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Abstract: Transdermal drug delivery (TDD) is one of the key approaches for treating diseases, 

avoiding first-pass effects, reducing systemic adverse drug reactions and improving patient com-

pliance. Microneedling, iontophoresis, electroporation, laser ablation and ultrasound facilitation 

are often used to improve the efficiency of TDD. Among them, microneedling is a relatively simple 

and efficient means of drug delivery. Microneedles usually consist of micron-sized needles (50-900 

μm in length) in arrays that can successfully penetrate the stratum corneum and deliver drugs in a 

minimally invasive manner below the stratum corneum without touching the blood vessels and 

nerves in the dermis, improving patient compliance. Hydrogel-forming microneedles (HFMNs) are 

safe, non-toxic, no residual matrix material, high drug loading capacity, controlled drug release and 

are suitable for long-term, multiple drug delivery. This work reviewed the characteristics of skin 

structure and TDD, introduced TDD strategies based on HFMNs, summarised the characteristics of 

HFMNs TDD systems and the evaluation methods of HFMNs, and the application of HFMNs drug 

delivery systems in disease treatment. The HFMNs drug delivery system has a wide scope for de-

velopment, but the translation to clinical application still has more challenges. 

Keywords: hydrogel-forming microneedles; transdermal drug delivery; controlled release; per-

meation pathway; environmental response 

 

The skin is the largest human organ and functions as a tight physical barrier, pro-

tecting the organism from external environmental factors. The skin is mainly composed 

of the epidermis, dermis and subcutaneous tissue. The epidermis is divided into the 

stratum corneum, which is the uppermost layer of the epidermis, and the living epider-

mis, which produces the skin's main defence function and consists mainly of flat kera-

tin-rich keratinocytes and intercellular lamellar lipid bilayers. Although only 10 to 20 μm 

thick, the stratum corneum is considered to be the main barrier limiting drug penetration. 

The living epidermis is 70 to 150 μm thick and consists of keratin-forming cells, Langer-

hans cells (antigen-presenting immune cells) and melanocytes. The dermis contains fi-

brin, such as collagen, elastin, fibronectin and a mucopolysaccharide matrix; there are 

also fibroblasts, mast cells and dendritic cells, hair follicles, sebaceous glands, and sweat 

glands. The subcutaneous tissue acts as a support, connecting the skin to the muscles 

beneath [1]. 

Transdermal drug delivery (TDD) is a route of drug delivery for treating or pre-

venting disease by absorbing drugs through the skin, permeating into skin and further 

into the blood circulation. TDD avoids first-pass effects, prolongs the action of drugs with 

short half-lives through slow release and avoids fluctuations in blood levels, reduces side 

effects and improves patient compliance. The stratum corneum barrier plays a key role in 

TDD and many methods have been used to improve the efficiency of TDD, including the 

use of chemical penetration enhancers and different physical enhancement approaches, 

such as microneedling [2, 3], iontophoresis [4], electroporation [5], laser ablation [6] and 

ultrasound facilitation [7-9]. 
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In recent years, microneedles have gained widespread interest in drug delivery and 

have shown brilliant achievements in delivering both chemical small molecules and bi-

omacromolecules with minimally invasive and painless [10-17]. Microneedles usually 

consist of micrometer-sized needles (50-900 μm in length) in the form of microneedle 

arrays that can successfully penetrate the stratum corneum and deliver drugs in a mini-

mally invasive manner below the stratum corneum without damaging blood vessels and 

nerves in the dermis [18, 19], improving patient compliance and allowing drugs exposed 

in the epidermis or dermis to be rapidly absorbed by surrounding capillaries and lymph 

nodes [20-22]. 

Microneedles can be fabricated with different materials and can be classified into 

five main types (Figure 1), namely solid microneedles, coated microneedles, hollow mi-

croneedles, dissolving microneedles and hydrogel-forming microneedles (HFMNs) 

[23-25]. Among these, HFMNs, an attractive type of microneedles first reported in 2012, 

consist of a swellable polymer (cross-linked hydrogel) that enables the sustained delivery 

of drugs for long periods of time by either incorporating the drug into the polymer 

structure during preparation or by loading the drug into a separate reservoir and at-

taching it to the HFMNs [26]. In the following, the application and evaluation methods of 

HFMNs in TDD were analyzed and discussed in detail. 

 

Figure 1. Schematic representation of methods of traditional (A) and hydrogel (B) microneedles 

mediated drug delivery across skin. The figure was adopted from ref [11] with permission from 

WILEY - V C H VERLAGGMBH & CO. KGAA. 

1. Characteristics of HFMNs as TDD system 

HFMNs are safe, have no residual matrix material and are suitable for long-term, 

multiple drug delivery. HFMNs have advantages of resisting the closure of skin tissue 

pores after puncture into the skin, and no matrix material remains when HFMNs patch is 

removed due to the inherent swelling insolubility and viscoelastic properties of the ma-

trix material [26, 27]. HFMNs also bring benefits from avoiding drug deposition after 

microneedle tip penetration [28]. 

HFMNs are characterized by water absorption and swelling, sustainable and con-

trolled drug release. Drugs can be loaded in HFMNs in two ways, either by incorporating 

the drug into the microneedle matrix during preparation or by loading the drug into a 

separate reservoir and then attaching it to the hydrogel microneedle as a substrate [29]. 

Both methods of preparation allow for the continuous delivery of the drug over a long 

period of time. Materials used to prepare HFMNs are non-toxic, degradable and bio-

compatible [30], and commonly used materials include natural compounds such as gela-

tin and polymer copolymers such as poly (methyl vinyl ether-co-maleic acid) 
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cross-linked with polyethylene glycol (PMVE / MAPEG) [31, 32]. Among these, PMVE / 

MAPEG has excellent water absorption capacity and allows the preparation of su-

per-swollen HFMNs that can absorb fluids and swell up to 20 times their original size [11, 

33]. HFMNs pierce the skin and rapidly absorb interstitial fluid, causing the hydrogel to 

swell, creating a continuous, unobstructed hydrogel conduit for drug permeating into the 

skin [34]. 

HFMNs are able to control the drug release behaviour through the crosslinking 

density of the hydrogel microneedle matrix material, thus achieving controlled drug de-

livery kinetics [35]. Similar to other types of microneedles, the common preparation 

method for HFMNs is mainly casting, where a microneedle matrix in its flowing hydro-

gel state is injected into the mould using centrifugal and decompression methods, and 

then dried. The release and permeation behaviour of the drug is mainly controlled by the 

nature of the polymers that make up the microneedle matrix, independent of the mi-

croneedle preparation process. Some cross-linked polymers, such as those prepared 

through esterification reactions, have different degrees of polymerisation, resulting in 

widely varying structures and therefore different properties of water absorption and 

swelling. This results in different rates of swelling after the microneedle tips are inserted 

into the skin, leading to different drug release profiles, such as burst and sustained drug 

release [11]. For example, HFMNs based on the 'super-swelling' polymer PMVE / 

MAPEG consisted of drug reservoirs and microneedle tips which did not contain the 

drug [11]. When the tips were inserted into the skin, the microneedle tips rapidly ab-

sorbed the interstitial fluid, creating continuous conduits between the dermal microcir-

culation and the attached patch-type drug reservoirs, which sustainedly released the 

drug. In another report, HFMNs were used to achieve a slow release of metformin with a 

Tmax of 24 h [12]. In addition, on-demand drug release can be achieved using HFMNs 

through stimulation control. Hardy et al. prepared HFMNs using the light responsive 

materials 2-hydroxyethyl methacrylate (HEMA) and ethylene glycol dimethacrylate 

(EGDMA) to achieve on-demand delivery of ibuprofen [36]. 

2. Evaluation methods for HFMNs 

The materials, design, and preparation process of HFMNs are important parameters 

in determining the properties of microneedles, while effective drug delivery also de-

pends on mechanical strength, skin penetration and release kinetics of HFMNs. 

2.1. Appearance and morphology 

The morphology and dimensions of HFMNs (including tip radius, height, width, 

length and spacing) can be characterised by optical microscopy, scanning electron mi-

croscopy (SEM) or optical coherence tomography (OCT), confocal laser scanning mi-

croscopy (CLSM), and multiphoton microscopy (MPM). 

Optical microscopy and SEM are commonly used to image and measure the mor-

phology of HFMNs arrays and the height, width and spacing of microneedles [37]. OCT 

imaging is highly accurate, has a certain imaging depth and imaging speed, and is often 

used to observe in situ the penetration depth of microneedle patches after puncturing 

into isolated or in vivo skin or to record the process of microneedle changes within the 

skin [38, 39]. 

2.2. Swellability and water insolubility 

The swelling properties of HFMNs were determined by placing the microneedle 

array in distilled water or PBS and removing and weighing at specific time intervals to 

calculate the percentage of swelling [40]. Ex vivo skin such as porcine skin was also be 

used, with the subcutaneous tissue layer carefully removed and the skin placed on tissue 

paper equilibrated with PBS (pH 7.4). HFMNs patches were punctured into the isolated 

skin and then removed at specific time intervals and their base-width swelling capacity 

was measured using digital microscopy [41]. 
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Water insolubility is an important property of HFMNs. The solubility of HFMNs 

was calculated by swelling them sufficiently and then placing them at 90°C to dry com-

pletely to a constant weight and comparing the weight before swelling with the weight 

after swelling and drying to a constant weight [40]. 

2.3. Mechanical strength 

The shape of the microneedle determines how much force can be applied to the mi-

croneedle before the needle breaks. The diameter and angle of the needle tip, as well as 

the height and basal measurement of the microneedle, determine whether the micronee-

dle can be safely and reliably inserted into the skin [42]. In general, smaller tip diameters, 

smaller tip angles and higher tip height to width ratios facilitate successful skin penetra-

tion. Mechanical strength is generally tested using a texturizer or a motorised force 

measuring table [43, 44]. For fracture testing, arrays of microneedles are microscopically 

observed before and after testing to determine height differences. 

2.4. Skin piercing and transdermal permeation properties 

Microneedles act on the skin surface, puncturing the epidermis and creating micro-

scopic pores through which the drug diffuses into the dermal microcirculation. The suc-

cess of microneedle puncture can be assessed using a paraffin membrane or porcine skin. 

The porcine skin has similar physical properties to human skin and can be used as a 

simulated human skin model [43, 45, 46]. When conducting relevant experiments, the 

skin was first washed with PBS (pH 7.4) and then the skin was placed dermally down-

wards on a wax sheet [47]. The HFMNs were then pressed into the skin with the thumb 

for 30 s. The microneedle arrays were removed from the skin and stained with 150 µL of 

1% methylene blue solution for 5 min to assess the position of the stained microneedle 

pinholes. Excess staining solution was gently washed away with PBS. The stained skin 

was imaged with a digital microscope and the percentage of stained blue microneedles 

was calculated to assess the skin puncture performance of the microneedle arrays. The 

100% success rate indicated that all microneedle arrays would be observed in the skin 

[48]. In general, parameters such as microneedle tip diameter, basal width, length, type of 

microneedle and its mechanical strength play a crucial role in forming the size of the 

microchannel in the skin [49]. 

Fluorescence microscopy can be used to examine the distribution and accumulation 

of the drug in the skin. Using fluorescence imaging, Aljuffali et al. observed that after 

transdermal administration, fluorescence was only detected on the skin surface in the 

free fluorescent probe group and only a weak fluorescent signal was present in the hair 

follicles, whereas fluorescence was significantly enhanced in the skin of the fluorescently 

labelled nanocarriers group, suggesting a pro-permeation effect of the nanocarriers [50]. 

When the drug itself is fluorescent or the drug delivery system is labelled with flu-

orescence, CLSM is often used to observe fluorescence at different skin depths, allowing 

verification of the depth of penetration of the agent into the skin tissue and visualisation 

of the accumulation of the agent in the skin tissue. Alvarez-Roman et al. used CLSM to 

determine the penetration, distribution and accumulation of polymeric nanoparticles in 

isolated porcine skin [51]. 

MPM is suitable for the characterisation of human skin and allows the assessment of 

skin morphology and layers at a subcellular level. The two-photon excitation principle 

overcomes the limitations of fluorescence imaging and allows for in vivo non-toxic ma-

nipulation. Excitation occurs almost exclusively at the target inspection site without 

damaging surrounding tissue [52]. MPM also extends the applicability of fluorescence 

lifetime imaging microscopy (FLIM), and MPM-FLIM allows non-invasive, 

high-resolution examination of human skin for in vitro, ex vivo and even clinical in vivo 

applications [53]. MPM has been used to evaluate the pathophysiological features of in-

flamed skin, skin permeation and delivery of drugs [54-56]. 

2.5. In vitro release and transdermal behaviour 
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The in vitro TDD can be assessed by Franz diffusion in the donor compartment of 

the diffusion cell, with the stratum corneum of porcine skin fixed face up to the receiving 

cell, with PBS (pH 7.4) constanted at 37°C as the receiving medium [57]. The microneedle 

arrays were applied to the isolated skin and samples were taken from the receiving cell at 

set intervals. For measuring in vitro drug release, microneedles are placed in PBS (pH 7.4, 

37°C), and samples are taken at set intervals to determine drug concentrations. Skin 

permeation of drug can also be evaluated by in vivo animal models, often in suitable rats 

or mice. The hair of the anaesthetized animal is removed and the skin is then punctured 

using a microneedle patch, whilst other parameters associated with drug efficacy can be 

assessed, such as microneedle strength, permeation efficiency and irritation [58]. 

It has been noted that skin structure and immune responses in animal models differ 

significantly from those in humans. In addition, the biochemical properties of ex vivo 

human skin are different compared to in vivo human skin [59]. Therefore, human trials 

need to be included in the study when conducting pharmacodynamic studies [60]. 

3. Application of HFMNs in disease treatment 

HFMNs have been widely used for the treatment of various diseases, such as car-

diovascular diseases, metabolism-related diseases and cancer, due to their outstanding 

advantages mentioned above. 

3.1. Anticancer 

With HFMNs for transdermal anticancer drug delivery can overcome the disad-

vantages of low bioavailability and side effects of oral administration and can also be 

used for the local administration of drugs for the treatment of superficial tumours such as 

melanoma, improving bioavailability while avoiding systemic exposure of the drug. 

Taking advantage of the abundant immune cells including antigen-presenting cells and 

Langerhans cells in the epidermis and dermis, the activation of the skin's immune mi-

croenvironment can act synergistically with the drugs delivered by HFMNs. 

Chen et al. prepared HFMNs with cross-linking polyvinylpyrrolidone (PVP) and 

polyvinyl alcohol (PVA) as matrix, loaded with 1-methyltryptophan and indocyanine 

green-encapsulated nanoparticles for the treatment of melanoma [61]. This system suc-

cessfully induced immunogenic cell death, enhanced immune response and provided a 

promising melanoma treatment (Figure 2). 
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Figure 2. Schematic illustration of the mechanism of antitumor immunity. The figure was adopted 

from ref [61] with permission from American Chemical Society. 

Huang et al. prepared HFMNs loaded with doxorubicin (DOX) and trametinib (Tra) 

using photo-cross-linked dextrose methacrylate (DexMA) as the microneedle matrix, and 

successfully achieved the slow release of the drugs and exploited the synergistic effect of 

DOX and Tra (Figure 3) [62]. 

 

Figure 3. Characterization of DexMA hydrogel microneedles (MNs). (A), (B), and (C) are images of 

blank MNs, methylene blue-loaded MNs, and DOX-loaded MNs, respectively. (D-F) are images of a 

single microneedle corresponding to (A-C), respectively. (G) SEM image of MNs. (H) MNs me-

chanical property. (I) In vitro drug release from MNs. The figure was adopted from ref [62] with 

permission from Elsevier, Limited. 

3.2. Treating diabetes 

HFMNs are a promising drug delivery system for the treatment of diabetes because 

they are minimally invasive, painless, have no microneedle matrix residue and can be 

repeatedly administered multiple times. 

Chen et al. used silk protein and phenylboronic acid/acrylamide as microneedle 

matrix loaded with insulin to prepare glucose-responsive smart HFMNs [63]. After the 

microneedles penetrated the skin, insulin was released autonomously to control the 

blood glucose concentration when the glucose concentration in the skin tissue increased. 

The HFMNs also retain their original needle shape after a week in water, offering the 

potential for safe, residue-free and sustained drug release. 

Wang et al. fabricated HFMNs by using PVA as a microneedle matrix, loaded with 

glucose oxidase (core) and catalase (shell) and loaded 4-nitrophenyl 

4-(4,4,5,5-tetramethyl-1,3,2-dioxol-2yl) benzyl carbonate (insulin NBC) modified insulin 

into PVA, and PVA was further gelated by an H2O2-labile linker: 

N1-(4-boronobenzyl)-N3-(4-boronophenyl)-N1,N1,N3,N3-tetramethylpropane-1,3-diamini

um (TSPBA) [64]. When microneedles were exposed to high glucose concentrations, local 
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high levels of H2O2 were produced and insulin NBC was oxidised and hydrolysed, 

leading to rapid release of free insulin and control of blood glucose concentrations (Fig-

ure 4). 

 

Figure 4. Schematic representation of the glucose-responsive insulin delivery system using H2O2 

responsive PVA-TSPBA gel. (A) Insulin is triggered to release by a hyperglycemic state from the 

core matrix of the PVA-TSPBA MN patch, and the local inflammation can be greatly reduced by the 

catalase embedded PVA-TSPBA shell. (B) Modification of insulin with NBC and H2O2 responsive 

release. (C) H2O2-responsiveness mechanism. The figure was adopted from ref [64] with permission 

from American Chemical Society. 

3.3. Treating rheumatoid arthritis 

Rheumatoid arthritis is a systemic disease involving multiple joints. Early drug 

treatment is mostly oral administration, but long-term oral anti-rheumatoid arthritis 

medication often brings about serious side effects, while local injection drug treatment 

methods not only require specialist handling, but may also pose the risk of joint damage 

and infection. HFMNs are suitable for the delivery of drugs for this disease because of 

their painless and minimally invasive delivery of various active molecules. 

Cao et al. designed modified hyaluronic acid-fabricated HFMNs, loaded with re-

verse deoxythymidine and cholesterol-modified deoxythymidine, which had a protective 

effect against cartilage/bone erosion in mice joints [65]. Compared to dissolving mi-

croneedles, HFMNs not only increased the loading of nucleic acid aptamers into the 

cavity of the microneedle mould, but also allowed the loading of HFMNs to be controlled 

by adjusting the concentration of the aptamer solution, avoiding waste and loss of ap-

tamers during preparation. 

4. Summary and outlook 

As a new type of TDD method, HFMNs have been increasingly researched for TDD, 

mainly in the treatment of cardiovascular diseases, tumours and diabetes mellitus, with 

the greatest advantage being the controlled release of the drug and the targeted drug de-

livery in the original lesion. In addition, the HFMNs are prepared with certain functional 

modifications, such as some photothermal materials (e.g. gold nanorods, Prussian blue, 

and indocyanine green) and photosensitizers (e.g. protoporphyrin, zinc titanocyanine, 

and titanium dioxide), which induce the HFMNs to produce exogenous stimuli (changes 

in temperature, magnetic fields, and light) or endogenous stimuli (changes in pH, en-

zymes, and redox gradients), while combining the delivered drug molecules, antibodies, 

nucleic acids, etc., to achieve targeted treatment of diseases. However, HFMNs devel-

opment still face potential biosafety issues during prolonged use, batch industrial pro-

duction and sterilisation challenges, which pose a huge challenge for their clinical ap-

plication and are a hot topic for future research. 
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