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Abstract

Objective: To design an alternative painless method for vancomycin (VCM) monitoring by
withdrawing interstitial fluid (ISF) the skin using dissolving microneedles (DMNs) and possibly
replace the conventional clinical blood sampling method.

Methods: Male Wistar rats were anesthetized with 50 mg/kg sodium pentobarbital. Vancomycin
at 5 mg/mL in saline was intravenously administered via the jugular vein. ISF was collected from a
formed pore at 15, 30, 45, 60, 75, 90, and 120 min after the DMNs was removed from the skin. In
addition, 0.3 mL blood samples were collected from the left femoral vein.

Results: The correlation between the plasma and ISF VCM concentrations was significantly strong
(r = 0.676, p < 0.05). Microscopic observation of the skin after application of the DMNs
demonstrated their safety as a device for sampling ISF.

Conclusion: A novel monitoring method for VCM was developed to painlessly determine con-

centrations in the ISF as opposed to blood sampling.
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Introduction

Vancomycin is a glycopeptide that has a role in
the treatment of Gram-positive methicillin-resistant
Staphylococcus aureus infections (MRSA)L Because
early use of vancomycin has been associated with a
number of adverse effects, including nephrotoxicity,
infusion-related toxicities, and possible ototoxicity,
therapeutic drug monitoring of vancomycin is advo-
cated. To achieve this, patients are required to visit
medical facilities where they are subjected to the
painful invasive procedures involving conventional
methods of blood sampling from their fingers by us-
ing needles. Furthermore, painful blood sampling is
also required for blood glucose level measurements
when using enzyme assay methods. In addition, con-
cerns regarding infectious diseases often reduce the
frequency of blood sampling by patients. Therefore,
the development of a painless method for drug mon-
itoring is highly desired. Transcutaneous spectro-

scopic methods have been reported previously* 3;
however, electromagnetic energy is almost entirely
absorbed by the skin tissue. Therefore, the reliability
of these electronic technologies cannot be guaranteed.
Although ultrasound?, reverse iontophoresis’, and
electroporation® have also been examined as possible
noninvasive methods to monitor glucose levels, they
have not yet been clinically introduced because of
skin damage, pain, and low accuracy.

Dissolving microneedles (DMNs) have been de-
signed as a transcutaneous drug administration de-
vice, and this technology is attracting attention as an
alternative method for noninvasive glucose monitor-
ing” 8. Microneedles (MNs) were originally designed
to percutaneously deliver drugs into the systemic
circulation and have been classified into four catego-
ries?10. These include (i) hollow type MNs, extremely
small needles through, which drug solutions are in-
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jected into the skin; (ii) coating type MNs, made of
metallic or silastic substances or both, which are sur-
face-coated with drugs; (iii) pierce type MNs, made of
metallic or silastic material or both, which are used to
create microconduits in the skin followed by the ap-
plication of drug solutions, creams, or both after re-
moval of the MNs; and (iv) dissolving microneedles
(DMNSs), made of soluble polymers such as sodium
chondroitin sulfate, dextran, and sodium hyaluronic
acid, which are used as a base for the formulation of
solid dispersions of drug molecules' 12. Of these
DMNes, the piercing type, which is made of glass and
plastic, has been used for monitoring blood glucose
levels. For this process, an MN array is stamped on
the skin, and interstitial fluid (ISF) is obtained by ap-
plying negative pressure at 200-500 mmHg?3. Thus,
ISF can be collected painlessly using a MN array, and
glucose monitoring can be performed with the ISF
obtained. However, since the MNs are made of glass
and plastic,c the risks associated with these
non-biological materials must be considered. Despite
these concerns, MN technology has been attracting
attention as an alternative method for noninvasive
therapeutic drug monitoring (TDM) in recent years4.
MNs are designed to collect dermal interstitial fluid
containing biomarkers without the risk or pain asso-
ciated with or expertise needed for collecting blood.
Microdialysis can be used to collect ISF samples,
and the principles have also been previously de-
scribed'. Microdialysis is used to collect ISF from
extracellular fluid using the process of diffusion
across a semipermeable membrane. Once the probe
has been implanted, the tissue analytes diffuse
through the membrane from the ISF into the per-
fusate, and may be sampled and analyzed. Microdi-
alysis requires implantation of the probe in the tissue
and, therefore, is difficult in the clinical setting. Fur-
thermore, our DMNs are fabricated from a safe bi-
opolymer, chondroitin sulfate, which has been used in
the treatment of arthritis and peripheral circulatory
disturbances associated with head injuries. Moreover,
DMNs composed of biopolymers as the base material
have been investigated for the systemic delivery of
peptide/proteins' 12, The high physiological availa-
bilities (PAs) of insulin (91.3-97.7%)1 and
low-molecular-weight heparin (LMWH, 81.5-102.3%)
were previously reported in rats'¢. In addition, a high
bioavailability (BA) from the DMNs was shown by
recombinant human growth hormone (rhGH, 87.5%)
in rats'” and erythropoietin (EPO, 82.1-99.4%) in
mice’8. The relative BA of interferon (IFN) following a
subcutaneous injection of the solution was
79.9-117.8% in rats!®. Therefore, DMNs fabricated
from these biopolymers are considerably safer than
those fabricated from metal and plastic are. In the

present study, sodium chondroitin sulfate DMNs
were used to collect ISF from rat skin, and then
further evaluated as a potential alternative painless
method for TDM.

Materials and Methods

Materials and Animals

VCM hydrochloride, trifluoroacetic acid (TFA),
and sodium chondroitin sulfate were purchased from
Wako Pure Chemical Industries Ltd., (Osaka, Japan).
Hydroxypropyl cellulose was obtained from Nippon
Soda Co., Ltd., (Tokyo, Japan). Male Wistar rats were
used in the present study, and standard solid-meal
commercial food was obtained from the Japan SLC
Inc., (Hamamatsu, Japan). All other chemicals were of
reagent grade and used as received.

Preparation of DMN Array Chips

One milliliter of distilled water was added to 10
mg of sodium chondroitin sulfate and thoroughly
mixed to obtain chondroitin glue. The glue was then
degassed under reduced pressure and dispensed into
a mold containing 300 inverted coneshaped wells
with an area of 1.0 cm?2. Each well had a depth and
surface diameter of 500 and 300 pm, respectively. The
mold was covered with a 300-g steel plate, and the
glue was added to the wells and dried. A chip was
made of the mixture of cellulose acetate and hydrox-
ypropyl cellulose (10:1) using a Handtab-100 tableting
machine (Ichihashi Seiki, Kyoto, Japan). The width
and diameter of the chip were 2.0 and 17 mm, respec-
tively. After the plate was removed, glue consisting of
15 mg of chondroitin sulfate and 25 mL of distilled
water was painted over the chip and placed over the
mold. After being pressure-dried under a stainless
steel plate for 3 h, the chip was removed, and the
DMNs were obtained as arrays on the chip.

Preparation of VCM solution administered to
rats

The test solutions of VCM for intravenous (i.v.)
and oral administration (p.o.) were prepared by dis-
solving 250 mg of VCM in 10 mL of 0.9% saline and
200 mg in 10 mL of deionized water, respectively. The
i.v and p.o. doses of VCM used in this study were 5.0
and 20.0 mg/kg, respectively.

Collection of ISF using DMNs

Male Wistar rats (10-week-old) purchased from
Nippon SLC Co., Ltd., (SLC, Hamamatsu, Japan) were
anesthetized with 50 mg/kg sodium pentobarbital
and their body temperature was maintained at 37°C
during the experiment by warming with a lamp. The
abdominal hair of each rat was shaved (Shaver, Braun
Contour 5866, De’Longhi Japan Corp., Tokyo, Japan).
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VCM (5 mg/mL) in saline was administered i.v.
via the jugular vein. At the predetermined time, a
DMN array chip was applied to the rat skin using an
applicator with a collision speed of 2.0 m/s following
a second pressure application of 2.5 N for 1-3 min.
After the DMNs had been removed from the rat skin,
2 pL of ISF was withdrawn from a formed pore at 15,
30, 45, 60, 75, 90, and 120 min using an Eppendorf
pipette and collected into a sample tube. In addition,
0.3-mL blood samples were collected from the left
femoral vein. Plasma samples were obtained by cen-
trifuging the blood samples at 12,000 rpm for 15 min
at 4°C. The ISF and plasma samples obtained were
stored at -80°C until used in the assay.

Analytical Methods for VCM

The quantification assays for VCM in plasma
and ISF were performed according to a previously
reported method? with some modifications. Briefly,
standard samples were prepared by adding aliquots
of VCM stock solutions to a drug-free matrix. To de-
termine the levels of VCM, 2 pL of ISF was diluted
with 98 pL of distilled water. Then, exactly 300 pL of
trifluoroacetic acid/methanol (2:1, v/v) was added to
a 100-pL aliquot of a plasma and ISF sample. The
mixture was vortexed for 30 s and then centrifuged
for 15 min at 12 000 x g. The supernatant was diluted
with 300 pL of distilled water and then transferred to
vials. A 30-uL sample was injected into the liquid
chromatography-tandem mass spectrometry
(LC-MS/MS) system. The LC-MS/MS system con-
sisted of an API 3200 triple quadrupole mass spec-
trometer equipped with a turbo ion spray sample inlet
as an interface for electrospray ionization (ESI), an
Analyst Workstation (Applied Biosystems, CA, USA),
an LC-10AD micropump (Shimadzu Corp., Kyoto,
Japan), and an AS8020 automatic sample injector
(Toso, Tokyo, Japan). The mobile phase was distilled
water-acetonitrile (9:1, v/v) containing 0.1% acetic
acid at a flow rate of 0.2 mL/min. The analytical
column was a Quicksorb ODS (2.1 mm i.d. x 150 mm,
5 pm size, Chemco Scientific Co., Ltd., Osaka, Japan)
maintained at 50°C. Ionization was performed via the
turbo ion spray inlet in the positive ion mode. The ion
spray voltage and temperature were set at 5500 V and
500°C, respectively. Nitrogen gas was used for in-
strument operation, and the values for gas 1, gas 2,
curtain gas, and collision gas were set at 50, 70, 10, and
2, respectively. The declustering potential (DP), en-
trance potential (EP), collision energy (CE), and colli-
sion cell exit potential (CXP) were set at 28, 7.5, 21,
and 1.6 V, respectively. Multiple reaction-monitoring
(MRM) analyses were performed using transitions at
m/z 725.5—144.0. The lower limits of detection and
the limits of quantification for VCM were less than 10

ng/mL for the 100-pL samples of each matrix. The
standard curves were linear over the lower limits of
quantification (r > 0.99).

Microscopy of Rat Skin

Male Wistar rats weighing 315 = 13 g were
anesthetized with 50 mg/kg sodium pentobarbital
and their body temperature was maintained at 37°C
during the experiment by warming. The hair on the
abdominal region of each rat was shaved, and an im-
age of the skin was captured using a Nikon D-200
camera (Nikon, Tokyo, Japan) under normal light.
Then, a DMN array chip was administered to the rat
skin and before its removal from the abdominal skin,
the image of the skin was also captured using the
camera. In addition, 1 h after the removal of the DMN
array chip, the skin image was also captured.

All animal protocols were approved by the In-
stitutional Animal Care and Use Committee. Experi-
ments were conducted in accordance with the Guide-
lines for Animal Experimentation, of the Kyoto
Pharmaceutical University.

Statistical Analysis

All values are expressed as the mean * standard
error (SE). Differences were assumed significant at p <
0.05 (Student’s unpaired t-test). The coefficient of de-
termination (R2) was evaluated using the Pearson’s
correlation coefficient test at p < 0.05.

Results and Discussion

DMNs composed of chondroitin sulfate prior to
application to the rat skin are shown in the upper
panel in Fig. 1. The chip included 225 DMNs on an
area of 1.0 cm?2. The middle panel of Fig. 1 shows an
array of DMNs while and the lower panel illustrates a
magnification of one DMN from the middle panel.
The mean length and basement diameter of the DMNs
was 501.8 £ 2.1 and 274.6 £ 1.6 pm.

To ascertain the safety of DMNs as a device for
sampling ISF, the rat skin was examined
pathologically, as shown in Fig. 2. The upper right
and lower left panels illustrate the rat skin
immediately, and 5 min after insertion of DMNs,
respectively, and the microconduits were made on the
skin by the application of the DMNs. The lower right
panel in Fig. 2 presents the rat skin condition 10 min
after insertion of DMNs. Microconduits were not
detected, and the rat skin condition recovered to
normal. These results indicate that no damage was
caused by the inflammation from the DMN applica-
tion. These results were supported by our previous
studies, which showed no evident inflammation and
microscopic destruction of skin tissue in the micro-
scopic image data and recovery of the rat skin after
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insertion of the DMNs2l: 22, Therefore, this device
could be a noninvasive sampling method.

Fig. 1. Dissolving microneedles (DMNs) made of chondroitin sulfate prior to
application on rat skin. A total of 225 DMN's arrays were formed on a 1.0 cm2
chip. Mean length and basement diameter of the DMNs were 501.8 + 2.1 and
274.6 £ 1.6 um.

process of VCM was not completed in the early phase.
Furthermore, the mean concentration-time curve of
ISF was reversed after 30 min and the concentrations
of VCM in plasma and ISF declined similarly. The
concentration of VCM in the ISF remained higher than
that in plasma, suggesting that the distribution at-
tained steady state and the transition of VCM from
the tissue back to plasma was not completed. There-
fore, the tissue affinity of VCM appeared to be
stronger than that of the plasma.

Just after the insertion of DMs

Before the insertion of DMs

Smin after the insertion of DMs 10min after the insertion of DMs

Fig. 2. Pathological examination skin after percutaneous application of dis-
solving microneedles (DMNs). Upper right panel shows skin condition imme-
diately after insertion of DMNs. Pressure application of DMNs created pores on
skin. Lower left panel shows skin condition 5 min after insertion of DMNs with
pores still evident and not recovered. Lower right panel shows skin condition
10 min after insertion of DMNs. Pores disappeared, and skin structure recov-
ered to normal physiology.

Next, the concentrations of VCM in the plasma
and ISF were compared, and their pharmacokinetic
profiles are shown in Fig. 3. The mean concentration
of VCM in plasma was higher than that in ISF was 30
min after administration because the distribution
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Fig. 3. Correlation between plasma and interstitial fluid (ISF) vancomycin
(VCM) concentrations. A strong correlation (r = 0.676, p < 0.05, Pearson’s
correlation coefficient test) was observed between plasma and ISF VCM
concentrations.
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To evaluate the efficiency of the DMN TDM us-
ing ISF sampling as a noninvasive method, the corre-
lation of the VCM concentration in plasma and ISF
following administration to rats was plotted in Fig. 4.
A good correlations (r = 0.717, p < 0.05, Pearson’s
correlation coefficient test) was observed between
both matrices. However, the values at higher concen-
tration were not correlated, and this may be because
they were observed prior to the steady state distribu-
tion of VCM. After the distribution had attained
steady state, the correlation coefficient value obtained
would be higher than it was before. These results
suggest that this method may be a suitable method for
TDM instead of blood sampling.

100 1

10 |

VCM concentration (pg/mL)

0 30 60 90 120
Time (min)

Fig. 4. Mean plasma and interstitial fluid (ISF) vancomycin (VCM) concentra-

tion-time curves of rats administered intravenous (i.v.) bolus injection. Con-

centration-time curves for VCM in both matrices were similar and showed
parallel decline.

TDM requires frequent blood drawing, which
may be a challenge in neonates, infants, children, or
the elderly?. Reduction in compliance is widespread
because drawing blood increases patient discomfort
and inconvenience.

Kiang et al.?* reported an extensive list of clini-
cally used contemporary drugs that are subject to
TDM, and the feasibility of sampling and obtaining
reliable drug concentrations in ISF collected using
ultrafiltration probes in rabbits. VCM showed com-
parable exposure and similar concentration-time
curves in both ISF and blood in rabbits. They found
that ISF could replace the blood sampling because
there was a linear elimination and reliable correlation
between the concentrations and area under the con-
centration-time curve (AUC). These previous reports
are supported by our present results. We obtained a
good correlation between the concentrations of VCM
in the ISF and plasma. Moreover, the delay in VCM
concentration increase in the ISF in the previous study
was similar to what we observed, which may be be-

cause the distribution of VCM from plasma to tissue
has a lag time prior to completion.

Hauschild et al.?> also compared the concentra-
tions of pradofloxacin in the ISF and plasma in dogs.
They also used the ultrafiltration probe for collecting
the ISF, and a delay was observed in the increase in
paradofloxacin concentration in the ISF, although it
was administered orally to dogs. Furthermore, the
concentration of VCM in the ISF was determined
immediately after administration. They described
VCM as the only drug evaluated that could be cate-
gorized as suitable for TDM in the ISF because of
comparable exposures and similar concentration-time
profiles in both ISF and blood. In their model (n = 4),
VCM exhibited reduced maximum plasma drug con-
centration (Cmax) in the ISF (32.1 = 2. 6 pg/mlL)
compared with the blood (80.2 + 18.5 pg/mL, p <
0.05); however, they obtained similar AUCs for the
two matrices (ISF vs. blood, 75.3 + 7.7 vs. 89.8 £ 15.7
pg h/mL, respectively). A delayed average time to
achieve maximum plasma drug concentration (Tmax)
of 0.66 h was observed with ISF. The concentra-
tion-time profiles for VCM in both matrices were
similar, and this is evidenced by the parallel decline in
their terminal elimination phases in log-transformed
plots.

Those reports described the use of microdialysis
in the collection of the ISF, which is not suitable for
use in humans because implantation is required and
the patients have to bear the burden of the pain, in-
convenience, and risk of developing infections.
Therefore, the DMN was designed as a device for
more convenient invasive patient monitoring.

Donnely et al.?* reported on MN-mediated
minimally invasive patient monitoring. The devel-
opment of the MN-based monitoring would be fo-
cused on further improving its utilities to enhance the
ease-of-use for patients and clinicians. The worldwide
trend is to improve the health-related quality of life
for patients by decreasing the risks of developing in-
fections and frequency of inconvenient monitoring
using invasive blood sampling. El-Laboudi et al.?” also
reported continuous glucose monitoring using the
MN array device and focused on the mechanism of
insertion and safety profile such as the small risk of
infection, painless sample collection, no bleeding, and
rapid skin recovery. Romanyuk et al.? investigated
the method of collection of analytes from the MN
patches. They prepared hydrogel MNs with
poly(methyl vinyl ether-alt-maleic acid) and
poly(ethylene glycol). The analytes in the ISF from the
hydrogel MN could be easily transferred to the mi-
crotubes or multiwell plates in the laboratory for
analysis. Therefore, their analytes were detected out-
side the hydrogel MN. However, when the volume of
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the ISF is limited, a highly sensitive analytical method
is needed. On the other hand, our method of sample
collection involves withdrawing the ISF from the
microconduit by inserting the DMN. Therefore, the
volume of the ISF obtained was sufficient for the
determination of the drug concentration.

Conclusion

Herein, a method of monitoring VCM in the ISF
by using DMNs was investigated as an alternative to
blood sampling. The pharmacokinetic profiles of
VCM in the ISF and plasma were compared, and drug
concentrations showed a similar decline except at 30
min after administration. The correlation of the con-
centrations of VCM in the ISF and plasma was signif-
icantly positive. Moreover, microscopic observation
revealed that the integrity of the skin was maintained,
which suggests that the DMN array chip is a safe de-
vice for ISF sampling. Therefore, drug monitoring in
ISF using the DMN array chip has the potential to
replace blood sampling in VCM TDM.
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