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Effect of hollow microneedle design on the successful intradermal delivery and pharmacokinetics of
fluorescein isothiocyanate dextran (M. W. 4,000)

Microneedles (MNs) are novel drug delivery devices that can create micropores in the stratum
corneum, the primary skin permeability barrier to protect the body, by means of several hundred fine
needles. Therefore, MNs have main uses as administration devices for injections and delivering
transdermal formulations. In particular, hollow MNs (hMNs) resemble injection systems, and drug
solutions can be administered in the same manner as a subcutaneous injection. Therefore, hMNs have
attracted interest as a delivery device for medium- and high-molecular-weight drugs that are typically
challenging to administer percutaneously. However, research on such use of hMNs has been limited
due to the low probability of skin puncture, and there are few reports on the effect of drug distribution
in the skin and the pharmacokinetics of administered drugs. Elucidation of factors that affect skin
puncture and drug injection by hMNs, such as needle geometry and skin characteristics, as well as
factors that affect the drug pharmacokinetics, will provide useful information for the development of
hMNs. In the present study, the effect of administration conditions on the pharmacokinetics, as well
as factors that affect skin puncture and injection using hMNs were investigated. In addition, the
possibility of controlling the intradermal pharmacokinetics of administered drugs was explored with
iontophoresis (IP), which is known for enhancing transdermal drug delivery by means of an electric
field.

Chapter 1 discusses the effect of various factors such as drug concentration, formulation volume,
and administration rate on the pharmacokinetics of a model medium-molecular-weight drug
administered using hMNs. In Chapter 2, based on the findings in Chapter 1, the effect of needle length
and shape on the successful rate of skin puncture and injection with different types of hMNs are
discussed. In Chapter 3, electroosmotic flow and electrical repulsive effects effect induced by IP on
the dermatopharmacokinetics of an administered drug were investigated, and the possibility of
controlling dermatopharmacokinetics using a combination of hollow MNs and IP was examined.

Chapter 1: Effect of administration factors on the pharmacokinetics of FD-4 after 7.d. administration
with hMNs

In this chapter, the effect of administration factors such as administration volume, administration
rate, and the number of hMNs on the pharmacokinetics of fluorescein isothiocyanate-dextran (M. W
4,000, FD-4). Microndet, which is approved by the United States Food and Drug Administration
(FDA), was used as an hMN system. The time to maximum blood concentration (7max) and the
maximum blood concentration (Cmax) changed with increasing administration volumes of 5, 20, and
80 uL. When iodine was administered as an X-ray tracer instead of FD-4, partially distributed iodine
was observed in the subcutaneous layer as the dose increased. Based on these results, a compartment
model was developed to analyze the pharmacokinetics of FD-4 after administration using hMNs.
When the model was developed with the hypothesis that the drug is absorbed from the broad injected
site of the skin into blood vessels in the upper (Sipper) and lower (Sieeper) dermis by rapid and slow
first-order absorption rates, respectively, a better agreement of observed and theoretical values was
obtained. Furthermore, earlier Tmax and higher Cmax were confirmed after four successive 5 pl
administrations compared with a single administration of 20 pL, suggesting that drug distribution in
the skin significantly influences its pharmacokinetics. The drug distribution in the skin may be
related to the obtained pharmacokinetic parameters, suggesting that the number of needles in the
MN system and the total administration volume should be considered in designing hMN systems.
Understanding the characteristics after 7.d. administration of drugs with hMNs may be helpful in
clarifying the usefulness of this administration route for biotherapeutics.

Chapter 2: Elucidation of factors that affecting successful skin puncture and drug injection by hMNs

In this chapter, several types of hMNs with or without a rounded blunt tip micropillar, which
suppresses skin deformation, around a hollow needle, and the effect on the successful needle insertion
and administration of a drug solution was investigated. Six different types of hMNs with needle
lengths of 1000, 1300, and 1500 pm with (hMN1000s, hMN1300s, and hMN1s00s) or without a micropillar



(hMN1000, hMN1300, and hMN1500) were used. The creation of a micropore after pressing hMNs against
the skin was evaluated by staining with a blue dye. In addition, injection of rhodamine B solution into
the skin was investigated to evaluate the successful administration rate (%) with different types of
hMN. Furthermore, X-ray computed tomography (CT) was used to reveal the intradermal distribution
of 1odine, as an X-ray tracer, and the size of observed wheals due to iodine injection was measured
after injection using hMNs. When skin with a higher skin stiffness (type A durometer value of A25)
was used, the success rate (%) of skin penetration was higher than skin with a lower stiffness (type
A durometer value of A15). hMNiso0s, hMNi5s00, and hMN1s00s showed >90% successful injection rates
with A25 stiffness skin. A large wheal, larger than 10 mm2, was consistently observed when hMN1s00s
was used for injections. On the other hand, no wheals were observed after injection of iodine solution
into the skin with hMN1500 and hMNis00s. According to X-ray CT, the injected iodine with hIMN1500
and hMNis00s was distributed across the region from the intradermal to subcutaneous layers.
Therefore, a micropillar may be a good solution for depth control of the needle array. Mechanical
parameters such as puncture force and displacement caused by the fracture of an artificial skin
membrane showed that a micropillar can be effective for depth control of the injected solution as well
as prevention of contact between the hMN pedestal and the deformed membrane. The obtained results
will help in the development of hMNs that ensure successful injection of an administered drug.

Chapter 3: Effect of iontophoresis on the intradermal migration rate of medium-molecular-weight
drugs

In this chapter, whether IP accelerates the intradermal migration rate of intradermally
administered medium-molecular-weight drugs was evaluated. The promoting mechanism by IP is
electrorepulsion and electroosmosis. Here, IP effects were determined and mathematically evaluated
on the intradermal migration of medium-molecular-weight acidic and non-electrolyte (uncharged)
drugs (about 4 and 10 kDa) using sodium polystyrene sulfonate (PSA) and FD, respectively. Low-
molecular-weight acidic and non-electrolyte drugs were also used for comparison. Drug solution (200
nL) containing hydroxypropyl cellulose was applied onto a 600 um lower skin, and an upper skin was
layered onto the lower skin containing the drug solution as onto untreated skin to prepare split-
layered skin. The skin was set in a vertical-type diffusion cell, and IP was applied throughout the
drug migration experiments with a current density of 0.3 mA/cm? (constant current IP). Low-
molecular-weight drugs, not only non-electrolyte but also acidic drugs, had high migration rates (high
passive diffusion by concentration gradient) through the skin, so little IP effect was found. The
intradermal migration of medium-molecular-weight non-electrolytes FD-4 and FD-10 was not
increased by cathodal or anodal IP. On the other hand, the intradermal migration of PSA-4 (M. W, 4
kDa), which are medium-molecular-weight acidic drugs, was delayed by anodal constant-current IP.
This IP-facilitated migration of PSA was probably due to electrorepulsion. These results suggest that
IP can be used to retain the intradermal migration of medium molecular weight charged drugs. Thus,
IP may be an effective tool to help the effective delivery of medium-molecular-weight electrolytes by
hMN.

hMNs are a novel drug delivery device that can be used for both injection and transdermal
administration. This study investigated the factors that affect the pharmacokinetics of FD-4, a
medium-sized model drug, delivered by hMNs, as well as successful insertion and injection rates.
Additionally, the study suggested the potential of using IP to control the dermatopharmacokinetics of
intradermally administered drugs. The findings of this study provide valuable insights for the design
and development of hMNs and highlight their potential as drug delivery devices for medium- and
high-molecular-weight drugs. The data presented in this study can contribute significantly to the
future advancement of hMN development.
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