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ABSTRACT
Purpose The purpose of this research was to examine the
pharmacokinetics (PK) of drug uptake for microneedle-based
intradermal (ID) delivery of several classes of protein drugs
compared to standard subcutaneous (SC) administration.
Methods Systemic absorption kinetics of various proteins
were analyzed following microneedle-based ID delivery and
standard injection methods in the swine model. Comparative
PK data were determined using standard non-compartmental
techniques based on blood serum levels.
Results Delivery of proteins using microneedles resulted in
faster systemic availability, measured via tmax, and increased
maximal drug concentration, Cmax, over SC delivery for all
proteins tested. Some agents also exhibited increased bioavail-
ability for the ID route. Imaging studies using reporter dyes
showed rapid lymphatic-mediated uptake.
Conclusions Microneedle delivery is applicable to a wide
variety of protein drugs and is capable of effective parenteral
administration of therapeutic drug dosages. This delivery route
alters absorption kinetics via targeting a tissue bed better
perfused with lymphatic and blood vessels than the SC space.
Microneedle delivery may afford various advantages, including a
robust method to increase the absorption rate and bioavail-
ability of proteins that have been challenging to deliver at
therapeutic levels or with physiologically relevant profiles.
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ABBREVIATIONS
AAALAC Association for Assessment and Accreditation of

Laboratory Animal Care
BG Blood glucose
Cmax Maximum blood concentration
IACUC Institutional Animal Care and Use Committee
ICG Intracardiac green dye
ID Intradermal
IM Intramuscular
IV Intravenous
NIH National Institutes of Health
NIR Near infrared
PD Pharmacodynamics
PK Pharmacokinetics
rhGH Recombinant human growth hormone
SC Subcutaneous
SD Standard deviation
SEM Standard error of the mean
SWFI Sterile water for injection
t1/2λz Terminal half life
TB Tuberculosis
tmax Time to max blood concentration
TNFα Tumor necrosis factor alpha
USDA United States Department of Agriculture
VAP Vascular access port

INTRODUCTION

The development and use of peptide and protein therapeutic
drugs is increasing, and their administration continues to rely
on standard parenteral injection techniques (1–3). Alternative
delivery methods, such as transdermal delivery, are typically
limited by diffusion through the stratum corneum of the skin
(4). While disruption of the stratum corneum with solid or
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hollow glass microneedles or other means can enhance total
transport, the total delivered doses and fluid volumes remain
small and often require significant time, potentially limiting
the applicability of this pathway (5,6). Other alternative
routes, such as inhalation (7,8) and nasal (9) delivery, similarly
suffer from low bioavailability and concerns regarding dose
accuracy, reproducibility and chronic exposure. Similarly,
some protein drugs, such as many endocrine hormones,
require uptake tailored to mimic complex native secretion
profiles to achieve maximal therapeutic response (10,11).
Intravenous (IV) injection maximizes both bioavailability
and the ability to manipulate dosing profiles but is not
practical for self-administration due to the complexity and
risks of initiating and maintaining venous access (12,13).
Subcutaneous (SC) injection is often the preferred delivery
route, but this method suffers from user preference and
compliance issues, sluggish or variable absorption kinetics,
and sometimes limited bioavailability (14,15). The high
molecular weight of many therapeutic antibodies and
proteins may further complicate these issues.

Conversely, hollow steel microneedles provide a paren-
teral delivery technique combining many of the reliability
and ease-of-use aspects of traditional injection in a
minimally invasive system. Although there are no univer-
sally recognized dimensions for microneedles, for these
studies, we define them as hollow cannula with total lengths
of 2 mm or less for tissue insertion and individual external
lumen diameters of no more than 300 µm. Microneedles
are applicable to a broad range of agents and have
demonstrated excellent reliability for clinical dosing (16).
Microneedle devices have been designed to link to common
drug reservoirs using standardized luer connections, and to
mimic current injection practices (17,18). Compared to
silicon (19) or glass (20) microneedles, steel is more
mechanically robust, has good manufacturability and is
easily integrated into delivery systems. Steel needles also
have well-known toxicological properties with recognized
drug and tissue compatibility, which has not yet been
widely demonstrated for alternative microneedle materials.
Stainless steel microneedles are capable of delivering
clinically meaningful doses, both volumetrically and on a
mass basis. We have previously used microneedles to
administer numerous vaccines in pre-clinical models (21–
26), and these devices have also progressed through Phase
I–III clinical trials for influenza vaccines (27–30) with
product licensure obtained in Europe (31).

Lastly, microneedles access a unique tissue bed: the
viable dermis. The uptake properties from this tissue after
direct intradermal (ID) administration have not been well
studied, especially for proteins and peptides, principally due
to the difficulty of directly and reliably accessing this tissue
bed by mechanical means (32,33). Historical methods of ID
access, such as the Mantoux method used for tuberculosis

(TB) skin testing, have utilized device systems inappropri-
ately scaled to the dimensions of the target tissue bed.
Similarly, this method has suffered from a high degree of
user variability (16) and has classically been used for
vaccines where systemic absorption is not traditionally
studied. The dermis is more highly perfused with vascular
and lymph capillary networks. The regional capillaries and
lymph vessels have reduced barrier properties to absorption
due to their reduced wall thickness and endothelial barrier
(34–36). The dermis is also a very active tissue from both a
cellular turnover and immunological perspective (37,38). It
is reasonable to believe that the ID route may have unique
pharmacokinetic (PK) properties compared to other paren-
teral routes, such as IV, SC and intramuscular (IM), based
on these physiological differences.

In this paper, we examine the pharmacokinetics and
pharmacodynamics (PD) for various protein drugs after
parenteral administration directly into the viable dermal
bed using stainless steel microneedles. We have explored
drug uptake across a range of different drug classes and
molecular weights and have utilized a large mammalian
animal model to increase the relevance to human dosing.
Here we report on the unique PK profiles obtained and the
excellent mechanical reliability for drug deposition using
microneedle-based ID delivery.

MATERIALS AND METHODS

Microneedle Delivery Devices

Steel microcannula were manually assembled into catheter-
based devices for fluid administration to the ID space. All
microcannula were 34 gauge steel stock (176 micron
nominal outer diameter) with a single 28° bevel and a total
tissue penetration length of 1.0 mm (Fig. 1). Microneedle
catheters consisted of flexible tubing with a luer connection
and were attached to an analytical microsyringe drug
reservoir (Hamilton Gas-tight, Hamilton Company, Reno,
NV). For indocyanine green imaging, insulin, and soma-
tropin studies, single microneedle devices were used. Due to
the increased viscosity and dosing volume for etanercept, a
microneedle array containing three microcannula incorpo-
rated into a fluid-distributing hub was used. All micro-
devices were primed, and fluid flow was confirmed both
immediately prior to and post injection. A sham injection
with subsequent content analysis was performed under the
specific dosing conditions for each drug to confirm that no
protein degradation was induced by passage through the
microneedles (data not shown).

During injection, microneedles were inserted perpendic-
ular to the skin surface on the animal’s flank and held in
place with medical adhesive for the duration of injection.
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Drug delivery rate and volume for all microneedle
injections was controlled using a syringe pump (Harvard
PHD 2000, Harvard Apparatus, Holliston, MA). Delivery
volume was visually confirmed after injection using the
syringe barrel graduations. Any drug leakage to the skin
surface was quantified gravimetrically using a previously
validated method (39). Any doses exhibiting greater than
5% leakage by volume were excluded from PK analysis. IV
dosing was accomplished via a marginal ear vein catheter
(Insyte®, BD, Franklin Lakes, NJ). SC injections were
performed in the flank using a standard 27G needle (BD) in
the same region as ID administration to reduce the
potential for site-related variation in uptake. Injection rates
for SC and IV injections were manually controlled rapid
bolus pushes of approximately 5–10 s duration.

In Vivo Models

Near-infrared (NIR) imaging studies were performed on
25–35 kg female Yorkshire swine (Archer Farms, Darling-
ton, MD). All PK studies were performed on Yucatan mini
pigs in a 20–30 kg weight-range (Sinclair Research Center,
Columbia, Missouri) with surgically implanted vascular
access ports (VAP). Swine used for insulin studies were
rendered diabetic by prior injection of streptozotocin
following published methods (40). Animals were temporar-
ily sedated during drug dosing and VAP prep, and access
by injection of a tiletamine/zolazepam/xylazine/atropine
anesthetic cocktail, recovered, and transferred to individual
caging for the duration of the study. A replicate of at least
five animals was performed for all studies. Where possible,
dosing for each agent was performed in a single animal

cohort using a randomized full cross-over study design with
each animal serving as its own control for each delivery
route. Similarly, all dosing was conducted in as short a time
as possible, typically 2 weeks, to reduce the immunogenicity
potential against recombinant human or humanized pro-
teins. All in vivo work was performed under approved
IACUC protocols in an AAALAC accredited facility
following USDA and NIH guidelines, and adhered to the
“Principles of Laboratory Animal Care” (NIH publication
#85-23, revised 1985.)

Drug Dosing, Sample Analysis, and PK

Etanercept

Etanercept (Enbrel®, Immunex, Seattle, WA) was provided
as a concentrated liquid formulation of 80 mg/ml at pH
6.2 and used as supplied. The drug solution was aliquoted,
stored frozen at −70°C, and equilibrated to room temper-
ature just prior to administration. Due to the extended drug
half-life, a non-crossover dosing design was employed, with
each animal (n=6/route) receiving a single 250 µl (20 mg)
injection at a rate of 20 µl/min by either the microneedle
ID, SC, or IV route. Blood samples were drawn at t=0,
0.5, 1, 1.5, 2, 3, 4, 6, 8, 12, 24, 36, 72, 96, 144, 192, and
240 h after administration into Vacutainer® serum tubes
(BD, Sparks, MD), allowed to clot at room temperature,
centrifugally separated, and stored in cryotubes at −70°C
until analysis. Equivalent serum sample prep was used for
other agents. Quantitative analysis was via a proprietary
ELISA methodology, with a lower limit of quantitation of
0.3 ng/ml. Naive mini-pig swine serum was prescreened to
confirm the absence of assay interference. Noncompart-
mental PK analysis was performed on both individual and
mean concentration-time profiles. Statistical significance
was determined by the Wilcoxon test for differences in
medians, with 95% confidence intervals determined by the
Hodges-Lehman procedure.

Somatropin

Somatropin, recombinant human growth hormone (rhGH)
(Genotropin™, Pharmacia, Kalamazoo, MI) was received
as a lyophilized powder and reconstituted using sterile
water for injection (SWFI) containing sufficient mannitol
for isotonicity at a nominal concentration of 36 IU/ml
immediately prior to injection. A full crossover study design
(n=8/route) was utilized with a minimum two-day washout
period between doses. Each dose was standardized to
100 µl volume, containing 3.6 IU rhGH. Microneedle
delivery rate was 45 µl/min with a 2.2 min infusion
duration. Blood sampling times began at injection comple-
tion at t=0, 0.25, 0.5, 1, 1.5, 2, 3, 5, 8, 10, 14, 24, and 30 h

Fig. 1 Micrograph showing a 34G microneedle and a standard 27G
needle. A microneedle’s smaller diameter and shorter bevel are better
suited for reliably targeting compounds to the ID space without fluid
leakage.
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(ID and SC) or 0, 5, 10, 15, 20, 30, 45, 60, 90, 120, 180,
and 360 min (IV). After clotting, serum was assayed for
rhGH content using a commercial DELFIA® hGH Assay
Kit (Wallac Oy, Oulunsalo, Finland) and analyzed on a
Victor 1420 time-resolved fluorometer (PerkinElmer Inc.,
Gaithersburg, MD). PK analysis was performed using
WinNonLin 2.1 noncompartmental analysis, with doses
normalized for body weight. Statistical analysis was per-
formed in MiniTab 15 using a standard paired t-test.

Insulin

Recombinant regular human insulin (Hoechst-Roussel,
Somerville, NJ) and the rapid-acting analog, insulin lispro
(Humalog®, Eli Lilly, Indianapolis, IN), were used as
purchased from a retail pharmacy and maintained under
refrigerated conditions between use. Insulin concentration
was U100 (100 IU/ml) for both insulin types, with an
administered dose of 5 IU per animal (50 µl by volume). A
partial crossover study design was utilized (n=5–9/condi-
tion). Insulin lispro was administered both ID (100 uL/min
rate) and SC, while regular insulin was administered ID
only. Sampling times were 0, 5, 10, 15, 20, 30, 40, 50, 60,
75, 90, 120, 150, 180, 240, 300 min post injection. Blood
glucose (BG) levels were checked at concomitant times
using commercial glucose oxidase strips for venous blood
and handheld glucometers (Accu-Check®, Roche Diagnos-
tics, Indianapolis, IN) with daily reference checks per-
formed per manufacturer’s instructions. Animals having
low BG values (<20 mg/dl) or showing physical signs of
hypoglycemia were administered IV glucose, and their
PD profiles were curtailed at that time, with subsequent
BG checks performed for safety purposes only. Insulin
content was analyzed using a commercial chemilumines-
cent immunoassay (DPC, Los Angeles, CA) on a clinical
lab analyzer (Immulite, DPC Cirrus Inc, Flanders, NJ),
with confirmed cross-reactivity for both insulin types.
Non-compartmental PK analysis was performed using
WinNonLin Version 3.2. Statistical analysis was performed
using Tukey 95% simultaneous confidence intervals for
pairwise comparisons.

Indocyanine Green Imaging

Indocyanine Green (ICG) (Cardiogreen, Sigma-Aldrich, St.
Louis, MO) was diluted to 200 µM with sterile water just
prior to use. ID administration of ICG was performed on
the abdomen of the swine in a 200 µl volume, at a delivery
rate of 100 µl/min. Excitation illumination was created
using 750 nm filter sets (Omega Optical, Brattleboro, VT)
over halogen lamps. Emission wavelength was collected
using a 790 nm filter (Omega Optical) over the video
camera (EXvision, SuperCircuits, Austin, TX) lens. Still

images were extracted from the time-course video at
specific time points.

RESULTS

To examine the effect of microneedle-based ID delivery on
drug uptake, we generated PK profiles in swine for four
drugs of varying biochemical characteristics and physiolog-
ical activity: etanercept, a 132 kD TNFα-binding, recom-
binant dimeric fusion protein for the treatment of
rheumatoid arthritis; somatropin, a 22 kD endocrine
hormone for treatment of growth disorders; regular
recombinant human insulin, a 5.8 kD pancreatic protein
for the treatment of diabetes which typically exists as a
hexamer of 35 kD; and insulin lispro, a rapid-acting insulin
analog existing principally in dimeric form at 11.6 kD.

Based on the PK determinations for the various protein
drugs tested, it is clear that microneedle-based ID admin-
istration creates a unique PK profile not anticipated by
either previous work in the transdermal field, nor from
historical parenteral studies including SC and skin-targeting
injections using conventional needles or other means. The
hallmark feature for the microneedle route in all cases is
the extremely rapid uptake and systemic distribution from
the injection site when compared to SC administration
(Figs. 2, 3 and 4). For each protein studied, the time to
maximum concentration (tmax), was significantly reduced:
71% for etanercept, 83% for somatropin, and 64% for
insulin lispro. The percentage change for regular insulin
was not determined due to the lack of SC regular arm in
this study. However, in a similar diabetic mini-pig model
(40), the reported tmax was 100 min for SC regular, which
would represent a 77% decrease in peak onset time for the
ID route.

As a result of the rapid uptake, maximum circulating
peak concentrations were also routinely elevated several

Fig. 2 Average PK profiles in swine (n=6, ±SEM) following ID, SC, and
IV injections of 20 mg etanercept.
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fold compared to SC delivery: 193% increase for etaner-
cept, 386% for somatropin, and 349% for insulin lispro.
This effect on maximal blood concentration was also
compounded by an increase in bioavailability observed for
some agents. For etanercept, the mean absolute bioavail-
ability (vs. IV) was 75%, which correlated to a 50% increase
in relative bioavailability vs. SC (Table I). Bioavailability for
somatropin was essentially 100% for all administration
routes tested, with no significant differences between routes
(Table II). For insulin lispro, microneedle delivery exhibited
a 19% increase in absolute bioavailability (IV data not
shown) and 40% increase in relative bioavailability;
however, the differences were not statistically significant
(Table III). Bioavailability for regular insulin could not be
determined without an IV control arm. Interestingly, both
insulin types, regular and rapid-analog, despite their differ-
ences in molecular weight, exhibited almost identical PK
outcomes in the diabetic swine model used for testing
(Fig. 4A). Notably, both insulin types delivered by micro-
needle showed more rapid onset than SC delivery of insulin
lispro.

For insulin delivery in diabetic swine, PD responsiveness
was also measured (Fig. 4B). Decrease of the blood glucose
(BG) values was detectable in most microneedle-dosed
animals within 5 min post-dosing, again regardless of
insulin type. SC injection typically required 15 min or
longer for observable changes. Similarly, the rate of BG
decline was faster in microneedle cohorts. Differences in
maximal BG reduction between arms could not be
determined because almost all animals required rescue
glucose to prevent hypoglycemia complications, and PD
data after glucose rescue were not collected. However,
mean BG levels for the ID doses were below SC for most
time points out to 60 min.

Drug doses in these studies ranged from 227.5 µg to
20 mg of active agents with volumes ranging from 0.05 ml
to 0.25 ml. No damage, bending or breakage of the steel

microcannula was observed during use, and volumetric
accuracy was good in all cases without discernable leakage.
The various flow rates utilized were chosen to ensure dose
accuracy for the formulation and delivery volume of the
specific study, while maintaining a uniform delivery period
necessary for consistent PK sampling. Specific infusion
pressures were an uncontrolled factor in these studies.
However, in related microneedle experiments, equivalent
insulin doses (10 IU) administered ID using variable drug
concentrations at delivery volumes from 50 to 250 uL
yielded equivalent pharmacokinetic outcomes (data not
shown), even though the tissue pressure of injection may
have varied. Likewise, local tissue reactions typically
consisted of minor edema formation at the local injection
site which typically resolved within 1–2 h after injection.
Site reactions following ID etanercept injections were
longer, requiring 12 h to resolve, and correlated with the

Fig. 3 Average PK profiles in swine (n=8, ±SEM) following ID, SC, and
IV injections of 3.6 IU somatropin.

Fig. 4 A Average PK profiles in swine (n=5–8, ±SEM) following ID, and
SC injection of 5 IU rapid analog insulin lispro and ID injection of 5 IU
regular recombinant human insulin. ID injection shows rapid uptake with
little discrimination between insulin types. B Average corresponding PD
profiles for the insulin PK curves in (A). Average BG starting values were
normalized to 250 mg/dl. ID delivery exhibits more rapid decline and
lower average blood glucose levels at 60 min compared to SC delivery of
rapid insulin.
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observed tmax value for this drug. However, injection site
reaction is also a common side effect for etanercept when
used subcutaneously.

To examine the mechanism associated with the more
rapid uptake of protein drugs following microneedle
delivery, we performed imaging studies with a NIR
fluorescent dye, ICG. ID delivery of ICG resulted in
immediate uptake by the local lymphatic vessels as shown
in Fig. 5. The draining inguinal lymph node could easily
be identified within 20 s and continued to increase in
signal strength through the 3-min observation period.
The draining lymph node was approximately 40 cm from
the injection site. No lymphatic uptake was seen within the
observation period from corresponding SC injections;
instead, fluorescence remained principally localized at the
injection site. Conversely, IV injection of an equivalent dose
resulted in essentially instantaneous illumination of all
peripheral vasculature, but without detectable visible
localization in the lymph node. Although these peripheral
vessels were not illuminated during ID injection, we cannot
rule out a potential contribution from venous capillary
uptake of ICG, a low molecular weight dye (MWt=
775 Da) that may have been below the limits of our
through-skin visual detection (data not shown). These
results suggest that rapid lymphatic uptake may contribute,
at least in part, to the rapid PK and PD effects seen versus
standard SC injection.

DISCUSSION

The dramatic differences seen from the microneedle dosing
are counterintuitive to those expected for classical trans-

dermal delivery. In those cases, the stratum corneum
provides an almost impermeable barrier to transport of
hydrophilic macromolecular drugs (41). Puncture of the
stratum corneum by solid microneedles increases diffusional
transport (42); however, the total mass of administered drug
and the extended times required for delivery may limit the
potential applicability of this pathway for many drug
delivery applications. Likewise, while subcutaneous injec-
tion is one of the most commonly used forms of parenteral
delivery, uptake of drugs from this tissue can be slow and
can vary substantially based on factors such as injection
technique (43) and body mass index (44). Similarly, for
many protein therapeutics, especially hormone replacement
therapies, slow SC absorption is often cited as limiting for
obtaining effective therapeutic endpoints. This is especially
true for insulin, where substantial effort has been expended
on the development of insulin analogs to better mimic the
rapid first-phase pancreatic response which occurs after
eating. To date, none of these agents has yet to achieve the
10–15 min onset kinetics of native insulin secretion.
Similarly, human growth hormone is naturally delivered
in periodic pulses, and these temporal fluctuations are
beneficial for its physiological activity (45). The need to
better imitate this native profile to maximize therapeutic
responsiveness continues to be intensely investigated (46).

Parenteral delivery of many proteins has reduced or
limited bioavailability for non-IV delivery routes. This can
require the administration of excess drug to reach thera-
peutic levels. In contrast, for the various proteins examined,
microneedle delivery exhibited very high bioavailability.
For the recombinant TNFα binding chimeric protein,
etanercept, microneedle administration demonstrated sub-
stantially higher bioavailability than the traditional SC

ETANERCEPT IV ID SC

tmax hr 0.43±0.79 5.21±2.20a 17.80±9.7

Cmax ng/ml 16,545±2,363 9,002±1,884a 4,657±3,375

t1/2λ z hr 16.9±1.0 17.8±1.1a 24.8±4.6

AUC(∞) ng∙hr/ml 319,522±41,323 239,765±34,753a 158,759±13,670

% Bioavailabilty AUC/IV AUC 100 75a 50

Table I Summary of Non-
compartmental Analysis of Etaner-
cept PK Parameters

a Indicates statistical significance
compared to SC, p<0.05

Table II Summary of Non-compartmental Analysis of Somatropin PK Parameters

SOMATROPIN IV ID SC

tmax hr 0.09±0.05 0.47±0.25a 2.75±0.46

Cmax mIU/ml 2,860.00±1,599.10 612.60±187.10a 158.50±31.00

t1/2λ z hr 0.66±0.10 2.02±0.448a 1.19±0.49

AUC(∞) mIU∙hr/ml 844.50±249.70 850.00±170.00 920.20±251.70

% Bioavailability AUC/IV AUC 100 101 109

a Indicates statistical significance compared to SC, p<0.05
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route. Similarly, other reported microneedle studies have
reported delivery of modest volumes of insulin and other
drugs. In this study, human therapeutic levels of various
agents were consistently delivered in timeframes meaningful
for therapeutic intervention.

The unique PK observed for microneedle delivery in all
cases implies an uptake mechanism unlike that expected for
either traditional transdermal, intradermal, or subcutaneous
delivery. As demonstrated by the NIR imaging studies with
ICG dye, lymphatic absorption may be a significant contrib-
utor of uptake frommicroneedle delivery. The contribution of

lymphatic absorption on insulin and other macromolecule
uptake has been previously evaluated. In those studies, the
role of the lymphatics in SC uptake was limited (47) and
highly dependent on the choice of animal model (48), drug
molecular weight, and formulation (49) employed. The
extremely rapid absorption observed in microneedle imaging
and PK studies, however, does not agree well with typical
estimates of slow basal lymphatic flow. In related work using
these microdevices in preclinical swine models (50) and
breast cancer patients undergoing lymph node imaging and
resection (51), lymph flow following microneedle delivery

Table III Summary of Non-compartmental Analysis of Insulin PK Parameters

INSULIN SC - lispro ID - lispro ID - Regular

tmax min 61.00±20.74 21.875±7.53a 25.00±6.45a

Cmax μIU/ml 31.76±10.58 107.47±26.81a 117.51±56.01a

t1/2λ z min 62.87±33.22 41.54±29.06 47.65±22.96

AUC(∞) mIU∙min/ml 3,720.11±753.26 4,780.84±1,112.37 5,738.51±1,674.41

% Bioavailability AUC/IV lispro AUC 48 67 n/a

a Indicates statistical significance compared to SC, p<0.05

Fig. 5 Time-course of NIR fluorescent imaging through intact skin of two simultaneous ID ICG injections in the abdomen of the swine. A total of four
microneedle catheter devices (seen in the white light T=0 image) were placed on the animal; however, injections were only performed through the
upper two devices in the image frame. Instantaneous draining of the injection sites occurs via the regional lymph vessels with increasing fluorescence
detectable in the draining lymph nodes over time.
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was measured to be 1,000-fold faster than under previously
determined physiologic conditions.

This concept of lymph-driven uptake is also supported by
the PK similarities observed between regular and analog
insulin that differ in molecular weights (MWt) by 3-fold.
Historically, insulin absorption from the SC space has been
thought to occur via venous microcapillary absorption and
then only for insulin monomers and dimers following
dissociation from higher multimeric states (52). Since the
lymphatics have reduced endothelial barrier properties and
direct ID deposition via microneedles limits the required
diffusion through the SC matrix, a lymph-mediated absorp-
tion route seems plausible. Once absorption occurs and
agents are delivered into systemic circulation, there appears
to be no apparent difference in terminal clearance, as
indicated by similar t1/2 λz values to SC, although most
drugs show a faster return to baseline levels due to the faster
absorption. This again implies a PK mechanism based on
faster uptake rather than differences in terminal metabolism
and clearance.

Obviously, these unique PK effects may not be optimal
for all compounds. However, in the case of insulin,
microneedle delivery offers kinetics that are currently
unattainable from SC delivery of rapid-acting insulin
analogs and are considerably closer to the insulin release
from healthy pancreatic beta cells. This rapid uptake may
allow better post-prandial glucose control by speeding the
onset of insulin metabolic activity, while the faster offset
also seen with ID delivery could have implications for
reduction of hypoglycemia. ID delivery of pain relief
compounds is another example of agents that could benefit
from this more rapid PK profile. The potential effects of
high level or repetitive exposure of protein drugs on the
lymphatics and immune system have not been fully
investigated. Further evaluation with specific compounds
is warranted, especially in cases of chronic therapies.
However, this unique lymphatic targeting could also
demonstrate additional benefit for drugs that are intended
to specifically target the immune system, such as vaccines,
certain cancer therapies and immunomodulators.

Although a full crossover of devices, i.e. using different
needle gauges to deposit either ID or SC, was not tested for all
compounds, a study examining SC delivery of insulin through
longer microneedles (3 mm) showed no PK/PD differences
when compared to SC injection with a standard gauge needle
(data not shown). Also, ID injections with a 27 g needle were
not compared due to the difficulty of reliably and accurately
targeting the ID space with a standard needle (39), and
historical precedents did not show significant PK differences
using ID injection methods with standard gauge needles (33).
The pressure required to inject ID is higher than that for the
SC space due to both the reduced cross-sectional area of the
microneedle fluid path and the increased density and

collagen structure of the dermal tissue. It has been
demonstrated that increasing dermal pressure increases
lymphatic system fluid absorption (53). The effective ID
localization of the injection volume combined with the
increased interstitial pressure, may contribute to the lym-
phatic absorption seen with microneedle delivery.

An effective translation of microneedles into the clinical
setting is ultimately necessary to realize their potential
therapy benefits. Similar microneedles to those in this study
have been used in numerous preclinical and clinical studies
for delivery of various drug and vaccine compounds (21–
30). These studies have shown that microneedles allow for
more reliable and reproducible access to the dermal tissue
than standard needles (39). A commercial prefilled micro-
needle product (Soluvia™, BD) for delivery of intradermal
influenza vaccine (Intanza®/ID Flu®, sanofi-pasteur), has
received regulatory approval in Europe, and others are in
development.

CONCLUSIONS

Overall, microneedle-based ID delivery demonstrates
numerous potential benefits for parenteral protein delivery.
This methodology has demonstrated broad applicability to
a range of protein therapeutic molecular weights and
therapeutic classes, with no deleterious effects on drug
stability due to shear degradation. The devices themselves
exhibited no damage during use and were capable of
accurately and reproducibly delivering volumetric doses
between 50 and 250 uL, in brief timeframes. Total drug
dosing was consistent with the ranges required for human
therapeutic use. No changes or only a minor concentration
of the etanercept formulation were required to achieve
therapeutic doses while remaining within the volumetric
limitations of microneedle delivery. Lastly, the microneedle
devices appear to enable a unique uptake mechanism
allowing distinct PK parameters not achieved with other
injection methods. Among these are rapid uptake, increased
Cmax, and, in some cases, increased bioavailability or
reduced circulating lifetimes. These properties may provide
additional benefit for some therapy regimens, such as
hormone replacement and pain management, where rapid
PK is beneficial, or in cases where direct lymphatic
targeting would be valuable, such as in cancer treatment,
immunomodulation therapies, and diagnostic imaging.
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