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Polymer-based microneedles have drawn much attention in transdermal drug

delivery resulting from their flexibility and biocompatibility. Traditional

fabrication approaches are usually time-consuming and expensive. In this study,

we developed a new double drawing lithography technology to make

biocompatible SU-8 microneedles for transdermal drug delivery applications.

These microneedles are strong enough to stand force from both vertical direction

and planar direction during penetration. They can be used to penetrate into the skin

easily and deliver drugs to the tissues under it. By controlling the delivery speed

lower than 2 ll/min per single microneedle, the delivery rate can be as high as

71%. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4843475]

Microelectromechanical systems (MEMS) technology has enabled wide range of biomedi-

cal devices applications, such as micropatterning of substrates and cells,1 microfluidics,2 molec-

ular biology on chips,3 cells on chips,4 tissue microengineering,5 and implantable microdevi-

ces.6 Transdermal drug delivery using MEMS based devices can delivery insoluble, unstable, or

unavailable therapeutic compounds to reduce the amount of those compounds used and to local-

ize the delivery of potent compounds.7 Microneedles for transdermal drug delivery are increas-

ingly becoming popular due to their minimally invasive procedure,8 promising chance for self-

administration,9 and low injury risks.10 Moreover, since pharmaceutical and therapeutic agents

can be easily transported into the body through the skin by microneedles,11,12 the microneedles

are promising to replace traditional hypodermic needles in the future. Previously, various

microneedles devices for transdermal drug delivery applications have been reported. They have

been successfully fabricated by different materials, including silicon,13 stainless steel,14 tita-

nium,15 tantalum,16 and nickel.17 Although microneedles with these kinds of materials can be

easily fabricated into sharp shape and offer the required mechanical strength for penetration

purpose, such microneedles are prone to be damaged18 and may not be biocompatible.19 As a

result, polymer based microneedles, such as SU-8,20,21 polymethyl meth-acrylate (PMMA),22,23

polycarbonates (PCs),24,25 maltose,26,27 and polylactic acid (PLA),28,29 have caught more and

more attentions in the past few years. However, in order to obtain ultra-sharp tips for penetrat-

ing the barrier layer of stratum corneum,30 conventional fabrication technologies, for instances,

PDMS (Polydimethylsiloxane) molding technology,31,32 stainless steel molding technology,33

reactive ion etching technology,34 inclined UV (Ultraviolet) exposure technology,35 and back-

side exposure with integrated lens technology36 are time-consuming and expensive. In this pa-

per, we report an innovative double drawing lithography technology for scalable, reproducible,

and inexpensive microneedle devices. Drawing lithography technology37 was first developed by

Lee et al. They leveraged the polymers’ different viscosities under different temperatures to
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pattern 3D structures. However, it required that the drawing frames need to be regular cylin-

ders, which is not proper for our devices. To solve the problem, the new double drawing lithog-

raphy is developed to create sharp SU-8 tips on the top of four SU-8 pillars for penetration

purpose. Drugs can flow through the sidewall gaps between the pillars and enter into the tissues

under the skin surface. The experiment results indicate that the new device can have larger than

1N planar buckling force and be easily penetrated into skin for drugs delivery purpose. By

delivering glucose solution inside the hydrogel, the delivering rate of the microneedles can be

as high as 71% when the single microneedle delivery speed is lower than 2 ll/min.

An array of 3� 3 SU-8 supporting structures was patterned on a 140 lm thick,

6 mm� 6 mm SU-8 membrane (Fig. 1(a)). Each SU-8 supporting structure included four SU-8

pillars and was 350 lm high. The four pillars were patterned into a tubelike shape on the mem-

brane (Fig. 1(b)). The inner diameter of the tube was 150 lm, while the outer diameter was

300 lm. SU-8 needles of 700 lm height were created on the top of SU-8 supporting structures

to ensure the ability of transdermal penetration. Two PDMS layers were bonded with SU-8

membrane to form a sealed chamber for storing drugs from the connection tube. Once the

microneedles entered into the tissue, drugs could be delivered into the body through the side-

wall gaps between the pillars (Fig. 1(c)).

The fabrication process of SU-8 microneedles is shown in Fig. 2. SU-8 microneedles fabri-

cation started from a layer of Polyethylene Terephthalate (PET, 3M, USA) film pasted on the

Si substrate by sticking the edge area with kapton tape (Fig. 2(a)). The PET film, a kind of

transparent film with poor adhesion to SU-8, was used as a sacrificial layer to dry release the

final device from Si substrate. A 140 lm thick SU-8 layer was deposited on the top of this PET

film. To ensure a uniform surface of this thick SU-8 layer, the SU-8 deposition was conducted

in two steps coating. After exposed under 450 mJ/cm2 UV, the membrane pattern could be

defined (Fig. 2(b)). In order to ensure an even surface for following spinning process, another

350 lm SU-8 layer was directly deposited on this layer in two steps without development. With

careful alignment, an exposure of 650 mJ/cm2 UV energy was performed on this 350 lm SU-8

layer to define the SU-8 supporting structures (Fig. 2(c)). The SU-8 structure could be easily

released from the PET substrate by removing the kapton tape and slightly bending the PET

film. Two PDMS layers were bonded with this SU-8 structure by a method reported by Zhang

et al.38 (Fig. 2(d)).

In our previous work,39 we used one time stepwise controlled drawing lithography technol-

ogy for the sharp tips integration. However, since the frame used to conduct drawing process in

present study is a four-pillars structure rather than a microtube, the conventional drawing

FIG. 1. Schematic illustration of the SU-8 microneedles. (a) Overview of the whole device; (b) SU-8 supporting structures

made of 4 SU-8 pillars; and (c) enlarged view of a single SU-8 microneedle.
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process can only make a hollowed tip but not a solid tip structure (Fig. 3). This kind of tip was

fragile and could not penetrate skin in the practical testing process. To solve the problem, we

developed an innovative double drawing lithography process. After bonding released SU-8

structure with PDMS layers (Fig. 2(d)), we used it to conduct first time stepwise controlled

drawing lithography37 and got hollowed tips (Fig. 2(e)). Briefly, the SU-8 was spun on the Si

FIG. 2. Fabrication process for SU-8 microtubes. (a) Attaching a PET film on the Si substrate; (b) exposing the first layer

of SU-8 membrane without development; (c) depositing and patterning two continuous SU-8 layers as sidewall pillars; (d)

releasing the SU-8 structure from the substrate and bonding it with PDMS; (e) drawing hollowed microneedles on the top

of supporting structures; (f) baking and melting the hollowed microneedles to allow the SU-8 flow in the gaps between pil-

lars; and (g) drawing second time on the top of the melted SU-8 flat surface to get microneedles.
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substrate and kept at 95 �C until the water inside completely vaporized. Device of SU-8 sup-

porting structures was fixed on a precision stage. Then, the SU-8 supporting structures were

immersed into the SU-8 by adjusting the precision state. The SU-8 were coated on the pillars’

surface. Then, the SU-8 supporting structures were drawn away from the interface of the liquid

maltose and air. After that, the temperature and drawing speed were increased. Since the SU-8

was less viscous at higher temperature, the connection between the SU-8 supporting structures

and surface of the liquid SU-8 became individual SU-8 bridge, shrank, and then broke. The end

of the shrunk SU-8 bridge forms a sharp tip on the top of each SU-8 supporting structure when

the connection was separated. After the hollowed tips were formed in the first step drawing pro-

cess, the whole device was baked on the hotplate to melt the hollowed SU-8 tips. Melted SU-8

reflowed into the gaps between four pillars and the tips became domes (Fig. 2(f)). Then, a sec-

ond drawing process was conducted on the top of melted SU-8 to form sharp and solid tips

(Fig. 2(g)). The final fabricated device is shown in Fig. 4.

During the double drawing process, as long as the heated time and temperature were con-

trolled, the SU-8 flow-in speed of SU-8 inside the gaps could be precisely determined. The rela-

tionship between baking temperature and flow-in speed was studied. As shown in Fig. 5, the

flow-in speed is positive related to the baking temperature. The explanation for this phenomena

is that the SU-8’s viscosity is different under different baking temperatures.40 Generally, baked

SU-8 has 3 status when temperature increases, solid, glass, and liquid. The corresponding vis-

cosity will decrease and the SU-8 can also have higher fluidity. When the baking temperature

is larger than 120 �C, the flow-in speed will increase sharply. But, if the baking temperature is

higher, the SU-8 will reflow in the gaps too fast, which makes the flow-in depth hard to be con-

trolled. There is a high chance that the whole gaps will be blocked, and no drugs can flow

through these gaps any more. Considering that the total SU-8 supporting structure is only

350 lm high, we choose 125 �C as baking temperature for proper SU-8 flow-in speed and easier

SU-8 flow-in depth control.

FIG. 3. A hollowed SU-8 microneedle fabricated by single drawing lithography technology (scale bar is 100 lm).
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To ensure the adequate stiffness of the SU-8 microneedles in vertical direction, Instron

Microtester 5848 (Instron, USA) was deployed to press the microneedles with the similar

method reported by Khoo et al.41 As shown in Fig. 6(a), the vertical buckling force was as

much as 8.1N, which was much larger than the reported minimal required penetration force.42

However, in the previous practical testing experiments, even though the microneedles were

strong enough in vertical direction, the planar shear force induced by skin deformation might

also break the interface between SU-8 pillars and top tips. In our new device with four pillars

supporting structure, the SU-8 could flow inside the sidewall gaps between the pillars to form

anchors. These anchors could enhance microneedles’ mechanical strength and overcome the

planar shear force problems. Moreover, the anchors strength could be improved by controlling

the SU-8 flow-in depth. Fig. 7 shows that the flow-in depth increases when the baking time

increases as the baking time increases at 125 �C. Fig. 6(b) shows that the corresponding planar

buckling force can be improved to be larger than 1 N by increasing flow-in depth. Some side-

wall gaps at bottom are kept on purpose for drugs delivery; hence, the flow-in depth is chosen

as 200 lm.

The penetration capability of the 3� 3 SU-8 microneedles array is characterized by con-

ducting the insertion experiment on the porcine cadaver skin. 10 microneedles devices were

tested and all of them were strong enough to be inserted into the tissue without any breakage.

Histology images of the skin at the site of one microneedle penetration were derived to prove

that the sharp conical tip was not broken during the insertion process (Fig. 8). It also shows

penetrated evidence because the hole shape is the same as the sharp conical tip.

FIG. 4. Optical images for the finished SU-8 microneedles.

FIG. 5. The relationship between flow-in speed and baking temperature.
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In order to verify that the drug solution can be delivered into tissue from the sidewall gaps

of the microneedles, FITC (Fluorescein isothiocyanate) (Sigma Aldrich, Singapore) solution

was delivered through the SU-8 microneedles after they were penetrated into the mouse cadaver

skin. The representative results were then investigated via a confocal microscope (Fig. 9). The

permeation pattern of the solution along the microchannel created by microneedles confirmed

the solution delivery results. The black area was a control area without any diffused florescent

solution. In contrast, the illuminated area in Fig. 9 indicates the area where the solution has dif-

fused to it. These images were taken consecutively from the skin surface down to 180 lm with

30 lm intervals. The diffusion area had a similar dimension with the inserted microneedles. It

has proved that the device can be used to deliver drugs into the body.

Due to the uneven surface of deformed skin, there is always tiny gap happened between

tips of some microneedles and local surface skin. The microneedles could not be entirely

inserted into the tissue. Drugs might leak to the skin surface through the sidewall gaps under

certain driven pressure. Hydrogel absorption experiment was conducted to quantify the delivery

rate (i.e., the ratio of solution delivered into tissues in the total delivered volume) and to opti-

mize the delivery speed. Using hydrogel as the tissue model for quantitative analysis of micro-

needle releasing process was reported by Tsioris et al.43 The details are shown here. Gelatin

FIG. 6. (a) Measurement of the vertical buckling force. (b) The planar buckling force varies under different flow-in depth

(I, II, III, and IV corresponding to the certain images in Fig. 7).
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hydrogel was prepared by boiling 70 ml DI (Deionized) water and mixing it with 7 g of

KnoxTM original unflavored gelatin powder. The solution was poured into petri dish to 1 cm

high. Then, the petri dish was put into a fridge for half an hour. Gelatin solution became colla-

gen slabs. The collagen slabs were cut into 6 mm� 6 mm sections. A piece of fully stretched

parafilm (Parafilm M, USA) was tightly mounted on the surface of the collagen slabs. This par-

afilm was used here to block the leaked solution further diffusing into the collagen slab in the

delivery process. Then, the microneedles penetrated the parafilm and went into the collagen

slab. Controlled by a syringe pump, 0.1 ml–0.5 mg/ml glucose solution was delivered into the

collagen slab under different speeds. Methylene Blue (Sigma Aldrich, Singapore) was mixed

into the solution for better inspection purpose (Fig. 10(a)). Then, the collagen slabs was

digested in 1 mg/ml collagenase (Sigma Aldrich, Singapore) at room temperature (Fig. 10(b)).

It took around 1 h that all the collagen slabs could be fully digested (Fig. 10(d)). The solution

was collected to measure the glucose concentration with glucose detection kit (Abcam,

Singapore). Briefly, both diluted glucose standard solution and the collected glucose solution

were added into a series of wells in a well plate. Glucose assay buffer, glucose enzyme, and

glucose substrate were mixed with these samples in the wells. After incubation for 30 min, their

absorbance were examined by using a microplate reader at a wavelength of 450 nm. By com-

paring the readings with the measured concentration standard curve (Fig. 11(a)), the glucose

concentration in the hydrogel, the glucose absorption rate in the hydrogel, and the solution

FIG. 7. Different flow-in depth inside the gaps between SU-8 pillars. (a) 0 lm; (b) 100 lm; (c) 200 lm; and (d) 350 lm

(scale bar is 100 lm).

FIG. 8. Histology image of individual microneedle penetration (scale bar is 100 lm).
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delivery rate by microneedles could be measured and calculated. As shown in Fig. 11(b), when

the delivering speed of a single microneedle increased from 0.1 ll/min to 2 ll/min, the glucose

absorption rate also increased. Most of the glucose solution from microneedles could go into

the hydrogel. The delivered rate could be as high as 71%. The rest solution leaked from side-

wall gaps and blocked by parafilm. However, when the delivered speed for a single

FIG. 9. Images of confocal microscopy to show the florescent solution is successfully delivered into the tissue underneath

the skin surface. (a) 30 lm; (b) 60 lm; (c) 90 lm; (d) 120 lm; (e) 150 lm; and (f) 180 lm (scale bar is 100 lm).

FIG. 10. Glucose solution could be delivered into the hydrogel, and the collagen stabs were dissolved by collagenase.
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microneedle was larger than 2 ll/min, the hydrogel absorption rate was saturated. More and

more solution could not go into the hydrogel but leak from the sidewall gaps. Then, the deliv-

ered rate decreased. Therefore, 2 ll/min was chosen as the optimized delivery speed for the

microneedle.

In conclusion, a drug delivery device of integrated vertical SU-8 microneedles array is fab-

ricated based on a new double drawing lithography technology in this study. Compared with

the previous biocompatible polymer-based microneedles fabrication technology, the proposed

fabrication process is scalable, reproducible, and inexpensive. The fabricated microneedles are

rather strong along both vertical and planar directions. It is proved that the microneedles were

penetrated into the pig skin easily. The feasibility of drug delivery using SU-8 microneedles is

confirmed by FITC fluorescent delivery experiment. In the hydrogel absorption experiment, by

controlling the delivery speed under 2 ll/min per microneedle, the delivery rate provided the

microneedle is as high as 71%. In the next step, the microneedles will be further integrated

with microfluidics on a flexible substrate, forming a skin-patch like drug delivery device, which

may potentially demonstrate a self-administration function. When patients need an injection

treatment at home, they can easily use such a device just like using an adhesive bandage strip.

This work was supported by the ARF-Tier2 from Ministry of Education (MOE) under Grant

Nos. R-263000598112 and R-398000068112 and by National Research Foundation (NRF),

Singapore, under the NRF2011 NRF-CRP001-057 Program (WBS:R263000A27281).

FIG. 11. (a) Standard curve for glucose detection; (b) glucose absorption rate and solution delivery rate in a single needle

corresponding to different delivery speed.
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