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Abstract
Transdermal drug delivery can be enabled by various methods that increase the permeability of
the skin’s outer barrier of stratum corneum, including skin exposure to heat and chemical
enhancers, such as ethanol. Combining these approaches for the first time, in this study we
designed a microdevice consisting of an array of microchambers filled with ethanol that is
vaporized using an integrated microheater and ejected through a micronozzle contacting the
skin surface. In this way, we hypothesize that the hot ethanol vapor can increase skin
permeability upon contacting the skin surface. The tapered micronozzle and the
microchamber designed for this application were realized using proximity-mode inclined
rotational ultraviolet lithography, which facilitates easy fabrication of complex
three-dimensional structures, convenient integration with other functional layers, low
fabrication cost, and mass production. The resulting device had a micronozzle with an orifice
inner and outer diameter of 220 and 320 µm, respectively, and an extruded height of 250 µm.
When the microchamber was filled with an ethanol gel and activated, the resulting ethanol
In particular, these days, interest in dispensing technologies
has been greatly increased due in part to large demand
for the deposition of arrayed biomolecules (DNA, peptides,
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and cells) for diagnosis, analysis, drug design, and other
lab-on-a-chip type applications [6–8]. Such dispensing
systems often borrow microjet technologies from inkjet
printing systems [6, 9]. One of the concerns in a
micro/ nanojet system is the design and fabrication of a
micronozzle to efficiently produce liquid droplets. Some
research groups have introduced new nanonozzle [10, 11]
and micronozzle technologies [12], and some commercial
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devices adopt the microelectromechanical systems (MEMS)
and complementary metal oxide semiconductor (CMOS)
technologies [13–15].

While many micro/ nano jet production systems in inkjet
printing focus on generating high resolution and high-
speed droplets, microjet systems for biomedical/ chemical
applications contain additional concerns and requirements
depending on the specific application. In this research, a
microjet system with micronozzle arrays and integrated heaters
has been introduced for transdermal drug delivery and its
geometry, fabrication, and performance are studied.

Ethanol is well known as a topical penetration enhancer
which has been used to increase skin permeability to numerous
drugs by disrupting the stratum corneum, which is the outer
10–20 µm of the skin and provides the main barrier to
transdermal transport [16–18]. Another approach to increasing
skin permeability involves thermal treatment of the skin
[19]. Previous studies have shown the effects on either long
exposures at moderate temperatures or short exposures at high
temperatures. As an example of long heating at moderate
temperature, exposure to 40 � C for 4 h has been reported
to increase human skin permeability to a hydrophobic drug
(fentanyl) by fourfold via a mechanism involving stratum
corneum lipid fluidization [20]. Exposure to 80 � C for 15 s
has been shown to increase porcine skin permeability to a
hydrophobic compound, butanol [21].

While either ethanol exposure or thermal treatment of
skin is known to increase skin permeability, the effects of their
combination have not been reported. Moreover, an efficient
and convenient system to generate such heated ethanol for
localized transdermal drug delivery has not been developed
before. Here, we are motivated to apply a transient jet of
heated ethanol on skin using a micronozzle system with an
integrated microheater as a new transdermal drug delivery
method.

In this paper, the design, fabrication, and testing
of a microheater-integrated, ethanol-loaded micronozzle jet
system are detailed, and an in vitro test for skin permeability
enhancement has been demonstrated to show its feasibility
for transdermal drug delivery. The nozzle fabrication
process adopts recently developed proximity-mode inclined
ultraviolet (UV) lithography, which enables fabrication of
the desired tapered nozzle with narrow orifice favorable for
jet generation, large cavity size for liquid/ drug loading, and
extruded and flat nozzle top for secure skin contact, and further
allows implementation of a large-scale two-dimensional (2D)
micronozzle array in a batch process. The integrated ohmic
heater array is utilized for vapor jet production. The increase
of skin permeability and associated histological change of
stratum corneum have been investigated to demonstrate
potential applications of the micronozzle system. Increased
skin permeability using this approach was compared with that
of ethanol treatment only and thermal treatment at 70 � C only
to assess the synergistic effect of our combined system.

Figure 1. Schematic diagram of the microjet system for treatment
of skin. A substrate contains integrated microheaters in contact with
a liquid-filled microchamber. Upon activation, the liquid in the
microchamber is ejected through the extruded micronozzle in direct
contact with the skin. The heated ethanol microjet increases skin
permeability for subsequent transdermal drug delivery.

Figure 2. A three-dimensional schematic diagram of the designed
micronozzle. The extruded micronozzle has a dull top and narrow
orifice to facilitate skin contact and strong jet propulsion,
respectively, and a microchamber with large storage volume.

2. System design and fabrication

2.1. Microjet system

The microjet system consists of an integrated microheater and
a tapered hollow nozzle with a liquid loading cavity, as shown
in figure 1. The microheater is used to apply highly localized
thermal energy to the neighboring liquid, which increases its
temperature to boiling, which results in an abrupt volume
expansion. This volume change produces a pressurized vapor
jet, possibly with entrained liquid, that is ejected through the
small orifice of the microscale nozzle. The large cavity volume
in the tapered structure is suitable for loading with microliter-
quantities of liquid. Because the skin is soft and elastic, the
extruded nozzle geometry is advantageous to facilitate secure
contact between the nozzle tip and the skin. In contrast
to, for example, a hollow microneedle [22] where the tip is
designed to be sharp enough to penetrate into the skin, the
tip of the microjet nozzle is designed to be dull and thereby
avoid penetrating the skin as a non-invasive device. Given
these design parameters, a desirable micronozzle architecture
has extruded protruding, but with a dull top for good skin
contact without skin penetration, a narrow orifice for strong jet
propulsion, and a wide bottom cavity for large liquid loading,
shown in figure 2.
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Figure 3. A schematic diagram of proximity-mode inclined UV
lithography, ray trace pattern, and geometric parameters for a
cross-sectional view of the micronozzle. Using this approach, a
tapered structure can be easily defined in a photosensitive polymer
by using an inclined UV lithographic exposure taking advantage of
refraction at the polymer–air interface. See the text for definitions of
the parameters shown.

2.2. Micronozzle design

The micronozzle array is fabricated using recently developed
proximity-mode inclined rotational UV lithography [12].
Figure 3 shows a schematic diagram of proximity-mode
inclined UV lithography, ray trace pattern, and geometric
parameters for a cross-sectional view of the micronozzle. This
approach is useful to make tapered structures because when the
incident UV light with an incident angle � i in air crosses the
surface of a polymer with a different refractive index, the UV
light is refracted. The ray trace of the incident and refracted
light can be described using Snell’s law. When the refractive
index of the polymer is greater than that of air, which is usually
the case, the refracted angle is smaller than the incident angle,
which thereby generates a tapered structure.

A clear circular pattern with a diameter of dm in a
photomask is used for proximity-mode inclined exposure
where a gap of distance g exists between the photomask and
the polymer film. Because the light is incident with an angle,
the ray trace inside the polymer differs as a function of the gap
g between the photomask and the polymer, and the polymer
thickness t. For two different incident light exposures, where
one is incident with a right inclination angle and the other
is with a left inclination angle, the ray traces at the surface
of the polymer diverge as the lights reach the bottom of the
polymer film. The resultant pattern shows a tapered sidewall
with a narrow upper size and a large bottom size. This is
extended to the inclined rotational exposure scheme, which
leads to a tapered nozzle shape with a small orifice tip and a
large cavity bottom. Note that the dimensions of the nozzle
orifice and nozzle height can be controlled by the gap g and
the polymer thickness t as shown in figure 3 and described in
equations (1)–(4):

doti =
2 · g
tan � i

Š dm (1)

(a)

(b)

(c)

Figure 4. Fabrication process for the integrated microheater. (a)
Polyimide layer is attached to a glass substrate. (b) Heater structures
are micropatterned lithographically. (c) Ni is electroplated onto
heaters to strengthen connections during heating.

doto =
2 · g
tan � i

+ dm (2)

dobi =
2 · g
tan � i

Š dm + 2 · t · tan
(

sinŠ1
(

nair

npoly
· sin � i

))
(3)

dobo =
2 · g
tan � i

+ dm + 2 · t · tan
(

sinŠ1
(

nair

npoly
· sin � i

))
(4)

where g is the gap between the photomask and the polymer
surface, t is the thickness of the polymer, � i is the incident
angle, � r is the refracted angle, nair is the refractive index of
air, npoly is the refractive index of a polymer, doti is the inner
diameter of the orifice tip, doto is the outer diameter of the
orifice tip, dobi is the inner diameter of the orifice bottom, and
dobo is the outer diameter of the orifice bottom.

2.3. Fabrication

The device fabrication process is divided into two parts: one
for microheater fabrication and the other for micronozzle
fabrication.

2.3.1. Microheater fabrication. The microheater is
fabricated using UV lithography and metallization as shown in
figure 4. First, a thin layer of polyimide tape (200 µm thick)
with a single side self-adhesive layer is attached on a soda lime
glass substrate for thermal isolation from the glass substrate
(figure 4(a)). Note that the thermal conductivities
of the soda lime glass and polyimide are 1.3 W
(mŠ1 KŠ1 and 0.25 W (mŠ1 KŠ1, respectively. A thin layer of
titanium/ copper/ titanium (Ti/ Cu/ Ti, 30 nm/ 300 nm/ 30 nm)
is deposited using dc sputtering on the polyimide layer. The
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(a)

(b)

(c)

Figure 6. Electro-thermal simulation for the heater array: (a)
thermal flux distribution upon current flow. (b) Temperature
distribution at 2.5 s after 1 A current applied to the array. (c)
Transient temperature at two spots (solid triangle: near the center
heater A, solid circle: near the edge heater B) in the chip.

SU-8-coated substrate with an air gap of 135 µm between
the photomask and the polymer surface, which is followed by
inclined rotational UV exposure with an inclination angle of
45� and an optical dose of 6000 mJ cmŠ2. The moving stage is
rotated in a speed of 10 rpm (figure 9(a)). After post-exposure
bake on a hot plate at 95 � C for 1 h, the resulting structure is
developed in propylene glycol methyl ether acetate (PGMEA)
for 2 h (figure 9(b)) to complete the structure.

Figure 7. A section of a fabricated microheater array based on the
design shown in figure 5.

Figure 8. Photomask pattern for a micronozzle array in a negative
form. Each 50 µm circle corresponds to the site of a micronozzle,
with a center-to-center spacing of 500 µm.

(a)

(b)

Figure 9. Micronozzle fabrication process. (a) Inclined rotational
UV exposure through a mask to define tapered micronozzle
structures in SU-8 photoresist aligned on top of ohmic heaters on a
glass substrate. (b) Micronozzle structure after developing showing
an SU-8 micronozzle on top of an ohmic heater.
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Table 1. Summary of fabrication parameters and nozzle dimensions.

� i � r nSUŠ8 t g doti doto dobi dobo

45� 25� 1.67a 250 µm 135 µm Calculated 220 µm 320 µm 453 µm 553 µm
Measured 210 µm 330 µm 430 µm 570 µm

a from [12].
� i is the incident angle, � r the refracted angle, nSUŠ8 the refractive index of SU-8, t the thickness of
SU-8, g the gap between the photomask and the SU-8 surface, doti the inner diameter of the orifice tip,
doto the outer diameter of the orifice tip, dobi the inner diameter of the orifice bottom, and dobo the
outer diameter of the orifice bottom.

(a) (b)

Figure 10. Fabricated micronozzle array integrated with ohmic microheaters: (a) optical view graph, (b) SEM of the micronozzle array,
where � i = 45� , � r = 25� , nSUŠ8 = 1.67, t = 250 µm, g = 135 µm. Inset is an optical microscope view showing complete development
inside the nozzle. In this prototype device, the micronozzles were fabricated at higher density than the microheaters. Thus, only 80 of the
289 micronozzles had microheaters aligned beneath them, a fraction of which are shown in these images. In (a), the green portions are
micronozzles without microheaters beneath, the yellow/ black portions are micronozzles with low-resistance metal connecting ‘wires’, and
the green portions with a yellow/ black stripe are the micronozzles with high-resistance ohmic heaters beneath.

Figure 11. Optical microscopic image of a section of a
microheater-integrated micronozzle array filled with ethanol gel
containing 0.1% (w/ w) of blue-colored curcumin to facilitate
imaging.

that brief exposure to ethanol has little effect on the epidermis.
In another control experiment, the epidermis was heated to
78 � C for 15 s, but there was no significant effect on skin
permeability (P < 0.05), which shows that brief exposure to
elevated temperature has little effect on the epidermis. Finally,
the epidermis was treated with a single application of the
ethanol jet, which exposed it to a jet of high temperature
ethanol for < 1 s. The temperature of the jet is believed to
be 78 � C, because this is the normal boiling point of ethanol.
After ethanol jet treatment, 0.11 ± 0.06 µg of calcein was
delivered across the epidermis, which is 17 times more than
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Figure 12. Effect of skin treatment on transdermal delivery of a
model compound, calcein. The amount of calcein transported across
human cadaver epidermis in vitro is shown after 2 h of delivery
following (A) no treatment (negative control), (B) exposure to
ethanol for 15 s at 32 � C, (C) exposure to a hot plate at 78 � C for 15 s
and (D) treatment with the ethanol microjet system.

for non-treated epidermis (t-test, P < 0.05). This indicates that
the combined effects of heat and ethanol acted synergistically
to increase skin permeability. The velocity of the jet may have
also played a role.

To obtain more detailed images of stratum corneum after
exposure to ethanol microjet treatment, the skin has been
incubated in an alkaline solution that expands the stratum
corneum and then stains it with a red-fluorescent lipid stain
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