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Abstract
There is a need for blood glucose monitoring techniques that eliminate the painful and invasive nature of current methods, while
maintaining the reliability and accuracy of established medical technology. This research aims to ultimately address these
shortcomings in critically ill pediatric patients. Presented in this work is an alternative, minimally invasive technique that uses
microneedles (MN) for the collection of transdermal glucose (TG). Due to their comparable skin properties, diffusion studies
were performed on full thickness Yucatan miniature pig skin mounted to an in-line diffusion flow cell and on different skin sites
of human subjects. Collected TG samples were measured with a L255Cmutant of the E. coli glucose-binding protein (GBP) with
an attached fluorescent probe. The binding constant (Kd = 0.67 μM) revealed the micromolar sensitivity and high selectivity of
the his-tagged GBP biosensor for glucose, making it suitable for TG measurements. In both the animal and human models, skin
permeability and TG diffusion across the skin increased with MN application. For intact and MN-treated human skin, a
significant positive linear correlation (r > 0.95, p < 0.01) existed between TG and BG. The micromolar sensitivity of GBP
minimized the volume required for interstitial fluid glucose analysis allowing MN application time (30 s) to be shortened
compared to other studies. This time reduction can help in eliminating skin irritation issues and improving practical use of the
technique by caregivers in the hospital. In addition, the his-tagged optical biosensor used in this work can be immobilized and
used with a portable sensing fluorometer device at the point of care (POC) making this minimally invasive technologymore ideal
for use in the pediatric intensive care unit.
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Introduction

Blood glucose monitoring is a critical component in the man-
agement of critically ill children in the pediatric intensive care
unit (PICU) [1]. Current FDA-approved practices for glucose
monitoring require painful and invasive blood draws that are

analyzed either in the laboratory or by handheld bedside me-
ters. Continuous glucose monitoring (CGM) devices are being
studied as an alternative in the management of critically ill
children [2–5]; however, CGM devices involve inserting a
probe into the subcutaneous layer, beneath the skin, and can
be painful, uncomfortable, and traumatizing for young chil-
dren [6–9]. Thus, there is interest in devices which are more
effective and less invasive to monitor blood glucose levels.
Eliminating the pain and discomfort associated with the afore-
mentioned practices can be advantageous to young patients,
their parents, and their caregivers. In a typical example, man-
agement of a 3-year-old PICU patient with diabetic
ketoacidosis (DKA), having an initial blood glucose of
1317mg/dL, required blood glucose monitoring 55 times over
a 48-h period. A painless alternative will allow the bedside
nurse to collect glucose data with minimal disturbance to such
a patient, especially in the middle of the night. In addition,
glucose levels ranging from as low as 13 mg/dL to as high as
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1800 mg/dL have been observed in the PICU [10, 11]. This
demonstrates the need for a minimally invasive glucose sens-
ing device that is painless, bloodless, safe, and has a wide
range of detection.

The development of ligand-specific periplasmic binding
proteins as optical biosensors for measuring glucose has been
explored for noninvasive sensing, as well as sensing in clini-
cally relevant ranges [12–18]. The sensor preparation involves
using the E. coli glucose-binding protein (GBP) that un-
dergoes a large conformational change from an open ligand-
free structure to a closed glucose-bound structure [19]. This
structural change allows GBP to be used as an optical biosen-
sor when a polarity sensitive fluorescent probe, acrylodan
(Acr), is attached to a cysteine mutation site responsive to
glucose binding [20, 21]. In the presence of micromolar glu-
cose concentrations, the emission of the bound Acr (510 nm)
is quenched and a spectrophotometer is used to observe the
glucose-associated fluorescence changes. Previous work re-
veals GBP having significantly less sensitivity to other sugars
(< 10% response) in comparison with glucose (~ 35%); how-
ever, it responds to galactose (25%). With the exception of
galactosemia patients and some newborns having elevated
galactose, blood and interstitial fluids have negligible amounts
of these sugars in comparison with glucose and are not expect-
ed to interfere [12]. Due to its high selectivity and specificity
for glucose, the GBP biosensor was used in a noninvasive
sensing technology that exploits the thin, immature neonatal
skin [14, 22, 23]. It has also been used to successfully monitor
blood glucose in adults through noninvasive transdermal glu-
cose (TG) measurements [22].

In this work, we introduce microneedles (MNs) as a mini-
mally invasive tool to increase skin permeability and improve
diffusion of glucose across skin. MNs are microscopic needles
capable of creating micrometer-sized channels in the skin
[24]. They penetrate the stratum corneum, the outermost dead
skin layer, and have been used to enhance transdermal drug
delivery (TDD) by eliminating permeability limitations asso-
ciated with the presence of the stratum corneum [25, 26].
Using MNs have proven to increase human skin permeability
up to four orders of magnitude [27]. Studies have shown the
success of using MNs as a tool to collect and measure glucose
from interstitial fluids (ISF); however, some strategies rely on
ISF extraction via vacuum suction [28] or swelling of hydro-
gel MNs [29–33] to collect millimolar concentrations detect-
able by current electrochemical-based sensors. MN tech-
niques that use off-device analysis have challenges with
prolonged extraction times, required ISF transfer for analysis,
and low ISF volume collection or evaporation causing mea-
surement variability and error [34]. Hollow silicon
microneedles integrated with enzymatic glucose sensors were
designed for on-device analysis eliminating need to transfer
ISF [35–38]; however, they still require long collection times
for microliter volumes and detectable concentrations, as well

as the need to transfer fluid to the backside of MNs for anal-
ysis. For CGM, hollow MNs with a buffer filled sensing
chamber were designed to allow passive diffusion of glucose
from ISF to sensor eliminating ISF extraction step and
allowing real-time bioanalysis [39–41]. Although most prom-
ising, many of these devices require millimolar glucose con-
centrations for analysis.

In this work, we present a minimally invasive technique
that uses MNs to collect TG samples that are measured with
our micromolar sensitive glucose biosensor. The effects of
MN implementation on TG detection are determined in an
in vitro pig skin model that is representative of blood flow
beneath the human skin, as well as preliminary studies on
healthy adult human subjects. Both pig and human skin used
have comparable properties to the fully developed skin of
children.

Materials and methods

D-Glucose (99.5 + %), guanidine hydrochloride (GuHCl),
and sodium phosphate monobasic monohydrate (NaH2PO4·
H2O) were obtained from Sigma-Aldrich (St. Louis, MO).
Isopropyl β-D-1-thiogalactopyranoside (IPTG), urea,
TrisHCl, potassium phosphate monobasic, and potassium
phosphate dibasic (99.0 + %) were obtained from Fisher
Scientific (Fair Lawn, NJ). Nanopure water from an in-
house Milli-Q system (EMD Millipore; Billerica, MA) was
used.

GBP preparation and fluorophore labeling

The polyhistidine-tagged GBP biosensor was prepared simi-
larly to H152C GBP biosensor described by Tiangco et al.
[23]. In this work, the L255C GBP mutant was overexpressed
in BL21 competent Escherichia coli cells through induction
with 1 M IPTG in 1 L of LB medium. The resulting cell pellet
was lysed with sonication (Fisher Scientific Sonic
Dismembrator Model 500) in lysis buffer at pH 8 containing
6 M GuHCl, 10 mM TrisHCl, and 100 mM NaH2PO4·H2O.
Centrifugation was then used to separate the soluble protein.
For purification, the supernatant went through immobilized
metal affinity chromatography (IMAC) with 5 mL of nickel
nitrilotriacetic acid (Ni-NTA) agarose resin. The protein was
washed and eluted with buffers containing 8 M urea, 10 mM
TrisHCl, and 100 mM NaH2PO4·H2O. Upon elution from the
IMAC column, GBP concentration was estimated using the
Bradford protein assay and presence was confirmed with
SDS-PAGE. The highly pure fractions were pooled and dia-
lyzed in 20 mM phosphate buffer at pH 7.4. Protein labeling
with Acr fluorescence probe involved a 10-fold dropwise ad-
dition of tris(2-carboxyethyl)phosphine (TCEP) stock solu-
tion mixed for an hour, followed by the addition of 10-fold
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of Acr stock solution mixed for 2 h at room temperature. For
removal of excess dye, the labeled protein was passed through
a G-25 Sephadex size exclusion chromatography column.
Fractions containing fluorescently labeled GBP were pooled,
sterilized with 0.22 μm filters, and stored at 4 °C.

Biosensor calibration, sensitivity determination,
and glucose assay

Fluorescence measurements of GBP were taken in a 96-well
plate using the SpectraMaxM5 spectrophotometer (Molecular
Devices, San Jose, CA). Five microliters of D-glucose
standards, ranging from 4 to 200 μM, was added to the
GBP biosensor. After each addition, the fluorescence
intensity was measured and the normalized change in
fluorescence intensity with respect to glucose concentration
was determined. The normalized change in fluorescence
(ΔF) was defined as:

ΔF ¼ F0−F
F0

ð1Þ

where F is the fluorescence intensity of ligand bound protein
and F0 is the fluorescence intensity of ligand-free protein. This
information was used to create a standard saturation
curve relating substrate concentration to the normalized
fluorescence response of the GBP biosensor. The highly
sensitive linear range of the saturation curve was used
for quantification of μM levels of glucose in transder-
mal skin samples. In addition, as described in previous
work, nonlinear regression of the saturation curve is
used to calculate the apparent binding constant (Kd) of
GBP to determine the biosensor’s sensitivity and capa-
bility to detect and measure trace amounts of glucose
present in transdermal samples [13, 22, 42].

For sample analysis, collected transdermal samples were
added in 5 μL increments to 200 μL of the GBP biosensor
in a 96-well plate. After each addition, the fluorescence
intensity was measured, and normalized fluorescence
change determined. Sample addition continued until
readings were well above the biosensor’s limit of quan-
tification (LOQ). The measured fluorescence changes
along with the sensitive range of the standard curve
were used for quantification of glucose concentration
in transdermal samples.

Transdermal glucose diffusion studies

Pig skin preparation and flow cell setup

Full thickness Yucatan miniature pig skin was purchased from
Sinclair BioResources (Auxvasse, MO). Upon arrival on ice,
the skin was dermatomed to a thickness of 1.4 ± 0.25 mm

using a Padgett dermatome to remove fat, leaving viable epi-
dermis and dermis. The skin was then wrapped in aluminum
foil, sealed in a plastic bag, and stored at − 20 °C until ready to
use. Before each experiment, the skin was thawed to room
temperature, cut into 4.84 cm2 pieces, and placed onto mem-
brane supports in in-line diffusion cells (PermeGear, Inc.,
Hellertown, PA) with epidermis side facing the donor cham-
ber. Setup contained a diffusion area of 0.95 cm2. The skin
was maintained at a temperature of 33 ± 1 °C with a circulat-
ing jacketed water bath. Flow cell setup described by Tiangco
et al. was used (Fig. 1) [23] with the application of a MN array
insert on a vibrating pen to the stratum corneum of the skin in
the donor chamber.

Theoretical model development for TG diffusion through pig
skin

Simulation analysis of the unsteady-state diffusion of glucose
across pig skin described in the flow cell setup was performed.
The unsteady one-dimensional glucose diffusion across pig
skin can be expressed by

∂C x; tð Þ
∂t

¼ D
∂2C x; tð Þ

∂x2
ð2Þ

WhereC (x, t) is the glucose concentration in the pig skin,D is
the diffusion coefficient of glucose, t is the time, and x is the
distance from the surface of the pig skin contacting the stan-
dard glucose solution. The initial condition inside the pig skin
before the measurement is:

C x; 0ð Þ ¼ 0 ð3Þ

During the measurement, one side contacts a solution with
a glucose concentration ofC0, and the other side is kept at zero
concentration (strictly speaking, C (L,0) is not zero, but ex-
tremely low so negligible compared to C0). This gives the
boundary conditions

C 0; tð Þ ¼ C0 and C L; 0ð Þ ¼ 0 ð4Þ

The solution of Eq. (2) with initial condition of Eq. (3) and
boundary condition of Eq. (4) is as follows

C x; tð Þ ¼ C0 1−
x
L
−∑∞

i¼1

2

πi
sin

iπx
L

� �
exp −

i2Dπ2t
L2

� �� �
ð5Þ

The first derivative of C (x, t) with respect to x equals to

∂C x; tð Þ
∂x

¼ −
C0

L
1þ 2∑∞

i¼1cos
iπx
L

� �
exp −

i2Dπ2t
L2

� �� �
ð6Þ
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The glucose mass flux from the pig skin to the collection
buffer, F, can be calculated by,

F ¼ −DA
∂C x; tð Þ

∂x

����
x¼L

¼ VL
dCL

dt
ð7Þ

Where A is the sampling area, VL is the volume of the
sampling buffer, and CL is the glucose concentration in the
sampling buffer. Integrating Eq. (7) from t1 to t2, we get

CL

C0
¼ DA

LVL
t2−t1ð Þ− 2AL

π2VL
∑∞

i¼1

cos iπð Þ
i2

exp −
i2Dπ2t2

L2

� �
−exp −

i2Dπ2t1
L2

� �� �
ð8Þ

From the above equation, we can see that the ratio of CL to
C0 is independent of C0. Therefore, the ratio of CL to C0 will
follow the same trend no matter what glucose concentration is
used. Using set parameter values based on experimental pro-
tocol (A = 0.95 cm2, D = 1.5 × 10−7 cm2/s, L = 0.14 cm, VL =
0.25 cm3, washing time = 5 min, drying time = 10 min, sam-
pling time = 15 min), the glucose concentrations in the sam-
ples were compared between intact pig skin and after MN
application.

TG diffusion studies using MNs on pig skin model

For all the in vitro permeation tests (IVPT), diffusion cells
were filled with a receiver1 solution of filtered phosphate-
buffered saline pH 7.4 (PBS). The skin was allowed to equil-
ibrate for 30–45 min, after which trans-epidermal water loss
(TEWL) values were obtained using a cyberDerm RG-1 open
chamber evaporimeter (cyberDERM, Inc.; Broomall, PA) in
order to confirm skin integrity. Any skin with TEWL values
higher than 15.0 g/m2 h was deemed unfit and replaced. Initial

TEWL studies investigated the effects of MN number (9 or
36-count), length (250 or 500 μm), and application time on
skin permeability to determine ideal MN parameters for IVPT
experiments on pig skin. A motorized vibrating MN pen (Dr.
Pen Ultima A6) was used on pig skin. The device consisted of
an array of medical grade stainless steel MNs having a base
diameter of 0.2 mm and an application area of approximately
90 mm2. After MN parameters were selected, a minimally
invasive sampling protocol was used to collect TG through
the pig skin.

For the minimally invasive sampling protocol, 250 μL of
PBS was pipetted onto the epidermal side of the skin into the
donor1 chamber towash the skin removing any excess glucose
on the surface. After 5 min, the PBS on top of the skin was
removed, discarded and the skin was allowed to dry with a fan
for 10 min. After drying, the vibrating MN pen with a dispos-
able tip of 36-count MN array insert was held on top of the
epidermal side of the skin for 30 s with a penetrating depth of
250 μm to allow the formation of diffusion channels. TEWL
values were recorded again with the expectation of a doubling
effect from the original TEWL values taken prior toMN punc-
ture. After a successful doubling in TEWL value was seen,
250 μL of PBS was placed on the epidermal side of the skin
for 15 min before being removed and collected as a baseline
glucose reading.

After baseline was taken for each cell, receiver solution
was changed in order to contain either 3, 5, 10, 20, or
40 mM glucose in PBS, corresponding to 54, 90, 180, 360,
and 720 mg/dL, respectively. The skin was wiped with an
alcohol swab and washing procedure was performed again.
After drying 250 μL of PBS without glucose was added to
the donor chamber and allowed to sit for 15 min before
collection. The washing, drying, and sample collection
process was performed six times allowing for collection
of glucose diffusion samples every 30 min for 3 h.
System was run at a flow rate of approximately 1 mL/
h to maintain constant glucose concentrations under the
skin as glucose diffusion to the donor chamber oc-
curred. Upon collection, all samples were immediately
stored at − 20 °C until analysis with GBP biosensor to
prevent degradation of glucose.

1 Receiver and donor solutions are conventional designations for in vitro top-
ical drug delivery experiments where the drug (donor) diffuses from the epi-
dermal side of the skin to the flow solution (receiver). In our experiments,
glucose diffuses from the flow solution to the epidermal side.

Fig. 1 Flow cell setup for
transdermal glucose diffusion
studies on pig skin using MN
array
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TG diffusion studies using MNs on healthy adults

All subjects gave their informed oral consent for inclu-
sion before they participated in the study. The study
was conducted in accordance with the Declaration of
Helsinki, and the protocol was approved by the Office
of Research Protections and Compliance of UMBC
(Protocol Y17LT05060) on November 9, 2016. Initial
diffusion studies on healthy adult subjects focused on
determining ideal site for MN application. The TEWL
was measured at two different skin sites (fingertip or
forearm), while varying number (9 or 36-count), length
(250 or 500 μm), and application time of MNs. The
permeability results were used to determine application
site and MN parameters to be used in further studies.
TG samples on adults were additionally collected using
a modified version of the protocol described in the pig
skin studies. TG samples and TEWL measurements for
intact and MN-treated skin were collected from the fore-
arm of healthy adult subjects during two scenarios. The
first study was conducted during a fasting phase in
which transdermal samples were collected for uncompromised
skin, as well as skin treated with an array of 9 and 36-count
MNs.

The second study looked at collecting TG samples
during an oral glucose tolerance test (OGTT) in which
subjects were asked to fast 12 h prior to the start of the
study. For the OGTT, transdermal samples were collect-
ed during the fasting phase separated by a 30-min in-
terval. The subject then consumed 75 g of food grade
glucose purchased from The Science Company
(Lakewood, CO). After ingestion of glucose, another
four to five transdermal samples were collected over a
3-h period. At the start of the study, the skin was equil-
ibrated in the testing area for 30 min, and then the
TEWL of the sampling area was measured with a
VapoMeter (Delfin Technology, Finland). The transder-
mal sampling protocol for intact skin (no MN applica-
tion) involved first cleaning the skin area with an alco-
hol swab and then washing the skin with PBS pH 7.4 at
37 °C for 5 min. The skin was then dried with air for 2 min.
Two hundred fifty microliters of PBS in an Eppendorf tube
was inverted and placed on the skin surface for 5 min to allow
for the passive diffusion of glucose into sample solution. After
each TG sample collection, the blood glucose was measured
using a ReliOn Confirm™ Blood Glucose Meter. For MN-
treated skin, the same protocol was followed with the addition
of MN treatment for 30 s using the vibrating MN pen prior to
transdermal sample collection with an Eppendorf tube con-
taining PBS. To ensure MN penetration, the TEWL values
were measured prior to and after MN application. The collect-
ed transdermal samples were immediately stored at − 20 °C
until testing with the GBP biosensor.

Results and discussion

Biosensor

The his-tagged L255C GBP biosensor was prepared and the
apparent dissociation constant, Kd, was calculated by nonlin-
ear regression on the saturation curve for one binding site. Kd

was found to be 0.67 ± 0.05 μM (average ± standard devia-
tion). The submicromolar Kd confirms sufficient biosensor
sensitivity at the low concentrations associated with TG.
Figure 2 shows that the most sensitive and linear range of
the GBP biosensor can be found at concentrations < 1 μM,
following the trend [y = (0.102 ± 0.006)x + (0.007 ± 0.003)].
There is a significant positive correlation between the
micromolar glucose concentrations and normalized fluo-
rescence response (correlation coefficient, r = 0.992;
probability, p < 1 × 10−4; confidence interval, CI =
99.99%). Interpolation within the highly sensitive region
of the calibration curve is used to calculate the glucose
concentrations found in the collected transdermal sam-
ples for pig and human skin. It is important to note that
although fluorescence response of labeled protein was
consistent for an individual protein batch, variation from
batch to batch can occur as a result of variances in,
e.g., the degree of labeling, the efficiency of removing
unreacted dye, etc. For this reason, the protein was calibrated,
and a response curve was generated each time samples were
analyzed.

TG diffusion studies

In vitro pig skin theoretical model

The glucose diffusion through the pig skin was simulated
using a model for unsteady-state diffusion (Eq. (8)) and the

Fig. 2 Saturation curve for GBP biosensor used to determine Kd with
nonlinear fit model; Inset: Highly sensitive range at lower
concentrations revealing micromolar sensitivity and positive linear
correlation following the trend y = (0.102 ± 0.006) + (0.007 ± 0.003)
with a correlation coefficient of 0.992
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results are shown in Fig. 3. In the simulation results, the ratio of
CL to C0 is independent of C0 and there is almost no glucose in
the first sample. Compared to the actual experimental data giv-
en in Fig. 5b, which show a base glucose concentration at about
4 μM, these simulation results do not closely match.
This disagreement may be due to the oversimplification
of the model as initial zero glucose concentration was
assumed and no glucose production or consumption dur-
ing the measurement was considered in simulation. In
reality, there may be some residual glucose in the pig
skin. Glucose is known to be a product of skin maturation.

Despite the discrepancy, the overall trend is the same. The
calculated glucose concentrations in the samples are significant-
ly higher after MN application. Overall, the glucose concentra-
tion in the samples increases with time following an S-shaped
curve, but closer to linear for the first few samples. When
steady-state diffusion is reached, the glucose concentration in
the samples remains constant. As MN application can increase
the glucose diffusion coefficient, these simulated results con-
firm the effects of MN application on the glucose concentration
in the samples. This model can be used to guide the experi-
ments by simulating the effects of factors such as the glucose
diffusion coefficient, skin thickness, and sample volume.

Diffusion studies on pig skin model

The first set of diffusion studies using the MN pen was con-
ducted on an in vitro model consisting of pig skin mounted in
an in-line diffusion flow cell. Pig skin is commonly used for
estimation of in vitro human skin permeation behavior be-
cause they have similar surface lipids, barrier thickness, and
morphological aspects [43]. Before initiation of the IVPT pig
skin experiments, the cyberDerm evaporimeter was used to
measure the TEWL of pig skin, while varying theMN number
and length, to determine MN effects on skin permeability. In
addition, skin permeability changes were used to select opti-
mumMN parameters for TG pig skin studies (Table 1). As the
number and length of MNs increased so did the TEWL, or

skin permeability. The skin permeability data revealed that a
36 MN array insert having a length of 250 μm and being
applied for 30 s produced the most stable TEWL measure-
ments while keeping MN length at a minimum, making these
parameters most ideal for IVPT studies on pig skin.

After the optimum MN parameters were determined, TG
was collected on the pig skin. For this study, it is important to
note that a constant pump rate of 1 mL/h and constant tubing
size were used; therefore, variations in pressure between the
cells used for sample collection should not exist. Previous work
looked at the effects of osmotic pressure on flux within the
IVPT system [44]. When the viscosity of the donor solutions
was kept constant and osmotic pressure varied, the resulting
flux values showed no trend corresponding to varying osmotic
pressure within the system; therefore, if slight variances in pres-
sure occurred, they would have no effect on sample collection.

The pig skin used for the IVPT had an average thickness of
1.34 ± 0.11 mm. In addition, TEWL values were measured
with the cyberDerm evaporimeter to confirm MN penetration
through the full thickness pig skin. During the in vitro TG
diffusion studies, the permeability of the skin was seen to
increase with the use of MNs on the skin surface. TEWL of
uncompromised intact skin was measured to be on average
5.1 ± 1.1 g m−2 h−2 while the skin treated with an array of 36
MNs for 30 s was measured at 23.14 ± 6.48 g m−2 h−2. The
more than four times increase in TEWL with MN application
confirmed the successful penetration of the pig skin and in-
creased permeability with this minimally invasive technique.

The GBP biosensor was then used to measure TG samples
collected every 30 min through full thickness pig skin over a
3-h testing period. Glucose solutions corresponding to 3, 5,
10, 20, and 40 mM concentrations flowed under the dermal
side of the skin in the receiver chamber of the cell, all of which
are clinically significant blood glucose concentrations in the
pediatric age group. Transdermal samples were collected from
intact and MN-treated skin. Figure 4 compares the TG con-
centrations of intact skin to MN-treated skin for each millimo-
lar glucose concentration tested. For all millimolar glucose
concentrations, there is a statistically significant difference
observed between the measured TG of intact and MN-
treated skin (p ≤ 0.02, CI = 98%). The biosensor can differen-
tiate between the intact and MN skin when looking at individ-
ual mM concentrations, even at very low concentrations. This
distinction becomesmore evident as the glucose concentration
of the receiver solution increases moving from approximately
a unit increase at lower concentrations (3 mM: 4.3 ± 0.15 to
5.6 ± 0.59 μM) to an almost seven times increase at higher
concentrations (40 mM: 3.6 ± 0.08 to 25.9 ± 9.46 μM).

When keeping the skin treatment constant (intact or MN)
and varying the receiver glucose concentrations, we see the
benefit of theMN implementation. Figure 5a shows that when
looking at the TG of intact uncompromised skin samples, no
significant distinction can be made between the wide range of
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Fig. 3 Effect of diffusion coefficient on the calculated glucose
concentrations in the samples for intact pig skin and after MN application
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glucose concentrations (p > 0.05). Since full thickness skin is
being used and the stratum corneum is still present to act as a
permeability limitation, a longer sampling time may be re-
quired for intact skin measurements.

Alternatively, Fig. 5b looks at TGwhile varying the receiv-
er solution concentrations and keeping the MN treatment con-
stant. The MN-treated skin data reveals unsteady-state diffu-
sion of TG through full thickness pig skin in which TG con-
centration increases with time. It takes multiple hours for glu-
cose concentrations in the system to begin to level off and
reach a steady-state condition. It was observed that the slope
increases with increasing mM receiver solution concentration.
The calculated slopes provide the rate of increase in sample
glucose concentration in which the lowest concentration
(3 mM) has a rate of increase at 0.004 ± 0.006 μM min−1

and the highest concentration has one at 0.123 ±
0.066 μMmin−1. Similarly, when the TG diffusion rate versus
time was plotted (not shown), we see an increase in the diffu-
sion rate with time for each increase of the observed concen-
trations. The slopes calculated for this graph provide the dif-
fusion’s acceleration (μM/min−2) which also increase with
increasing mM receiver solution (not shown). Figure 6 shows
that when the slopes in Fig. 5b (rate of increase of TG) were
compared to corresponding mM concentrations of the receiver
solution, a significant positive linear correlation (r = 0.999,
p < 1 × 10−4, CI = 99.99%) was observed following the trend
[y = (0.003 ± 7.150E-5)x + (− 0.005 ± 0.001)]. The accelera-
tion of the TG diffusion rate also showed a linear correlation
to the mMglucose concentrations. Meaning instead of waiting
for the system to reach steady state, the initial rates, or slopes,

Table 1 Effects on TEWL, or
permeability of pig skin while
varying MN length, number, and
time of application

TEWL (g/m2*h) Standard deviation

9 MN array, 500 μm

Trial 1 (30 s)

Skin thickness 1.50 mm

Baseline (no MN) 3.13 0.03

MN 7.74 0.15

Trial 2 (30 s)

Skin thickness 1.19 mm

Baseline 3.22 0.07

MN 6.45 0.12

36 MN array, 250 μm

Trial 1 (30 s)

Skin thickness 1.29 mm

Baseline 3.13 0.15

MN 26.00 0.10

Trial 2 (30 s)

Skin thickness 1.53 mm

Baseline 3.00 0.11

MN 24.78 0.19

36 MN array, 500 μm

Trial 1 (30 s)

Skin thickness 1.33 mm

Baseline 2.26 0.11

MN 29.74 0.13

Trial 2 (30 s)

Skin thickness 1.56 mm
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can be used to determine mMglucose concentrations from TG
samples. This will be applicable for a point of care (POCT)
GBP biosensor setup that continuously measures glucose sim-
ilar to the biosensor setup described by Tiangco et al. [45].

Diffusion studies on healthy adults

In subsequent experiments, MNs were implemented into the
transdermal sampling protocol for multiple healthy adult sub-
jects. The change in the skin permeability with the implemen-
tation of MNs was determined by first measuring the skin dif-
fusivity, or TEWL. To determine the ideal position for MN
application on human subjects, the cyberDerm evaporimeter
was used for measuring TEWL at two different skin sites, while
varying number and length of MNs, as well as application time.
Because of its high TEWL values, the fingertip previously
showed success with noninvasive collection and measurement
of TG in adults [22]; however, due to the thickness of the
dermis at this site, no change in TEWL was observed with
the application of MNs (Table 2). In addition, subjects experi-
enced slight discomfort for MN lengths exceeding 250 μm. As
an alternative, the forearm was used as a testing site. As

expected, due to the presence of thinner dermis, the TEWL
increased with increasing application time, length of MNs,
and number of MNs (Table 2). Volunteers did experience slight
discomfort for MN application times greater than 30 s and
lengths exceeding 250 μm. For a 30-s application time, the 36
MN array showed an increase of TEWL from 3.73 to 21.06 g/
m2 h compared to the 9MN array that increased only from 4.66
to 10.04 g/m2 h. As a result, the 36 MN array, at a length of
250 μm, applied 30 s on the forearm was the most effective
with no discomfort to subjects. To confirm these optimumMN
parameters, TG samples were also measured on the forearm of
a healthy adult while varyingMN number and keeping the MN
length and application time constant.

During the fasting phase, TG samples were collected from
the forearm of a healthy adult after applying 250-μmMNs for

Table 2 TEWLmeasurement on adult subjects varyingMN application
site, application time, and number

Fingertip
(9 MN array, 250 μm)

MN application time (s) TEWL (g/m2*h) Standard deviation

0 (baseline) 44.66 5.35

5 44.55 0.45

30 37.01 1.83

Forearm
(9 MN array, 250 μm)

MN application time (s) TEWL (g/m2*h) Standard deviation

0 (baseline) 4.66 0.29

5 8.82 0.57

30 10.04 0.23

60 13.16 1.07

120 18.47 0.87

(9 MN array, 500 μm)

60 36.01 1.67

(36 MN array, 250 μm)

0 (baseline) 3.73 0.11

30 21.06 0.07

y = 0.003x - 0.005
r = 0.999

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0 10 20 30 40 50

Glucose Concentration of Receiving Solution
(mM)

R
at

e 
of

 In
cr

ea
se

 in
 T

G
 C

on
ce

nt
ra

tio
n

(µ
M

 m
in
-1

)

Fig. 6 Linear relationship observed when plotting receiving solution’s
mM concentrations to slope, or rate of increase in TG concentration
following trend y = (0.003 ± 7.150E-5) + (− 0.005 ± 0.001) with a
correlation coefficient of 0.999

0

5

10

15

20

25

30

Time (minutes)

Intact Full Thickness Pig Skin

3mM

5mM

10mM

20mM

40mM

0

5

10

15

20

25

30

0 100 200 0 50 100 150 200

Time (minutes)

MN Treated Full Thickness Pig Skin

3mM

5mM

10mM

20mM

40mM

a b

T
G

 C
on

ce
nt

ra
tio

n 
(µ

M
)

T
G

 C
on

ce
nt

ra
tio

n 
(µ

M
)

Fig. 5 TG concentrations (μM)
of (a) intact and (b) MN-treated
pig skin while varying receiving
solution concentration (mM)

Brown S. et al.



30 s. The tested MN array numbers included 0, 9, and 36
MNs. Figure 7 shows the measured TG concentrations asso-
ciated with varying the number of MNs. The observed con-
centrations support the previous conclusion from the TEWL
study that there is an increase in permeability of the skin with
the use of MNs. The completely noninvasive sampling result-
ed in a TG concentration of 4.02 μM for intact human skin.
When the MN array was applied, it was observed that there
was an increase in the TG concentration as the number of
MNs in the array increased. A maximum TG concentration
of approximately 8.76 μM was observed revealing a more
than double increase in TG concentration with the use of
MNs. Although the measured TG for MN-treated skin is sig-
nificantly higher than that of intact skin (p < 1 × 10−5), there
was no significant difference detected between the TG con-
centrations observed when the 9 and 36 MN arrays were ap-
plied (p > 0.05). Ultimately, the 36 MN array was chosen for
additional testing on human subjects due to there being no
associated discomfort with its use. Both the diffusivity mea-
surements and the corresponding TG measurements support
that MN implementation increases human skin permeability
allowing for detection of passively diffusing glucose.

Using the previously determined ideal MN parameters
(250 μm, 36MN array) and human skin testing site (forearm),
TG was collected on another healthy adult subject during an

OGTT. TG concentration and TEWL were monitored with
and without using MNs on an adult subject during phases of
fasting and high glucose levels. During this study, blood glu-
cose was measured and compared to that of the collected and
analyzed transdermal glucose. Transdermal samples were first
noninvasively collected on uncompromised human skin
(Fig. 8), followed by a minimally invasive collection using
the vibrating MN pen with a 36 MN array insert (Fig. 9).

As previously mentioned, TEWL was measured to
confirm penetration of MN through skin. For uncompromised
adult human skin, the average measured TEWL was
0.81 ± 0.27 g m−2 h. Upon application with a 36 MN array,
the TEWL increased almost 16 times to 13.53 ± 4.56 g m−2 h.
The decrease in these TEWL values compared to those pre-
sented in Table 2 can be partially attributed to a different
human subject being tested. In addition, a different
evaporimeter device (Delfin VapoMeter) was used in lieu of
accessibility issues to the originally used TEWL measuring
device; however, the observed trend (increase in TEWL with
MN application) for both devices remained similar.

The TG samples measured for both the intact and MN skin
during the OGTT show a trend compared to corresponding
blood glucose. Also, a statistically significant positive corre-
lation exists when the TG is compared to blood glucose
(r ≥ 0.95, p < 0.01, CI ≥ 99.7%), where the TG of intact
skin follows the trend [y = (0.921 ± 0.150)x + (− 1.231 ±
0.872)] and MN-treated skin follows the trend [y = (1.530 ±
0.217)x + (− 0.496 ± 1.247)]. The collected data also shows
that there is an almost doubling of TG concentration amounts
collected and measured when the 36 MN array is used. This
further supports what was previously observed for the TG con-
centrations of a fasting adult with and without the use of MNs.

For both the pig skin and human model, consistency of
sampling was considered and monitored. Although applied
MNpressure was not measured, diffusivitymeasurements were
used to establish consistency in diffusion rate change across the
skin barrier after MN application. We observed that after MN
application, the actual TEWL values and sample concentration
measured for pig and human skin showed larger deviation
compared to intact skin. An F test comparing variation in
TEWL for intact and MN-treated skin confirmed unequal
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variance in which there was higher variation in the TEWL
values for MN-treated skin. Although the adjustment ring of
the vibratingMN pen was designed to minimize issues of vary-
ing pressure application by physicians or users [46, 47], the
presented results suggest that some variance in applied pressure
was present during the study. This can explain the larger error
seen in sample concentrations collected from MN skin. The
pressure variability can be a result of the device’s vibrating
motion causing the adjustment ring to not sit consistently on
the skin surface. This suggests that a one-press MN application
system can possibly be used in the future to reduce this vari-
ability. Future work can look at implementing a lancing device
that allows for one-time insertion of needle instead of vibrating.
The presence of the adjustment ring can help to standardize the
starting position of the needles prior to insertion. The removal
of the vibrating motion can eliminate the issue for the adjust-
able ring to not consistently rest on skin surface.

Conclusion

In this work, we present a minimally invasive sampling
protocol that allows for tracking of blood glucose through
passively diffused transdermal glucose levels. The implemen-
tation of MNs allows for an increased permeability in the skin
models studied. There is an increase in the diffusion of glu-
cose across the skin because of the removal of the permeabil-
ity limitations caused by the stratum corneum. As a result,
higher concentrations of transdermal glucose can be collected
and measured by the highly sensitive GBP biosensor. The
micromolar sensitivity of the biosensor (Kd = 0.67) reduced
the ISF volume required for glucose analysis and minimized
the time required forMN application (30 s), which was shorter
than previously reported where the MNs were placed in the
skin anywhere from a few minutes up to an hour [32]. In
addition, because of the increased skin permeability and TG
diffusion, the transdermal sampling protocol collection time
can be decreased. MNs used for ISF glucose monitoring are
left in the skin for prolonged times and can result in skin
irritation. The shortened application time helps in reducing
this irritation. Also, the use of PBS buffer in the unique pro-
tocol reported here for TG collection allowed for passive

diffusion of ISF glucose, eliminating the need for vacuum
suction or other ISF extraction techniques. During the study,
the vibrating MN application did cause some variability in the
TEWL values measured, as seen by the large standard devia-
tion. Future work can involve using a one-press application
system to address this variability. In addition, studies on adult
subjects looking at additional sites for MN application may
help in optimizing thisminimally invasive technique for use in
the pediatric age group. The his-tagged micromolar biosensor
presented in this work can be immobilized and used with a
portable sensing fluorometer device at the point of care, mak-
ing this minimally invasive technology more ideal for use in
the PICU. The increased TG diffusion associated with
implementing MNs can help in shortening the time of the
sampling and measuring protocol to be used by caregivers in
the hospital.
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