testing machine, as shown in Figure 5A. At a compression 

displacement of 400 μm, the hollow MNs without drug loading and those protected by 

a PCL shell-layer exhibit greater susceptibility to being pressed down by the probe in 

comparison to the hollow MNs loaded with a drug and/or protected by PCL 

shell-layer, all under the identical measurement conditions. The failure force of 

drug-unloaded hollow MNs is ~0.082 N/needle, whereas the hollow MNs with 

loading of drug and/or protecting by PCL shell-layer as the probe pressure reaches 

0.101 and 0.105 N/needle, which is higher than mechanical strength requirement to 

penetrate the skin [70]. 

 In addition, no broken MNs except from slight bending of needle tips can be 

found after compression tests, implying the toughness of the as-fabricated MNs 

(Figure 5B). In addition, the cavity size of hollow MNs also affects the mechanical 

characteristics of MNs. The failure force of drug-unloaded hollow MNs range from 

~0.105 to 0.334 N/needle as decreasing the cavity size in MNs. The hollow MNs with 

a smaller cavity size result a higher mechanical strength (Figure 5C). 

Using parafilm (~128 μm each layer) as model for skin insertion test, the holes 

will be created if MNs can effectively penetrate these parafilm. As shown in Figure 

5D and E, nearly 100% MNs with the smallest cavity size can effectively penetrate 



  

three layers of membranes compared to the one with the largest cavity size (~57 %). 

The hollow MNs with small cavity sizes exhibit the higher mechanical insertion 

feature. In addition, no fracture or depression has been observed for the hollow MNs 

after insertion (Figure 5F). In order to understand the adequate penetration depth of 

MNs in real skin, R6G-dyed MNs are administered onto porcine skin. As shown in 

Figure 5G, the skin surface reveals a complete array of red spots that correspond to 

the MNs puncture sites, showing that all MNs are inserted into the skin. Histological 

sections in Figure 5H clearly demonstrate that R6G-dyed MNs arrowheads (red) have 

been completely inserted and embedded within the skin tissue with a maximum 

insertion depth of ~450 μm. The red fluorescence only can be observed near the 

needles tips after inserting the MNs into the skin for 10 min. After insertion for 2 h, 

the red fluorescence can be detected at the deeper tissue besides the peripheral region 

of MNs (Figure S6). These results indicate that the as-fabricated hollow MNs are 

capable of piercing the skin without breaking, while also enable drug release and 

diffusion under the skin. 



  

 

Figure 5. Schematic illustration of the test setup and force-displacement curve of the 

compression force of different type MNs (A). Optical images of the compressed MNs (B). 

Force-displacement curve of MNs (MNs-2, MNs-4, MNs-6, MNs-8) (C). Schematic 

illustration of the test setup and holes created in each parafilm layer by MNs (MNs-2, MNs-4, 

MNs-6, MNs-8) (D). Optical images before and after MNs insertion into the parafilm (E) and 

optical images of each layer of parafilm (F). Top and side views of pig skin inserted by MNs 

(G). Slice images of MNs insertion process (H). 

 

3.4 Cytotoxicity and drug release in vitro 

Cytotoxicity experiments were conducted to evaluate the biocompatibility of 

MNs before in vivo administration. After co-culture of MNs’ extract with 3T3 cells, 

the cell viability remains above ~80% for the concentrations of MNs extract ranging 

from 0 to 400 μg/mL, indicating lower cytotoxicity of MNs (Figure 6A). The effective 

penetration rate of MNs directly affects the accuracy of drug administration. As 

shown in Figure 6B, ~ 94% MNs-2 in each patch can penetrate porcine skin. The 



  

effective penetration rate can be further increased to ~97% for hollow MNs-4. Almost 

all MNs could be effectively penetrated porcine skin for those with smaller cavity size. 

Considering mechanical strength, drug loading capacity, and skin penetration ability, 

the hollow MNs-6 has been selected for the following in vivo experiments. 

Drug encapsulation in hollow-MNs was determined to be 15.0 ± 0.5 mg, which 

was sufficient to deliver a daily therapeutic dose of metformin for in vivo experiments. 

Transdermal release of metformin from hollow-MNs with different height PCL 

shell-layer into the diffusion cell was monitored for 18 h with MNs pierced into rat 

skin. The specific formulas of the MNs are shown in Table S1. Specifically, the 

schematic diagram of MNs#4 is shown in Figure 6C, where the microneedle patch 

consists of microneedles of three different PCL shell heights, each accounting for 

one-third of the number of needles. As shown in Figure 6D, the cumulative release 

amount of metformin in MNs#1 group is ~80% within 4 h and higher than that of 

MNs#2 and MNs#3 groups, exhibiting a rapid release behavior. The MN#4 group 

continue to release drugs at a relatively stable rate. After 18 h, the release curves of all 

groups tend to equilibrium, and about 85.0% of metformin is released into the 

receptor chamber. 

 



  

 

Figure 6. Relative viability of 3T3 cells incubated with extracts of MNs for 24 h and 48 h 

(A). Penetration rates of MNs on rat skin (B). Schematic diagram of MNs#4 (C). In vitro 

release of metformin from shell-core MNs in PBS by drug diffusion pool (Illustration: MNs 

drug release images at different times) (D). 

 

3.5 Hyperglycemia effect in vivo 

The process of MNs in the treatment of hyperglycemia in a diabetic mice model 

is depicted in Figure 7A. The BGLs of diabetes rats were evaluated under two feeding 

modes, including the administration after fasting (①) and the administration without 

fasting according to "three meals a day"(②). As shown in Figure 7B, in the injection 

group, the BGLs is decreased rapidly, reaching a minimum of 120.6 mg/dL after 

injection for 3 h. However, it can be quickly returned to the initial level after a further 



  

10 h. After administration by drug injection, only a short-time hypoglycemic effect 

window can be observed due to the swift metabolism and excretion. Interestingly, the 

MNs groups manifest a more pronounced and prolonged hypoglycemic effect. Among 

them, MN#1 exhibits a fastest drug release behaviour within the initial 4 h, which can 

be attributed to the absence of PCL shell. Compared to the other MNs groups, this 

groups results in a more rapid hypoglycemic effect. The lowest BGLs in MNs#1 

(140.54 mg/dL) group can be reached after 4 h administration. While, in the case of 

MNs#2 and MNs#3 groups, the lowest BGLs are 132.47 mg/dL and 156.25 mg/dL 

after administration for 8 and 12 h due to PCL shell-layer protection. They can 

maintain BGLs below 200 mg/dL for approximately 4 h. Especially, MNs#4 exhibits 

a remarkable fast and long-lasting hypoglycemic effect. The lowest BGLs can be 

reached after 4 h administration, maintaining BGLs below 200 mg/dL for more than 

12 h. The significant reduction in BGLs in short-time and long-acting hypoglycemic 

effect can be contributed to the unique structure of the fabricated hollow MNs. The 

PCL hydrophobic shell is coated on the surface of hollow-adjustable MNs with 

exposing the needle tips. The drug loaded in PCP middle-shell is firstly released due 

to the swelling of MNs after insertion into the skin to achieve a rapid hypoglycemic 

effect. And the drug loaded in internal cavity will be slowly diffused from MNs after 

the absorption of body fluids to form a prolonged hypoglycemic effect. The outermost 

PCL shell-layer can regulate the drug release rate by controlling the size of exposing 

the needle tips.  

In addition, diabetic mice are fed regularly to simulate BGLs changes in our 



  

daily life. As shown in Figure 7C, the BGLs of diabetic mice (~433.98 mg/dL) can be 

rapidly increased to ~594.12 mg/dL after feeding. After that, it will go back to the 

initial diabetic level. However, in the case of MNs group, the BGLs can be dropped to 

171.7 mg/dL after administration for 5 h, even if BGLs up to ~594.12 mg/dL after 

feeding. The effective hypoglycemic effect can still be maintained in two continuous 

feedings after this step. Correspondingly, the concentration of metformin in plasma is 

also tested using the rat metformin hydrochloride ELISA Kit. As shown in Figure 7D, 

the plasma metformin concentration is measured at 0.36 ± 0.32 μg/mL in the first hour, 

reaching the peak value at 3.97 ± 2.18 μg/mL after administration for 3 h and 

maintaining above 3.0 μg/mL for ~7 h. And it is gradually decreased to 0.62 ± 0.59 

μg/mL at 18 h. 

 



  

Figure 7. Strategy of MNs patches in the regulation of BLGs in diabetic rats (A). BGLs in 

diabetic rats after different treatments (B). BGLs in diabetic rats with feeding after MNs#4 

treatments, the black arrow represents feeding (C). Plasma drug concentration (D). BGLs in 

healthy mice treated with MN array patch (E). In vivo glucose tolerance test in diabetic rats 

with treatment of MNs and subcutaneously injected with metformin (F). Responsiveness to 

intraperitoneal glucose tolerance tests (IPGTTs) that calculated the integral area under the 

IPGTTs curves from F (G). 

 

To evaluate the hypoglycemic risk associated with the treatment, the BGLs of 

healthy mice treated with the MNs are monitored. As shown in Figure 7E, the BGLs 

of rats treated with the MNs only show a slight decrease in healthy mice, indicating 

no risk of hypoglycemia. Subsequently, intraperitoneal glucose tolerance tests 

(IPGTTs) are conducted by injecting of glucose [1,37]. IPGTTs were carried out when  

the BGLs were maintained at normal levels for 1 h after post-administration of 

MNs#4 or injecting of metformin. As shown in Figure 7F, the BGLs can be rapidly 

improved after injection of glucose for 20~30 min. For diabetic rats with 

pre-treatment by injecting of metformin, the BGLs are rapidly enhanced to ~320 

mg/dL within 20 min and after that exhibit a continuous and slow increase trend to 

~400 mg/dL in 2 h. In the case of diabetic rats with pre-treatment by MNs#4, the 

BGLs also can be improved to ~300 mg/dL within 30 min. However, they can be 

returned to the normoglycemic state after 100 min. And the increase trend of BGLs 

can be effectively suppressed which is almost close to the healthy group. Figure 7G 

shows responsiveness to IPGTTs that calculated the integral area under the IPGTTs 

curves from Figure 7F. The diabetic rats group with pre-treatment by MNs#4 is close 

to the healthy group and displays a 0.5-fold level in comparison with those 

pre-treatment by injecting of metformin, showing a significant improvement in 



  

glucose tolerance. 

3.6 Histopathological analysis 

Histological analysis is used to further evaluate the safety of MNs administration. 

Skin tissue samples are collected at three time points for histological analysis, 

utilizing H&E staining, IL-6 immunohistochemistry, and TUNEL fluorescence 

staining. Compared with the control group, the skin exhibits micropores resulting 

from MNs insertion after being treated by MNs for 2 h, and no significant neutrophil 

infiltration can be observed, as shown in Figure 8A. However, these micropores on 

the skin surface are hard to be found after 20 h, indicating the realization of 

self-healing by itself, which is consistent with results obtained from optical 

microscope, as shown in Figure S7. The thicknesses of the epidermis and skin have no 

obvious change before and after administration (Figure 8C). The results of IL-6 

immunohistochemistry section images are shown in Figures 8B and D. No signature 

IL-6 expression upregulation can be observed between control and MNs groups. 

TUNEL immunofluorescence assay is employed to measure cell apoptosis for skin 

tissue [71-72]. The cell apoptosis percentage is 7.628% in comparison with 7.795% and 

8.768% after MNs administration for 2 and 24 h, as shown in Figures 8E and F. There 

is no signature difference between of them. In addition, acute toxicity was evaluated 

through H&E staining of sections from key organs. No obvious abnormalities are 

detected, as shown in Figure 8G. 



  

 

Figure 8. In vivo biocompatibility studies of MNs for diabetes treatment. HE staining 

sections images (A) and IL-6 immunohistochemistry sections images (B) of the control group 

and MNs group after treatment for 0 and 20 h. Statistical analysis of the thickness of 

epidermis and skins treated by MNs (C). Relative area coverage of IL-6 after treatment by 

MNs (D). The quantitative data of the percentage of TUNEL-positive cells per field (E) and 

representative images of the TUNEL (F). H&E staining sections of key organs (G) 

4 Conclusion 

In summary, the hollow-adjustable biocompatible polymer MNs with varying 

cavity volume were fabricated for improving the drug-loading capacity and extending 

the hypoglycemic time. The MNs consisted of an outer hydrophobic shell made from 

polycaprolactone (PCL), an inner hydrogel shell from polyvinyl 

alcohol/chitosan/polyvinylpyrrolidone (PVA/CS/PVP, PCP), and a hollow cavity for 

loading metformin drug. This unique structure enables each part of MNs to perform 

different roles. The internal cavity can be used to load drugs, the inner PCP shell 



  

provides sufficient mechanical strength for hollow MNs, and the outermost PCL 

shell-layer can regulate the drug release rate after insertion into skin. In addition, the 

height of the PCL shell-layer outside of hollow MNs can also be adjusted by 

controlling the time of hot-melt-standing. In addition, the unique structured hollow 

MNs had sufficient mechanical strength to penetrate skin, offering a sustainable drug 

release feature. In vivo experiments performed on diabetic rat models revealed that the 

as-fabricated MNs can yield a notable hypoglycemic effect for 14 h after 

administration without causing the risk of hypoglycemia. These results indicate that 

the fabricated hollow-adjustable polymer MNs are a potential candidate for 

transdermal delivery of high-dose drugs. 
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