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Abstract- Introduction of genes into human body in order to replace the missing gene or to correct the defective one is the main 

goal of gene therapy. Gene therapy is gaining importance and popularity due to its ability of curing various genetic disorders 

which are otherwise untreatable. Hence, the techniques for insertion of such proteins and macromolecules into the body act as 

areas for intensive research. One of the techniques known as electroporation uses electric field for greater permeation but has 

some major drawbacks. Microneedling array is another promising technique to increase permeation. Thus, these two techniques 

when used in combination can be very effective in gene therapy. This paper not only reviews such systems but also provides a 

comparative study amongst the proposed systems, concluding that indeed gene therapy can be developed at a multifold rate by 

utilizing electroporated microneedle arrays. 
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1. Introduction 

 

The Skin is an easily accessible organ both at the molecular as well as the cellular levels and hence, it 

turns out to be attractive as far as the development of therapeutic and genetic medicines is concerned. 

The ability to target genes directly to the skin can be used extensively in Gene Therapy. Despite the 

potential applications for gene therapy, the stratum corneum proves to be a major barrier to the 

penetration of macromolecules and genes. [1] 

Electroporation, a technique in which cells are exposed to an electric field so as to increase the 

permeability of the cell membrane [2] has been broadly applied to enhance the skin permeation of drugs. 

This technique creates short living hydrophilic pathways in the lipophilic transcellular region in the 

stratum corneum barrier which provide an alternative pathway for the drug to permeate. [3] Microneedle 

arrays are minimally invasive devices that bypass the Stratum Corneum, thus achieve systemic delivery 

by the transdermal route. [4,5]Microneedle Arrays are applied to the skin surface and their length is 

decided in such a way that they are long enough to penetrate to the dermis, but are miniscule enough to 

avoid puncture of blood vessels and sensitization of nerve endings. [6,7] 

https://en.wikipedia.org/wiki/Cell_membrane
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This review paper talks about the latest technology which combines the above procedures of 

Electroporation and Microneedle Arrays wherein the DNA coated microneedles are not only minimally 

invasive but also act as microelectrodes for electroporation (Shown in Fig. 1). Electroporated 

microneedle array is a thereby, one stop solution which is non-invasive and painless technique for 

introducing DNA in the skin with additional benefits of localized electric field due to its structure and 

composition. The paper further talks about an electroporation electrode based on flexible microneedle 

array for in vivo nucleic acid delivery, demonstrating its fabrication, modifications to the previous 

design to increase the efficiency of transfection and its potential future applications. Thus, the paper 

concludes by saying that electroporation using microneedle arrays as electrodes is one of the most 

technologically advanced and promising technique for gene therapy.  

 

Figure 1 Conceptual use of microneedle array to electroporate cells in epidermis and thereby increasing the expression of 
DNA vaccine [8] 

 

2. Latest Research:- 

Studies in the past have declared electroporation as a promising technique for in vivo delivery of 

macromolecules like DNA proteins. [9] However, this technique has its own drawbacks like muscle 

twitching, immense pain and permanent damages like tendinitis. [10] Tackling these issues can be relatively 

easier if microneedles are used as electrodes for electroporation. A tightly packed arrangement of solid or 

hollow needles is inserted into the skin which electroporates it and subtly introduces the macromolecule into 

the dermis.  To attain this result, the needles should be rigid, mechanically strong and electrically conductive 
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to achieve electroporation. Many recent studies have suggested various types and fabrication of such 

microneedles which would be effective for gene therapeutics. 

1. One of the leading microdevices for electroporation is based on a technique known as metal transfer 

process for patterning the microneedle. The traditionally accepted process for metal patterning is 

photolithography which is usually employed for high precision devices. However, this microneedle 

employs bilayer micromolds which effectively creates polymer based electrically conductive 

microneedles which could easily permeate through the Stratum Corneum without mechanical failure. 

i) Fabrication: 

 There are four steps in the fabrication of the metal patterned microneedles. These are:- 

 Fabrication of the Rigid Mould: As told earlier, this device is fabricated using two layers. 

The first layer is formed by a polymer called SU-8. This polymer is, typically a negative-

tone photoresist i.e. only the parts exposed to UV are cross linked and the remainder 

stays back in the solution. The fabrication of the second layer of this microneedle is done 

using the conventional methods of photolithography. 

 Fabrication of the Secondary Structure:  The secondary structure fabrication includes 

depositing a Titanium or Copper layer onto the rigid mould which helped in the electrical 

conductivity of the needle. 

 Fabrication of the Metal patterned Microneedle Array: In this step, metal transfer 

micromoulding technique is employed to form hollow space within the needle. The 

target polymer (usually, a biocompatible polymer like polylactic acid) is then casted into 

the mould. 

 Fabrication of needles capable of electroporation: In this step, the microneedles are kept 

under laser light. This step forms microchannels which establish electrical connections 

necessary for electroporating live skin cells.   
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ii) Experimental validation of this microneedle device:- 

 Insertion Test: Microneedles are subjected to insertion tests to ensure the mechanical 

strength of the microneedle. This particular microneedle successfully pierced the Pig 

Cadaver Skin and showed desirable results of electroporation even after multiple 

insertions. 

 Extent of electroporation: The extent of electroporation i.e. the depth to which the protein 

had penetrated the skin was known by using a green fluorescent protein. The needle was 

coated with Calcien (Low Molecular Weight Protein) and a plasmid DNA encoded this 

protein (Shown in Fig.3a). The uptake of Calcien during this study increased till a certain 

voltage after which it slightly declined. The second parameter that was assessed was cell 

viability. It was observed that cell viability remained unaffected till a certain voltage and 

then significantly dropped. The cells were also subjected to a pulse voltage, but no 

change to cell viability was observed. 

Similar tests were repeated for a macromolecule called BSA as the applications of this 

therapy may involve the insertion of high molecular weight proteins (Shown in Fig.3b). 

Initially, the uptake graph was a weak function of voltage but it shot up and a certain 

voltage after which it almost remained constant. However, cell viability decreased with 

an increase of voltage, in cases of macromolecules. [11] 

 

                                                 (a) 
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(b) 

Figure 2  Experimental validation of metal patterned microneedle. (a) Graph depicting the effect of voltage on uptake of Calcien and 
subsequent cell viability. (b) Graph depicting the effect of voltage on uptake of BSA and subsequent cell viability. [11] 

 Advancements to the above needle were done to eliminate its short coming. SU-8 was replaced by 

PoIymethylmethacrylate (PMMA). The fabrication was done by micromoulding technology the steps for 

whom are as follows:- 

   Step 1: Release from the master PDMS mould 

   Step 2: Metal deposition 

   Step 3: Patterning using laser causing electrodeposition.[12] The process of fabrication of the 

microneedle is shown in the Fig.3. 

 

Figure 3 Schematic Diagram of the fabrication process. 
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i) Experimental validation of this microneedle device:- 

 Insertion Tests:  

This study was unique due to its approach of determining the extent 

of electroporation. To test the electroporation ability of the microneedle array, an in-vitro 

assay was performed. This RBC lysis assay provides an easy way to quantify the 

electroporation effect. On electroporation, the RBCs rupture and release their 

haemoglobin into solution which was easily quantified using absorption spectroscopy. A 

RBC pellet was formed onto which the 

proposed microneedles were connected. For each electroporation experiment, 25 

microliters of concentrated RBC pellet was pipetted into the microneedle array which 

after pulse application was sent to a centrifuge tube. After centrifugation, 700 microliters 

of the supernatant was collected for quantifying the amount of haemoglobin using 

absorption spectroscopy at 575 nm absorption wavelength. The amount of haemoglobin 

in the samples was then calculated as a percentage of positive control which is reported as 

RBC lysis (%) the results of which are shown in figure 4. 

 

 Extent of electroporation:  To test the electroporation ability of the microneedle array, 

an in-vitro assay was performed. This RBC lysis assay provides an easy way to 

quantify the electroporation effect.  

On electroporation, the RBCs rupture and release their haemoglobin into solution 

which was easily quantified using absorption spectroscopy. A RBC pellet was formed 

onto which the proposed microneedles were connected. For each electroporation 

experiment, 25 microliters of concentrated RBC pellet was pipetted into the 

microneedle array which after pulse application was sent to a centrifuge tube. After 

centrifugation, 700 microliters of the supernatant was collected for quantifying the 

amount of haemoglobin using absorption spectroscopy at 575 nm absorption 
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wavelength. The amount of haemoglobin in the samples was then calculated as a 

percentage of positive control which is reported as RBC lysis (%).  

The ultimate application of these microneedle electrode arrays is to cause reversible electroporation 

of living cells in the skin and thereby transfect those cells with DNA. Fig.5 shows electroporation of 

RBCs to cause cell lysis. The reason behind this observation is that irreversible electroporation of 

RBCs is much related to reversible electroporation of skin cells. 

 

Figure 4 Haemoglobin released from red blood cells after electroporation using the microneedle electrode array. 

 

 

 Electric Field Simulation: A 3-D finite element (FE) model was created using 

FEMLAB 3.1 to examine the electric field distribution around the microneedle array. 

The simulation results demonstrated that with 100V applied between two adjacent 

rows, maximum field strength of approximately 10kV/cm near the microneedle 

electrodes was generated which was too high for electroporation for delivering 

biomolecules, while it was suitable for cell lysis. At the middle of two adjacent rows, 

the field strength was about 4kV/cm. These field strengths scale with the applied 

voltage and can therefore be optimized for specific applications. 
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2. As the research continued, electroporation coupled with microneedling array technology established 

itself as a technique with promising future.[13,14,15] An effort was made to introduce a hollow 

microneedle array with small volume of liquid into the dermis, which is summarized below:- [16]. 

i) Fabrication- Matrices made of Radel R .Gold was deposited on the needles for better 

conductivity along with biocompatibility. Radel, being insulating material was given a 

conductive layer of gold by sputtering deposit method to make microneedles conductive. 

Titanium was used as adhesive for gold deposition. As Radel is water adsorbing material, 

components were heated before deposition. Milling of gold and titanium 

layers was done to have electrical tracks. In order to insulate electrical tracks from skin silicon oxide was 

deposited. Finally microneedles were rinsed in deionised water, bathed in TFTN titanium etchant and again 

rinsed. To apply electrical pulses, a modified Cliniporator was connected to microneedles. The microfluidics 

reservoir was attached to hollow microneedles to allow fluid injection. [17]. A polymethylmethacrylate 

(PMMA) box containing the microneedle array, the Microfluidic system and the electrical connections was 

equipped with a semi rigid polyamide capillary for the pneumatic activation of the micro reservoir. A 

conventional syringe was attached with 20 kPa pressure for fluid infusion. The system was made more 

efficient with addition of vibratory inserter. Along with this a PIC 16F877 Microcontroller, was used to 

control vibration and injection duration. [16] The schematic of array is as shown in fig 5.    

 

Figure 5 Microneedle array representation (where filled circle is plain microneedle and hollow circle is hollow microneedle) [16] 

ii) Experimental validation of this microneedle device: - For checking DNA transfer (1) a model 

protein luciferase and (2) a model antigen ovalbumin was delivered using the system as 

described earlier into mice skin in vivo. But it was seen that DNA transfer was not that 
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significant by using this system which can be seen by bio illuminance imaging graphs and from 

the summary of table. [18] 

This can be due to following reasons –  

1. Volume of material that can be injected which is limited due volume of reservoir and also in 

this case due to high viscosity of DNA. 

2. Improper electric field distribution which is due to needle shape causing unequal 

electroporation of cells. It was also found that the application of electric field should be between 

each row of microneedles with lower electrical fields in order to have cell permeabilization 

without the danger of having irreversible electroporation threshold. 

Table 1 Luciferase expression in skin. [18] 

 

 

4. Electroporation Chip Based On Flexible Microneedle- with advance research in this area it was found 

that flexible microneedle could reduce the electroporation voltage [19] thus becoming more useful for 

practical purposes. This study proposes such a flexible microneedle array. 

Fabrication[20,21]- This fabrication employed 400 micrometre-thick Silicon wafer containing 100 nm SiO2 

and 100 nm Si3N4 on the front used with glass bonded to it. Pattern of SiO2/Si3N4 was done using 
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lithography and reactive ion technique. Silicon was used due to its good strength. KOH was used for etching 

320 nm deep silicon. After etching ,dicing was done for remained 80 micrometre thickness of silicon in 

order to have lesser applied voltage for electroporation by reducing the interval of needles( here kept 340μm 

apart). Independent silicon microneedle array was formed by etching 80 micrometre-deep silicon by KOH 

.Metal deposition followed by lift-off process was done to produce connection lines. Gold layer was 

patterned as electrode and gold was selected due to its good conductivity and biocompatibility. Sequential 

isotopic etching of glass was done, resulting in 10 micrometre-wide metal lines formation undercut beneath 

silicon needles. This formed rigid microneedle array hereafter mentioned as MNA without parylene. The 8 

micrometre-thick parylene deposition and patternization was done using lithography and oxygen plasma 

resulting in rigid MNA with parylene. Glass substrate removal by HF and packaging of silicon needles and 

metal lines by parylene layer obtained flexible MNA. Parylene film was used as substrate due to its good 

flexibility, providing tight attachment between proposed chip and living tissues with different profiles and 

sizes. 

It also acts as insulator between electrodes. Electroplating was employed for thickening Au layer to 

6μm for withstanding high electroporation current and parylene layer (2μm) coating was done on the 

bottom side of MNA for the purpose of encapsulation. Schematic of the fabrication process is as 

shown in fig 6. 
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Figure 6  Fabrication process [21] 

                                                      

i) Experimental validation of this microneedle device:- 

 Imaging technique: In this experiment in vivo delivery of plasmid DNA and siRNA 

to mouse muscle tissue using the flexible microneedle array fabricated was done and 

efficiency was observed. [21] siRNA was successfully delivered by MNA chip. The 

delivery with electroporation shown better delivery in the sense that siRNA was 

delivered to myocytes without getting metabolized whereas the delivery without 

electroporation shown undesirable metabolization of siRNA. The detection here was 

done with fluorescence imaging by using Cy-5 labelled siRNA. Plasmid DNA 

(pmRFP-C1) was used for checking nucleic acid delivery which proved successful in 

vivo electroporation as DNA was expressed in myocytes as detected by fluorescence 

imaging. 

 Extent of electroporation:  For removing difficulty of high voltage in in vivo 

electroporation optimized electroporation voltage was determined by plotting the 

graph of RFP delivery efficiency and applied voltage. The peak value of voltage for 

highest efficiency was 40V which is comparatively small and non-hazardous to skin. 
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In both of these deliveries of siRNA and plasmid DNA no severe injury to the skin 

was observed in fact the mouse maintained their physical health well and microneedle 

array fabricated was capable of withstanding the current without any damage as 

confirmed by SEM. 

 

 

Figure 7 Graph of RFP expression and applied voltage showing highest efficiency at 40V. [21] 

 

3. Results:- 

Previous studies have proved gene therapy to be one of the promising methodologies to treat 

hereditary genetic disorders. However, the difficulty in introduction of these molecules (proteins in 

chemical nature) into the human body posed as a serious drawback. While the oral route of 

administration would lead to the protein degradation, parenteral route was found to be extremely 

painful and inconvenient to administer. In such a scenario, electroporated microneedle arrays proved 

to be extremely useful as far as painlessness ease of administration and extent of gene permeation 

was concerned. 
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4. Discussions:- 

This study gave an insight into various researches made by people all over the world. The first 

research employed latest metal patterning technique instead of traditional photolithography 

technique whereas the second research went a step ahead to test a similar fabrication on human 

subjects for insertion tests and conducted an in-vitro RBC lysis assay. The third research bought a 

paradigm shift by switching from solid microneedles to hollow needles. Though the concept seemed 

very gripping, the results weren’t as satisfying and hence some modifications for greater volume 

holding capacity and better electric field distribution should be incorporated in the proposed 

structure to have efficient DNA transfer. The fourth study proved to be the most promising model 

amongst the four discussed above with the benefits of non-invasiveness and low voltage application. 

This was proved using an in-vivo experiment in mice using bioluminescence imaging techniques. 

 Post reviewing the researches made by the scientists in the field of electroporated microneedle 

arraying technology, it appears to be a highly recommended way to administer genes and 

macromolecules through this method considering the enhanced permeation with painless delivery. 

Though the methods discussed above show some benefits in delivery over other methods, there are 

challenges associated with their implementation. First of all, the treatments must be simple to use i.e. 

the use of a single device for all the methods without continual intervention by the patient or 

physician must be achieved. Also, fitting various parameters like applied voltage, penetration depth, 

contact time, dosing etc and optimization of the same is unique for each type of molecule. Safety 

studies are needed to assess the potential for pain, especially for those methods utilizing electrical 

modalities. Furthermore, validation and costing of such devices is also a major concern. Thus, more 

and more molecules should be explored for administration via this way in order to achieve full 

potential of this technique. 

              With recent advances, these technologies are getting smaller and less expensive to 

manufacture, resulting in considerable commercial interest, particularly in the area of protein 

delivery, vaccination, and sensing. Despite the maturity of these methods, there is still a need for 
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further study and development, particularly in the areas of device miniaturization and the 

permeabilization.  
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