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Soluble microneedles (MNs) have recently become an e±cient and minimally invasive tool in
transdermal drug delivery because of their excellent biocompatibility and rapid dissolution.
However, direct monitoring of structural and functional changes of MNs in vivo to estimate the
e±ciency of insulin delivery is di±cult. We monitored the dissolution of MNs to obtain structural
imaging of MNs' changes by using optical coherence tomography (OCT). We also observed the
e®ect of MNs on microvascular conditions with laser speckle contrast imaging (LSCI) and
measured the blood perfusion of skin to obtain functional imaging of MNs. We determined the
performance of two soluble MN arrays made from polyvinyl alcohol (PVA) and polyvinyl alco-
hol/polyvinylpyrolidone (PVA/PVP) by calculating the cross-sectional areas of the micro-
channels in mouse skin as a function of time. Moreover, the change in blood glucose before and
after using MNs loaded with insulin was evaluated as an auxiliary means to demonstrate the
ability of the soluble MNs to deliver insulin. Results showed that the structural imaging of these
MNs could be observed in vivo via OCT in real time and the functional imaging of MNs could be
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showed using LSCI. OCT and LSCI are potential tools in monitoring MNs structural and
functional changes.

Keywords: Soluble microneedle; insulin; optical coherence tomography; laser speckle contrast
imaging.

1. Introduction

Diabetes is a group of metabolic diseases charac-
terized by high blood glucose level. Diabetics are
apt to develop blindness, kidney disease and heart
disease.1 Although diabetes is not an infectious
disease, it spreads rapidly at an increasing rate and
is now considered a pandemic; thus, developing a
therapy that realizes glycemic targets is important.
With the development of drug delivery systems,
insulin may be administered via various routes, such
as oral,2 parenteral3 and transdermal routes.4 Each
improvement in drug delivery aims to ensure pa-
tient convenience and enhance glycemic control.

Transdermal drug delivery has widely been used
given its being noninvasive and patient friendly.
Traditional transdermal drug delivery systems in-
clude creams, ointments and transdermal patches.
However, stratum corneum (SC) layer, which is the
principal barrier to topically applied drugs, restricts
the translocation of drugs into deeper skin layer.5

The SC allows only a small number of low-
molecular-weight drugs (< 500 Daltons) to pass
through the skin.6 To overcome the skin barrier
property and allow transdermal penetration of a
large range of molecules, including biological mac-
romolecules (e.g., proteins,7 DNA,8 vaccines,9 or
other therapeutic drugs), researchers have recently
developed microneedles (MNs). MNs are a drug
delivery system that is an intermediate form of
hypodermic needle and transdermal patch; MNs
create a number of transdermal microchannels on
the skin and pierce through the SC to increase drug
permeability.10 MNs are made of silicon,11 metal,12

or polymers.13 Compared with metal and silicon
MNs, biodegradable MNs enhance the e±ciency of
transdermal delivery and avoid needles from being
stuck in the skin.14 Speci¯cally, soluble polymer
MNs produced from polyvinyl alcohol (PVA),
polyvinylpyrolidone (PVP).15,16 silk ¯broin,17 or
carboxymethyl cellulose18 rapidly dissolve when
they come in contact with water. Thus, when they
puncture the skin, a drug loaded into the needles is
delivered into the skin as the needles dissolve.

Numerous soluble MN application systems for
transdermal delivery of insulin have been devel-
oped,19,20 such as composite microneedles integrat-
ed with insulin-loaded CaCO3 microparticles and
PVP,21 microneedles fabricated from alginate and
maltose22 and near-infrared light triggered and
separable microneedles.23,24 Insulin regulates glu-
cose levels in normal circumstances; thus, moni-
toring the release and the e±ciency of insulin
delivery is important.

Several optical imaging technologies have been
used to monitor the e®ects of MNs applied on the
skin. These technologies include two photon mi-
croscopy,25 confocal laser °uorescence microscopy26

and optical coherence tomography (OCT).27–29 The
confocal microscopy can only observe the e®ect of
MNs on isolated skin tissue. Two-photon micros-
copy and confocal laser °uorescence microscopy can
investigate the delivery of °uorescent drugs which is
wrapped in the MNs. It is not appropriate for most
colorless drugs like insulin. Compared with other
optical imaging technologies, OCT achieves a larger
imaging depth of 2–3mm and a high resolution at
the micrometer scale. It is a noninvasive interfero-
metric technique. This technique is appropriate in
evaluating the e±ciency of non°uorescent drug
transdermal delivery in vivo30,31 So OCT is a po-
tential tool in structural imaging of MNs changes
in vivo. Compared with other teams that used OCT
to monitor MNs changes in vivo, we introduced
cross-sectional area of the microchannels and the
slop to quantitatively evaluate the dissolution of the
MN arrays. Besides, we estimated and compared
the di®erent dissolution ability of two kinds of MNs
in the skin.

Although in vivo monitoring of the change of
soluble MNs by OCT has been reported, functional
imaging of MNs changes in vivo is rarely reported.
In this paper, in addition to the structural imaging
of the MNs changes in vivo by OCT, we also have a
functional imaging of it with LSCI for the ¯rst time.
LSCI is a noninvasive and continuous method for
measuring microvascular blood °ow. This technique
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which was ¯rst introduced in the 1980s can be used
to provide two-dimensional (2D) image of blood
°ow in biological tissue with a high spatial and
temporal resolution.32 It has been widely used be-
cause of its simplicity, real-time feedback, and
negligible motion artifacts.33

In this work, we fabricated two kinds of polymer
MNs displaying di®erent dissolution rates. Both
MNs loaded with insulin were used for transdermal
delivery in rat skin. We built an OCT system to
observe the morphological changes of MNs with
time and monitored the e®ect of MNs on microcir-
culation with LSCI. Additionally, we evaluated the
changes in blood glucose before and after the
application of insulin-loaded MNs. And then we
estimated and compared the di®erent dissolution
ability of MNs in the skin.

2. Materials and Methods

2.1. Fabrication of MNs

Figure 1 shows the schematic of the fabrication of
soluble MNs. A commercial metal MN patch for a
beauty product was used as a master mold for the
soluble MN arrays. The metal MNs on the array
were 500�m high consisting of 36 needles in a
10mm � 10mm area. In making the molds, PDMS
solution (Sylgard 184, Dow Corning) was prepared
by mixing an elastomer and a curing agent in a 10:1
w/w ratio and then placed in a vacuum oven at
�80 kPa until bubbles were removed. These master
structure arrays were coated with the treated

PDMS and cured for 12 h at 40�C or 2 h at
80�C. The master mold was carefully peeled o®
from the PDMS mold and saved for reuse.

After manufacturing the PDMS molds, we chose
PVA (1799, Aladdin) or PVA:PVP (K13–18,
Aladdin) at 4:1 ratio as materials for fabricating the
MN arrays. Pure PVA or PVA/PVP was dissolved
in deionized water at 15% concentration and heated
at 95�C for 2 h for complete dissolution. The PVA
or PVA/PVP solution was set aside overnight until
clear. Insulin (5mg; obtained from bovine pancreas,
Aladdin, � 27 IU/mg, MW 5733.49) was dissolved
in PBS (1ml; pH ¼ 2) to prepare an insulin solution
that will serve as model drug. The insulin solution
was poured into the PDMS mold, which was sub-
sequently placed in a vacuum oven at �80 kPa to
induce the solution to °ow into the mold. After the
liquid was pipetted onto the surface of PDMS mold
and after desiccation, the 15% (w/v) PVA or PVA/
PVP solution was poured into the PDMS mold,
which was placed in a vacuum oven at �85 kPa
for 5min to remove entrapped bubbles and to
better allow the solution melt to set into the mold.
After drying overnight, the PVA or PVA/PVP
needles were removed from the PDMS mold by
using an adhesive tape (Fig. 1). The ¯nal MN
arrays were stored in a desiccated container for
future use.34

2.2. Animals

Adult balb/c mice of approximately 25–36 g in
weight were used in the experiments. The mice

Fig. 1. Fabrication of dissolving microneedles.
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were anesthetized via peritoneal injection of 1%
pentobarbital sodium (60–80mg/kg). Their ears
were de-haired through smearing with hair
removal cream. The mice were subsequently placed
on a ¯xed platform to reduce vibration and
movement.

2.3. OCT system

A homemade spectral-domain OCT (SD-OCT)
system was set up for experimentation (Fig. 2). In
this system, a low-coherence broadband light source
(DL-BX9-CS3307A, dense light) with a central
wavelength of 1310 nm and a bandwidth of 58 nm
was split into reference arms and sample arms by a
¯ber coupler with a coupling coe±cient of 50/50.
The re°ected and backscattered light from the ref-
erence and sample arms were interfered in the ¯ber
coupler. The signal was detected by CCD (SU1024-
LDH2) after splitting the interference light into
di®erent wave vectors in the interference spec-
trometer by using a transmission grating (1004-2,
1145 l/mm). A high-speed scanner (GVS002-2D,
Thorlabs) in the sample arms was used to obtain
lateral scanning by moving the mirror relative to
the sample. The signal and data were transmitted to
a computer for data processing.35,36 This OCT
system provides an axial resolution of approxi-
mately 15�m and a transverse resolution of ap-
proximately 18�m as determined by the focal spot
size produced by the probe beam. The imaging
depth of this system is approximately 2mm, and the
lateral scanning length is approximately 4mm.
Thus, the 2D OCT images are 2mm � 4mm
(500� 1024 pixels).

2.4. Evaluation of microvascular

reactivity with LSCI

We used a laser speckle contrast imager (SQRay,
China) to measure the perfusion in the skin of
mouse ear. A coherent laser light with a wavelength
of 785 nm illuminates the tissue and generates the
random speckle pattern. The movements of moving
scattering particles in the tissue generate dynamic
speckle images which are recorded by the CCD.
After averaging the speckle pattern over the ¯nite
exposure time of the camera, the image becomes
blurred. The degree of blurring is denoted by
speckle contrast. Speckle contrast is de¯ned as the
ratio of the standard deviation of the intensity to
the mean of the intensity in the speckle pattern.37

As the speckle contrast and the scatter °ow velocity
are related inversely, blood vessels can separate
from the background. So we can get a 2D perfusion
image. The image acquisition rate was 20 frame/s
and the measurement distance is approximately
30 cm. We collected LSCI images of the microvas-
cular every 5minutes after inserting MN in the skin
and removing it. The mean perfusion level (the °ow
of blood to the body's organs per unit time) of the
interest region was calculated by the software and
stored on a computer.

2.5. Measurement of blood glucose

in mouse

The balb/c mice were fasted for 6 h prior to the
experiment. We divided them into four groups:
(1) control group, which was not administrated
with any drug; (2) PVA MN group, which was

Broadband 
source

CCD
Interference 
spectrometer

signal

computer

50/50

fiber coupler

scanner

collimated 
lens

mirror

sample

Fig. 2. Schematic of the SD-OCT system.
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administrated with two patches of insulin-loaded
MNs applied on the skin of the ears; (3) PVA/PVP
MN group, which was administrated with two
patches of insulin-loaded MNs applied on the skin of
the ears; (4) IP group, which was administered with
insulin solution injected intraperitoneally by using a
syringe needle. All of them were anesthetized and
shaved as described previously. Blood samples were
collected from the tail vein. Blood glucose levels
were measured by a glucometer (ONETOUCH,
SelectSimple) every 30mins for 4 h after drug
administration. The percentage change in blood
glucose levels was calculated based on the initial
levels at each time interval.

3. Result and Discussion

3.1. Imaging of the MN array structure

For the purposes of visualization, we loaded the sol-
uble MN arrays with calcein in the manner described
above. Calcein emits a °uorescence. As shown in
Fig. 3(a), calcein was successfully loaded into the
soluble MN arrays. In addition, OCT was used to
observe the 3D morphologies of MNs (Fig. 3(b)).

3.2. Structural image of the dissolution
of MN arrays by OCT

In the experiment, we collected images every 10min
for 4 h. In this paper, we show the OCT images
obtained every 30min. Figures 4 and 5 show the
OCT images of the dissolution of PVA MN arrays
and PVA/PVP MN arrays, respectively. After
inserting the patches into the mouse ear, the MN
arrays dissolved over time. Figures 4(j) and 5(j)

show the intact skin before insertion of the patches.
Figures 4(k) and 5(k) show the morphology of the
skin after patch removal as imaged by OCT. As
shown in Figs. 4(a) and 5(a), microchannels were
created because of the penetration of the patches.
Moreover, a small indentation was created after the
patches were removed (indicated by yellow arrows
in Figs. 4(k) and 5(k)). The microchannels became
narrower, shorter, smaller, or even disappeared as
the MN arrays gradually dissolved. Comparison of
the images in Figs. 4 and 5 shows that the diameters
and depths of the microchannels created by the
PVA MN arrays became smaller and shorter.
By contrast, the microchannels created by the
PVA/PVP MN arrays nearly disappeared.

To quantitatively evaluate the dissolution of the
MN arrays, we calculated the cross-sectional area of
the microchannels on the mouse skin. The micro-
channels are indicated by red rows in Figs. 4(a)
and 5(a). Figure 6(a) shows the estimated change in
cross-sectional area over time after insertion of the
PVA or PVA/PVP MN arrays into the skin. We
used the slop of Fig. 6(a) to indicate the dissolution
rate of MNs (Fig. 6(b)). The experimental results
demonstrate that the cross-sectional areas de-
creased with time because of the dissolution of the
MN arrays. PVA MN arrays rapidly dissolved be-
fore 60mins. Beyond 60mins, their dissolution rate
decreased. As for the PVA/PVA MN arrays, the
reduction in their dissolution rates was relatively
uniform. However, they dissolved slightly faster
within the ¯rst half hour. Moreover, their dissolu-
tion rate decreased faster than that of the PVA MN
arrays within 30mins. Therefore, OCT can directly
detect the dissolution of MN arrays and can quan-
titatively evaluate the dissolution MN arrays in the

(a) (b)

Fig. 3. (a) Fluorescence micrograph of MN arrays loaded with calcein and (b) 3D image of OCT. The scale bar in (a)(b) represents
0.5mm in length.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k)

Fig. 4. OCT images of the dissolving process of PVA MNs on mouse ear (j) before inserting the microneedle patch on the skin: (a)
0min, (b) 30mins, (c) 60mins, (d) 90mins, (e) 120mins, (f) 150mins, (g) 180mins, (h) 210mins, (i) 240mins and (k) after removing
the MN patch. The scale bar and the yellow arrow in (a) represent 1mm in length and the location where the microneedle is inserted
into the skin.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k)

Fig. 5. OCT images of the dissolving process of PVA/PVP MNs on mouse ear (j) before inserting the microneedle patch on the
skin at (a) 0min, (b) 30mins, (c) 60mins, (d) 90mins, (e) 120mins, (f) 150mins, (g) 180mins, (h) 210mins, (i) 240mins and (k)
after removing the MN patch. The scale bar and the yellow arrow in (a) represent 1mm in length and the location where the
microneedle is inserted into the skin.
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skin. OCT can thus easily obtain the structural
image of MNs changes in vivo.

3.3. Functional imaging after MNs

acting on the skin with LSCI

We evaluate the e®ect of PVA MNs or PVA/PVP
MNs on the skin microvascular with LSCI.

Figures 7 and 8 show the microvascular reactivity
before and after PVA MNs or PVA/PVP MNs
acting on the mouse ears. We collected the images
every 5mins. Corresponding to Figs. 7, 8 and 9
shows the mean perfusion level of the same region.
Before the PVA MNs or PVA/PVP MNs acting on
the skin (Figs. 7(a) and 8(a)), the color of the ear is
shallow and the mean perfusion level of the region

(a) (b)

Fig. 6. (a) Estimated areas of cross-sections of microchannels resulted from PVA MN arrays and PVA/PVP MN arrays as a
function of time and (b) The slop of Fig. 6(a).

(a) before (b) insert 0min (c) insert 5mins (d) insert 10mins (e) insert 15mins

(f) insert 20mins (g) remove 0min (h) remove 5mins (i) remove 10mins (j) remove 15mins

(k) remove 20mins (l) remove 25mins (m) remove 30mins

Fig. 7. Microvascular reactivity: (a) before PVA MNs inserting in the skin of mouse ear, (b) 0min, (c) 5mins, (d) 10mins, (e)
15mins, (f) 20mins after inserting PVA MNs into the skin and (g) 0min, (h) 5mins, (i) 10mins, (j) 15mins, (k) 20mins, (l) 25mins
and (m) 30mins after removing PVA MNs.
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(in the red box in Figs. 7 and 8) is below 50 or 40
(the part before blue dotted of Fig. 9). After
inserting the PVA MNs or PVA/PVP MNs into
the skin (Figs. 7(b)–7(f) and Figs. 8(b)–8(f)), the
color of the microvascular becomes red which

means blood °ow becomes faster. The mean per-
fusion level in Fig. 9 (the part between blue and
red dotted line) has a leap at the beginning and
then stays at a higher level. After removing the
PVA MNs or PVA/PVP MNs from the skin
(Figs. 7(g)–7(m) and Figs. 8(g)–8(m)), the velocity
of blood °ow gradually slows down. It can also be
shown from Fig. 9 (the part after red dotted line).
The mean perfusion level falls back below 50 or 40
and remains at a lower level. After acting on the
skin, both PVA MNs and PVA/PVP MNs will
accelerate blood circulation and promote the
transfer and absorption of drugs (e.g., insulin) in
the blood. After pulling out the MNs for about
30mins, microcirculation returns to normal state.

3.4. Transdermal delivery of insulin

in balb/c rats

Healthy balb/c mice were used in this experiment.
Figure 10 shows the blood glucose level ofmice in four
groups, namely, control group (not administrated
with any drug), PVA/PVP group (administrated
with insulin-loaded PVA/PVP MN arrays), PVA

(a) before (b) insert 0min (c) insert 5mins (d) insert 10mins (e) insert 15mins

(f) insert 20mins (g) remove 0min (h) remove 5mins (i) remove 10mins (j) remove 15mins

(k) remove 20mins (l) remove 25mins (m) remove 30mins

Fig. 8. Microvascular reactivity: (a) before PVA/PVP MNs inserting in the skin of mouse ear, (b) 0min, (c) 5mins, (d) 10mins,
(e) 15mins, (f) 20mins after inserting PVA/PVP MNs into the skin, (g) 0min, (h) 5mins, (i) 10mins, (j) 15mins, (k) 20mins, (l)
25mins and (m) 30mins after removing PVA/PVP MNs.

Fig. 9. Mean perfusion level of the interest region as a func-
tion of time. The part before blue dotted line indicates the
mean perfusion before PVA MNs or PVA/PVP MNs inserting
in the skin. The part between blue and red dotted line indicates
the mean perfusion after inserting PVA MNs or PVA/PVP
MNs into the skin. The part after red dotted line indicates the
mean perfusion after removing PVA MNs or PVA/PVP MNs.
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group (administrated with insulin-loaded PVA MN
arrays), and IP group (injected with insulin). The
glucose level in control group remained high.
Hypoglycemic e®ect was observed in IP group and
in the PVA/PVP MN and PVA MN array groups.
The blood glucose levels were signi¯cantly lower in
the PVA/PVP, PVA, and IP groups than in control
(P < 0:001) at every time point. A maximum re-
duction in glucose level was observed 150mins after
insertion of insulin-loaded PVA/PVP MN arrays
and PVA MN arrays into the skin. The corre-
sponding maximum reductions in blood glucose
levels relative to their initial values were approxi-
mately 38.7% and 42.9%. The blood glucose levels
remained at a low level thereafter. In IP group,
the blood glucose dropped rapidly and reached the
lowest percentage of 16.5% at 1 h. Subsequently, the
blood glucose rose quickly. Compared with those in
the soluble MN array groups, the blood glucose
levels in the IP group dropped and then rose rap-
idly. Moreover, insulin injection possibly results in
physical discomfort in this traditional drug delivery
system. This result indicates that the insulin loaded
in PVA/PVP MN arrays and PVA MN arrays was
transmitted into the bloodstream after it was
absorbed by the skin. This phenomenon resulted in
a gradual reduction in blood sugar, and then the
blood glucose level remained at low level as the
material dissolves over time. The maximum reduc-
tion in blood glucose level after insertion of MNs
was higher than that after injection of insulin.
Moreover, within the ¯rst 30mins, the blood glucose
level dropped more rapidly in PVA/PVP group

than in PVA group (PVA/PVP versus PVA at
30mins P < 0:001). This result demonstrated that
PVA/PVPMN arrays initially dissolved faster than
PVA MN arrays.

In summary, PVA and PVA/PVP soluble MNs
were fabricated as a means of loading insulin for
transdermal delivery. Dissolution of these two types
of MNs was observed in vivo by OCT in real time.
We also observed the e®ect of MNs on microcircu-
lation with LSCI. Their dissolution was quantita-
tively evaluated by calculating the cross-sectional
areas of the microchannels in the skin. The esti-
mated cross-sectional areas decreased as MNs dis-
solved within 4 h. We compared the performance of
the di®erent types of MNs with the estimated cross-
sectional areas in OCT images and the transdermal
delivery of insulin. Moreover, the experimental
results show that the soluble MNs o®er a potential
application in sustained drug release in clinics and
improve the penetration e±ciency on skin. Gener-
ally, OCT can obtain structural image of MNs'
changes in vivo. LSCI can perform functional im-
aging of e®ects of MNs on skin microcirculation.
According to the comparison of the administration
with di®erent MNs, it gives advice on choosing
di®erent types of microneedles for di®erent types of
patients.
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