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I. INTRODUCTION 

Drug delivery technologies strive to balance the ability to deliver drugs effec
tively with the ability to do so in a patient-friendly manner [1,2]. Injection or 
infusion through a hypodermic needle is the gold standard for effective delivery, 
since large amounts of drug of any size can be administered with controlled 
kinetics. However, the pain and inconvenience of needles have motivated alterna
tive drug delivery approaches, such as transdermal drug delivery. By transporting 
drug across the skin either by passive diffusion or combined with chemical, elec
trical, ultrasonic, or other enhancers, transdermal delivery provides controlled 
release of drugs from a patient-friendly patch [3,4]. However, this approach is 
severely limited, because the skin's great barrier properties prevent most drugs 
from crossing skin at therapeutic rates. 

To achieve a better balance between efficacy and convenience, we and 
others have proposed a hybrid of the hypodermic needle and transdermal patch 
through the use of microscopic needles that can deliver drugs effectively (like a 
hypodermic needle) and, because their small size makes them painless, are well 
tolerated by patients (like a transdermal patch) [5]. Although this idea received 
attention already in the 1970s [6], the technology needed to make microneedles 
became available only recently. 

* Current affiliation: VSK Photonics, Irvine, California, U.S.A. 
t Current affiliation: Transform Pharmaceuticals, Inc., Waltham, Massachusetts, U.S.A. 
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The microneedle concept employs an array of micron-scale needles that is 
inserted into the skin sufficiently far that it can deliver drug into the body, but 
not so far that it hits nerves and thereby avoids causing pain. An array of micro
needles measuring tens to hundreds of microns in length should be long enough 
to deliver drug into the epidermis and dermis, which ultimately leads to uptake 
by capillaries for systemic delivery [3,4]. When microneedle arrays are inserted 
into the skin, they can create conduits for transport across the stratum corneum, 
the outer layer of skin that forms the primary barrier to transport. Once a com
pound crosses the stratum corneum it can diffuse rapidly through deeper tissue 
and be taken up by the underlying capillaries. This is similar to conventional 
transdermal patch delivery, except the rate-limiting barrier of the stratum cor
neum is circumvented by the pathways created by microneedles. 

Small microneedles can also be painless if designed with an understand
ing of skin anatomy. Human skin is made of three layers: stratum corneum, 
viable epidermis, and dermis [7]. The outer 10-15 ~m of skin, called stratum 
corneum, is a dead tissue that forms the primary barrier to drug transport. 
Below lies the viable epidermis (50-100 ~m), a tissue containing living cells 
and nerves, but no blood vessels. Deeper still, dermis forms the bulk of skin 
volume and contains living cells, nerves, and blood vessels. Therefore, micro
needles that penetrate skin slightly more than 10-15 ~m deep should provide 
transport pathways across the stratum corneum, but do so painlessly since micro
needles do not reach nerves found in deeper tissue. Moreover, if microneedles 
do penetrate deeper into the skin, their odds of hitting a nerve should be reduced 
owing to their small diameter. 

Needles of micron dimensions can be made using microfabrication technol
ogy, which is the same technology used to make integrated circuits [8]. In this 
microfabrication approach, silicon, metal, polymer, or other materials are exposed 
to masking steps, which define the shape of structures to be created, and chemical 
etching steps, which sculpt the material into the prescribed shapes. An advantage 
of this approach is that microfabrication readily makes structures of micron di
mensions in a way that is easily scaled up for cheap and reproducible mass pro
duction. 

II. FABRICATION OF MICRONEEDLES 

To test the hypothesis that very small needles could increase skin permeability 
in a painless manner, we first fabricated solid, silicon microneedles. Silicon was 
employed because it is the most commonly used material in the microelectronics 
industry and solid needles were made because their fabrication was simpler than 
hollow ones. Subsequently, we made needles out of other materials-notably 
metal-and then developed techniques to make microneedles that are hollow. 
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A. Microfabrication of Solid Silicon Microneedles 

As a first prototype, we made small arrays of microneedles using a novel deep 
plasma etching technique based on the black silicon method [9]. Performed in a 
microelectronics cleanroom, this technique involves first depositing onto a silicon 
wafer a chromium mask, which defines the location and size of the microneedles. 
Then, in a reactive ion etcher, the silicon is chemically etched away preferentially 
at locations not covered by the mask. By adjusting the ratio of the SF6 to 02 in the 
etching plasma, the amount of "underetch" (i.e., etching underneath the protective 
mask) can be manipulated and thereby the needles' aspect ratio and sharpness 
can be controlled. The technique creates arrays of microneedles such as those 
shown in Figure 1, band c. 

These microneedles have two important structural features. First, they have 
extremely sharp tips (radius of curvature < 1 J.Lm) that facilitate easy piercing 
into the skin. Second, they are approximately 150 J.lm long. Because the skin 
surface is not flat due to hair and dermatoglyphics (i.e., tiny wrinkles), the full 
length of these microneedles will not penetrate the skin. That which does pene
trate should insert deep enough to cross the stratum corneum barrier but not so 
deep to hit nerves found in deeper tissue. The fabrication technique can easily 
be modified to make longer or shorter needles if needed. 

These microneedles are orders of magnitude smaller than conventional nee
dles. To illustrate this point, Figure la shows a conventional 26-gauge hypoder
mic needle and Figure 1 b shows an array of microneedles at the same magnifica
tion. 

B. Microneedles Made from Other Materials 

Because silicon is the most common material used for microfabrication tech
niques, it was the material our first studies used. However, we prefer to use other 
materials, such as metals, which are stronger and have a record for safe use 
in humans. To demonstrate the feasibility of making microneedles from other 
materials, we made a mold of silicon microneedles and then filled the mold with 
metal (NiFe) by electroplating. The mold was made of polymeric photoresist 
(SU-8) and provided the inverse structure of the needles. Comparing the original 
silicon needles to the metal needles created with the mold showed that the metal 
needles were essentially identical replicas (data not shown). We have also em
ployed a similar approach involving a mold to make microneedles out of poly
mers. 

C. Microfabrication of Hollow Microneedles 

There may be some advantages to delivering drugs through hollow microneedles, 
rather than solid ones. To make hollow microneedles, we electroplated a thin 
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Figure 1 Scanning electron microscopy images of microneedles. (a) The tip of a con
ventional 26-gauge hypodermic needle is shown at the same magnification as (b) a portion 
of an array of microneedles. Images at greater magnification show (c) solid silicon micro
needles ( -150 J.!m tall) and (d) hollow metal microtubes ( -150 J.!m tall). An array of 
somewhat larger microneedles ( -500 J.!m tall) is shown at (e) lesser and (f) greater magni
fication. Reproduced from Refs. [10, 12] with permission. 
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coating of metal (NiFe) onto the inner surface of molds similar to those made 
for solid metal needles, which left a thin metal shell in the shape of a needle 
[10], as shown in Figure 1, d-f. Testing of these prototype hollow needles indi
cated that they are mechanically strong enough to pierce skin and permit the 
passage of fluids, as described below. 

Ill. TESTING OF MICRONEEDLES 

One of the most important potential advantages of microneedles is the prospect 
that they can deliver drugs without the pain typically associated with conventional 
hypodermic needles. To test this possibility, we inserted arrays of 400 solid sili
con microneedles (Fig. lc) into the forearms of human volunteers [11]. The mi
croneedles could be easily inserted into the skin (data not shown). Moreover, 
insertion of microneedle arrays was never reported as painful (Fig. 2). Sensa
tion caused by microneedles was statistically indistinguishable from pressing a 

Smooth 
surface 

Microneedles Hypodermic 
needle 

Figure 2 Box plot showing visual analog pain scores from a blinded comparison between 
(i) a smooth silicon surface, (ii) a 400-microneedle array (Fig. 1c) and (iii) a 26-gauge hypo
dermic needle (Fig. 1a) inserted into the forearm of human subjects. For each treatment, the 
fifth, twenty-fifth, fiftieth, seventy-fifth, and ninety-fifth percentiles are shown. Micro
needles were reported as being painless. (Reproduced from Ref. [11] with permission.) 
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smooth surface against the skin. In contrast, pain caused by a hypodermic needle 
was substantially greater than pain from microneedles. The skin into which mi
croneedles had been inserted was visually inspected after the study. No redness 
or swelling was observed, suggesting that the microneedles had not caused dam
age or irritation. None of the subjects reported adverse reactions. 

Another potential advantage of using microneedles is the ability to deliver 
large molecules across the stratum corneum. In vitro experiments using human 
cadaver epidermis mounted in standard diffusion chambers showed significant 
enhancement in rates of transdermal transport for a broad range of compounds. 
For example, calcein is a small, hydrophilic molecule (623 Da) representative in 
size of many conventional drugs. Without microneedles, skin permeability to 
calcein was undetectable, whereas insertion of microneedles into skin increased 
skin permeability by more than 3 orders of magnitude above the detection limit 
(Fig. 3) [9]. Insertion and subsequent removal increased skin permeability by 
more than 4 orders of magnitude. 

Similar results were observed for transdermal delivery of insulin (6 kDa) 
and bovine serum albumin (66 kDa) (Fig. 3) [12]. Transport of polymeric nano
particles was also observed at significant rates through skin permeabilized by 
needles inserted and then removed. Such large permeabilities to insulin, BSA, 
and nanospheres is remarkable, since until recently the skin was considered im
permeable to macromolecules. 

A similar in vitro experiment was performed to mimic extraction of mole
cules of interest from the skin. In this case, calcein solution was placed on the 
opposite side of the skin from the microneedle arrays in the same diffusion cell 
configuration described above. Similar increases in skin permeability were ob
served for the "extraction" of calcein as for its delivery (data not shown). These 
results could be important for minimally invasive methods of interstitial fluid 
sampling of interest for glucose monitoring of diabetics and other applications. 

Hollow microneedles offer the opportunity to diffuse drug molecules or 
even flow drug solutions through needle bores. To demonstrate this possibility, 
we measured the flow rate of water though a 100-microneedle array as a function 
of pressure (Fig. 4). Flow rates of tens of milliliters per minute were measured 
at pressures of just a few psi, which are comparable to flow rates and pressures 
applied by hand to hypodermic needles attached to syringes. 

IV. REGULATORY ISSUES 

Microneedles used for drug delivery will be subject to approval by the U.S. Food 
and Drug Administration and its counterpart organizations in other countries. 
Specific registration issues for a particular microneedle product will depend partly 
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Figure 3 Skin permeability to calcein (black), insulin (gray), bovine serum albumin 
(white), 50-nm nanospheres (diagonal stripes), and 100-nm nanospheres (horizontal 
stripes) in vitro. Permeability is shown for intact skin (always below detection limit), skin 
with an array of 400 solid microneedles (Fig. lc) inserted and left in the skin, and skin 
with an array of 400 solid microneedles inserted and then removed from the skin. Small 
molecules, proteins, and even nanospheres can be transported across skin using micro
needles. 

on properties of the microneedle device, but probably to an even greater extent 
on the nature of the compound, its therapeutic category and whether it is adminis
tered via a rapid single-use injection or a slow, long-term infusion. Because no 
drug to date has been directly delivered to the superficial layers of skin for sys
temic uptake, regulatory bodies may view microneedles as a new route of deliv
ery. However, the transport route employed by microneedle-assisted delivery and 
conventional transdermal patch delivery have some similarities. 

Both safety and efficacy studies will be expected for registration of a micro
needle product and even the use of microneedles as a general injection device 
will have to be studied and possibly approved on a drug-by-drug basis. Particular 
attention needs to be paid to possible sensitization responses to drug or formula
tion excipients administered into skin using microneedles. Because microneedles 
breach the stratum corneum barrier, a sterile and pyrogen-free device and formu
lation may be required. 
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Figure 4 Flow rate of water through an array of 100 hollow microtubes (Fig. ld) as a 
function of pressure. Very small pressures, e.g., a few psi, are sufficient to flow water 
through arrays of microneedles at rates of many milliliters per minute. 

V. TECHNOLOGY POSITION AND FUTURE DIRECTIONS 

A. Comparison with Hypodermic Needles 
and Transdermal Patches 

Microneedles have many of the advantages of both conventional needles and 
transdermal patches. Capturing the effectiveness of hypodermic needles, micro
needles create transport pathways sufficiently large to deliver small drugs, macro
molecules, and even drug-loaded nanoparticles into and across the skin. Captur
ing the user-friendliness of transdermal patches, microneedles are short and thin, 
which means they should be painless and can be incorporated into a small, wear
able device. 

The drugs that can be delivered using microneedles may have many of the 
restrictions imposed by hypodermic needles and transdermal patches. For exam
ple, highly irritating formulations generally cannot be injected subcutaneously 
or intramuscularly and probably cannot be administered using microneedles ei
ther. Also, transdermal formulations administered at high concentrations within 
skin can stimulate sensitization reactions to drugs and excipients. Because micro
needles deposit drug formulations near the epidermis-dermis junction, where 
immune-responsive cells reside [7], it is likely that the microneedle delivery route 
will also be limited to nonimmunoreactive compounds and formulations. How-



Microfabricated Microneedles 521 

ever, this limitation may present an opportunity for delivery of vaccines [13], 
which may elicit improved immune responses when administered with micro
needles. Moreover, some dermatological applications [7] and gene therapy appli
cations [14] may also benefit from having direct access to the epidermis-dermis 
juncture. 

B. Microneedle Application Scenarios 

Microneedle arrays could be used for short-term delivery in a manner similar to 
conventional injection. The advantage of microneedles is that they could provide 
that injection painlessly. However, this may not be the area in which microneedles 
have the most impact. It is unlikely that microneedles will be able to rapidly 
deliver large volumes of drug solution into the spatially confined skin. Moreover, 
direct access to the bloodstream is difficult with microneedles, making rapid infu
sion problematic. However, for those applications where smaller volumes can be 
delivered over longer periods of time (i.e., more than a few seconds) and the 
pain-free and other advantages of microneedles are important, short-term delivery 
with microneedles should be an attractive method. 

Drug delivery over hours to days is where microneedles have the potential 
to make the greatest impact. By adding microneedles to a device similar to current 
transdermal patches, large and hydrophillic drugs like insulin or heparin could 
be delivered continuously across the skin in the same way that small, hydrophobic 
drugs like nicotine are currently administered from patches. When coupled with 
additional driving forces using a pump or iontophoresis, delivery rates could be 
increased and even modulated according to a preprograrnrned schedule or in re
sponse to input from the patient or health care worker. 

In addition to drug delivery for therapeutic purposes, microneedles may 
also be useful for pain-free extraction of interstitial fluid for diagnostic purposes. 
For example, it has already been demonstrated that the glucose content of intersti
tial fluid can be correlated to systemic glucose levels [15]. Thus, if microneedles 
can be used to extract interstitial fluid, they can be an important tool for the 
diagnostic industry for measurement of solutes. 
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