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Abstract Two kinds of insulin were loaded into self-dis-

solving micropile array tip (following tip). Fully-loaded tip

(f-tip) and partially-loaded tip (p-tip) were prepared using

chondroitin sulfate for the percutaneous administration of

insulin. One hundred micropiles were constructed on a

1.0 9 1.0 cm tip. The mean length of the micropile in a tip

were 483.4 ± 4.7 lm for the f-tip and 492.6 ± 2.4 lm for

the p-tip. The insulin content of the p-tip was 28.5% of that

of the f-tip. The pharmacological efficiency of insulin loa-

ded tip was evaluated in rat experiments by measuring their

hypoglycemic effects. The maximum hypoglycemic effect

of insulin was observed at 1.7 ± 0.2 h for the f-tip and

1.5 ± 0.2 h for the p-tip. Good dose-dependency was

observed for the plasma glucose level vs. time curves.

These results suggest the usefulness of p-tip as a percuta-

neous DDS of insulin.

1 Introduction

Recent advances in microfabrication technology have

made it possible to prepare micropiles that have potential

as a novel transdermal drug delivery system (TDDS). Since

the first publication by Henry et al. in 1998 [1], micro-

fabrication techniques for the production of silicon, metal,

glass, and polymer microneedle arrays with micrometer

dimensions have been reported [2–5]. The microneedles

are either solid or hollow and have a geometrical shape.

Microneedle TDDS is roughly defined as a micron sized

needle through which a drug is percutaneously adminis-

tered. Microneedle TDDS are classified as follows [6]: (1)

extremely small needles through which drug solutions can

be injected into the skin, (2) metallic and/or silastic mi-

cropiles of which surface is coated with a drug, and (3)

metallic and/or silastic micropiles which allow micropores

to be made in the skin and drug solution is applied after

removing the micropiles. To understand the functions of

micropiles in detail, the physiology of the skin must be

considered. Human skin is made of three layers, i.e., the

stratum corneum (SC), epidermis and dermis. The SC is the

outer layer of the skin, which has a thickness of 10–15 lm

and is a dead tissue. The SC demonstrates strong primary

barrier function against exogenous compounds including

drugs. The second barrier is the viable epidermis

(50–100 lm), which contains tissue-like living cells.

However, there are no blood vessels in the epidermis.

Deeper still, there are blood capillaries in the dermis, which

forms the bulk of skin volume and contains living cells

nerves. If the micropiles are inserted deeply into the der-

mis, bleeding and pain occurs. Therefore, micropiles were

designed that were not harmful to the dermis. When

microneedle arrays are inserted into the skin, microcon-

duits are created for the penetration of drug across the SC.

Once a drug penetrates the SC, it can diffuse rapidly

through the deeper tissue and permeate into the underlying

capillaries for systemic absorption [7].

Recently, micropiles of 200–800 lm in length have

been prepared. However, when their length is shorter than

300 lm, the diameter of the basement becomes less than

200 lm, which results in friability of the micropiles

themselves. Therefore, even in the cases of metallic mi-

cropiles, the length was designed to be at least 500 lm [8].

When micropiles with a length of 500 lm are applied to
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the skin and pressed using a finger with a pressure of

approximately 0.35–0.5 N, the whole micropile is not

inserted into the skin [9]. Therefore, when a drug is added

to whole micropiles, i.e., from the top to the bottom of the

micropiles, a considerable amount of the formulated drug is

not absorbed into the skin, and as a result low bioavail-

ability (BA) occurs.

To clarify the contribution of the amount of drug added

to the top of the micropile, two kinds of self-dissolving

micropile array tips (tips) were prepared. One was fully-

loaded tip (f-tip) in which the drug was added from the top

to the bottom of the micropile in the tip. The other one was

partially-loaded tip (p-tip) in which the drug was added to

the top portion of the micropile. We prepared two kinds of

insulin loaded tips, and biopharmaceutical and pharmaco-

dynamic experiments were performed to evaluate their

effects in rats.

2 Materials and methods

2.1 Materials

Insulin (28.7 IU/mg) was obtained from Sigma-Aldrich

Corp. (USA). Evans blue (EB)and Glucose CII-Test kits

were purchased from Wako Pure Chemical Industries, Ltd.

(Osaka, Japan). Chondroitin sulfate was obtained from

Nacalai Tesque Co. Ltd. (Kyoto, Japan). Male Wistar rats

and standard solid commercial food meals (Labo Diet�)

were purchased from Nippon SLC Co., Ltd. (Hamamatsu,

Japan). All other reagents were of an analytical-reagent

grade and were used as received.

2.2 Preparation of insulin loaded tips

A dense solution of drug glue was prepared by adding

150 ll of insulin solution, at 100 or 50 lg/ml, to a mix-

ture of 60 mg of chondroitin sulfate and 0.45 mg of EB,

and were mixed well under room temperature. After the

drug glue had been degassed under reduced pressure, it

was dispensed into a mold made of silicon resin con-

taining 100 inverted cone shaped wells in a 10 by 10

matrix with an area of 1.0 cm2. Each well had a depth of

500 lm and a diameter of 300 lm at its base. The mold

was covered with a 300 g steel plate, and the wells were

filled with drug glue. Thirty minutes later, the plate was

removed, and the drug glue that remained on the surface

of the mold was removed by a squeegee process. Glue

made of 30 mg of chondroitin sulfate and 30 ml of dis-

tilled water was painted over the mold and dried under the

pressure of the stainless plate for 3 h. Thereafter, the plate

was removed, and f-tip were obtained by detaching them

with a supporting material. To prepare p-tip as shown in

Fig. 1, the same mold was used. At first, degassed drug

glue was dispensed into the wells and centrifuged for

3 min at 3,000 rpm (Kubota 1700, Tokyo, Japan). The

drug glue that remained on the surface of the mold was

removed by a squeegee process before being centrifuged

for 30 min at 3,000 rpm. Thereafter, the plate was

removed and p-tip were obtained by detaching them with

a supporting material. The two types of tips are shown in

Fig. 2. The lengths of the micropiles in tips was approx-

imately 500 lm, and the diameter of the base was

approximately 300 lm. The insulin contents of both tips

were 1.73 ± 0.17 IU for the p-tip and 6.08 ± 0.42 IU for

the f-tip. Those tips were designed for manual insertion

into the skin by finger application. For the evaluation of

the dose dependency of p-tip on hypoglycemia in rats,

another two p-tips containing different amounts of insulin

were prepared as described above. The insulin contents of

these p-tips were 0.70 ± 0.06 and 0.37 ± 0.03 IU,

respectively.

2.3 Microscopic observation of insulin loaded tip

Tips containing both insulin and EB was observed using a

VH-5500 digital video microscope (Keyence Co. Ltd,

Osaka, Japan) under normal light.

2.4 Insulin contents in tips

Insulin was extracted from a tip with a 5.0 ml aliquot of

phosphate buffer, at pH 7.4, for 10 min. The obtained

extract was centrifuged at 13,000 rpm for 5 min at 8�C

using a Kubota 1700 centrifuge. The supernatant was

separated from the debris and was stored in a deep freezer

at -80�C until analysis.

Fig. 1 An image of the partially-loaded self-dissolving micropile

array tip (p-tip) used in this study
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2.5 Analytical method of insulin

One hundred microliters of the insulin sample were injec-

ted onto a HPLC system (Shimadzu LC-10A, Kyoto,

Japan) equipped with a UV detector (Shimadzu SPD-10A)

and a NUCLEOSIL 5C18, 4.6 9 150 mm reversed phase

column (Chemco Scientific Co. Ltd. Osaka, Japan). The

mobile phase consisted of 0.2 M anhydrous sodium sulfate

adjusted to pH 2.3 with ortho phosphoric acid and aceto-

nitrile (74:26, v/v). The flow rate was 1.5 ml/min, and the

column temperature was 36�C. The detection wavelength

of insulin was 214 nm as described previously [10].

2.6 Pharmacodynamic study after the percutaneous

administration of insulin loaded tip to rats

Male Wistar rats, with a mean weight of 338 ± 24 g

(mean ± SD), were fasted for 12–16 h but had ad libitum

access to water. They were anesthetized with an intra-

peritoneal injection of sodium pentobarbital at 50 mg/kg.

One group consisted of three to four rats. Five minutes

before the administration, 200 ll of blank blood sample

was obtained from the left jugular vein using a heparinized

syringe. After the hair of the abdominal skin had been

removed, the insulin loaded tip was pressed into the skin

for 3 min. At 0.5, 1, 1.5, 2, 2.5, 3, 4, and 5 h after the

administration, blood samples were collected from the right

jugular vein using a heparinized syringe. For the subcuta-

neous (sc) injection of insulin, 1.0 IU/kg, insulin solution

was prepared by dissolving insulin sodium salt in phos-

phate buffered saline (PBS) and injected into the right

jugular vein, after blank blood samples had been obtained

from the left jugular vein. Thereafter, blood samples were

collected at 0.5, 1, 2, 3, 4, and 5 h from the left jugular

vein. In each sampling period, 0.15 ml of the blood sample

was obtained with a heparinized syringe. By centrifuging at

13,000 rpm for 15 min at 8�C, 40 ll of the plasma samples

were obtained. All these plasma samples were immediately

frozen in a deep freezer at -80�C until the analysis. All

animal experiments were carried out in accordance with the

Guidelines for Animal Experimentation of Kyoto Phar-

maceutical University.

2.7 Plasma glucose level assay

The plasma glucose level was determined using a glucose

CII-Test kit. The post-dose plasma glucose levels are

expressed as a percentage of the initial level. The per-

centage change in the plasma glucose level was defined as

the percentage of the post-dose levels subtracted from 100.

The cumulative percentage change in the plasma glucose

level was calculated using the linear trapezoidal rule up to

the last measured plasma glucose level of the percentage

change vs. time curves (AAC) for 0–5 h.

2.8 Pharmacokinetic analysis

The relative pharmacological availability (RPA) of insulin

was calculated using the following equation:

RPA %ð Þ ¼ AACper � Dosesc

� ��
AACsc � Doseper

� �
� 100

ð1Þ

where AACper and AACsc are the plasma glucose levels of

the percentage change vs. time curves after percutaneous

and sc administration of insulin at different doses (Doseper

and Dosesc). The time, Tmin, at which the plasma glucose

level reached its minimum level, Cmin, was determined

from the authentic plasma glucose concentration vs. time

data.

2.9 Data analysis

All values are expressed as their mean ± SE Statistical

differences were assumed to be reproducible when

P \ 0.05 (Student’s unpaired t-test).

457.8 ± 6.7 µm

236.6± 6.2 µm

316.0±7.3 µm

146.0± 3.5 µm

(a)

(b)

290.0± 3.6 µm

292.2± 2.9 µm

483.4± 4.7 µm

492.6 ± 2.4 µm

Fig. 2 Microscopic photographs of a micropile in the insulin loaded

tips before administration to rats. a fully-loaded tip (f-tip) and

b partially-loaded tip (p-tip)
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3 Results

3.1 Physicochemical properties of insulin loaded tip

The two types of insulin loaded tips were prepared as shown

in Fig. 2, where EB was used as a marker dye. As the same

mold was used to prepare them, the sizes of each micropiles

in the tips were almost the same. Table 1 shows the phys-

icochemical characteristics of the obtained tips. The mean

lengths of the micropiles in f-tip and p-tip were 483.4 ± 4.7

and 492.6 ± 2.4 lm, respectively. The diameters of their

basements were 292.2 ± 2.9 and 290.0 ± 3.6 lm. In the

case of the p-tip, the mean length of the drug loaded space

was 316.0 ± 7.3 lm from the top of the micropiles. On the

other hand, the mean length of the drug loaded space in the

f-tip was 457.8 ± 6.7 lm. The theoretical volumes of the

drug loaded-space are shown in the fifth column of the

table. The mean volume of the micropiles in the p-tip was

1.8 ± 0.1 9 103 lm3, which corresponds to 26.9% of the

mean volume in the f-tip (6.7 ± 0.4 9 103 lm3). The mean

insulin contents of the two tips were 1.73 ± 0.17 IU for

p-tip and 6.08 ± 0.42 IU for f-tip. The insulin content in

the p-tip was 28.5% of that in the f-tip. The insulin content

of the micropiles in the tips corresponded well to the vol-

ume of the drug loading space of micropiles in the tips.

3.2 Pharmacodynamic studies of insulin loaded tips

To compare the pharmacological efficiency of two types of

tips, p-tip and f-tip, were administered to the skin of rats

via finger pressing, and the hypoglycemic effects of insulin

were measured. After the administration of the insulin

loaded tips, the minimum plasma glucose levels appeared

at 1.0–2.0 h for both tips as shown in Fig. 3. The hypo-

glycemic effects were almost the same in two tips. Table 2

shows the pharmacodynamic parameter values obtained by

pharmacokinetic analysis. The Tmins were observed at

1.7 ± 0.2 h for f-tip and 1.5 ± 0.2 h for p-tip. The mean

areas above the percent change of the plasma glucose level

vs. time curve (AACs) were 159.8 ± 30.6% h for f-tip and

149.7 ± 8.0% h for p-tip. There were no significant dif-

ferences in the AAC between two tips. In another group of

rats, insulin was sc injected at a dose of 1.0 IU/kg, and the

plasma glucose level vs. time curve is also shown in Fig. 3.

The mean AAC was 94.8 ± 12.3% h. By comparing the

AAC obtained after the percutaneous administration of

insulin loaded tips with that obtained from the sc injection

of insulin solution, relative pharmacological availabilities

(RPAs) were determined by the Eq. 1. When the mean

insulin contents of the tips (1.73 IU for p-tip and 6.08 IU

for f-tip) were used, the mean values of RPA were

9.2 ± 1.6% for f-tip and 30.7 ± 1.9% for p-tip. The RPA

of p-tip was 3.3 times higher than that of f-tip. The

recovered tips are shown in Fig. 4, in which the top part of

the micropiles in the tip disappeared because of their dis-

solution and absorption into the skin. However, the blue

color due to EB formulated with insulin remained in the

tip. These results suggest that the formulated insulin in the

tip was not completely absorbed into the rat skin. There-

fore, the remaining amount of insulin in the recovered tip

was measured by a HPLC method. The mean recovered

amounts of insulin in the two tips were 1.14 ± 0.09 IU for

p-tip and 4.91 ± 0.28 IU for f-tip, respectively. By sub-

tracting the recovered amount of insulin from the insulin

contents in the tip, the released amount of insulin

was determined to be 0.57 ± 0.09 IU for p-tip and 1.12 ±

0.27 IU for f-tip. By assuming these values as the admin-

istered doses of insulin, RPAs were calculated to be

52.2 ± 12.9% for f-tip and 97.5 ± 16.5% for p-tip.

Table 1 Physical characteristics and insulin contents of full and partially-loaded tips

Type of tip Diameter (lm) Length (lm) Length of the drug

loaded space (lm)

Volume of drug

loaded space (9106 lm3)

Insulin content (IU)

f-tip 292.2 ± 2.9 483.4 ± 4.7 457.8 ± 6.7 6.7 ± 0.4 6.08 ± 0.42

p-tip 290.0 ± 3.6 492.6 ± 2.4 316.0 ± 7.3 1.8 ± 0.1 1.73 ± 0.17

Each value represents the mean ± SE (n = 4–5)
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Fig. 3 Plasma glucose level-time curves after subcutaneous injection

of insulin solution and percutaneous administration of f-tip and p-tip

to rats. filled square insulin solution for sc injection (1.0 IU/kg), open
square f-tip (6.08 ± 0.42 IU/rat), open circle p-tip (1.73 ± 0.17

IU/rat), filled diamond placebo tip. Each point represents the

mean ± SE of 3 and 4 experiments
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Figure 5 shows the images of rat skin at 2 h after the p-tip

administration. The blue color due to EB disappeared and

there was no damage on the rat skin.

To study the dose-dependency of the hypoglycemic

effects of insulin delivered by insulin loaded tip, two types

of p-tips containing less insulin (0.70 ± 0.06 and

0.37 ± 0.03 IU) were prepared. These low insulin content

in p-tip were administered to the rat skin, and pharmaco-

dynamic studies were performed. The obtained plasma

glucose level vs. time profiles are shown in Fig. 6. As

shown in this figure, good dose-dependency of the plasma

glucose level vs. time profile was observed in the rats. The

pharmacodynamic parameter values are shown in Table 3.

Table 2 Pharmacodynamic parameters of insulin after percutaneous administration of tips to rats

Type of tip Cmin (%) Tmin (h) AAC0-5 RPA (%) Calculated RPA (%)

f-tip 37.0 ± 5.4 1.7 ± 0.2 159.8 ± 30.6 9.2 ± 1.6 52.2 ± 12.9

p-tip 37.6 ± 2.6 1.5 ± 0.2 149.8 ± 7.7 30.7 ± 1.8 97.9 ± 17.3

Calculated RPA: relative pharmacological availability calculated with authentic dose which was determined by subtracting the remaining insulin

amount from insulin amount before administration

Each value represents the mean ± SE (n = 3–4)

Cmin minimum glucose level, Tmin time when minimum glucose level were determined from the plasma glucose level versus time data, AAC0–5h

area above the plasma glucose level versus time data, RPA relative pharmacological availability compared to s.c. injection data

(a)

(b)

223.7 ±16.2 µm

255.3±12.2 µm

Fig. 4 Microscopic photographs of the recovered micropiles in the

tips after percutaneous administrations to rats. a f-tip, b p-tip

Fig. 5 Images of the rat skin before and after the administration of

p-tip. a 0 min, b 5 h, c 1 h and d 2 h
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Fig. 6 Plasma glucose level-time curves after percutaneous admin-

istration of three kinds of p-tip containing different amounts of insulin

to rats. open square median dose (0.37 ± 0.03 IU/rat), open triangle
low dose (0.70 ± 0.06 IU/rat), filled diamond placebo tip. Each point

represents the mean ± SE of 3 and 4 experiments
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There were no significant differences in either Cmin or Tmin

between the two p-tips. On the other hand, the mean

AAC0–5 of the lowest insulin loaded p-tips was

34.3 ± 2.2% h and the mean AAC0–5 of the median insulin

content of p-tip was 69.0 ± 7.2% h, respectively. The

AAC0–5 values showed good dose-dependency between

these two p-tips. The RPA values of insulin delivered from

the two p-tips were 33.2 ± 1.2 and 35.2 ± 4.1%,

respectively.

4 Discussion

In this study, two types of insulin loaded tips, f-tip and

p-tip, were prepared. As the same mold was used to prepare

both, there were no significant differences in shape or size

between the two tips. After the percutaneous application of

tips, almost the same portions of the top part of the

micropiles in the tip were administered to the rat skin as

suggested in Fig. 4. By subtracting the length of the

remaining portions of the micropiles from the authentic

micropiles in the tip, the lengths of the micropiles in the tip

that were inserted into the rat skin was estimated. The

inserted length was 259 lm for the f-tip and 237 lm for

the p-tip. Therefore, the top part of micropiles in the tip, of

which the mean length was approximately 250 lm, was

inserted into the rat skin. The epidermal thickness was

reported to be 11.58 ± 1.02 lm for rats and 22.47 ±

2.40 lm for dogs [11]. With respect to human skin, the

epidermal thickness was reported to be 60.3 ± 15.0 lm

[12]. Therefore, the lengths of the micropiles in the tip

were far longer than the epidermal thickness. However, the

tip was made of water-soluble components, i.e., chon-

droitin sulfate, EB, and insulin. The tip was also conical,

and the tops of the micropiles in the tip were very narrow

(5–10 lm). Therefore, after the insertion of the tip into the

skin, hydration and dissolution were thought to occur at the

top part of micripiles in the tip, and 250 lm length of

micropiles in the tip were inserted into the skin, because

the tip encountered environments in which the water con-

tent can be as high as 70% [13]. Although the dermal

region of the skin contains both of the microcapillary and

nervous systems, no bleeding occurred in our experiment

after the insertion of the tip into the rat skin. Therefore, the

tip was administered to the epidermis not to the dermal

region.

In this study, insulin was used as a model peptide drug

for the preparation of self-dissolving micropile array tip

(tip). However, microneedle technology is a good system

for the percutaneous absorption of both low molecular

weight organic compound drugs and macromolecular drugs

that have low membrane permeability. Generally, macro-

molecular drugs are produced by recombinant technology

and their bulk price is considerably more expensive than

those of organic compound drugs. Therefore, high bio-

availability (BA) is required to formulate them into phar-

maceutical preparations. Wermeling et al. performed a

clinical phase I trial with naltrexone (NTX) micropiles [8].

Metallic micropiles, made out of stainless steel, were used

to pierce the skin and micro conduits were formed in the

skin. Thereafter, drugs were applied to the skin with a

sponge, and the plasma NTX levels were measured. Their

pharmacokinetic study suggested that plasma NTX con-

centration vs. time curves show less inter-subject variation

than those obtained after oral administration. In the case of

NTX, it undergoes first-pass metabolism during its passage

through the liver. Therefore, large inter-subject variation

was observed in the plasma NTX concentration vs. time

profiles [14]. On the other hand, in the case of microneedle

TDDS, as NTX was directly absorbed into the systemic

circulation without a hepatic first-pass effect, a higher

plasma NTX concentration vs. time profile with low inter-

subject variation was obtained. In addition, several groups

have prepared coating formulations for micropiles [15–17].

When the clinical dose of the drug is less than 100 lg, the

coating system is thought to work well. However, when

larger amounts of the drug are coated onto the surface of

micropiles, it is difficult to insert all the loaded drug into

the epidermal and dermal areas. A considerable amount of

the loaded drug is thought to leak out onto the skin surface

due to the pressure formed by the insertion process. The

self-dissolving micropile array tip (tip) overcomes the

pitfalls of coating type micropiles. However, we have

succeeded in preparing tips with molded microfabrication

technology. Using our method, f-tip and p-tip can be pre-

pared and the role of p-tip was emphasized. The mean

Table 3 Effect of dose on pharmacodynamic parameters of insulin after percutaneous administration of p-tips to rats

Preparation of p-tip Insulin (IU) Cmin (%) Tmin (h) AAC0–5 (%�h) RPA (%)

Low dose 0.37 ± 0.03 67.9 ± 2.6 1.0 ± 0.0 34.3 ± 2.2 33.2 ± 1.2

Middle dose 0.70 ± 0.06 54.2 ± 1.4 1.0 ± 0.0 69.0 ± 7.2 35.2 ± 4.1

Cmin minimum glucose level, Tmin time when minimum glucose level were determined from the plasma glucose level versus time data, AAC0–5h

area above the plasma glucose level versus time data, RPA relative pharmacological availability compared to s.c. injection data

Each value represents the mean ± SE (n = 3–4)
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length of the drug loaded portion from the top of the mi-

cropiles in the tip was 316.0 ± 7.3 lm. By pressing the tip

with a finger, the micropiles were inserted into the rat skin,

and the distal ends of the micropiles in the tip dissolved in

the skin as shown in Fig. 3. After administration, the tip

was recovered, and the mean remaining amount of insulin

was measured to be 169.4 ± 9.7 IU, which corresponds to

80.8% of the formulated amount of insulin. In the case of

p-tip, approximately 65.8% of the loaded insulin was

recovered. By loading insulin more to the top part of the

micropiles in the tip, the recovered amount of insulin is

decreased, and the BA of insulin will be increased.

5 Conclusion

Insulin loaded self-dissolving micropile array tip (tip) were

made using mold based microfabrication technology and

the superiority of p-tip to f-tip was studied by pharmaco-

logical experiments in rats using insulin as a model drug.

The amount of insulin loaded into the p-tip was 1/4 of that

of f-tip, and the pharmacological activity did not show a

significant difference between the two kinds of tips. The

p-tip is superior to f-tip because less insulin is formulated

to p-tip.

Acknowledgments This study was supported by a strategic fund of

MEXT (Ministry of Education, Culture, Sports, Science and Tech-

nology, MEXT) from 2008 to 2010 for establishing research foun-

dations in Japanese private universities. This study was also partially

supported by the Uehara Memorial Foundation.

References

1. Henry S, McAllister DV, Allen MG, Prausnitz MR. Microfabri-

cated micropiles: a novel approach to transdermal drug delivery. J

Pharm Sci. 1998;87:922–5.

2. Teo MA, Shearwood C, Ng KC, Lu J, Moochhala S. In vitro and

in vivo characterization of MEMS micropiles. Biomed Microdev.

2005;7:47–52.

3. Park JH, Allen MG, Prausnitz MR. Polymer micropiles for con-

trol1ed-release drug delivery. Pharm Res. 2006;23:1008–19.

4. Davis SP, Martanto W, Allen MG, Prausnitz MR. Hollow metal

micropiles for insulin delivery to diabetic rats. IEEE Trams

Biomed Eng. 2005;52:909–15.

5. McAllister DV, Wang PM, Davis SP, Park JH, Canatella PJ,

Allen MG, et al. Microfabricated needles for transdermal delivery

of macromolecules and nanoparticles: fabrication methods and

transport studies. Proc Natl Acad Sci USA. 2003;100:13755–60.

6. Prausnitz MR. Micropiles for transdermal drug delivery. Adv

Drug Deliv Rev. 2004;56:581–7.

7. Birchall JC. Stratum corneum bypassed or removed. In: Touitou

E, Barry BW, editors. Enhancement in drug delivery. New York:

CRC Press; 2007. p. 337–51.

8. Wermeling DP, Banks SL, Hudson DA, Gill HS, Gupta J,

Prausnitz MR, et al. Micropiles permit transdermal delivery of a

skin-impermeant medication to humans. Proc Natl Acad Sci

USA. 2008;105:2058–63.

9. Kolli CS, Banga AK. Characterization of solid maltose micro-

needles and their use for transdermal delivery. Pharm Res.

2008;25:104–13.

10. Ravi S, Khiang PK, Darwis Y, Murthy BK, Rai STR. Develop-

ment and validation of an HPLC-UV method for the determina-

tion of insulin in rat plasma: application to pharmacokinetic

study. Chromatography. 2007;66:805–9.

11. Monteiro-Riviere NA, Bristol DG, Manning TO, Rogers RA,

Riviere JE. Interspecies and interregional analysis of the com-

parative histologic thickness and laser Doppler blood flow mea-

surements at five cutaneous sites in nine species. J Inv Dermatol.

1990;95:582–6.

12. Bauer J, Bahmer FA, Worl J, Neuhuber W, Schuler G, Fartasch

M. A strikingly constant ration exists between Langerhans cells

and other epidermal cells in human skin. A stereologic study

using the optical dissector method and the confocal laser scan-

ning microscope. J Inv Dermatol. 2001;116:313–8.

13. Caspers PJ, Lucassen GW, Bruining HA, Puppels GJ. Automated

depth-scanning confocal Raman microspectrometer for rapid in

vivo determination of water concentration profiles in human skin.

J Raman Spectrosc. 2000;31:813–8.

14. Turncliff RZ, Dunbar JL, Dong Q, Silverman BL, Ehrich EW,

Dilzer SC, et al. Pharmacokinetics of long-acting naltrexone in

subjects with mild to moderate hepatic impairment. J Clin

Pharmacol. 2005;45:1259–67.

15. Gill HS, Prausnitz MR. Coated micropiles for transdermal

delivery. J Control Rel. 2007;117:227–37.

16. Gill HS, Prausnitz MR. Coating formulations for micropiles.

Pharm Res. 2007;24:1369–80.

17. Cormier M, Johnson B, Ameri M, Nyam K, Libiran L, Zhang D,

et al. Transdermal delivery of desmopressin using a coated

microneedle array patch system. J Control Rel. 2004;97:503–11.

J Mater Sci: Mater Med (2010) 21:835–841 841

123


	Self-dissolving micropile array tips for percutaneous administration of insulin
	Abstract
	Introduction
	Materials and methods
	Materials
	Preparation of insulin loaded tips
	Microscopic observation of insulin loaded tip
	Insulin contents in tips
	Analytical method of insulin
	Pharmacodynamic study after the percutaneous administration of insulin loaded tip to rats
	Plasma glucose level assay
	Pharmacokinetic analysis
	Data analysis

	Results
	Physicochemical properties of insulin loaded tip
	Pharmacodynamic studies of insulin loaded tips

	Discussion
	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


