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We report the terahertz time-domain spectroscopy (THz-TDS) of transdermal drug delivery in human
skin. The time evolution of transdermal nicotine delivery in nicotine patches was assessed by detecting
the transmission coefficient of sub-picosecond THz pulses and using a semi-analytic model based on the
single-layer effective medium approximation. Using commercial nicotine patches (Nicoderm CQ®, 7 mg/24
h), THz transmission coefficients were measured to quantitatively analyze the cumulative amounts of
nicotine released from the patches in the absence of their detailed specifications, including multilayer
structures and optical properties at THz frequencies. The results agreed well with measurements by
conventional in vitro and in vivo methods, using a diffusion cell with high-performance liquid
chromatography and blood sampling respectively. Our study revealed the ability of the THz-TDS method
to be an effective alternative to existing methods for noninvasive and label-free assessments of transdermal
drug delivery, showing its high promise for biomedical, pharmaceutical, and cosmetic applications.
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I. INTRODUCTION

Terahertz time-domain spectroscopy (THz-TDS) is a
coherent spectroscopic and non-ionizing radiation technique
that provides both amplitude and phase information, to
assess the complex refractive index of a medium. It has
offered high promise to probe low-frequency intermolecular
vibrational dynamics of biomolecules, providing functional
and structural information about biological materials [1, 2].
Recent advances in THz-TDS have opened up many oppor-
tunities in the fields of biomedicine and pharmaceutics.
Examples range from the biomedical imaging of articular
cartilage [3, 4], micrometastatic lymph nodes [5], breast
cancer [6], and porcine burn tissue [7], to the tomographic
imaging of transdermal delivery of topically applied drugs

8.

The transdermal drug delivery (TDD) systems, which
deliver therapeutically effective amounts of drugs through
the skin into the bloodstream, offer many pharmacological
advantages over oral and injectable routes, since they enable
noninvasive controlled drug delivery and do not require
premature hepatic first-pass metabolism [9, 10]. To study
TDD pharmacokinetics, the assessment of percutaneous
drug permeation is a critical step, and several in vitro and
in vivo methods have been reported. In vitro methods
estimate chemical diffusion of test substances across an ex
vivo skin to a fluid reservoir, for example, with the use of
Franz diffusion cells followed by high-performance liquid
chromatography (HPLC) analysis of the substances [11].
However, such in vitro methods are strongly dependent
on the environmental conditions such as temperature and
humidity [12]. In vivo methods measure the percutaneous
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absorption of drugs by sampling blood or excreta from live
animals; however, they require labeling, preferably radio-
labeling, of the substances for reliable data [13]. Therefore,
there is a strong need for more effective and efficient
methods that are noninvasive and enable label-free assess-
ments of the TDD efficiency.

Here we report new, label-free quantitative THz sensing
of percutaneous drug permeation, with nicotine patches
on human skin as a model TDD system. Nicotine, an
addictive chemical component of cigarettes, is well suited
for transdermal delivery to help reduce the craving for
cigarettes, since it penetrates skin easily. However, the
nicotine patch should deliver a prescribed amount over a
prolonged period, to avoid overdose symptoms such as
irregular heartbeat, nausea, and dizziness [14]. Hence, the
transdermal delivery with nicotine patches should be
carefully calibrated before their introduction to the market.
In this study, by integrating THz-TDS and a semi-analytic
approximate model, we demonstrate that transdermal nicotine
delivery can be quantitatively assessed without requiring
labels (i.e., radioisotopes, fluorophores, efc.) and detailed
information on the patch’s physical and optical features.

II. MATERIALS AND EXPERIMENT

Transmission measurements are performed using a
standard THz-TDS system. Briefly, THz pulses are
generated using an InAs wafer pumped by a Ti:sapphire
laser with a pulse width of 100 fs, and detected by a
photoconductive antenna fabricated on a low-temperature-
grown GaAs substrate. The THz pulses are collimated and
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focused by off-axis parabolic mirrors to construct a THz
confocal system. To test the sensing capability of our
THz-TDS system, a commercial nicotine patch (Nicoderm
CQ®, Alza Corp., Vacaville, CA), with a nicotine dose of
7 mg per 24 h (NDC 0067-5124-14) is used. The nicotine
patch is a reservoir-type passive TDD system, with a
multi-layer structure that consists of a protective backing
layer, a nicotine-containing reservoir layer, a rate-controlling
membrane, and an adhesive layer (Fig. 1(a), upper panel),
according to the manufacturer’s specifications [15]. How-
ever, detailed material specifications of the commercial
nicotine patches, such as structural features (compositions,
layer thicknesses, etc.) and optical properties, are not
available because they are proprietary information. The
patch area and thickness were estimated to be 3 x 2.5 ¢cm’
and 250 pum, respectively.

Three nicotine patches are applied to the forearm of a
healthy Asian subject (male, 26 years old, 65 kg) and
sequentially removed at intervals of 8 h, as shown in the
lower panel of Fig. 1(a). The total daily nicotine dose to
the subject is 14 mg, which is less than the recommended
maximum daily adult dose (21 mg) for smoking cessation
by the manufacturer [14]. All experiments are performed
in compliance with the guidelines set by the Institutional
Biosafety Committee (IBC) at the Pohang University of
Science and Technology and were approved by the IBC.
THz transmission measurements are carried out for all
three patches, removed at the designated intervals, and a
fresh patch (control) by placing them on a copper plate
with a rectangular aperture, as shown in the lower panel
of Fig. 1(b).
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FIG. 1. (a) Cross-sectional schematic of a nicotine patch on human skin (top), and nicotine patches applied to the forearm of an Asian
subject (male, 23 years old, 65 kg) (bottom). (b) Cross-sectional schematic of a nicotine patch removed from the skin at a designated
time interval (top), and a schematic of a patch mounted on a copper plate with a rectangular aperture for THz transmission

measurements.
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III. RESULTS AND DISCUSSION

In principle, the transfer matrix method (TMM) [16]
could be used for the quantitative analysis of the
multi-layer structure in the nicotine patches. However, the
TMM analysis requires detailed information about the
patches, such as thicknesses and THz refractive indices of
the polymer layers, which are not readily available for
commercial nicotine patches. Instead, we develop a
semi-analytic approximate method and show that the time
evolution of the cumulative amounts of nicotine (CAN)
can be estimated by using a single-layer model based on
an effective medium approximation (EMA) even when
information about the properties of materials such as layer
thicknesses, structural compositions, and THz properties
are not available.

Figure 2 shows the THz transmission signals in the time
and frequency domains. The first (single-pass) THz pulses
transmitted through the four patches, including the fresh
patch, lag the air signal by #,;~0.43 ps, and the time
delay between the first and second (double-pass) THz
pulses is #>~2.43 ps for all four patches (Fig. 2(a)),
indicating that the multilayered structure has a low index
contrast. As a result, the internal Fabry-Perot effect due to
the multilayered structure is not significant, and the positive
peaks of the THz pulses monotonically increase with the
application time of the nicotine patch (Fig. 2(a), inset). This
implies that the THz absorption by nicotine is reduced as
the amount of nicotine in the reservoir layer decreases.
During transdermal delivery, the refractive indices of the
layers, except for the nicotine-containing layer, should
remain relatively constant; thus the effective refractive
index ny of the nicotine patch is given approximately by
neg =1+ cty)/d, where ¢ is the speed of light in vacuum.
Using the measured values for #; and d, ner is estimated
to be ~1.51, which is very close to the THz refractive
indices of ~1.5 for nicotine [17] and commonly used
plastic films [18]. The patch’s structural composition is not
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available; however, assuming that one of the common
polymers is used in the commercial nicotine patches, this
strongly supports the validity of the single-layer EMA-
based model, since the effect of internal multiple reflections
between layers is not significant with low index contrast.

Furthermore, as shown in the inset of Fig. 2(a), the THz
transmission coefficient increases at a small rate of about
2% on average for each interval of Ar=8 h, indicating a
nearly piecewise-linear increase of the THz transmission
coefficient with respect to patch application time. Accor-
dingly, we propose a piecewise-linear model for the time
evolution of transdermal nicotine delivery

m m

i=1 i=1

where 7T, is the THz transmission coefficient in the m™
time interval (m=1, 2, 3), Ty is the transmission coefficient
for the fresh patch, and AT; is an increment of THz
transmission with increment rate 4;=AT; /At, for the ™
time interval (i=1, 2, 3) of 8 h. Using the piecewise-linear
model, we can also define the CAN as

M, = EAM,- = f]B,.AT,. , o)
i=1

i=1

where M, is the total nicotine mass delivered to the blood
at the end of the m™ time interval (m=1, 2, 3), and AM,
and B;=AM,; /AT; are and increment of nicotine mass
delivered to blood and the transmission-to-mass conversion
factor for the /™ time interval (i=1, 2, 3) of 8 h,
respectively.

Figure 3 shows the CAN curves calculated on the basis
of time-domain (positive peaks of THz pulses) and
frequency-domain (spectral amplitudes at 0.4, 0.5, and 0.9
THz) data, as well as the previously reported data with a
nicotine dose of 30 mg per 24 h [19] estimated by the
conventional in vitro and in vivo methods, for direct
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FIG. 2. THz transmission signals, in the (a) time and (b) frequency domains, for air reference (black solid line), a fresh (i.e. 0-h) patch
(cyan solid line), a patch after 8-h application (green solid line), a patch after 16-h application (blue solid line), and a patch after 24-h

application (red solid line).
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comparison. Table 1 shows the normalized increments of
transmission coefficients, increment rates, transmission-to-
mass conversion factors, and CANs in the frequency and
time domains used in Fig. 2(b). The results indicate that
our THz-TDS data agree well with those of the previously
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reported conventional methods. In particular, the CAN
curve based on time-domain data (red solid line) showed
excellent agreement with the results of the conventional
methods, and lies between the curves of the conventional
in vitro (yellow dashed line) and in vivo (brown dashed
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FIG. 3. Cumulative amount of nicotine (CAN) released from (a) the nicotine patches on the basis of spectral amplitude at 0.4 THz
(green solid line and solid diamonds), 0.5 THz (black solid line and solid triangles), and 0.9 THz (blue solid line and solid squares),
and time-domain positive peaks (red solid line and solid circles) from THz transmission measurements, and (b) previously reported
in vitro data (yellow dashed line and hollow triangles) and previously reported in vivo data (brown dashed line and hollow circles) [19].
Note that a nicotine dose of 7 mg per 24 h is used in this study, but that the in vitro and in vivo data from [19] are based on nicotine

doses of 30 mg per 24 h.
TABLE 1. Parameters used in CAN estimations of nicotine patches
Time domain Frequency domain
(positive peak) 0.4 THz 0.5 THz 0.9 THz
AT/ T, 0.028 0.015 0.016 0.054
Increment of THz AT T, 0.015 0.012 0.019 0.019
transmission signal
AT/ T, 0.011 0.003 0.00002 0.007
A, 0.02 0.02 0.02 0.04
Increment rate
A
(1/hour) 2 0.01 0.01 0.02 0.01
A 0.01 0.003 0.00002 0.01
Transmission-to-mass B, 25.29 27.96 26.79 14.38
conversion factor B, 35.60 30.18 18.79 15.04
-1
(mg") B, 27.42 24.67 45.54 11.86
Cumulated amount of My 321 3.55 3.82 4.74
nicotine (CAN) M, 5.68 6.48 6.99 6.52
(mg) M, 7.00 7.00 7.00 7.00
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line) methods.

One notable feature of the THz-TDS measurements is
that the CAN curves tend to saturate over time, which is
very similar to the results measured by the conventional
in vitro method for assessing residual nicotine masses in
the patches, or by the conventional in vivo method for
measuring nicotine concentration in the blood. This implies
that our THz-TDS-based approach could serve as a viable
alternative to the conventional methods, particularly in vivo
methods, by enabling noninvasive, label-free, and quanti-
tative analyses of the TDD efficiency. However, additional
animal and human model studies are necessary for further
validation of the efficacy of the THz-TDS-based approach
presented in this study, and for its further optimization and
generalization to other TDD systems.

IV. CONCLUSION

We performed a label-free THz-TDS to study the trans-
dermal nicotine delivery in commercial nicotine patches on
human skin. We developed a piecewise-linear model based
on an effective medium approximation to facilitate the
quantitative analyses of CAN released from the nicotine
patches, without detailed information on their structural
and optical properties. The THz-TDS data were in good
agreement with measurements by the conventional in vitro
and in vivo methods. Hence, although additional validations
are required in more animal and human models, our
proposed method has demonstrated high promise for non-
invasive and quantitative label-free TDD assessments,
further encouraging the exploration of THz-TDS techniques
for biomedical, pharmaceutical, and cosmetic applications
among many others.
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