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m Abstract The application of microelectromechanical systems (MEMS) to medi-
cine is described. Three types of biomedical devices are considered, including diagnos-
tic microsystems, surgical microsystems, and therapeutic microsystems. The oppor-
tunities of MEMS miniaturization in these emerging disciplines are considered, with
emphasis placed on the importance of the technology in providing a better outcome
for the patient and a lower overall health care cost. Several case examples in each of
these areas are described. Key aspects of MEMS technology as it is applied to these
three areas are described, along with some of the fabrication challenges.
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INTRODUCTION

Biomedical microelectromechanical systems (bioMEMS) apply the same manu-
facturing methods that are used in making computer microchips to making ul-
trasmall medical sensors, actuators, and motors (1, 2). These tiny devices, also
referred to as biomedical microsystems, hold promise for precision surgery with
micrometer control, rapid screening of common diseases and genetic predisposi-
tions, and autonomous therapeutic management of allergies, pain, and neurodegen-
erative diseases. The health care implications predicted by successful development
of this technology are enormous, including early identification of disease and risk
conditions, less trauma and shorter recovery times, and more accessible health
care delivery at a lower total cost.

This review is not intended to exhaustively cover all of the numerous bioMEMS
works that have been published to date. Rather, we present an introduction to the
technology, provide general references to the literature, and describe representa-
tive biomedical microsystems, primarily from work at the University of Minnesota
and Lawrence Livermore National Laboratory, that exemplify emerging opportu-
nities in medicine. In particular, three rapidly developing areas of microsystems
technology present enormous opportunities for research and commercialization:
(a) diagnostic microsystemsb) surgical microsystems, and)(therapeutic mi-
crosystems. Given the research missions of our organizations, we have selected
project examples that convey the excitement of merging developments in micro-
electromechanical systems (MEMS) technology with multiple research themes in
scientific, engineering, and medical disciplines.

Enabling Technologies

Integrated-circuit (IC) processing methods have been developed and refined over
the last 40 years in the manufacture of common microelectronic chips such as mi-
croprocessors and data storage or “memory.” The same process technologies used
in silicon microelectronic chip manufacture are also routinely used in the fabri-
cation of MEMS and bioMEMS. Specifically, unit process steps such as thin-film
deposition, photolithography, etching, and packaging have routine application to
both ICs and MEMS. The use of a silicon starting-substrate material originally
suggested the enormous promise of integrating both MEMS and ICs in sophisti-
cated self-contained microsystems capable of autonomously performing intelligent
functions such as sensing and signal processing, at a very low manufacturing cost.
Although the basic steps in the IC unit process are widely used in MEMS and
bioMEMS fabrication, a special process known as solid-state micromachining
(4, 5) represents a unique enabling method not commonly used in the production of



Annu. Rev. Biomed. Eng. 2000.2:551-576. Downloaded from arjournals.annualreviews.org
by SEOUL NATIONAL UNIVERSITY on 03/07/05. For personal use only.

MICRODEVICES IN MEDICINE 553

conventional microelectronic chips such as microprocessors or memory. In simple
terms, solid-state micromachining is a method for forming a useful mechanical
structure, such as a thin supported membrane (pressure sensor) or cantilever beam
(accelerometer) by methods of selective material removal through a combination
of etching and/or material deposition and photolithographic-patterning techniques.
Two methods used to make thin, flexible diaphragms, such as those used in solid-
state pressure sensors, are shown in Figure 1. These methods rely on (Figure 1,
top) subtractive etching of the substrate material, called bulk micromachining (4)
and (Figure 1potton) the addition of two or more patterned materials followed
by the selective removal of one of these materials, which is temporary. This latter
method is commonly referred to as surface micromachining (5).

An example of the main steps involved in surface micromachining is shown
in Figure 2, for the production of a piezoelectric microcantilever beam sensor.
This is a generic process to form activity monitors for pacemaker applications (6),
molecular-recognition biosensors (7), and vibration-monitoring structures (8).

Technology Assessment and Directions

Although many interesting medical-device concepts based on microfabrication
have been presented over the past 20 years, only a small (but growing) number of
these have actually been applied in real health care settings. Possible reasons for
the low adoption of these devices by the medical industry inclagi¢e¢chnical
barriers such as roadblocks in packaging, materials, fluidics, and interconnects;
(b) inadequate attention to systems requiremejseliability; (d) testing, cali-
bration, and packaging difficulties)(high entry and facilities development costs;
(f) inertia of the medical industry;gf the US Food and Drug Administration
approval process; anth)(inadequate understanding of health care needs and the
health care environment. Despite these challenges, a number of MEMS devices
have made it to the marketplace, notably discrete (without on-chip electronics)
pressure sensors (9) and chemical-analysis devices (10), which have become high-
volume medical-sensor products. Integrated systems that contain two or more of
the following components are still a significant challenge: mechanical structures,
sensors, electronics, actuators, optics, and microfluidic elements (11).

A number of universities, research institutions, and corporations now have
ongoing bioMEMS activity. Representative examples of these are listed in Table 1.

SURGICAL MICROSYSTEMS

Once a patient’s condition has been diagnosed, treatment can involve costly and in-
vasive surgical procedures that require significant recovery time. Often the success
of procedures depends on the dexterity of individual surgeons and accessibility of
remote locations in the body. A current trend in surgical procedures is toward
minimally invasive surgery, an approach whereby the large and potentially trau-
matic incisions that have been part of conventional procedures are replaced by tiny
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Figure 1 Two examples of solid-state micromachinintpd) Bulk micromachining usu-

ally involves the removal of the substrate material by chemical etching methmdtor)
Surface micromachining applies the additive incorporation of several different materials
followed by the selective removal of one of these materials, usually by chemical etching.
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TABLE 1 Representative universities, research institutions, and corporations with ongoing

biomedical micromechanical systems (bhioMEMS) activity

bioMEMS activity Organization Reference(s)
Diagnostic instruments
DNA arrays Affymetrix (Santa Clara, CA) 12
DNA synthesis arrays Perkin EImer Applied BioSystems 13
(Foster City, CA)
DNA hybridization analysis Nanogen (San Diego, CA) 14
arrays
Microfluidics-based Cepheid (San Jose, CA) 15
analysis systems
Nanoliter DNA processors University of Michigan (Ann Arbor, Ml) 16
Blood cell separators Princeton University (Princeton, NJ) 17
Capillary electrophoresis University of California, Berkeley 18
systems (Berkeley, CA)
Sorting of cells Princeton University (Princeton, NJ) 19
Breast cancer detection University of California, Berkeley 20
(Berkeley, CA)
FPW biosensors University of California, Berkeley 21
(Berkeley, CA)
Acoustic particle University of California, Berkeley 22
manipulation (Berkeley, CA)
Capillary electrophoresis Caliper Technologies (Palo Alto, CA) 23
systems
MEMS chemical sensors Case Western Reserve University 24-26
and immunosensors (Cleveland, OH) and Ohio State University
(Columbus, OH) 27,28
High-speed sequencing Lawrence Livermore National Laboratory 27
instrumentation for the (Livermore, CA)
Human Genome Project
Miniaturized PCR DNA Lawrence Livermore National Laboratory 28
amplification chamber (Livermore, CA)
Microfluidics University of California, Santa Barbara 29
(Santa Barbara, CA)
Optically based continuous- University of Washington (Seattle, WA) 30
flow and separations
technology
Molecular-recognition University of Minnesota (Minneapolis, MN) 31

biosensor array

High-density droplet array University of Washington (Seattle, WA) 32
for DNA processing

(continueg
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TABLE 1

(Continued

bioMEMS activity

Organization Reference(s)

Mass spectrometer

Electrochemiluminescence
detection

Surface Plasmon Resonance

Evanescent array pathogen
detectors

Contact protein printing

Surgical instruments
MEMS sensors on catheters

Minimally invasive devices

Microfabricated ultrasonic
cutting tools

Smart sensor for cataract
removal

Microactuator for releasing
embolic coils

Therapy management

Blood-testing systems

Drug infusion micropumps

Chemical sensors and
packaging

Chemical sensors

Telemetry, home health care

monitoring
Miniaturized combinatorial

chemistry for drug discovery

High-throughput chemical
synthesis

Artificial liver, currently in
clinical trials

Neural probes
Silicon neurowells

Measurement of contractile
forces on cells

University of Minnesota (Minneapolis, MN) 33

University of California, Davis (Davis, CA) 34,35

36, 37

Naval Research Laboratory 38
(Washington, DC)

University of California, Davis (Davis, CA)

Harvard University (Cambridge, MA) 39,40
Fraunhoffer Institute, Karlsruhe, Germany
Cent. for Innovative Minimally Invasive 41
Therapy, Massachusetts General Hospital
(Boston, MA)

University of California, Berkeley 42
(Berkeley, CA)/University of Wisconsin
(Madison, WI)

University of Minnesota (Minneapolis, MN) 6, 43
Lawrence Livermore National Laboratory 44
(Livermore, CA)

I-STAT Corp. (East Windsor, NJ) 45
DeBiotech (Lausanne, Switzerland) 46

University of California, Davis (Davis, CA) 47

University of Washington (Seattle, WA) 48
University of Minnesota (Minneapolis, MN) 49

Affymax Research Institute (Palo Alto, CA) 50
Orchid Biocomputer Inc. (Princeton, NJ) 51

University of Minnesota (Minneapolis, MN) 52

Stanford University (Palo Alto, CA) 53
California Institute of Technology 54
(Pasadena, CA)

University of California, Los Angeles 55

(Los Angeles, CA)
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incisions through which specialized instruments are inserted. Minimally invasive
surgery reduces the trauma in treatment and also reduces health care cost with faster
procedures and shorter hospital stays. For instance, endovascular procedures are
replacing open-heart surgeries, enabling patients to return to work in a few days
rather than several weeks. This same advancement can be extended to treating neu-
rovascular diseases, in which the blood vessels are even smaller. However, smaller
medical devices are required to fit through microcatheters while maintaining the
flexibility to maneuver through the tortuous anatomy of the arteries. We like to think

of MEMS technology as providing a new opportunity for “micro-invasive surgery.”

Surgical Microsensors

Surgical microsensors represent a relatively new application for MEMS technol-

ogy. The approach described in this work uses a piezoelectric material to identify
tissue properties by monitoring the impressed tissue loading on a surgical cutting
tool (56). The real-time response (charge vs time or voltage vs time) provides
information to the surgeon during procedures that require delicate cutting.

Cataract removal, involving an ultrasonic cutting technique called phacoemul-
sification, is one of the most common surgical procedures practiced in the United
States, with~1.6 million performed yearly. In this technique the hard, opaque hu-
man lens is fragmented by a sharp, ultrasonically driven cutting needle. Because
the ophthalmologist cannot see directly under the hollow titanium or stainless steel
cutting needle as the lens is fragmented and aspirated, the underlying and much
softer posterior capsule is sometimes unintentionally ruptured. The very fragile
posterior capsule is easily cut in comparison with the hard protein molecules com-
posing the lens. A tear usually requires considerable time to repair and invariably
leads to complications such as glaucoma, infection, and sometimes blindness. The
complication rate of this procedure is highly dependent on the skill and experience
of the surgeon.

A piezoelectric sensor (force transducer) has therefore been designed and in-
serted directly behind the cutting needle to actively warn the surgeon when a
hard-to-soft material transition that is characteristic of the lens-to-posterior cap-
sule transition is taking place. A diagram of such a modified surgical cutting tool
is shown in Figure 3.

The physical sensing method can rely on either the direct detection of the
impressed loading on the needle presented by the lens or on continuous monitoring
of the natural frequency with which the system oscillates under an ultrasonic drive.
This impressed loading is transduced to the piezoelectric sensor, which is placed
in the surgical handpiece. For the surgical tool studied, a fundamental resonance
was observed at 39.3 kHz. By monitoring the impedance amplitude signature near
this frequency, one can correlate the processed sensor output with tissue hardness.
This approach is summarized in Figure 4, in which a hard-to-soft tissue transition
is detected in the ultrasonic cutting of the human lens. This procedure has been
successfully applied in clinical trials on 252 patients.
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Figure 3 Piezoelectric sensor inserted into a phacoemulsification handpiece. The piezo-
electric materials are designed such that the overall intended operation of the instrument is
not substantially modified by the incorporation of miniature sensors.

Surgical Micromotors

A significant challenge facing the MEMS community is to ensure that effective
force and useful displacement can be derived from the many physical-actuation
mechanisms proposed and investigated to date. In addition, for surgical applica-
tions, small-sized, ergonomic, easy-to-use surgical devices are preferred.

A miniature piezoelectric inchworm motor (57) has been fabricated for use
in a variety of precision surgical applications such as intraocular delivery of a
replacement lens after cataract removal. Several generations (58) of this motor
have been investigated, including the one shown in Figures 5 and 6. This design
has two principal components, a glider and a fixed confining rail structure that
limits the movement of the glider to one dimension. Electrical power to the glider
is delivered via sliding contacts, as indicated in Figure 5, and the glider moves in
a series of steps (59). A single step cycle commences when the rear end (relative
to the displacement direction) of the glider is immobilized against the substrate
by means of the back electrostatic clamp, while the front end of the glider is
unclamped. The piezoelectric extender/contractor is then extended, moving the
front end of the glider forward. The front end of the device is then clamped to the
substrate by a front-end electrostatic clamp. The back-end electrostatic clamp is
then deactivated, and the piezoelectric bar is allowed to contract by application of
the opposite polarity of electric field across the piezoelectric material, thus moving
the rear end of the glider forward. Deactivation of the front clamp and activation
of the rear clamp positions the glider for another stepping sequence.

The displacement per stefs, assuming that no external force is applied to the
glider, and the maximum forcé& a4 that the glider can exert on an external load
(6s = 0) are given by Equation 1 (60):

8s = (Ld1aVpt/tpz)  @nd  Frax = EWdi3Vp,t 1)

If the glider is clockedfs times per second, then the stepping rate or movement
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Figure 4 Piezoelectric sensor waveform captured during the removal of the live human
lens. The reduction in sensor amplitude indicates a hard-to-soft tissue signature to alert the
surgeon about the possible breakage of the posterior capsule.
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Figure 5 Four-step operation of the piezoelectric inchworm mothrQlamping to immobilize
back end of motor,3) piezoelectric extension3) clamping of front end, and}j release of back
end and piezoelectric contraction.

velocity is fsLdi3Vpat/ tpzr, assuming that =200um, w =50 um, tp,1=0.5 um,
andVpx =2V, §s=0.2 um, andFyax=1.9 x 10-3 N or 1900uN. These esti-
mates assume that the electrostatic clamps are strong enough to keep the glider
immobilized against the external applied forces.

We have fabricated several versions of inchworm stepper motors and have ver-
ified the displacement, velocity, and force performance equations (58). Clocking
frequencies of several hundred hertz were used with the stepper motors, and larger
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Figure 6 Application of a hand-held inchworm motor to ophthalmology. The motor incremen-
tally advances to deploy a replacement silicone lens.

clocking frequencies should be feasible with microscale stepper motors. An opti-
cal photograph of the piezoelectric micromotor, taken at the point of delivering a
silicone lens from a plastic cassette, is shown in Figure 6.

DIAGNOSTIC MICROSYSTEMS

The application of MEMS technology to diagnostic microsystems focuses on the
development of new affordable instruments, based on miniaturization technolo-
gies, that are critical to the rapid and inexpensive diagnosis of disease. Examples
of analytical functions that are benefitting from such developments include blood
supply screening, analysis of biopsy samples and body fluids, minimally invasive
and noninvasive diagnostic procedures, rapid identification of disease, and early
screening. These systems will eventually perform diagnostic procedures in a mul-
tiplexed format that incorporates multiple complementary methods. Ultimately
these systems will be combined with other devices to create completely integrated
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analysis and treatment systems. MEMS devices or MEMS injection molding tech-
niques may also be important in realizing inexpensive disposable bioanalytic mi-
crochips. Because this area has attracted considerable scientific interest and the
commercial interest of the biotechnology industry, three representative projects
are briefly described below.

Miniature Mass Spectrometers

Mass spectrometry is currently used in many biomedical applications, such as
respiratory-gas monitoring, body fluid analysis, disease screening, and peptide
and protein identification. Molecules of a sample are ionized, passed through
electric and magnetic fields to separate the ions by their mass-to-charge ratios,
and then detected. The resulting mass spectrum reflects a unique signature for a
given molecular species. Both the sensitivity and resolving power of modern mass
spectrometers can be extremely high, and, unlike many other analytical meth-
ods, mass spectroscopy requires relatively little advance knowledge of the sample
composition. A disadvantage of current analytical-grade mass spectrometers is the
relatively high costs associated with both the equipment and human handling.

A novel subminiature, double-focusing mass spectrometer for in situ gas-
monitoring applications has been fabricated at the University of Minnesota by a
combination of conventional machining methods and microfabrication techniques
(61). Its design is based on the mass separation capabilities of a crossed electric
and magnetic sector field analyzeg & 2 cm), which, under proper conditions,
can be used to effectively cancel the angular and chromatic dispersion of the ion
beam, thus achieving a significantly higher resolving power than that obtained in
other mass spectrometers. The particular design also provides a very compact ge-
ometry for the overall instrument by avoiding the use of energy and mass analyzers
that are placed in tandem, as is typically done with other double-focusing mass
spectrometers. A photograph of the finished device is shown in Figure 7.

lon simulations with finite element analysis and computer modeling have been
used to design, verify, and optimize the performance of this instrument before its
fabrication. The electric fringing-field effects, which are particularly important for
small-sized mass spectrometers, were corrected by placing lithographically defined
electrodes along the ion path. The fabricated lab prototype attained a resolving
power of 106, a detection limit 610 ppm, and a mass rang@00 amu. Its size
and power consumption make this miniature mass spectrometer ideal for portable
analytical instrumentation such as that potentially to be used in respiratory-gas
monitoring applications at the patient’s bedside. As an example, spectra obtained
on air is shown in Figure 8.

Molecular-Recognition Biosensors

Biomolecular-recognition sensors have been developed for possible use in clinical
laboratories, to provide cost-effective diagnostic devices that can rapidly evaluate
a patient’s condition with a minimum of human intervention. These devices, with
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Figure 7 The main analyzer of the miniature mass spectrometer.

the appropriate chemistries, are intended to provide rapid analysis of such common
disease conditions as strep throat, ovarian cancer, and genetic predispositions.
One approach taken in our laboratory is to use piezoelectric cantilever beam
resonators with specific molecular-recognition coatings, as shown in Figure 9. The
resonator is driven by AC voltage, using a simple-circuit technique that allows the
oscillation to take place at its primary resonant frequency. Upon exposure to a
conjugate biomolecule, the effective masst the end of the cantilever (paddle)
changes byAm. This causes the resonant frequerfcgf the microcantilever to
shift downward by an amoumk f proportional to the change in mass given by

Af/f = SpAm (2)

where S, is a proportionality constant that is dependent on beam dimensions,
damping effects, etc.

The challenge of this type of device is to develop the appropriate surface coating
on the end of the microcantilever—one that is both sensitive to and selective for
the biomolecule of interest. This often involves the use of linker molecules to make
an attachment to the standard MEMS materials composing the microcantilever.

Figure 10 shows the shift in frequency of this device in the selective binding of
biotin-strepavadin. The frequency change of 12.5 kHz translates into an effective
mass change o#10-8g. This type of device is now being extended to the detection
of environmental pathogens and certain types of viruses.
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Figure9 Scanning electron micrograph of a molecular recognition piezoelectric microcantilever.

Microfluidic Processors

In a Defense Advanced Research Projects Agency (DARPA)-sponsored collabora-
tive research effort between MD Anderson Cancer Center and Lawrence Livermore
National Laboratory, researchers are developing a microfabricated device that is
capable of separating particles such as blood cells, sensing them, and identifying

by SEOUL NATIONAL UNIVERSITY on 03/07/05. For personal use only.
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Figure 10 Shift in frequency caused by strepavidin binding on a biotin-coated piezoelectric
microcantilever.
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Figure 11 Cell identification device based on dielectrophoresis.

them based on their dielectric properties (62). Particularly novel in this approach is
the use of impedance monitoring to spectroscopically identify the type and number
of particular cells, including unhealthy cells that indicate a disease condition.

In separating the cells (known as fractionation), negative dielectrophoresis is
used to keep cells levitated in a microfluidic channel and away from impedance-
sensing electrodes. In passing through the microfabricated fluid columns, which
measure 15@:m deep, 1 mm wide, and 10 cm long (Figure 11), the cells have
unigue passage-time characteristics, as well as dielectric frequency spectra that
allow for both counting and identification (63). In operation, a micropump sends
1-ul samples of human cells into the microchannel. The samples are then slowly
flushed through the fluid from another small reservoir. The cells are detected as
they pass an array of impedance sensor electrodes after fractionation along the
channel.

THERAPEUTIC MICROSYSTEMS

Many chronic medical conditions can be managed by having the patient take spe-
cific drugs at specific dose levels on a regular/periodic basis. For example, cancer
pain, nonmalignant pain, severe spasticity associated with multiple sclerosis, spinal
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cord injury, cerebral palsy, and traumatic brain injury are now routinely treated by
means of implantable drug delivery systems. Sustained-release drug delivery sys-
tems provide the medicinal effects with higher efficiency and longer duration than
traditional tablet dosages. In particular, they avoid the “hill and valley” phenomena
associated with oral drug ingestion and provide the optimal concentration of the
drug over a longer period of time. There are a number of mechanisms to provide
timed release of drugs, such as microencapsulation, transdermal patches, and im-
plants. The current state-of-the artincludes systems that are approximately the size
of a hockey puck, have a limited battery lifetime-e8—7 years, and rely on the

use of power-consumptive electromagnetic dispensing of fixed amounts of medi-
cation at programmed intervals, regardless of body need. Among these techniques,
implantable pumps have the advantage that the drug therapy can be delivered at
the optimal time and concentration to a specific site. MEMS systems combine
miniature size, which is amenable to implantability, low power requirements, and
the potential to precisely meter fluid samples.

Implantable Drug Delivery Microsystems

One of the key components in an implantable drug delivery system is the miniature
fluid-dispensing system or micropump. By surface micromachining techniques,
piezoelectric thin films based on the lead zirconate titanate (PZT) materials system
have been deposited on silicon nitride structural membranes that completely seal
a cavity in the silicon substrate beneath the membrane, as shown in Figure 12.
When the diaphragm deflects upward or downward owing to an applied electric
field across the piezoelectric thin film, the volume of the sealed cavity changes,
and, if the entrance and exit channels have valves, then the structure can function
as a micropump (64). Simple estimates of the performance of such a pump can
be obtained by considering the pump in Figure 12 to be a circular membrane
of thicknessh and radiusa. For simplicity we assume that the silicon nitride
structural membrane and PZT have the same thickness (g&3land Young’s
modulusE. If a voltageV is applied to the PZT film with piezoelectric coefficient

d, the unloaded (i.e. no opposing pressure) change in voluvel, of the cavity

and the maximum pressuRy,.x (assuming an equal and opposite pressure so that
the net deflection of the membrane is zero) generated by the pump are given by
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AVol — 3a%(5+ 2u) (1 — p)dizV _ 6Ehd;3Vv
- 4h2(3 4 2u) 3+ paz?

If V=10V,a=100um, h=1um, and Poisson’s ratio = 0.3, thenAVol = 8 x
10~ ul, and Pmax= 3.4 x 10* Pa. If the pump were driven atl kHz, the pumping
speed would be-1 ul/s. These estimates are optimistic because they assume that
the membrane is attached to the substrate with a very compliant attachment (in the
language of the theory of plates, the edges of the membrane are simply supported).
Different investigators have explored several versions of such micropumps. At
the University of Minnesota, such pumps have been fabricated by using silicon
nitride membranes 100—4Q0m in diameter and 1..wm thick with 0.35.m of

d max

®)
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Figure 12 (top) Cross section andb6tton) photograph of a microelectromechanical-
systems—based microfluidic pump. The three-stage design operates as a peristaltic pump.
Each diaphragm measures 3061 in diameter.

PZT deposited on the top (64). The pumps can be ganged together in both series
and parallel arrangements to increase the throughput and pressure differential.

Transdermal Drug Delivery Microsystems

Conventional drug delivery techniques that rely on pills and injections are often
not suitable for new protein-based, DNA-based, and other therapeutic compounds
produced by modern biotechnology (65). The potential of using the skin as an
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alternative route for administering systematically active drugs has attracted con-
siderable interest in recent years (66). The advantages of transdermal (across skin)
drug delivery include the absence of degradation in the gastrointestinal tract and of
first-pass effects in the liver, both of which are associated with oral drug delivery,
and elimination of the pain and inconvenience of intravenous injection (65). The
efficiency of transdermal drug delivery, however, is greatly limited by the low per-
meability of the human skin. The stratum corneum, which is responsible for skin
impermeability, is well known for its function as a protective barrier against the
loss of physiologically important substances and against the diffusion of poten-
tially toxic chemicals from the external environment into the body (66). Generally,
the stratum corneum layer is permeable only to small, lipophilic molecules. A va-
riety of technologies have been used to controllably, reversibly, and safely reduce
the resistance of the skin, thereby enhancing skin permeability. These techniques
include chemical-penetration enhancers, iontophoresis, and sonophoresis (66).
However, the mechanisms of each of these approaches are far from being fully
understood, which limits how thoroughly the issues of feasibility and optimization
can be addressed. Below we present a novel approach to transdermal drug delivery
that is expected to greatly enhance the delivery efficiency. The greatest advantage
of our approach is that the mechanisms of drug permeation through skin do not
affect the delivery efficiency.

Skin is made of three layers: stratum corneum, viable epidermis, and dermis.
The stratum corneum layer is basically a layer of dead tissue that forms a mem-
brane, which provides the biggest barrier to drug transport. The stratum corneum
is ~10-15.m thick. Underneath the stratum corneum layer is the viable epider-
mis layer, which is 50—10@m thick. Inside this layer, there is tissue containing
living cells and nerves, but no blood vessels. Deeper down is the dermis layer,
which forms the bulk of skin volume and contains living cells, nerves, and blood
vessels. As suggested by Henry et al (65), microneedles that penetrate the skin just
a little more than 10-1pm should provide transport pathways across the stratum
corneum that are painless, because the microneedles do not reach nerves found in
deeper tissue.

The material that we use to fabricate these needles is SU-8, a negative-tone,
epoxy-type, near-UV photoresist based on SU-8 resin (Shell Chemical, Houston,
TX), which was originally developed by IBM. It has been demonstrated that SU-8
can be used to build structures as thick as 2 mm with aspect rali®sby using
standard contact photolithography. We obtained SU-8 from MicroChem Corpora-
tion (Newton, MA). The SU-8 needles were spin-coated onto a silicon substrate
and patterned by standard contact photolithography. The length of the SU-8 layer
is made to be either 180m or 50 um, which determines the length of the nee-
dles. The thickness of these needles can be varied easily by simply changing the
concentration of the SU-8 solution and the spin speed. Needles of four different
dimensions were fabricated. Channels were etched through the silicon substrate
to provide a liquid-flow path. Deep reactive-ion etching (Deep Trench Etcher,
Plasma-Therm, Inc.) was used to etch straight and tall channels inside silicon.
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A combination of photoresist and silicon dioxide has been used as the masking
material to etch silicon. The SU-8 needles were made ika33array format, as
were the flow channels in silicon. The dimensions of the channels in silicon were
chosen to be slightly smaller than the dimensions of the SU-8 needles that are
positioned directly above them.

SU-8-based needles offer several advantages over those fabricated by silicon
(67). First, there are channels built inside these needles that offer the flow path
for drug transport. This is certainly the greatest advantage of this approach over
any of the existing transdermal drug delivery methods. The amount of drug that is
transported through the skin is no longer limited by the permeability of the skin. On
the other hand, the flow is totally controlled by the external pumping mechanism.
By fine-tuning the dimensions of the needles and/or the flow speed of the drugs,
one can deliver drugs in a precise and controllable manner. Second, the process is
straightforward, because it involves only coating and patterning of the SU-8 layer
on a supporting substrate, using the well-developed photolithography technique.
In this case, the supporting substrate is a silicon wafer. Third, SU-8 is nonbrittle,
which greatly reduces the risk that needle tips will break inside the human skin.
Fourth, SU-8 is inexpensive compared with silicon. In addition, injection molding
techniques can be adopted to mass produce these needles, thus to further reduce
costs. Finally, these needles can be integrated with a micropump to yield a fully
integrated wristwatch type of drug delivery system. The integrated system will
offer convenience, efficiency, and painlessness.

Scanning electron microscopic pictures of one of the arrays (array 2) of the
microfabricated SU-8 needles are provided in Figure 13. Dark-colored liquid was
observed to emerge inside the SU-8 needles as the liquid was being pushed from the
other side of the silicon substrate, which demonstrates that the channels builtinside
the SU-8 needles are open and serve as a fluid pathway. The mechanical-strength
tests of these needles were performed on human skin specimens provided by the
Tissue Procurement Facility of the Cancer Research Center at the University of

Figure 13 Scanning electron microscopic images of the needles (array 2) on silicon substrate.
(Left) Side view; ¢ight) top view.
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Figure 14 (left) Microscopic image of the needles (array 2) after the mechanical-strength test.
The epidermis layer was peeled off the needlesnte) Top view microscopic image of array 2.

The images were taken after the needles were pushed into an epidermis layer, with an epidermis
layer on top andr{ght) side view.

Minnesota. The epidermis layer was separated from the bulk skin by a standard heat
procedure (68). We used only the epidermis for the mechanical-strength test, for the
following reasons. First, the primary barrier for molecular transport is the stratum
corneum. Second, most drugs in vivo would be taken up by capillaries found
near the dermal-epidermal junction (65). Arrays of microneedles were pushed
into the skin by a thumb, just like pushing a pin into a wall. Bulk skin was placed
underneath the epidermis to serve as a cushion and also to better simulate the in
vivo mechanical environment. Then the needles, along with the epidermis layer,
were removed from the bulk skin and examined under a microscope. Finally,
the epidermis layer was peeled from the needles. The needles were once again
examined under the microscope to determine whether their structures remained
intact. The preliminary mechanical-test results can be summarized as follows.
First, all of the needles that we examined remained intact after the skin test,
as demonstrated by Figure 14, which shows array 2 under a microscope. Second,
none of the needles were observed to pierce through the epidermis layer. Figures 14
(leff) and 14 ¢ente) are microscopic images of array 2 after it has been pushed
into an epidermis layer. It was qualitatively observed that the needles stretched the
epidermis layer, as they were pushed into the epidermis. This is better demonstrated
by Figure 14 (ight), which is a tilted view of the needles with the epidermis on
top. In some cases, the epidermis broke owing to stress caused by this pushing
process [see Figure 14dnte)]. These observations suggest that the structure

of the needles may not be sharp enough to allow them to penetrate through the
epidermis. However, based on the experimental results we currently have, it is not
clear whether the needles penetrate into the epidermis layer.

CONCLUSIONS

An exciting new revolution in medicine is just beginning to unfold in laboratories
around the world. The new field of bioMEMS applies the same manufacturing
methods that are used for computer microchips to making ultrasmall medical
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sensors, actuators, and motors. Applications of MEMS materials and processing
technologies hold the promise of inexpensive health care devices, once they are
manufactured in batch quantities, similar to the effect these methods have had on
the costs of silicon ICs.
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