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Abstract: Rheumatoid arthritis (RA) is a systemic autoimmune disease characterized by chronic joint inflammation, eventually 
leading to severe disability and premature death. At present, the treatment of RA is mainly to reduce inflammation, swelling, and pain. 
Commonly used drugs are non-steroidal anti-inflammatory drugs (NSAIDs), glucocorticoids, and disease-modifying anti-rheumatic 
drugs (DMARDs). These drugs lack specificity and require long-term, high-dose administration, which can cause serious adverse 
effects. In addition, the oral, intravenous, and intra-articular injections will reduce patient compliance, resulting in high cost and low 
bioavailability. Due to these limitations, microneedles (MNs) have emerged as a new strategy to efficiently localize the drugs in 
inflamed joints for the treatment of RA. MNs can overcome the cuticle barrier of the skin without stimulating nerves and blood 
vessels. Which can increase patient compliance, improve bioavailability, and avoid systemic circulation. This review summarizes and 
evaluates the application of MNs in RA, especially dissolving MNs (DMNs). We encourage the use of MNs to treat RA, by describing 
the general properties of MNs, materials, preparation technology, drug release mechanism, and advantages. Furthermore, we discussed 
the biological safety, development prospects, and future challenges of MNs, hoping to provide a new strategy for the treatment of RA. 
Keywords: rheumatoid arthritis, dissolving microneedles, transdermal delivery system, degradability, biosafety

Introduction
Rheumatoid arthritis (RA), the most common type of autoimmune arthritis, is accompanied by chronic inflammation and joint 
swelling, stiffness, and erosion.1 Severe RA can lead to dysfunction, organ failure, infection, and even death.2 At present, the 
pathogenesis of RA is still in the exploratory stage. Related studies showed that RA occurrence might be connected to 
autoimmune, genetic, infection, smoking, and other factors.3 Various inflammatory mediators, such as tumor necrosis factor-α 
(TNF-α), C-reactive protein, CD40L, interleukin (IL)-18, IL-20, monocyte chemoattractant protein-1, nuclear factor-κB 
receptor activator ligand fractal protein, matrix metalloproteinase-9, and adhesion molecules, play an important role in the 
development of the disease.4–6 Although the cause of RA is complicated, several classes of drugs are commonly used in 
clinical practice, to control the development of the disease and reduce joint damage such as nonsteroidal anti-inflammatory 
drugs (NSAIDs), disease-modifying antirheumatic drugs (DMARDs), immunosuppressive drugs, biological agents, small 
interfering RNA (siRNA), and natural small-molecule compounds.7,8 Although the above-mentioned drugs have some 
therapeutic effects, they still have some disadvantages including the need for high doses, poor patient compliance, less 
drug accumulation in joints, and extraarticular adverse reactions. In addition, most drugs through intravenous/intra-articular 
injection have lower bioavailability and faster systemic clearance.9–11 Nano drug delivery system, as a new drug delivery 
technology, can increase the solubility of drugs, change the distribution of drugs in the body, improve the targeting of drugs, 
and has become a research hotspot for the treatment of RA.12–14 However, as the drug delivery method is mainly injected into 
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the joint cavity, there are still many shortcomings in patient compliance. To overcome these drawbacks, researchers are trying 
to create new drug delivery strategies.

An interesting physical penetration enhancement technique is the use of microneedle (MN) arrays, composed of small 
micron-sized needles. They do not touch nerve endings, so there is no pain.15 MNs can efficiently deliver compounds 
with different molecular weights to the skin, such as NSAIDs,16 biological agents,17 peptides,18 and even cells.19 

Compared with the traditional delivery system, MNs have many unique advantages. First, unlike oral or intravenous 
injection, drugs must pass through the systemic blood circulation to reach the joint cavity. The MNs can bypass the first 
pass effect and can directly locate the drug release at the joint, thus avoiding the waste of the drug and improving the 
curative effect. Secondly, the MNs avoid the diffusion of drugs to healthy tissues outside the joints as much as possible, 
which greatly reduces the toxic and side effects of drugs. Thirdly, compared with intra-articular injection, MNs can use 
lower doses to obtain a better curative effect. It can continuously and stably deliver drugs to the intra-articular cavity to 
produce the sustained-release effect and avoid the high drug concentration caused by local injection. Fourthly, the MNs 
may have drug-responsive release functions depending on the intra-articular environment, such as ROS and acid- 
responsive properties,20 which is conducive to the targeted treatment of RA.21 In addition, the convenience and painless 
characteristics of MNs administration have high patient compliance. In conclusion, these advantages make it possible for 
MNs to be used in the clinical treatment of RA.

Although MNs have good advantages and prospects in RA treatment, they are not summarized in detail. (Figure 1) 
showed different MNs applied in RA. We described the general properties of MNs, materials, preparation technology, 
drug release mechanism, and advantages. Then we discuss the great contribution of different types of MNs in the 
treatment of RA. Furthermore, we discussed the biological safety, development prospects, and future challenges of MNs, 
hoping to provide new thoughts for further investigations of effective RA therapy.

Fabrication Techniques for MNs
With the continuous development of industrialization, the preparation technology of MNs is also constantly updated. The 
traditional preparation methods include Microelectromechanical Systems (MEMS),22 Laser cutting,23 Laser Ablation,24 

Micro-molding Method,25 Atomization spraying method,26 and Droplet-Born Air Blowing method.27 The most widely 
used method is Micro-molding. In short, the male mold is prepared by MEMS, and then the male mold is put into the dry 
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PDMS mold to prepare the female mold. The prepared drug solution is poured by centrifugal or vacuum method to 
prepare the MNs matrix, and the MNs are dried, solidified, and peeled. The prepared PDMS mold can be reused. 
However, the above methods require the support of expensive equipment and professional and technical personnel, which 
takes a long time and cumbersome steps, which is not conducive to expanding scale production. Therefore, a simpler and 
more economical preparation technique is the 3D printing method, also known as Additive Manufacturing. Through 
computer-aided design and adding materials layer by layer, a fine-designed MNs array can be created. For example, 
Barnum et al.28 Prepared and characterized 3D printing hydrogel MNs (Figure 2A and B). The results showed that MNs 
had good mechanical properties and were an outstanding carrier for transdermal drug delivery. The earliest 3D printing 
technology is Stereolithography (SLA), which uses UV light and digital micromirrors to cure liquid polymers to form 
MNs through photochemical processes. It can produce MNs with high quality and fine spatial resolution, but it has the 
disadvantages of slow printing speed, high price and limited printing materials. Another 3D printing technology is digital 
light processing (DLP). Its preparation process is similar to SLA, which can form photopolymers by layer curing. It has 
shorter construction time than SLA, less oxygen inhibition, better surface quality, but limited mechanical properties. 
Fused Deposition Modeling (FDM) is also a 3D printing technology. It has the characteristics of low cost, high speed and 
simplicity, but the mechanical properties of the prepared MNs is weak, the surface is rough, and the high temperature in 
the extrusion process also limits its application. Another common 3D printing technique is Two/multi-photon polymer-
ization (TPP/MPP), which has high spatial resolution, but is too slow to build, and the limited materials used will limit its 
use in industrial MNs production. In conclusion, 3D printing technology has the ability to quickly and accurately 
customize MNs with complex shapes. Its emergence is conducive to the development of biomedicine and material 
science, and provides the possibility for rapid and large-scale production of MNs. Table 1 summarizes the different 
preparation materials and technologies and their advantages and disadvantages.

Classification, Characteristics, and Drug Release Mechanisms of MNs in RA
MNs consist of small micron-sized needles ranging in length from 50 to 900 µm.44 It has the combined advantages of 
noninvasive (transdermal delivery) and invasive (injection administration) drug delivery.45 MNs can penetrate the SC 

Figure 1 Application of different types of microneedles in RA.
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(10–40 µm thick) into the epidermis/dermis layer.46–48 It also produces short-term microchannels to help drug penetra-
tion, greatly increasing the amount of transdermal drug absorption without stimulating nerves and damaging blood 
vessels to achieve a painless effect.49,50 It can be classified according to different factors, such as the material prepared by 
the MNs and the application type of the MNs (diagnosis, treatment, transdermal). According to the morphological 
classification of the MNs, they can be divided into solid MNs, coated MNs, dissolving MNs, and hollow MNs.51 

However, according to previous studies, classification according to morphology and materials is the most common. The 
different types of MNs and their drug-release behavior are shown in (Figure 3A–E).

Types of MNs
Solid MNs
The concept of solid MNs for drug delivery was first proposed in the 1970s, but it was not until the 1990s that advances 
in microfabrication technology made it easier to prepare solid MNs.52 Solid MNs are usually made of silicon, glass, 

Figure 2 (A) Schematic illustration of the fabrication process using 3D printing followed by cleaning with NaOH to remove support material, and actual demonstration of 
semiflexible MNs arrays. (B) Concept drawing of loading mechanism for filling MNAs. 1. Setup employed for the mechanical testing of MNAs 2. Pig skin insertion testing 
configuration. Reprinted from Eur J Pharm Biopharm, 82(2), Gomaa YA, Garland MJ, McInnes F, El-Khordagui LK, Wilson C, Donnelly RF. Laser-engineered dissolving 
microneedles for active transdermal delivery of nadroparin calcium. 299–307, copyright 2012, with permission with Elsevier.23
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ceramic, metal, and nondegradable polymer by wet or dry etching, laser cutting, electropolishing, metal plating, and so 
on.53 The drug release of solid MNs follows the principles of “poke and patch” or “patch and poke”.54 Simply put, solid 
MNs are inserted into the skin to create a channel for the drug to penetrate the skin to facilitate drug absorption.54 Then 
MNs are removed, and the drug is applied to the skin.55 Akmal et al.56 The oscillating solid MNs device Dermapen was 

Table 1 Advantages and Disadvantages of Different Microneedles Preparation Technologies and Materials

Types of 
Materials

Materials Types of 
MNs

Techniques Advantages Disadvantages Application Ref.

Silicon Silicon Solid/ 

Coated

Silicon dry-etching; 

Isotropic etching; 

Anisotropic wet 

etching; 

Dicing a silicon 

substrate plus acid or 

base etching; 

Three-dimensional 

laser ablation 

method

Material has 

flexibility allowing 

the production of 

various sizes and 

shapes of the needle; 

It has high 

mechanical strength 

and is easy to 

penetrate the skin 

to deliver drugs.

High cost and 

complex 

preparation; Brittle, 

easy to fracture, 

poor 

biocompatibility.

Drug delivery; 

Disease diagnosis; 

Enhanced skin 

penetration; 

Vaccine delivery.

[29–31]

Metal Titanium, 

stainless steel, 

nickel and 

palladium

Solid / 

Coated / 

Hollow

Laser cutting; 

Wet etching; 

Metal electroplating; 

Laser 

micromachining; 

Deep X-ray 

lithography

Inert, non-reactive, 

high strength, and 

fracture toughness.

It is easy to cause 

biological hazards 

and sophisticated 

waste pollution.

Drug delivery; 

Disease diagnosis; 

Enhanced skin 

penetration; 

Vaccine delivery;

[32–34]

Ceramics Alumina, 

Calcium sulfate, 

calcium 

dihydrogen, 

calcium 

phosphate 

dihydrate

Solid/ 

Coated

Ceramic micro- 

molding and sintering 

lithography

Low cost, stability, 

low chemical 

reactivity, low 

toxicity.

Easy to produce 

brittle cracks, 

complex 

production process, 

and difficult 

transportation.

Drug delivery; 

Disease diagnosis; 

Enhanced skin 

penetration; 

Vaccine delivery

[35]

Carbohydrates Maltose, 

sucrose, xylitol, 

mannitol, 

trehalose 

Galactose, 

Hyaluronic acid, 

Bletilla striata 

polysaccharide, 

Chitosan

Dissolving Micro-molding; 

Droplet-born air- 

blowing method; 

Atomized spraying; 

Drawing lithography 

3D printing

High 

biodegradability and 

lack of toxic 

decomposition 

product; 

It has high flexibility 

and can control drug 

release; 

The modified 

material has to 

target property; 

Easy to prepare and 

expand production 

scale.

It is easy to 

fracture, difficult to 

maintain good 

geometry, and poor 

mechanical 

strength; 

Degradation, and 

preparation 

difficulty at high 

temperatures.

Drug delivery; 

Disease diagnosis; 

Enhanced skin 

penetration; 

Vaccine delivery; 

Targeted drug 

delivery; 

Controlled drug 

release; 

Protein and DNA 

delivery

[36–40]

Polymers PVA/PVP/ 

PMMA/PLA/PC/ 

PGA/CMC/MD/ 

PS-b-PAA

Dissolving Micro-molding; 

Photopolymerization; 

Droplet-born air 

blowing; 

Drawing lithography 

3D printing

Low toxicity and 

cost, easy to 

manufacture; It has 

excellent 

biocompatibility, 

solubility, and high 

flexibility; Control 

drug release.

Lack of mechanical 

strength and easy 

deformation; Long 

dissolving time; 

high manufacturing 

and storage 

requirements; 

dose limitation

Drug delivery; 

Disease diagnosis; 

Enhanced skin 

penetration; Vaccine 

delivery; Targeted 

drug delivery; 

Controlled drug 

release; Protein and 

DNA delivery

[41–43]
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applied before and after 5% w/w imiquimod cream. The results showed that the “patch and poke” strategy could greatly 
enhance the penetration of 5% w/w imiquimod cream, generate an intradermal reservoir within 24h, and enable the 
continuous intradermal delivery of drugs to deeper tumor lesions. It has been proven that the use of solid MNs to pretreat 
the skin to produce microscale pores can greatly improve the penetration efficiency of drugs, but solid MNs are prone to 
breakage during use and transportation, leaving biological residues that cause the risk of infection.57,58 The biocompat-
ibility and safety of the materials used in solid MNs, such as metal and silicon, need to be further investigated.59 

Penetration efficiency is affected by the size of pores or densities produced by solid MNs in the skin, and the 
lipophilicity, particle size, and molecular weight of the drug.60,61

Coated MNs
The preparation materials and methods of coated MNs are similar to solid MNs, and the drug release of coated MNs is 
carried out by “coating and poking”. The drug solution or dispersion layer is evenly coated on the MNs. After MNs are 
inserted into the skin, the drug is quickly dissolved and released, and then MNs are removed.62 Pearton et al63 have 
proven that coated MNs have satisfactory stability by uniformly coating the plasma DNA on steel MNs, and the coated 
plasmid DNA has good dissolution and permeability from MNs in situ. The expressed gene product can be detected in 
the local live human epidermis at the MN puncture site. Methods such as dipping or spraying enable the drug to be 
coated on MNs, and some surfactants can also be used to increase the wettability of the MN surface.64 Coated MNs need 
to be coated, but some drugs are unsuitable for coating technology, so coated MNs have some limitations in delivering 

Figure 3 Schematic diagram showing the different types of MNs reported to date. Also shown is the mechanism in which the different MNs are used for transdermal drug 
delivery. (A) Solid MNs. (B) Coated MNs. (C) Dissolving MNs. (D) Hollow MNs. (E) Hydrogel MNs.
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drugs. In addition, Coated MNs require additional complex preparation techniques, and the drug loading is difficult to 
control, which limits its application.65

Dissolving MNs
Most rapid DMNs have high toughness so that they will not be brittle and fractured when inserted into the skin to avoid 
harmful sharp waste.11,35,36,66 The preparation process of DMNs is simple and the production conditions are mild, which 
can ensure the stability of the drug during the preparation process (Figure 4A). Rapid DMNs are highly biocompatible 
and will not cause serious side effects after insertion into the skin. Also, some molded materials are biodegradable or 
have the characteristic of rapid solubility (Figure 4B and C). The drugs were prepared into different dosage forms 
according to their characteristics, such as liposomes,67 nanoparticles, micelles,68 etc., and loaded into DMNs. After the 
DMNs are inserted into the skin, the drug will be released with the dissolution of the DMNs matrix, so no medical waste 
will be generated. The dissolution behavior of rapid DMNs is shown in (Figure 4D), enabling the drugs loaded in the 
rapid solubility MNs to be slowly released as MNs dissolve in the skin, acting as a slow drug release.69 At present, there 
are many reports that DMNs can be used to treat RA and achieve good therapeutic effects. As a result, rapid DMNs have 
received increasing attention and are considered the most promising MNs.70 However, rapid DMNs also have some 
defects. One of the biggest problems is that the mechanical strength of rapid DMNs is not enough. When inserted into the 
skin, it may be offset by skin elasticity, resulting in needle tip damage and cannot reach the ideal depth of drug release.71 

Lin et al72 added hydroxypropyl-β-cyclodextrin (HP-β-CD) to the needle material, sodium hyaluronate (HA). The 
hydrogen interaction between HP-β-CD and HA restricted the mobility of the molecular chains and subsequently 
increased the elastic modulus of the complex materials. The mechanical strength of polymer MNs is improved so they 
can be successfully inserted into the dense and hard scar tissue. In addition, DMNs are easy to break and absorb water 
during transportation, which will affect its ability to insert into the skin.

Figure 4 The dissolving MNs were fabricated with hyaluronic acid in our laboratory. The dissolving MNs array consists of an 11×11 matrix with a height of 800 μm. The 
characteristics of dissolving MNs. (A) Schematic diagram of the preparation of dissolving MNs (B) Photographs of whole DMNs. (C) SEM image of dissolving MNs (D) The 
solubility test of MNs was carried out in the isolated mouse skin in vitro and the dissolving MNs were observed with a Leica microscope at 10X.
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Hollow MNs
The drug release mode of hollow MNs is mainly through “poke and flow”. There is a cavity inside hollow MNs for drug 
solution or drug dispersion to enter. After MNs are inserted into the skin, the drug solution is driven by pressure to flow 
from the cavity above hollow MNs into the cavity and then into the skin, similar to subcutaneous (s.c) injection.73 

Therefore, devices that control flow and velocity can be used to maintain a constant flow rate to control the drugs 
entering the skin and drug release time, which is beneficial to clinical safety. The main advantage of hollow MNs over the 
previous three MNs is that they deliver the drug solution directly to the skin, without the need for additional drying, and 
can be applied to heat-labile drugs, such as a vaccine, siRNA, Biological agents, etc.74 Ma et al17 developed hollow MNs 
that mimic the activities of mosquitoes based on the bionic principle, and the results showed good skin penetration. Vivek 
et al75 used 3D printing technology to prepare hollow MNs, and successfully delivered rifampicin, an antibiotic with 
gastrointestinal side effects and severe liver toxicity, into isolated pig skin. The bioavailability study of rodents showed 
that rifampicin could effectively penetrate through hollow MNs. However, the preparation of hollow MNs is more 
complicated than other types of MNs due to their cavity structure.39 The hollow structure of hollow MNs may result in 
the risk of fracture if MNs are not mechanically strong enough to be inserted into the skin. The length of hollow MNs 
used for tissue sampling or bio-signal monitoring is at least 1500 μm, enabling them to reach effective skin depth.76 

However, the high aspect ratio of MNs means that MNs are more difficult to prepare and more prone to fracture. 
Therefore, expensive manufacturing equipment and hollow MNs inserted into dense skin may cause obstruction, which 
will limit its clinical application.

Hydrogel MNs
The hydrogel formation of MNs was first reported in 2012. Hydrogel MNs act as a needle to penetrate the SC and open the skin 
channel. After entering the skin, hydrogel MNs act as a rate-controlled membrane to slowly release the drug,77 and hydrogel 
MNs can be completely peeled off from the skin. Compared to solid MNs, hydrogel MNs will not break and leave residues, 
causing the risk of biological infection, which has better biocompatibility.78 Hydrogel MNs can not only deliver drugs but also 
absorb tissue permeate to help wound healing due to their strong water absorption effect, a feature that other types of MNs do 
not have. At present, hydrogel MNs have applications in antibody/drug delivery, skin diseases, and wound healing. For 
example, oral metformin, a large side-effect of oral administration, was used to study the transdermal drug delivery of MNs.79 

The results showed that MNs are used to enhance the permeability and bioavailability of drugs and reduce the side effects of 
oral administration. However, hydrogel MNs also have some limitations. Hydrogel MNs slowly dissolve in the body after 
insertion into the skin, making the absorption of drugs in the plasma slower than oral administration, and the release of 
hydrogel MNs in vivo is a sudden release followed by an increase in swelling followed by a slow release. The sudden release 
of hydrogel MNs may result in the risk of poisoning due to high blood concentration.80 Because of long-term swelling and 
release of hydrogel MNs in the body, hydrogel MNs used should be sterile and have a high degree of biocompatibility. 
Otherwise, there is a risk of tissue damage and infection.78

Characteristics of MNs
From preparation to applications, MNs need to be comprehensively evaluated by a series of tests. Through the data 
continuously optimize the preparation of prescriptions, to screen out suitable materials for different drugs to ensure their 
safety and effectiveness. To promote the transformation of MNs from experimental research to clinical application 
products, the common characterization methods are as follows:

Morphological Characterization of MNs
Through the optical imaging system, the shape of the MNs, the dissolution after penetrating the skin, and the penetration depth 
of the skin can be characterized. The shape, height, spacing, aspect ratio, and an array of MNs are characterized by electron 
microscopy. A scanning electron microscope can observe the three-dimensional structure of the MNs.81 In addition, 
Rhodamine B, coumarin-6, and other fluorescent chromogenic agents were loaded into the MNs as probes.82 Scan the 
direction of the Z-axis under the laser scanning confocal microscopy, and reconstruct the three-dimensional form structure 
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through the software. We can analyze the fluorescent strength and depth of the drug penetrating through the MNs. The above 
instrument is simple to operate. It can be used to evaluate whether the MNs are formed or sharp.

Mechanical Property Test of MNs
As a new transdermal drug delivery system, MNs need to overcome the stratum corneum (SC) barrier to play an effective 
role. Therefore, it must have sufficient mechanical properties. 0.098 N/needle is the minimum force for the MNs to 
penetrate the SC.83 The traditional method is to test the breaking force of the axial needle. The tip of the MNs is installed 
upward on the probe of the texture analyzer, and it is lowered to the flat metal block at a constant speed.84 The force- 
displacement curve is obtained, and the inflection of the curve is the MNs breaking force. However, this method also has 
some limitations. For example, the tips of the MNs cannot all break at the same time, and the fracture force obtained is 
not accurate enough. In addition, a universal testing machine, texture analyzer, dynamometer, force-displacement 
machine, etc. can also characterize the mechanical properties of the MNs.85 Du et al66 used a nanoindenter to measure 
the amount of the MNs Yang’s modulus. By using a spherical probe with a diameter of 56 μm, it was measured at 
a constant speed of 10μm/s. The results showed that Young’s modulus of the MNs was as high as 60.66 mpa. The 
nanoindenter can control more accurate displacement and capture more fine changes in the MNs tips, but this method is 
long and expensive. Therefore, it is suggested to comprehensively evaluate the force of the MNs by combining a variety 
of mechanical strength test methods.

Evaluation of Puncture Performance of MNs
The puncture performance evaluation of the MNs is the key to a successful application. At present, there are many 
methods to evaluate the puncture performance of the MNs. First, we can simply and quickly judge whether the MNs are 
successfully inserted by dyeing, Trans-epidermal water loss (TEWL), and resistance method.86 At present, the most 
commonly used dyes are water-soluble dyes such as trypan blue, methylene trypan blue, and rhodamine B. Pearton63 et al 
used methylene blue solution to dye and observe the isolated human skin after MNs puncture. It was found that with the 
increase of MNs force, the whole effect was more obvious. TEWL is a non-invasive, highly sensitive, and real-time 
method to understand skin water loss. When the MNs are inserted into the skin, they will destroy the SC barrier, and the 
microchannels will increase the TEWL value. When the channel is closed, the TEWL will return to the baseline value. 
Wang et al.87 The MNs prepared from Panax notoginseng polysaccharide were inserted into the skin of rats, and the 
TEWL values increased continuously for 10 minutes, which indicated that the MNs of Panax notoginseng polysaccharide 
had good skin permeability. However, the TEWL value will be affected by many factors, such as temperature, humidity, 
skin conditions, and so on. The resistance method is to measure the changes in the electrical impedance of the SC before 
and after MNs application. The above methods can only indirectly evaluate the puncture ability of the MNs, but cannot 
detect the puncture depth of the MNs. Histological sections, confocal images, and Optical coherence tomography (OCT) 
can detect the puncture depth of the MNs. Histological sections are a complex method to prove the depth of the MNs 
puncture.88 The skin applied by the MNs is paraffin-embedded and dyed to observe the channel depth after the MNs 
penetration. However, because of the tension and pressure on the skin during the process of fixing and slicing, the 
original shape of the MNs penetrating the skin is changed. The stimulation of the dye will cause the skin to shrink and 
make the pores smaller. The fluorescent dye was loaded into the MNs and the penetration depth of fluorescence was 
observed under a CLSM. For example, Du et al.82 Inserted the MNs loaded with rhodamine 6G into the isolated pig skin 
for 3 min, and observed under the CLSM, it was found that the penetration depth was as high as 170 μm. This is a non- 
invasive method that can be used in vitro/vivo, but it can also lead to errors due to the gradual diffusion of fluorescent 
dyes. The OCT is thought to be a lateral imaging technique that provides the SC, the active epidermis, and the upper 
dermis. It has a visual depth of up to 2000 μm and provides non-invasive, real-time depth observations. Therefore, 
different methods can be selected to evaluate the puncture performance of the MNs.

Skin Permeability of MNs
The skin permeability of the MNs was determined by Franz transdermal diffusion method and high-performance liquid 
chromatography.81 The MNs were inserted into the isolated animal skin, and then the skin was placed in the receiving 
chamber. The receiving liquid after ultrasonic treatment is added to the receiving pool, and there is no air bubble in the 
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middle. Place the above device in a constant temperature water bath at 37 °C ± 0.5 °C and stir it. Collect samples at 
a fixed time point to characterize the permeability of the MNs by analyzing the content of the drugs diffused to the 
receiving chamber. This method has the advantages of simple operation, low cost, and easy repetition. Different skin 
models can be used to meet the requirements of different MNs. However, the in vitro skin tissue does not contain the 
subcutaneous layer and cannot truly simulate the inner environment of the skin, and the composition of the receiving 
liquid is also different from the human body fluid. The optical resolution-optical sound microscope can be used to 
dynamically characterize the MNs, including insertion depth, and drug release curve, which is a more accurate method.

Drug Release Mechanisms of Microneedle in RA
Different types of MNs have different drug release mechanisms. Table 2 summarizes the advantages and disadvantages 
of different MNs. The choice of MNs release mechanism depends on drug characteristics and disease types.

Table 2 Advantages and disadvantages of different microneedle drug release mechanisms

Advantages of MNs in RA
Minimally Invasive and Pain
Patients with RA suffer from joint pain for a long time, and traditional drug delivery methods, such as injection, bring 
another kind of stimulation to the patient and increase the pain of the patient.93 MNs are a new form of transdermal 
delivery that delivers drugs to the joints of patients, and because MNs are usually no larger than 800 μm in size, they do 
not cause pain.94 In addition, the tiny channel created by the MNs will gradually recover after the MNs are removed. The 
ability of microorganisms to enter the body through the hole formed by the needle tip is low, the risk of bleeding is low, 
and the risk of infection for patients is reduced. The emergence of MNs avoids people’s dependence on traditional 
needles and reduces the risk of occupational exposure for medical staff. For example, for RA patients who are afraid of 
long metal needles, the appearance of MNs will not make them feel fear and improve their compliance.95

Maintain Drug Activity
MNs are an effective carrier for RA, whether the drug can exist stably and maintain effective drug activity is a question 
worthy of consideration. Previously, there were articles about MNs loaded with vaccines or insulin and other 
macromolecules.26,96,97 The original activities of vaccine and insulin in MNs were not destroyed, showing similar 
immune regulation response and blood sugar lowering as subcutaneous injections. Cao et al84 loaded the cryopreserved 
biological agent etanercept into HA-MNs and cross-linked under ultraviolet light. The secondary structure of etanercept 
was not destroyed by circular dichroism analysis. The results showed that the etanercept could maintain its original 

Table 2 Advantages and Disadvantages of Different Microneedle Drug Release Mechanisms

MNs 
Type

Mechanism Advantages Disadvantage Ref.

Solid Poke and 

patch

Strong mechanical performance; Simple 

production and Application; The delivery of 
drugs is diverse and stable

The microchannel is easy to close; Short duration of drug 

action; Dosing can not be precise

[45]

Coated Coat and 

poke

Fast drug release; High bioavailability; Easy to 

control dosage

The coating layer is easy to falls off from the MNs, resulting 

in drug waste; Coating increases the thickness of the needle 
tip against drug penetration

[89]

Hollow Poke and 

flow

Large drug loading; Release rate is adjustable; 

There is no waste in the production and use 
of the drug

The preparation process is complex, and high cost; Pinhole is 

easily blocked for drug release; The needle tip is easy to 
break

[90]

Dissolving Poke and 

release

Good biocompatibility; No sharp medical 

waste; Accurate drug dosage

The needle tip is easy to deform; Low drug content; Weak 

mechanical performance; Slow drug release rate

[91]

Hydrogel Poke and 

swell

No needle remains; Simple preparation and 

production; High-drug load

Poor mechanical strength and physical stability; The 

preparation material is limited

[92]
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structure and biological activity in the MNs without cold storage. MNs can solve the limitations of traditional injection 
drug delivery and reduce the cost of refrigerated storage and cold chain transportation. In conclusion, MNs present 
a great potential for future application of transdermal delivery of RA.

Convenience
As a transdermal patch, MNs are simple to use and easy to operate patient self-administration via MNs is possible or 
assist others to administer drugs, such as the elderly and children, without the personal operation of professional doctors 
or nurses. The self-administration of MNs avoids the anxiety and fear of patients, which helps alleviate autoimmune 
diseases. Patients with RA can self-administer MNs at the time recommended by their doctor, and if any discomfort 
occurs, the MNs can be removed immediately to interrupt the administration, avoiding a build-up of drugs that can cause 
side effects. The time for patients to self-administer medication can be more flexible than the time for receiving treatment 
from doctors and nurses in the hospital, which saves patients’ waiting time and reduces the medical burden from another 
perspective.98

In addition to the convenience of use, MNs can also reduce administration times, which has also brought convenience 
to the treatment of patients with RA. MNs is not simply a substitute for subcutaneous injection but has a certain 
sustained-release function, which can release drugs for the RA in a long-term and stable manner. For example, Du et al95 

cross-linked HA with methacrylate to obtain Me-HA. Compared with MNs prepared with ordinary HA, the prepared Me- 
HA MN can release 56% of the drug within 10 min and continuously release the drug until 480min. These results 
indicate that MNs have good sustained release performance and can reduce the number of drug administration and 
toxicity. In addition to the sustained-release function of the material, MNs can also be loaded with slow-release drugs, 
such as the preparation of anti-inflammatory drugs into liposomes, MNs can effectively accumulate at the site of 
administration. After the MNs are removed, the drug can be released stably for a long time, reducing the frequency of 
administration to a certain extent. As a chronic inflammatory disease, RA requires multiple long-term administrations to 
achieve the purpose of controlling the symptoms of the disease. Therefore, there is an urgent need to develop a sustained- 
release preparation that can reduce the number of administrations to increase patient compliance. MNs are a promising 
drug carrier for the treatment of RA because it can achieve sustained drug release.

MN Therapy in RA
RA is an autoimmune disease with chronic polyarticular disease as the main clinical manifestation. In the past, the 
treatment of RA was mainly based on oral or intra-articular injection of drugs. However, oral drug administration has the 
disadvantages of low bioavailability and high side effects, which limits the clinical application of oral drug administra-
tion; in addition, joint cavity injection also brings pain and the risk of infection, which increases the psychological 
pressure of patients. As a new transdermal drug delivery technology, MNs can make the drug reach the joint cavity 
directly through the joint skin, and make the drug gather in the lesion with relatively high concentration, which 
overcomes the systemic side effects of traditional drug delivery and improves the bioavailability of the drug. In addition, 
MNs delivery has the advantages of being minimally invasive and non-invasive to skin tissue, which improves patient 
compliance. Therefore, to address the clinical problems of RA, such as symmetry and multiplicity, the dosage form of 
MNs can be improved to solve the problems of multiplicity and reflect the value of MNs drug delivery. Table 3 
A summary of MNs towards RA therapy.

Solid and Coated MNs Therapy in RA
Solid MNs generally do not directly carry drugs, and release drugs by “poke and patch”. It has strong enough mechanical 
properties to penetrate the SC to produce microchannels. The application of Solid MNs in RA mainly improves the 
transdermal absorption of insoluble drugs and bioavailability by enhancing skin penetration.

Liposome, an amphiphilic structure with a phospholipid bilayer, can improve solubility and reduce the toxicity of 
drugs. The surface of the liposome can also be targeted after modification.117 For example, Jia et al118 developed a new 
dexamethasone-loaded liposome (Dex-Lip) to treat adjuvant-induced RA in rats. Compared with free dexamethasone, the 
Dex-Lip can specifically target inflammatory tissue, and the aggregation at the inflammatory site can be up to 72 h, which 
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can effectively reduce the level of inflammatory factors in serum and improve the hyperglycemia caused by free drugs. 
Intravenous liposomes are effective, but there are inevitable side effects due to systemic circulation. The combination of 
liposomes and MNs can avoid the influence of conventional drug delivery and enhance the therapeutic effect of the 
liposome. Chen et al100 prepared a triptolide (TP)-loaded liposome hydrogel patch (TP-LHP). TPL is a diterpenoid 
trioxide isolated from Tripterygium wilfordii Hook F.119 It has good anti-inflammatory activity. TP-LHP has a stable and 

Table 3 A Summary of MNs Towards RA Therapy

Category Classification Drug Drug Delivery 
System

Materials MNs Design Ref.

Solid MNs Natural small 

molecule 

compounds

Total alkaloids isolated from 

Aconitum sinomontanum
Nanostructured 

lipid carriers

Metal 100 (10×10) needles with 

a height of 250 μm

[99]

Triptolide Liposome Metal 100 (10×10) needles with 
a height of 250 μm

[100]

Paeoniflorin Alcohol 

liposomes

HA/Dextran/ PVP Needles with a height of 

500μm

[101]

Dissolving 

MNs

NSAIDs Meloxicam — PVA/PVP 35 needles with a height 

of 100 μm

[102]

Meloxicam — PVP/PCL 144 (12×12) needles with 
height of 380μm

[103]

Biological agents Etanercept — HA 225 (15×15) needles with 
a height of 800μm

[104]

Neurotoxin Neurotoxin (NT) — PVP/CS/CMC 144 (12×12) needles with 

height of 500μm

[105]

DMARDs Folic acid + Methotrexate PLGA 

microspheres

PVP Needles with a height of 

65.19μm

[106]

Methotrexate — PVP 144 (12×12) needles with 
height of 700μm

[96]

NSAIDs Tacrolimus + Diclofenac — HA/PVP 144 (12×12) needles with 

height of 600μm

[84]

JAK inhibitor Tofacitinib – PVA Needles with a height of 

1139 ± 128 µm

[97]

Polypeptide Bee venom (BV) Gel CMC-Na Needles with a height of 
750μm

[107]

— HA 100 (10×10) needles with 

height of 700μm

[18]

Natural small 

molecule 

compounds

Polydatin HP-β-CD PVP-K30 400 (20×20) needles with 

height of 550μm

[108]

Sinomenine hydrochloride — PVP/CS 70 (7×10) needles with 
a height of 500μm

[109]

Aconitine Nanostructured 

lipid carriers

PVP Needles with a height of 

700 μm

[110]

Brucine — PVPK30/CS Needles with a height of 

600 μm

[111]

Tetrandrine PEGylated star- 
shaped PLGA

PVA/HA/ peach gum 
polysaccharides

225 (15×15) needles with 
a height of 500 μm

[112]

Artemether — HA 169 (13×13) needles with 

a height of 680 μm

[113]

Hydrogel 

MNs

DMARDs Methotrexate — Novel PVA/PVP 121 (11×11) needles with 

a height of 800 μm

[114]

Protein DEK — Methacrylate- 
modified HA

225 (15×15) needles with 
a height of 800 μm

[115]

Coated 

MNs

siRNA — — Metal Needles with a height of 

700 μm

[116]
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long-term release and can avoid first-pass elimination and adverse reactions in the digestive tract. The plasma concen-
tration of TP-LHP mediated by MNs was higher than oral administration, and the maintenance time was as high as 30 
h. Pharmacodynamic experiments in rats with collagen-induced arthritis showed that MNs could reduce joint swelling 
and serum IL-1β and IL-6 levels by regulating the balance of Th1 and Th2 pathways. In conclusion, TP-LHP combined 
with MNs technology can provide a safe and effective method of administration for RA treatment.

Guo et al99 used total alkaloids isolated from Aconitum sinomontanum to prepare nanostructured lipid carriers (AAS- 
NLCs). Fluorescence imaging confirmed that MNs could provide a channel through the SC, making AAS-NLCs 
penetrate deeper. In vivo studies have shown that the combination of MNs and NLC can improve the bioavailability 
of AAS. The in vitro percutaneous penetration of AAS-NLCs mediated by MNs was higher than other drug delivery 
methods. Also, AAS-NLC-MNs can eliminate foot swelling, relieve inflammation and pain, and regulate immune 
function in adjuvant arthritis rats. After administration of AAS-NLC-MNs, rabbit skin showed no irritation, and the 
arrhythmia symptoms of rats were improved. This work showed that the AAS-NLC-MN transdermal delivery method 
could provide more effective and safer drug delivery and improve the therapeutic effect of AAS sustained release.

Paeoniflorin is the main active component of total glucosides of paeony (TGP). Cui et al101 prepared paeoniflorin with 
anti-inflammatory, anti-ulcer, analgesic, and sedative properties into ethosomes and used MNs to assist the penetration of 
paeoniflorin through the skin. The best auxiliary condition is when the length of MNs is 500 μm, the pressure is 3 N, and 
the action time is 3 min. Studies have shown that the transdermal amount of TGP solution alone is 24.42 ± 8.35 µg/cm², 
whereas the transdermal amount of MN-assisted TGP solution is 548.11 ± 10.49 µg/cm². Therefore, MNs can enhance 
the percutaneous penetration of paeoniflorin. The amount of TGP-E is 54.97 ± 4.72 µg/cm², whereas the transdermal 
amount of MN-assisted TGP-E is 307.17 ± 26.36 µg/cm². This work showed us that both liposomes and MNs can assist 
the percutaneous penetration of TGP, but the MNs-mediated penetration is more dramatic.

SiRNA drugs have excellent targeting and specificity and have achieved good efficacy in the application of RA. 
However, researchers found a lack of suitable drug carriers in the process of drug development. The emergence of MNs 
has given researchers hope. For example, Rosalind et al116 used coated MNs to deliver siRNA by coating siRNA on MNs 
so that MNs could be loaded with up to 40 μg siRNA. The in vitro skin penetration test showed that the coating dissolved 
rapidly and only left residual fluorescence on the surface of the needle. Recovery and quantification of siRNA from MNs 
after insertion into mouse model skin showed that 50% to 85% of the coated siRNA was deposited in mouse paws and 
had good bioavailability. The drug solution can be repeatedly coated on coated MNs to improve the loading of MNs. This 
makes it possible for MNs to deliver enough siRNA to treat RA.

In conclusion, solid MNs and coated MNs are increasingly used in RA. Researchers hope that through the use of 
MNs, the penetration of anti-inflammatory drugs can be enhanced so that the drugs can reach the synovial tissue as soon 
as possible, reduce inflammation, and alleviate pain.

Hydrogel-Forming MN Therapy in RA
Methotrexate (MTX) is an immunosuppressant, which is currently the first-line drug for the treatment of RA.120,121 The 
recommended dose of MTX is 7.5–25 mg per week.122,123 The commonly used method of administration is an oral and 
subcutaneous injection (SC). Although oral MTX can achieve a good curative effect, gastrointestinal side effects such as 
nausea and vomiting are unacceptable SC will bring pain to patients and lead to high blood concentration.120,124,125 The 
emergence of MNs provides a new route of drug delivery. At first, people used the micro-channels generated by the solid 
MNs to help the penetration of MTX.126 However, in the application process, it was found that the steps of this method 
were complicated to control the dose. The microchannels produced by solid MNs are easy to close, resulting in the 
reduction of drug penetration. Hydrogel-forming MNs are composed of crosslinked polymers. After being inserted into 
the skin, the hydrogel-forming MNs can absorb the interstitial fluid of the skin and swell, forming a continuous channel 
between the attached drug reservoir and the skin microcirculation. Therefore, a large number of drugs can be con-
tinuously delivered through the drug reservoir. Moreover, it is easy to remove from the skin and does not produce sharp 
waste. Therefore, people began to try to deliver MTX with Hydrogel-forming MN.

Tekko et al114 designed a hydrogel MN array prepared by heat cross-linking of PVA/PVP blend and calcium combined 
with a patch-like reservoir equipped with MTX. The results showed that the Cmax of the patch group was lower than the oral 
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group, but the AUC0-48 of the transdermal group was 1.2 times higher than the oral group. The maximum concentration (Cmax 

= 57.4 ± 20.0 nM) was reached in the oral group in the first hour and then decreased gradually, whereas the blood concentration 
in the integrated patch group increased gradually and reached a peak at 24 h (Cmax = 35.1 ± 5.1 nM). This showed that MTX 
administered via the patch could maintain a steady-state blood drug concentration for a long time without reaching a high peak 
concentration, which reduces the toxicity caused by drug aggregation. Because of MTX cytotoxicity, in vitro insertion 
experiments showed that at 0.5 h after removing the MN patch, a hole formed in the skin can be observed, and the hole 
completely disappeared after 2 h. Slight erythema was observed only 0.5 h after insertion and then disappeared without 
adverse skin irritation or local cytotoxicity. In conclusion, this work provides a promising minimally invasive transdermal drug 
delivery system that can continuously deliver MTX within 24 h. It avoids systemic adverse reactions and can better control the 
dose, which provides a new strategy for the treatment of RA.

Compared with traditional RA drugs, aptamers have better targeting and therapeutic effects, while being relatively 
safe and low immunogenic. The abnormality of DEK protein is related to the occurrence of RA. Blocking DEK by intra- 
articular injection of aptamer DTA has a good anti-inflammatory effect. Cao et al115 developed a methoxy-modified DTA 
and loaded it into hydrogel microneedles (hMN) based on HA (Figure 5A). DTA was delivered by hMN, which avoids 
the pain caused by intra-articular injection. hMN by dehydration reduces the exposure time of DTA at room temperature, 
avoids waste, and inactivates DTA. In vivo, the anti-inflammatory effect showed that hMN could achieve similar or better 
efficacy than intravenous injection (Figure 5B and C).

The above research shows that Hydrogel-forming MN can be used as a good drug carrier for the treatment of RA. 
When Hydrogel-forming MN is inserted into the skin, the highly hydrophilic needle will absorb the liquid fluid of the 
skin and swell. The defect of limited drug loading of MNs was improved by adding a drug reservoir. After the drug is 
released, Hydrogel-forming MN can be completely removed from the skin without leaving any residues, which solves the 
concerns of biological safety. In addition, Hydrogel-forming MN does not need to dry for a long time during the 
preparation process, which is conducive to transporting drugs that are unstable in heat, such as protein, and DNA. In 
conclusion, Hydrogel-forming MN is expected to become a new way to treat RA instead of intravenous administration.

Dissolving MN Therapy in RA
NSAIDs
Non-steroidal anti-inflammatory drugs (NSAIDs) are widely used for RA treatment. It can reduce pain and inflammation 
and has clear targets and activity. Although these drugs have low toxicity, frequent oral administration will bring serious 
gastrointestinal side effects, such as a gastric ulcer. Therefore, it is necessary to find a new administration method for 
NSAIDs. Amodwala et al102 prepared meloxicam (NSAIDs with good molecular weight, therapeutic dose, and biological 
half-life) into rapid DMN patches. The results showed that MNs could dissolve rapidly and release nearly 100% of the 
drug within 60 min at a PVA/PVP ratio of 9:1. Compared to the transdermal delivery of drug solution alone in their study, 
the transdermal flux of MN-mediated meloxicam increased by 1.60 μg/cm2/h, the permeability increased by 2.58 times, 
and the deposition rate was 63.37%. It has the same anti-inflammatory activity as the existing approved oral preparations. 
In another experiment, Chen et al103 prepared meloxicam into tip-dissolving (TD)MNs. The results showed that the rapid 
and soluble MNs could achieve explosive drug release, releasing 91.72% of meloxicam in 30 min, delivering the drug to 
the skin effectively (79.18%), and having a good bioavailability (122.3%). Compared to traditional oral administration, it 
showed considerable anti-inflammatory and analgesic activities.x

Another example of combination therapy is Lu et al,127 who developed a dissolving MNs delivery system with 
photothermal properties of polydopamine to co-deliver the NSAID loxoprofen and the Janus kinase inhibitor tofacitinib, 
which assisted in co-delivering loxoprofen and tofacitinib directly into the articular cavity through a combination of MNs 
delivery and photothermal therapy (Figure 6A). In addition, MNs significantly facilitate drug penetration and retention in 
the skin and can promote drug retention in the joint cavity (Figures 6B and C). Compared with direct injection of 
loxoprofen and tofacitinib into the joint cavity, MNs delivery of the drug more significantly reduced pathological 
manifestations such as joint swelling, muscle atrophy, and cartilage destruction in rats with RA (Figure 6D).
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Figure 5 (A) Schematic illustration of the present study. (B) In vivo study of aptamers in CIA mice. (C) Mouse paw images at the end of treatments and MicroCT scanning 
images of mouse paws after the listed treatments on day 50. (*p<0.05, **p<0.01, ***p<0.001, and ns means no significant difference). Reprinted in part with permission from 
Cao J, Su J, An M, et al. Novel DEK-targeting aptamer delivered by a hydrogel microneedle attenuates collagen-induced arthritis. Mol Pharm. 2021;18(1):305–316.115 

Copyright 2020 American Chemical Society.
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Figure 6 (A) Schematic Illustration of the Co-Delivery of Loxoprofen and Tofacitinib by Photothermal MNs for RA Treatment. (B) Visualization of RhB NPs’ permeation in 
the skin from different formations with CLSM in vivo. (C) In vivo images of RhB retention in the articular with the time up to 24 h after MNs administration with light 
irradiation. (D) Histological features of knee joint stained with HE and safranin O-fast green. (magnification 100×; scale bar: 1000 µm). (*p<0.05). Reprinted in part with 
permission from Lu Y, Xiao T, Lai R, et al. Co-delivery of loxoprofen and tofacitinib by photothermal microneedles for rheumatoid arthritis treatment. Pharmaceutics. 2023;15 
(5):1500.127 Copyright 2023 MDPI.
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DMARDs
Although the current pathogenesis of RA is not clear, studies have shown that oxidative stress plays an important role in the 
pathogenesis of RA.128,129 Antioxidants can delay the disease process of RA.130 Wu et al.96 Encapsulated MTX and reactive 
oxygen species (ROS) scavengers (polydopamine/manganese dioxide, termed PDA@MnO2) in DMNs to treat RA 
(Figure 7A). PDA@MNO2 can quickly reach joint inflammatory parts through the channel generated by DMNs to remove 
ROS and inhibit inflammation reactions. (Figure 7B) showed that the DMNs had good needle shape and sharp tips. 
(Figure 7C) showed that the penetration depth of the DMNs can reach 200μm, which is conducive to drug penetration. In 
addition, the MTX-loaded DMNs group also showed better anti-inflammatory effects than the oral MTX Group (Figure 7D). 
This work provides a valuable method of DMNs-assisted transdermal drug delivery, and the combination of chemotherapy and 
antioxidation opens up a new idea for the treatment of RA.

TNF-α is a kind of inflammatory factor secreted by activated monocyte macrophages. Excessive expression of TNF-α 
plays an important role in the inflammation response of RA, such as promoting synovial hyperplasia and the expression of 
other inflammatory factors. Etanercept (EN) is a widely used TNF-α inhibitor that can effectively improve the symptoms of 
patients with RA and delay the progression of RA. However, as a biological agent, the EN administration pathway is limited to 
subcutaneous (s.c) injection, which will bring pain and increase the risk of infection. Therefore, people began to consider 
loading EN into DMNs for transdermal administration. Cao et al104 used HA as a DMN material to deliver EN transdermal to 
the body. HA MNs crosslinked by ultraviolet light have high biocompatibility, bioequivalence, and good mechanical strength. 
Experiments on mouse skin insertion have shown that MNs can be inserted at 200 µm and have a good drug delivery depth. In 

Figure 7 (A) Schematic Illustration of the Synthesis of a High-Performance Nanozyme of PDA@MnO2 and the Fabricated Microneedles Successfully Delivered Drugs with 
Nanocomposites, As Shown by Results in Paw Swelling, MRI Image, and the Level of Cytokines. (B) Characteristics of MNs (C) Skin Penetration in vitro and in vivo. (D) 
Therapeutic Effects of MNs. (**p<0.01,***p<0.001). Reprinted in part with permission from Wu C, Cheng J, Li W, Yang L, Dong H, Zhang X. Programmable polymeric 
microneedles for combined chemotherapy and antioxidative treatment of rheumatoid arthritis. ACS Appl Mater Interfaces. 2021;13(46):55559–55568.96 Copyright 2020 
American Chemical Society.
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vivo experiments in adjuvant-induced arthritis mice showed that, within 10 days, mice were treated with EN via s.c. injection 
and EN in MNs. The paw swelling rate was reduced from 1.70 to 1.48 and 1.68 to 1.44, respectively. The results of this study 
showed that DMNs can maintain the good activity of macromolecular drugs and pass them to the joint cavity. The systemic 
side effects caused by the lack of good targeting ability of biomacromolecules can be avoided by transdermal delivery, which 
brings new hope for the treatment of RA.

Polypeptides
Yao et al105 prepared DMNs loaded with a neurotoxin (NT: a protein drug) through a two-step centrifugation method. 
The upper part of each needle is loaded with 15.4 ± 0.5 μg drug, and the prepared DMNs have good mechanical strength 
and biocompatibility as well as low cytotoxicity. The depth of the skin inserted into the rat can reach 70 μm, and the 
cumulative penetration of the drug can reach 95.8% within 4 h, but the NT solution cannot penetrate the skin. 
Pharmacodynamic studies showed that DMNs-NT reduced the production of TNF-α and IL-1β, and inhibited the 
swelling of joints in RA rats. In conclusion, this work proves that DMNs have great potential to deliver NT, which 
can provide a more comfortable treatment for RA.

Du et al18 fabricated melittin-loaded HA-MNs (Figure 8A), MNs consist of 10×10 needles with a needle length of 
700 μm (Figure 8B). After modifying HA with cross-linkable groups, the fabricated MNs with sustained release 
properties could further improve the therapeutic potency. In vivo and in vitro studies have proved that the MNs have 
a longer drug release than the injection, and the sustained release of melittin shows the potential to further improve the 
efficacy and reduce the frequency of administration (Figure 8C and D). Cytokine and T cell analysis in the paws and 
lymphatic organs indicated that the application of MNs suppressed the levels of pro-inflammation cytokines including IL- 
17 and TNF-α, and increased the percentage of regulatory CD4 T cells. This research lays the foundation for non- 
invasive and efficient treatment strategies for RA and other autoimmune diseases.

Natural Small-Molecule Compounds
To reduce the side effects of chemical therapy for RA, more and more attention has been paid to natural small-molecule 
compounds, and more and more small-molecule compounds have been used in RA treatment. Natural medicines can play 
a good therapeutic role in the advanced and remission phases of RA and have a synergistic effect of multiple targets and 
multiple pathways to reduce the side effects caused by chemicals.

Hu et al112 designed PEGylated star-shaped PLGA, which hybridized with calcium carbonate from nanoparticles 
[6s-NPs (CaCO3)]. The nanoparticles improve the low drug-loading and permeability of PLGA and have the 
characteristics of immune stealth and acid-responsive properties. The bis benzylisoquinoline alkaloid tetrandrine 
(Tet) isolated from Sinomenium acutum (Thumb) Rehd et wils has been widely used in the clinical treatment of RA. 
However, Tet has some disadvantages such as poor solubility and difficulty to be absorbed by oral administration. 
Therefore, Wu et al. Loaded Tet into [6s-NPs (CaCO3)], and the drug loading capacity increased by 3.26 times 
compared with single-chain PLGA nanoparticles. To improve the permeability of nanoparticles, nanoparticles were 
loaded into DMNs prepared from peach gum polysaccharides. Compared with the traditional HA DMNs, the DMNs 
prepared from peach gum polysaccharides have better stability and higher mechanical strength. This integrated 
transdermal delivery system enhanced the absorption of Tet by synovium, and stronger downregulation of VEGF, 
JAK2/p-JAK2, and STAT3/p-STAT3 pathways was observed in adjuvant-induced arthritis rats. In conclusion, this work 
provides a new strategy for the targeted painless treatment of RA.

Sinomenine (SIN), an anti-inflammatory alkaloid derived from the plant, is already available in China in tablets and 
injections for the treatment of RA. Shu et al109 prepared sinomenine hydrochloride-loaded MNs (SH-MN) by casting 
method with PVP and chondroitin sulfate (CS). In vitro permeation studies showed that the cumulative permeability and 
penetration rate of SH-MN were 5.31 and 5.06 times higher than that of SH-gel (g). Pharmacological studies showed that 
SH-MN could dissolve completely in 4 h, and the drug diffuses through the channel to a depth of 200 μm. The area under 
the curve entering the skin and blood is 1.43 and 1.63 times higher than SH-gel (g), respectively. These studies suggested 
that MNs are a good alternative method to overcome the defects of SH administration.
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Figure 8 (A) Scheme of microneedle-mediated delivery of melittin for RA treatment. (B) Scheme of the micro-molding method for fabrication of microneedles. (C) 
Morphological characterization of MNs. (D) Representative images of paws from different groups. And H&E staining of mice paws. Scale bar: 400 μm. Reprinted from J 
Control Release, 336, Du G, He P, Zhao J, et al. Polymeric microneedle-mediated transdermal delivery of melittin for rheumatoid arthritis treatment. 537–548, copyright 2021, 
with permission from Elsevier.18
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Clinical Trials of MNs in RA Treatment
MNs, as a novel technique for transdermal drug delivery systems, have been developed and innovated in recent years in 
the hope of breaking through the limitations that exist in conventional RA treatments. However, there are not a large 
number of clinical trials devoted to the study, therefore, only a very small amount of literature is available as evidence. 
A clinical trial on the status of adalimumab MNs in healthy volunteers was conducted by the Dutch Centre for Human 
Analogues Research (ID NCT 03607903). Adalimumab, a highly effective treatment for a variety of autoimmune 
disorders, has drawbacks such as poor patient adherence as it is mainly administered via subcutaneous injection. MNs, 
with features such as being minimally invasive, have emerged as a potential alternative to injectable drug delivery. This 
trial performed MNs administration and subcutaneous injection administration in healthy volunteers and assessed MNs 
administration by comparing the pain, acceptability, and local tolerance to assess the safety of MNs administration. This 
study also included a comparison of adalimumab used for the treatment of RA in the two groups, ie, one group 
intervened with MNs as the intradermal route, and the other group intervened with the subcutaneous route of adminis-
tration of the same drug. Saline was used as a control for both types of drug delivery. To demonstrate the effectiveness of 
MN against a single dose of 40 mg SC invasive drug delivery for the treatment of RA.131

Safety Evaluation
In the past few decades, MNs transdermal delivery systems have emerged as a promising drug delivery strategy. In the 
treatment of many diseases (such as cancer, psoriasis, and diabetes), it has achieved good therapeutic effects. MNs are 
a good substitute for oral and intravenous administration. Therefore, it is necessary to evaluate the safety of MNs for drug 
delivery so that MNs can be used in clinical practice. Matrix materials for MNs should have good biocompatibility, 
biodegradability, and safety, which are very important for the clinical application of MNs. Polyvinyl alcohol, polylactic 
acid, and sodium carboxymethylcellulose are frequently utilized MNs matrix materials that all have strong biocompat-
ibility and are frequently employed for drug delivery in medical facilities. Sugars, including hyaluronic acid, chitosan, 
and dextran, among many others, are the major materials that are used to produce dissolving MNs.132 Hyaluronic acid 
has been extensively studied in drug delivery applications133 and is recognized as biocompatible and safe. In addition, 
MNs also have an excellent safety performance for skin tissues. Studies have demonstrated19 that by inserting hyaluronic 
acid MNs patches into the dorsal skin of mice by pressure and removing them, it can be found that no significant skin 
damage was observed at the site where the MNs were applied, and the MNs could be clearly observed after application, 
but became invisible within 10 min and disappeared completely after 30 min. H&E staining results showed that There 
was no obvious inflammatory cell infiltration or pathophysiological reaction in the skin tissue. Shengbo Li et al134 

verified the cytotoxicity of the MNs in HACAT and EC by using CCK-8 and Calcium xanthophyll-AM/PI. The 
experiments demonstrated that cell viability was maintained at more than 95% in all the MNs groups, which indicated 
that MNs have good biocompatibility. In addition, the haemolysis experiments showed that the MNs also had superior 
haemocompatibility. In the in vivo compatibility evaluation, the major organs of the mice in the administered MNs group 
were collected and evaluated by H&E staining, and there were no obvious inflammatory lesions or tissue damage. These 
showed that the MNs materials have safety and excellent biocompatibility. Chen B Z et al135 prepared different types of 
poly(lactic acid) (PLA) MNs using the mold method, applied MNs of different specifications and sizes to different parts 
of 18 participants, and investigated the safety of MNs in the human body through local skin irritation and pain sensation. 
The study showed that the different sizes of MNs caused less pain than 30-gauge hypodermic needles, the levels of pain 
sensation and skin irritation showed a strong dependence on the size of the MNs, and the different sizes of MNs were 
well tolerated and safe when applied to different skin sites in humans.

Conclusions and Future Perspectives
As a chronic inflammatory disease, RA is difficult to cure. At present, most clinical drugs are mainly for controlling symptoms, 
reducing pain, and protecting cartilage. The commonly used way of administration is oral and joint injection, and there are 
many inevitable defects. While studying new RA drugs, it is of great significance to develop new ways of administration to 
improve drug efficacy, reduce toxic and side effects, and improve patient compliance. Nowadays, the emergence of 
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transdermal drug delivery systems, such as MNs (dual advantages with non-invasive and invasive ways), can avoid the first 
elimination obstacles, showing unique advantages in the treatment of RA. First, MNs can painlessly deliver drugs to the joints, 
reducing the waste and use of drugs, and avoiding the side effects of drugs to a certain extent. The second MNs can play a slow 
release role and improve the defect that RA, as a chronic inflammatory disease, needs to be frequently administered for a long 
time. Third, the MNs can carry several drugs with different effects at the same time, which can play the role of cartilage repair 
while anti-inflammatory and analgesic. MNs can maintain good drug-targeted release. In addition to the drugs, MNs can also 
deliver micelles or nano-carriers containing drugs, thereby increasing drug load or having a responsive release function. This 
combined administration has great significance for the treatment of RA.

Although MNs have good advantages, there are still some problems that have attracted attention. (1) At present, most 
experiments are carried out on rats, and there are still great differences between human skin and animal skin. (2) The 
mechanical strength and anti-fracture of MNs need to be improved. (3) The drug release rate of MNs was mainly in vitro, 
but the drug release rate of MNs in humans needs to be further verified. (4) RA is a systemic joint disease, the size of 
different joints and the age of patients will also affect the parameters of MNs, such as size, shape, and mechanism. 
Therefore, it is necessary to establish a standard guide to better guide RA applications to the clinic. (5) As a transdermal 
preparation, MNs should be sterile after insertion into the skin to avoid infection. (6) At present, there are many kinds of 
materials for preparing MNs tips, such as HA, PVA, and some natural polysaccharides, such as BSP, and Panax 
notoginseng polysaccharides. At present, there is no clear provision for MNs materials. Researchers should look for 
safer and better biocompatible materials. Despite these challenges, MNs have great potential in the treatment of RA. As 
a new transdermal drug delivery agent, MNs have been used to treat many diseases, such as cancer, diabetes, skin 
diseases, etc. In the context of scientific and technological progress, the technology of MNs is also in progress. New 
types of MNs, such as frozen MNs, can better maintain the activity of biological agents and also deliver live cells to the 
skin. New preparation technologies, such as 3D printing technology, can design the size and type of MNs more freely and 
flexibly, to better fit the skin, enhance the convenience of drug delivery, and improve the accuracy of drug delivery. The 
combination of cross-research and inspiration from the disciplines of physical chemistry, biomedicine, and material 
science is conducive to obtaining lower-cost, safer, and better-performance MNs for the treatment of RA.
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