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■ Abstract By incorporating techniques adapted from the microelectronics indus-
try, the field of microfabrication has allowed the creation of microneedles, which have
the potential to improve existing biological-laboratory and medical devices and to en-
able novel devices for gene and drug delivery. Dense arrays of microneedles have been
used to deliver DNA into cells. Many cells are treated at once, which is much more
efficient than current microinjection techniques. Microneedles have also been used to
deliver drugs into local regions of tissue. Microfabricated neural probes have deliv-
ered drugs into neural tissue while simultaneously stimulating and recording neuronal
activity, and microneedles have been inserted into arterial vessel walls to deliver anti-
restenosis drugs. Finally, microhypodermic needles and microneedles for transdermal
drug delivery have been developed to reduce needle insertion pain and tissue trauma
and to provide controlled delivery across the skin. These needles have been shown
to be robust enough to penetrate skin and dramatically increase skin permeability to
macromolecules.
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INTRODUCTION

For over 150 years, syringes and hypodermic needles have been delivering drugs

into patients. The hollow needle was invented in 1844, and the first injection was

delivered shortly after (1). The practice of medicine has been revolutionized ever

since. The needle’s impact as a drug delivery vehicle is still strong today, partly

because many pharmaceuticals are poorly absorbed in the intestine and/or sensitive

to enzymatic degradation and thus cannot be administered orally.

Early syringes and needles were one piece and made of metal; the drug was

injected via a leather plunger (2). These syringes were reused and difficult to

sterilize. Today the syringe and hypodermic needle have evolved into a two-part

disposable device. In current clinical practice, the syringe is typically made of

plastic, and the needle is made of medical-grade stainless steel. Currently, the

smallest needles available for injections are used largely for insulin administration,

measuring 30 gauge for conventional syringes and 31 gauge for pen injectors. The

30- and 31-gauge needles have outer diameters of 305µm and 254µm, respectively

(Becton Dickinson, Franklin Lakes, NJ).

Current research reviewed in this article has used microfabrication technology

to shrink the needle, thereby improving existing devices or enabling novel devices

for gene and drug delivery. Microfabrication [i.e. micromachining or microelec-

tromechanical systems (MEMS)] uses tools developed by the microelectronics

industry to make integrated circuits (ICs) and consists of a broad range of tech-

nologies anchored in the core technology of microlithographic pattern transfer

(4–6). Microfabrication is an attractive approach because it can make small nee-

dles or microneedles, which can be used for local and/or painless delivery of com-

pounds into cells or tissues. This technology also has the potential for cheap, highly

reproducible batch fabrication of microneedles, which could be manufactured in

combination with integrated circuits, micropumps, microsensors, and other micro-

accessories. Given all of these possible benefits, it is not surprising that there is

widespread interest in microneedles, as indicated by the literature reviewed here

and the extensive patent activity in the field (7–11).

Microfabrication is emerging as a global industry, unlike the microelectron-

ics industry, which has been dominated by the United States and Japan (12).

World-wide sales of MEMS-based devices are expected to grow from a range

of $2.8–$4.7 billion in 1996 to $12–$20 billion in 2003. Five classes of devices

have dominated the MEMS market: accelerometers (e.g. in airbags, pacemakers,

and joysticks), hard disk drive heads (in computers), inkjet nozzles (in print-

ers), microgyros (in braking systems and image stabilizers), and pressure sen-

sors (in automobile engines and blood pressure monitors). Most of these devices
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have found application in the automotive or information technology industries.

However, microfabrication is projected to have a growing impact on biological

applications.

The ability to fabricate microstructures or micromachines for biological appli-

cations is especially compelling because such devices can be made on the same size

scale as the biological entity to be manipulated. Many different types of these de-

vices are being pursued, such as DNA analysis chips (13–15), minimally invasive

surgical tools (16–18), microstructures for studying cell properties and functions

(19–21), microstructures that assist nerve regeneration (22), and controlled release

of drugs from microchips (23), as reviewed elsewhere (24, 25). These devices can

be divided into four categories based on their applications: (a) tools for molecular

biology and biochemistry, (b) tools for cell biology, (c) medical devices, and (d )

biosensors (25). The microneedles discussed here have the potential to affect all

four of these categories.

We present progress in microneedle research for gene and drug delivery in the

context of three broad applications: (a) cellular delivery, (b) local delivery, and

(c) systemic delivery. As discussed below, microneedles can deliver molecules to

cells in culture, into localized regions of tissue inside the body, and across the skin

into the circulatory system. Some of these microneedle technologies are based on

a more mature body of literature that concerns microfabricated electrode arrays

used largely as neural probes (26–32). All microneedle technologies have their

roots in microfabrication (4) and microelectronics fabrication (5, 6).

CELLULAR DELIVERY

The delivery of membrane-impermeable molecules into cells is needed for a broad

variety of applications in molecular and cell biology. Molecules of interest include

peptides, proteins, oligonucleotides, DNA, and a variety of other probes that alter

or assay cell function. Currently available methods for introducing molecules into

cells can be divided into four categories: chemical (e.g. ATP, EDTA, CaPO4, or

DEAE-dextran), vehicles (e.g. erythrocyte fusion or vesicle fusion), electrical (e.g.

electroporation), and mechanical (e.g. microinjection, hyposmotic shock, sonica-

tion, or microprojectiles) (33, 34). These techniques either present the molecules in

a way that causes them to be internalized by normal cellular functions or transiently

disrupt the cell membrane to provide access to the cytosol. However, all of these

methods have limitations, such as using cells or molecules with low efficiency,

yielding impaired cell functions or cell death, requiring time and expertise, need-

ing expensive equipment, and being applicable to only certain cell types and/or

molecules.

In many ways, microinjection is the gold standard method for loading cells; it

can reproducibly deliver large numbers of macromolecules to most cell types with

high cell viability and function (33). However, because this technique involves

injecting cells one at a time with individual glass micropipettes observed under



?
292 MCALLISTER ¥ ALLEN ¥ PRAUSNITZ

a microscope, it is extremely labor intensive and is practical only when treating

small numbers of cells (e.g. <100 cells). To make microinjection simpler and

faster, the research reviewed in this section on cellular delivery seeks to perform

microinjection simultaneously on thousands of cells or more, with arrays of densely

spaced microneedles (needle density can exceed 105/cm2). With multiple needles

arranged in a high-density array, many cells can be treated at one time, which

overcomes the major limitation of microinjection.

Silicon Microprobes for DNA Injection

To develop an efficient method for transforming cells, arrays of micromechanical

piercing structures or microprobes were fabricated and successfully used to deliver

genetic material into plant, nematode, and mammalian cells (35–37). The silicon

microprobes (Figure 1) are pyramidal in shape and are solid (i.e. not hollow).

Molecules to be delivered are either coated onto the microprobes before insertion

into cells or the molecules are in solution around the cells when the microprobes

are inserted.

The microprobes are bulk micromachined by a single-mask process that defines

arrays of square silicon dioxide masks on a silicon wafer (35; Figure 2). The arrays

of silicon dioxide squares are defined by standard photolithography techniques.

First, photoresist (a photosensitive polymer) is spin cast onto a silicon dioxide-

Figure 1 Scanning electron micrographs of (a) a silicon microprobe array and (b) a single

microprobe used to deliver genes to plant, nematode, and mammalian cells and across vascular

tissue. Reproduced with permission from Reference 36.
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Figure 2 Microprobe or microneedle fabrication sequence. This process consists of (a) pho-

todefining the photoresist by selective exposure to UV light through a photomask, (b) developing

the photoresist, (c) etching the mask layer and removing the photoresist, and (d ) performing

an anisotropic etch to undercut the masks, leaving behind arrays of sharp microprobes or solid

microneedles. This process yields microneedles shown in Figures 1 and 14b and c.

coated wafer. The wafer is then brought into contact with a photomask and exposed

to UV light, which causes selective breakdown of the exposed polymer (Figure

2a). A photomask is generally a glass plate with a chromium pattern on it. The

portions of the photoresist exposed to the UV light (i.e. not covered by the opaque

chromium pattern) are removed during a subsequent development step (Figure 2b).

This type of photoresist is referred to as a positive photoresist. The pattern thus

transferred from the photomask to the photoresist is then etched into the silicon

dioxide masking layer, and the photoresist is removed (Figure 2c). The wafer is

then anisotropically wet etched in a solution of potassium hydroxide (38) until the

silicon dioxide masks are undercut and fall off (Figure 2d ).

This fabrication process leaves behind arrays of pyramid-shaped probes that

can range in height from ten to several hundred micrometers and are extremely

sharp (tip radii <0.1 µm). This pyramidal structure arises because of the fast etch

rate of the (411) crystalline planes of silicon in potassium hydroxide; the probes

are therefore bounded by (411) planes.

These pyramidal microprobes have been used to deliver a plasmid vector pB121

into tobacco cells (Nicotiana tabacum W3). This plasmid vector contained a

kanymycin resistance gene and a gene for β-glucuronidase. The tobacco cells,

prepared by removing the epidermal layer of a tobacco leaf, were placed in a solu-

tion of DNA, and the microprobes were applied. Treated cells exhibited transient
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expression of β-glucuronidase as indicated by the appearance of dark blue-green

dots, whereas controls (microprobes without DNA or with DNA alone) did not (35).

These microprobes have also been used to deliver a plasmid vector containing

a gene coding for β-galactosidase into the nematode Caenorhabditis elegans. Ne-

matodes were pipetted onto microprobe arrays coated with DNA. The nematodes

were then allowed to crawl off the arrays (thereby being pierced by the micro-

probes) and into culture medium. Of first generation hermaphrodite progeny, 8%

exhibited the characteristic blue staining caused by β-galactosidase transfection,

whereas the control group (microprobes without DNA or with DNA alone) did

not show expression (35, 36). Microprobes coated with DNA have also transfected

rat smooth muscle cells with a β-galactosidase gene by insertion into cell cul-

ture monolayers (37). Microprobe tips were not damaged during insertion into

cells.

Glass Microcapillaries for DNA Injection

Arrays of hollow microcapillaries have been developed to achieve high-efficiency

cell transformation as well as precise control over the amount of material delivered

(39–41). These devices, which consist of an array of hollow silicon dioxide mi-

crocapillaries (Figure 3), have been used to inject both DNA and fluorescent dyes

into plant cells. The microcapillaries are inserted into cells, and then molecules

are delivered by injection through the lumen of the capillaries. By injecting the

molecules through a well-defined lumen, precise amounts can be delivered into

the cells.

The microcapillaries are bulk silicon micromachined by a single-mask process

to define an array of circular holes in a silicon dioxide-masking layer on a silicon

wafer (39–41; Figure 4). The arrays of holes are then etched deeply into the silicon

Figure 3 Scanning electron micrographs of (a) a section of an array of hollow microcapillaries

and (b) microcapillaries covered with cellular debris. These microcapillaries are used to microinject

DNA into many cells simultaneously. Reproduced with permission from Reference 39.
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Figure 4 Hollow microcapillary fabrication sequence. (a) The patterned silicon wafer is

deep reactive ion etched to form cylindrical holes partially through the wafer; (b) the silicon

dioxide mask is removed and a second oxide layer is thermally grown; (c) a machined Pyrex

substrate is anodically bonded to the oxide layer; (d ) silicon opposite the Pyrex substrate is

etched back with tetramethylammonium hydroxide to reveal the microcapillary tips; (e) the

microcapillary tips are etched off in a hydrofluoric acid solution; and ( f ) the silicon is etched

back further in tetramethylammonium hydroxide. This last etch defines the microcapillary

heights. Adapted from Reference 39. This process yields microcapillaries shown in Figure 3.

wafer by deep reactive ion etching in an inductively coupled plasma-reactive ion

etcher (Figure 4a). The oxide layer is removed, and a second oxide is grown

(Figure 4b). The thickness of this second oxide layer defines the wall thickness of

the capillary tubes. The wafer is then anodically bonded to a Pyrex glass substrate

that has a reservoir machined into it (Figure 4c). The silicon opposite the Pyrex

chamber is wet etched in a tetramethylammonium hydroxide solution (42) until

the tips of the silicon dioxide microcapillaries are exposed (Figure 4d ). The tips

are then etched off (opening up the capillary tips) in a buffered hydrofluoric acid

solution (Figure 4e), and the silicon is etched again with tetramethylammonium

hydroxide (Figure 4f ). The height of the microcapillaries is controlled by the length

of this last wet etch.

The fabricated microcapillaries (Figure 3) were 30 µm in height and had a

diameter of 5 µm. The capillaries have been used to inject a fluorescent dye
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(4′,6-diamidino-2-phenylindole) into tobacco (BY-2) cell conglomerates (39). The

cell conglomerates were placed onto a glass slide, the microcapillaries were then

inserted into the cells, and the dye was injected into the cells by applying pressure

with a syringe-like apparatus. The cells were then examined with a fluorescent

microscope. Cells injected with dye were indeed fluorescent, whereas the two

control cell populations (microcapillary insertion without dye or dye alone) did

not exhibit intracellular fluorescence. The microcapillaries have also been used

to inject a plasmid vector containing a gene encoding for β-glucuronidase into

tobacco cell conglomerates (40). The tobacco cells exhibited a positive transient

response (blue precipitate), and the two control cell populations (microcapillary

insertion without DNA or DNA alone) did not. No damage to the microcapillaries

was observed after insertion into cells.

Summary

To deliver DNA and other molecules into cells, dense arrays of both solid and

hollow microneedles have been fabricated and demonstrated for laboratory ap-

plications. Arrays of very sharp pyramidal microprobes that are fabricated by a

simple wet-etching process delivered genetic material into plant (tobacco leaves),

nematode, and mammalian cells (rat smooth muscle cells). Arrays of hollow mi-

crocapillaries fabricated by a more complex, deep reactive ion etching process

delivered genetic material into tobacco cells. Although solid microprobes are sim-

pler to make, hollow microcapillaries have the potential to deliver material more

precisely by injection through well-defined microcapillary lumens. However, be-

cause the currently designed microcapillaries do not taper to a sharp tip, treatment

of bacteria, viruses, and other small targets may be difficult.

LOCAL TISSUE DELIVERY

Conventional drug delivery often involves administering medication systemically,

thereby treating the desired region of the body, but also exposing other parts of the

body to the drug, which can have detrimental effects. Drug delivery targeted to a

precise region or tissue in the body can reduce side effects, minimize the dose of

a costly drug, or provide a means of delivery to a location that is difficult to treat

(43). Two novel devices for microinjecting drugs into neural and arterial tissue

within the body are discussed below.

Microfabricated Probes for Injection into Neural Tissue

The field of neuroscience relies heavily on advancements in instrumentation that

can enable communication directly with neurons. In addition to facilitating ba-

sic research, the ability to communicate with neurons is important for medi-

cal applications, such as the development of neural prostheses, which have the
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potential to partially restore vision to the blind, hearing to the deaf, and control

over limb, organ, and gland functions to the paralyzed (44). Recently, there has

been great success with microprobes as electrical interfaces to neural systems,

without significant tissue damage (26–32). Although electrical measurements as-

sist our understanding of how neurons interact, there are other phenomena, such

as complex biochemical reactions in cells, that also play a role in determining

the functionality of neurons. Therefore, a device that can deliver very small and

precise amounts of bioactive compounds into highly localized areas of neural

tissue would be valuable. A multichannel silicon probe has been microfabri-

cated to deliver such compounds into neural tissue while simultaneously record-

ing electrical signals from neurons and electrically stimulating neurons in vivo

(45, 46). Neural probes with 1–4 microchannels for drug delivery are shown in

Figure 5.

The multichannel neural probes are bulk silicon micromachined, using a se-

ries of oxidation, boron diffusion, and wet-etching steps (45, 46; Figure 6). The

neural probes are fabricated along with integrated complementary-metal-oxide-

semiconductor (CMOS) circuitry and electrodes for neuron stimulation and record-

ing, but only fabrication of the needle structure and microchannels is detailed here.

The probes are made by first defining the microchannels. A silicon wafer with a

Figure 5 Scanning electron micrographs of (a) microfabricated neural probes with one to four

microchannels, along with close-up views of the (b) top and (c) underside of a probe with three

microchannels. These probes have been used to inject kainic acid and γ -aminobutyric acid into

neural tissue while simultaneously stimulating and recording neuron activity. Reproduced with

permission from Reference 46.
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Figure 6 Neural probe fabrication sequence. A silicon wafer (a) with a patterned oxide

layer is subjected to boron diffusion; (b) the boron layer is then patterned, anisotropically

etched with EDP, and subjected to a second boron diffusion; (c) the openings in the top

boron-doped layer are sealed by using thermal oxidation and low-pressure chemical vapor

deposition of dielectrics; and (d ) the wafer is then thinned from the backside with an

isotropic etch, and the needles are released with an EDP etch. Adapted from Reference 46.

This process yields microfabricated neural probes shown in Figure 5.

patterned silicon dioxide layer is subjected to boron diffusion [<3 µm (Figure 6a)].

The boron layer is then photolithographically patterned, and the microchannels are

anisotropically etched in an ethylenediaminepyrocatechol (EDP) solution (38, 47;

Figure 6b). A second boron diffusion (7.5 µm) is performed to define the sides

and the underside of the microprobe. The openings in the top layer of boron-doped

silicon are then sealed by using thermal oxidation and low-pressure chemical va-

por deposition of dielectrics (Figure 6c). Finally, the wafer is thinned from the

backside with an isotropic wet etch, and the individual devices are released with

an EDP etch (Figure 6d ).

Fabricated probes were 4 mm in length, with 58- to 74-µm-wide shanks (46;

Figure 5). The microchannels were 10–32 µm wide and 15 µm deep. To deliver

precise amounts of bioactive compounds into neural tissue, it is important to de-

termine the pressure needed to deliver a given amount of fluid. Of interest are

volumes of ∼10–100 pl; it was determined experimentally that a 100-ms pulse

of nitrogen at 10 lb/in2 flowed 87 pl of distilled water through needles similar to

those shown in Figure 5.

Multichannel neural probes were inserted and able to deliver both kainic acid

(a neural stimulant) and γ -aminobutyric acid (a neural depressant) into guinea pig

brains in vivo with minimal tissue disruption (46). Guinea pigs were anesthetized,

and the skull bone and occipital cortex were removed to expose the superior collicu-

lus and inferior colliculus. Neural probes were inserted into tissue, and a solution of

kainic acid or γ -aminobutyric acid was injected. This resulted in either increased
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or decreased neuronal activity, depending on the solution injected and the tissue

treated.

Silicon Microprobes for Intravascular Drug Delivery

Although current methods to treat stenotic coronary arteries (e.g. balloon angio-

plasty, atherectomy, and coronary stenting) have great initial success in widen-

ing constricted arteries, up to one third of those treated suffer from resteno-

sis within 6 months of treatment (48). The effectiveness of antirestenosis drugs

given to prevent reblockage of arteries has been hindered by difficulties asso-

ciated with delivering these drugs across arterial plaque. To provide a conduit

across this barrier, microprobes similar to the pyramidal arrays described above

(Figure 1) have been used to transect the internal elastic lamina (IEL) of normal

and atherosclerotic rabbit arteries in vitro (37). This approach could be used to

develop a coronary stent with micromechanical probes around its perimeter for

piercing compressed plaque and delivering antirestenosis therapies into the arterial

wall.

These silicon microprobes (Figure 1) were fabricated with bulk silicon micro-

machining as described above (35; Figure 2). Microprobes of different lengths

were inserted into rabbit iliac arteries in vitro with applied pressures of 100, 300,

and 500 mm Hg (37). These pressures are representative of intraluminal pressures

measured during clinical stent deployment. Microprobes of 65 µm in length were

not able to pierce through the IEL at any of the pressures tested. The IEL deformed

around the microprobe instead of being pierced, even though the microprobe was

very sharp (tip radius of curvature <0.1 µm). Microprobes of 140 µm in length

pierced the IEL at an insertion pressure of 100 mm Hg and transected the IEL, me-

dia, and external elastic lamina and sometimes pierced the adventia when inserted

with a pressure of 500 mm Hg. In atherosclerotic vessels, the 140-µm probes

applied at 500 mm Hg could also transect the IEL, but only if the arterial plaque

was sufficiently thin.

Summary

Two novel devices have been discussed that deliver drugs to specific target regions

of tissue inside the body. Microfabricated neural probes have been used to deliver

drugs into neural tissue of guinea pigs in vivo, while simultaneously monitoring

and stimulating neuronal activity. Although the addition of microchannels to these

devices requires only minor process changes, fabrication of the complete electri-

cally active device is complex owing to its high level of functionality. Microprobes

have also been inserted across vessel walls of normal and atherosclerotic rabbit

arteries in vitro. Although the simplicity of the current fabrication technique is

attractive, the use of anodic films to fabricate high-aspect-ratio molds for elec-

trodeposition or injection molding is being investigated (49, 50) to increase needle

density and permit nonplanar geometries.
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SYSTEMIC DELIVERY

In recent years, biotechnology has produced a battery of sophisticated and potent

drugs. However, methods to effectively deliver these drugs into the body have

limitations (51–54). Oral delivery of these new protein-based, DNA-based, and

other therapeutic compounds is generally not possible owing to drug degradation

in the gastrointestinal tract and/or elimination by the liver. The usual alternative to

oral delivery is via injection, either directly into the bloodstream or into tissues (e.g.

subcutaneous or intramuscular injection). Although injection effectively delivers

drug in large quantities, it has significant limitations, such as pain and tissue

trauma caused by the needle, failure to provide convenient controlled or sustained

release, and the need for expertise to perform an injection. The three devices

reviewed in this section decrease the diameter and insertion depth of hypodermic

needles to overcome some of these limitations. In addition, the third device is

also designed to deliver drugs transdermally by microfabricated three-dimensional

arrays of microneedles in a patch-like conformation.

Silicon and Polysilicon Microhypodermic Needles
for Injection

By decreasing the size of hypodermic needles, insertion pain and tissue trauma

experienced by patients can be reduced. Also, the combination of these needles

with micropumps and other devices can yield more sophisticated needles that can

potentially deliver drugs in a more controlled manner. Based on this motivation,

silicon microhypodermic needles were fabricated with a combination of bulk and

surface micromachining techniques (55, 56; Figures 7 and 8). Microhypodermic

needles were also fabricated from polysilicon, using a polysilicon micromolding

technique referred to as polymolding (57; see Figure 9). This latter process has

the potential to be much more economical because it permits reuse of silicon

micromolds.

Silicon microhypodermic needles, in combination with resistive heaters for

bubble-pumping elements and an IC-interface region, are fabricated by a seven-

mask IC-compatible process (55, 56; Figure 8); only the fabrication of the bulk

micromachined needle structure and the surface micromachined fluidic channels

is detailed here. A silicon wafer with a thermally grown oxide layer is patterned to

open up regions in the oxide. The open regions of silicon define the shape of the

needles. The wafer is then boron doped (12 µm deep) in the regions unprotected

by the oxide masking layer (Figure 8a). This heavily doped boron region makes

up a portion of the needle shaft.

Next, the microchannels are surface micromachined. A sacrificial layer consist-

ing of 8 µm of silicon dioxide is vapor deposited. The microchannels are patterned

and etched in a buffered hydrofluoric acid solution (Figure 8b). The sidewalls and

top of the microchannels are created by depositing 1 µm of nitride onto the wafer.

The nitride layer is then patterned, and etch holes (not shown) are opened up by

reactive ion etching. The sacrificial glass layer is then removed in a concentrated
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Figure 7 Scanning electron micrographs of (a) two silicon microhypodermic needles with dif-

ferent shaft lengths shown next to a human hair along with close-up views of the (b) front and

(c) top of a microhypodermic needle tip. These needles were developed for injection across skin

and have been coupled with bubble pumps and an integrated circuit interface region. Reproduced

with permission from Reference 55.

Figure 8 Silicon microhypodermic needle fabrication sequence. (a) A silicon wafer with

a patterned oxide layer is subjected to boron diffusion to define a portion of the shank; (b) a

sacrificial layer of oxide is deposited onto the wafer and patterned to define the microchan-

nels; (c) a nitride layer is deposited to make the top and side walls of the needles, and the

sacrificial oxide is removed; and (d ) the needles are released from the silicon wafer with

multiple EDP etches. Adapted from Reference 55. This process yields microhypodermic

needles shown in Figure 7.
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hydrofluoric acid solution, and the etch holes are sealed with the deposition of

1.5 µm of nitride (Figure 8c). The needles are released from the wafer with a series

of wet EDP etches from the backside of the wafer (Figure 8d ). About 50 µm of

undoped silicon is left on the underside of the shank (except near the tip), which

is left behind after the EDP release etches. This layer serves as added structural

support for the shank of the needle.

The polymolding process uses two silicon wafers to micromold polysilicon

microhypodermic needles (57; see Figure 10). To create the reusable silicon mold,

two masks are required. The first mask defines holes to be etched through the top

wafer of the mold (seen most clearly in Figure 9), and the second mask defines

the overall needle geometry on the bottom half of the mold. The needle geometry

is then deep reactive ion etched 100–130 µm into the silicon wafer (Figure 10a,

which shows only the bottom half of the mold). A release layer (2–3 µm of

Figure 9 Scanning electron micrographs of (a) a single polysilicon microhypodermic

needle and (b) a dual microhypodermic needle design developed for drug injection across

the skin. Reproduced with permission from Reference 57.
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Figure 10 Polysilicon microhypodermic needle fabrication sequence. (a) The bottom

wafer is patterned and deep reactive ion etched to define needle geometry; (b) an oxide

release layer is deposited onto the bottom and top portions of the silicon mold, and the two

portions are then pressure bonded together; (c) polysilicon is deposited to coat the inner

walls of the silicon mold; and (d ) the needles are released from the mold by etching away

the oxide release layer. Adapted from Reference 57. This process yields microhypodermic

needles shown in Figure 9.

silicon dioxide) is then deposited onto the top and bottom halves of the silicon

mold. The two wafers are aligned and pressure bonded (Figure 10b). Low-pressure

chemical vapor deposition polysilicon (3 µm) is uniformly deposited onto the

mold. The polysilicon is then annealed in a high-temperature nitrogen atmosphere.

This polysilicon deposition and the subsequent annealing process are repeated until

12–18 µm of polysilicon completely lines the interior and top of the mold. The

polysilicon deposited on top of the mold is removed by deep reactive ion etching

(Figure 10c). Finally, the polysilicon microhypodermic needles are released from

the mold by etching the oxide release layer in a solution of hydrofluoric acid

(Figure 10d ).

The resulting silicon microhypodermic needles varied in length from 1 to 6 mm,

their shanks were 140 µm wide, and they tapered to 80 µm toward the tip before

coming to a sharp point (Figure 7). The surface-micromachined fluid channels were

50 µm wide and 9 µm deep, and they ran the full length of the needle. The port

for fluid delivery or sampling was located 150 µm from the needle tip on the side

of the needle and was 30 by 30 µm square. The silicon microhypodermic needles

have been inserted into pieces of meat without bending or breaking (55, 56).

The polysilicon microhypodermic needles were 1–6 mm in length, measured

100–200 µm in diameter, and had tips with submicrometer radii in one dimen-

sion (Figure 9). With a wall thickness of 12 µm, the polysilicon needles were

too weak to handle, but with 18-µm-thick walls, they were much stronger (57).
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When reinforced with a thin coat of nickel, the needles were able to withstand

bending moments of ≤0.71 milliNewton meter (mNm). Different polysilicon nee-

dle designs were also investigated, such as microneedles with dual shafts, internal

reinforcements, or filters at their bases.

Metal Microhypodermic Needles for Injection

Microhypodermic needles have been fabricated from metal by surface microma-

chining techniques. Two designs have been investigated—a fluid-coupled, multi-

ple-needle design (58; Figure 11) and a single-needle design with multiple output

ports (59; Figure 12). The multiple-needle design limits penetration depth into

the skin by the distance between its structural supports and the needle tips. These

structural supports are hollow and in fluid communication with the needles, so

they divert flow from clogged needles into neighboring unclogged needles. The

multiple-output-port needle is also designed to divert flow if one or more of the

ports become blocked.

The multiple-needle design and the multiple-output-port needles are fabricated

similarly (58, 59; Figure 13). Palladium is selectively electroplated onto a silicon

wafer to form the undersides of the needles (Figure 13a). A thick sacrificial layer

of photoresist is deposited and patterned to define the inner dimensions of the

hollow needles (Figure 13b). A seed layer is sputter deposited onto the wafer

Figure 11 Scanning electron micrographs of (a) a fluid-coupled microhypodermic needle

array and (b) a close-up view of a needle tip. These arrays of metal needles were developed

for injection across skin; the hollow structural supports were designed to provide strength

and redirect fluid from clogged needle tips. Reproduced with permission from Reference 58.
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Figure 12 Scanning electron micrograph of a metal needle with multiple output ports and a

cross-section of the needle showing its microchannel (insert). The multiple ports were designed

to reduce the effects of port clogging. Reproduced with permission from Reference 59.

to uniformly coat the sacrificial photoresist layer. A layer of palladium is then

electroplated onto the seed layer to form the sidewalls and top surfaces of the

needles. The sacrificial photoresist is removed by soaking the wafer in acetone

(Figure 13c). The structures are finally released by etching away the underlying

seed layer (Figure 13d ). The multiple-output-port needle can be packaged in a

standard luer-lock fitting. Needles have also been fabricated from gold and nickel.

The fluid-coupled needles were fabricated as 25-needle linear arrays with a

200-µm center-to-center spacing (Figure 11). Their flow channels were 20 µm

by 40 µm with a wall thickness of 20 µm. The distance between the needle tips

and the structural supports was 250 µm. Pressure drops of 0.15–1.6 lb/in2 across

3-mm-long channels (600 µm by 30 µm each) yielded water flow rates of 50–

650 µl/min (58). Although not demonstrated, these needles have been proposed

both as microhypodermic needles and for sustained transdermal drug delivery, as

discussed below.

The multiple-output-port needles were 6 mm in length, had tip dimensions of

<15 µm by 15 µm, channel dimensions of 140 µm by 20 µm, shaft dimensions

of 200 µm by 60 µm, and a distance from tip to first output port of 300 µm

(Figure 12). Pressure drops of 1–70 lb/in2 across a 6-mm-long channel (140 µm

by 20 µm) with multiple ports (30 µm by 30 µm) yielded water flow rates of

0.004–2.7 µl/min (59).
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Figure 13 Metal microhypodermic needle fabrication sequence. (a) The undersides of the metal

needles are selectively electroplated onto the surface of the silicon substrate; (b) a thick sacrificial

layer of photoresist is deposited and patterned to define the microchannels; (c) a seed layer is

sputter deposited onto the sacrificial photoresist, and the top and side walls of the microneedles

are electroplated; and (d ) the sacrificial photoresist is removed and the needles are released from

the substrate. Adapted from Reference 59. This process yields needles shown in Figures 11 and 12.

Microneedles for Transdermal Drug Delivery

As opposed to short-term delivery by injection, transdermal delivery of drugs

over extended periods of time (e.g. up to days) is a convenient, controlled way

to administer medication, as shown by recent success with nicotine and other

patches (60). However, conventional (microneedle-free) transdermal drug deliv-

ery, which relies on drugs passively diffusing across the skin, is severely hindered

by the extraordinary barrier properties of the outer 10–20 µm of skin, the stratum

corneum (61, 62). Because the stratum corneum contains no nerves, the devel-

opment of microneedles that are long and robust enough to penetrate across this

layer, but short enough not to stimulate nerves in deeper tissues, has the potential

to make transdermal delivery of many more drugs possible. As a first-generation

microneedle-based transdermal patch, arrays of bulk micromachined solid silicon

microneedles were fabricated and shown to increase skin permeability to a variety

of different molecules by orders of magnitude, including macromolecules (63, 64;

Figure 14b and c). As an improved design, arrays of hollow silicon (not shown)

and hollow metal microneedles (Figure 14d and e) were fabricated that increased

skin permeability still further (65, 66).

Arrays of solid silicon microneedles are fabricated by a single-mask process

that defines arrays of chromium circles on a silicon wafer (63, 64; Figure 2a–c).
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Figure 14 Scanning electron micrographs of (a) a 26-gauge hypodermic needle, (b) a

silicon microneedle array shown at the same magnification as the hypodermic needle and (c)

at higher magnification, (d ) a hollow metal microtube array, (e) a hollow metal microneedle

array, and ( f ) a tip of a hollow metal microneedle penetrating up through the underside

of human epidermis. These microneedle arrays have been shown to penetrate skin without

breaking, increase skin permeability up to 100,000-fold, and not cause pain in human

subjects. Reproduced with permission from References 65 and 66.
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The wafer is then anisotropically etched by a modification of the black silicon

method (67) in a reactive ion etcher (Figure 2d ). The needles are etched until the

chromium masks are undercut and fall off, leaving behind arrays of microneedles

(Figure 14b and c). Hollow silicon microneedles have also been fabricated by

using deep reactive ion etching in an inductively coupled reactive ion etcher (65).

This deep etch creates arrays of holes through the silicon wafer (each hole defines

a microneedle lumen), and the tapered walls of the microneedles are formed by

reactive ion etching around these holes, as described above for solid silicon needles.

Arrays of hollow metal microtubes (Figure 14d ) and microneedles (Figure 14e

and f ) are fabricated by defining molds in epoxy and filling them by electro-

depositing metal (65, 66; Figure 15). A thick layer of UV-light–photosensitive

epoxy (SU-8) is coated onto a silicon or glass substrate (Figure 15a). To make

microtubes, the epoxy mold is photodefined to create vertical walled holes, which

define the microtube geometry (Figure 15b). For microneedles, the tapered wall

holes are defined in the mold by casting the epoxy over an array of solid-silicon

microneedles (not shown). A conductive seed layer is then uniformly sputter de-

posited onto the epoxy molds, and metal is electroplated to partially fill the mold

(Figure 15c). The mold is then etched away leaving behind an array of hollow

tubes (Figure 14d ) or conical shells [i.e. hollow microneedles (Figure 14e)].

Arrays of solid silicon microneedles were fabricated with individual needles

measuring 150 µm tall, 80 µm in diameter at their base, and tapering to sharp tips

Figure 15 Hollow metal microneedle and microtube fabrication sequence. (a) SU-8 pho-

tosensitive epoxy is spin cast onto a substrate; (b) cylindrical holes are photodefined into

the epoxy (microtubes as shown), or conical holes are made in the epoxy by molding solid

needles (microneedles—not shown); (c) a seed layer is deposited, and a layer of metal is

electroplated onto the epoxy molds; and (d ) the hollow metal microneedles or microtubes

are released from the epoxy molds. Adapted from Reference 65. This process yields hollow

microneedles shown in Figure 14d and e.
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with radii of curvature of <1 µm (Figure 14c). Needles had a center-to-center spac-

ing of 150 µm and were arranged in a 20 by 20 array (i.e. 400 needles). Figures 14a

and b show a 26-gauge hypodermic needle and a portion of a microneedle array at

the same magnification. Hollow microneedles and microtubes were fabricated with

similar dimensions to the solid microneedles, except that they contained hollow

bores of 5–70 µm in diameter, depending on needle design (Figure 14d and e).

Solid microneedles could be inserted into human epidermis (the outer ∼100 µm

of skin, including the stratum corneum) with ∼10 N of force for a 400-needle array,

without damaging the needles (64). These needle arrays were then used to trans-

port molecules across human epidermis in vitro, either with the needles remaining

embedded in the skin or after they were removed. Transport of three molecules has

been investigated: calcein (623 Daltons; represents small impermeant drugs), in-

sulin (5800 Daltons), and bovine serum albumin (66,000 Daltons; represents large

proteins). Skin permeability to these three molecules was increased ≤10,000-fold

above the sensitivity limit of the assay equipment [10−6 cm/h (66)]. Compan-

ion studies conducted in humans showed that subjects reported that microneedles

were painless. Hollow microneedles have also been inserted into human epider-

mis without breaking (Figure 14f ) and were shown to increase skin permeability

≤100,000-fold above the assay sensitivity limit (66).

Summary

To reduce pain and tissue trauma and to provide better control over drug delivery,

a number of microneedle designs have been developed. Silicon microhypodermic

needles have been fabricated in combination with heat-controlled bubble pumps.

Using a more cost-effective technique, similar polysilicon microneedles have also

been made with reusable molds. Metal microhypodermic needles have been fabri-

cated and shown to flow water through their bores under modest applied pressures.

For application to transdermal drug delivery, three-dimensional arrays of solid-

silicon microneedles have been made that increased skin permeability ≤4 orders

of magnitude in vitro and have been reported to be painless in human trials. Arrays

of hollow silicon and metal microneedles have also been fabricated directly and

from molds; they were shown to increase skin permeability ≤5 orders of magnitude

in vitro. Microneedle designs based on reusable molds are likely to be most cost ef-

fective and thus have the potential to produce single-use disposable microneedles.

CONCLUSIONS

Microfabrication technology has made possible the creation of microscopic de-

vices that can be used for a broad range of biological applications. One compelling

application described here is microneedles, which have been fabricated by using a

variety of microfabrication techniques and have been shown to deliver genes and

drugs into cells, local regions of tissue, and across the skin. Optimal microneedle
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designs appear to be those that are (a) hollow (rather than solid), because this per-

mits better controlled delivery; (b) made out of materials other than the industry

standard silicon because materials such as metal or polysilicon are less expensive,

stronger, and/or proven to be biocompatible; and (c) manufactured by micro-

molding techniques (as opposed to conventional bulk or surface micromachining),

because this approach is likely to be less expensive for mass production.
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