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Abstract: Skin penetration analysis of topically applied drugs or active compounds is essential
in biomedical applications. Stimulated Raman scattering (SRS) microscopy is a promising
label-free skin penetration analysis tool. However, conventional SRS microcopy suffers from
limited signal contrast owing to strong background signals, which prevents its use in low-
concentration drug imaging. Here, we present a skin penetration analysis method of topical
agents using recently developed phase-modulated SRS (PM-SRS) microscopy. PM-SRS uses
phase modulation and time-resolved signal detection to suppress both nonlinear background
signals and Raman background signals from a tissue. A proof-of-concept experiment with a
topically applied skin moisturizing agent (ectoine) in an in vitro skin tissue model revealed that
PM-SRS with 1.7-ps probe delay yields a signal contrast 40 times higher than that of conventional
amplitude-modulated SRS (AM-SRS). Skin penetration measurement of a topical therapeutic
drug (loxoprofen sodium) showed that the mean drug concentration at the tissue surface layer after
240 min was 47.3± 4.8 mM. The proposed PM-SRS microscopy can be employed to monitor
the spatial and temporal pharmacokinetics of small molecules in the millimolar concentration
regime.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The current focus of dermatological, pharmaceutical, and cosmetic research and development is
on the skin penetration of topically applied chemicals [1–3]. Testing the skin penetration of target
molecules is an essential step in the early-stage screening of topical drugs and skincare-product
development. The data obtained from penetration analysis would advance our understanding of
the efficacy of topical drugs and skin care formulations or the risk of potentially toxic ingredients.

Skin is an effective barrier that protects living organisms from environmental, physical, and
chemical stresses. The barrier function resides primarily in the stratum corneum (SC), a superficial
layer of the epidermis composed of cornified keratinocytes surrounded by multilamellar lipid
membranes. This layer acts as the first line of defense against the entry of extraneous chemicals.
Penetration through the skin barrier is generally complex and difficult to predict because it
depends on numerous factors, such as physicochemical properties of substances (molecular
weight and lipophilicity), the formulation used, the anatomical site of application, and the
physiological state of the skin [3]. Therefore, a rapid, quantitative test platform for analyzing
skin penetration is highly desirable.

Conventional analytical approaches include tape stripping [4], Franz diffusion cells [5], and
confocal Raman microscopy [6,7]. Tape stripping, which sequentially removes SC layers with
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adhesive tape, is a well-established method to examine the localization of substances. Although
this technique enables depth profiling, it is destructive and, therefore, cannot be employed
directly to monitor the transport of substances at the same position. The Franz cell diffusion
method, an in vitro skin permeation assay, is widely employed to predict the diffusion kinetics of
applied chemicals. However, it lacks spatial resolution to analyze the microscopic localization of
substances in tissues. Confocal Raman microscopy has been recognized as a powerful tool for
analyzing skin penetration because it provides non-destructive depth-profiling capabilities with
micrometer-scale spatial resolution. In addition, this analysis technique allows direct chemical
analysis based on label-free vibrational spectroscopy, without perturbing the pharmacokinetics and
physiological activities of small molecules. Nevertheless, because confocal Raman microscopy
relies on the weak signal generated via the spontaneous Raman scattering process, it typically
requires a long data acquisition time; thus, it does not support real-time depth imaging.

As solutions to the speed limitation, coherent Raman scattering microscopy methods such
as coherent anti-Stokes Raman scattering (CARS) [8–10] and stimulated Raman scattering
(SRS) [11–15] have attracted increasing attention. These nonlinear microscopy techniques offer
amplification of the Raman signal by several orders of magnitude via coherent excitation of
molecular vibrations using ultrashort laser pulses, enabling real-time chemical imaging in a
purely non-labeled manner. CARS and SRS microscopy have been applied to the imaging of
topically applied drugs and active compounds [11,14,15].

Despite these advantages, quantitative skin penetration measurement techniques using con-
ventional coherent Raman microscopy remain challenging, especially when the local chemical
concentration in the tissue is in the practical range (typically tens of millimolar or less). This is
because the weak signal of the target chemical is often shadowed by strong background signals.
In CARS microscopy, the non-resonant background signal interferes with and distorts the Raman
spectrum of the sample [9,16]. Conventional amplitude-modulated SRS (AM-SRS) microscopy
is also affected by nonlinear background signals generated via other competing nonlinear
pump–probe processes [17,18]. In addition, SRS signals from major intrinsic biomolecules in a
tissue, such as lipids, proteins, and water, are considered as background signals, which inevitably
overlap with the weak signals of interest. Thus, conventional coherent Raman microscopy that
probes a single vibrational frequency suffers from a limited signal contrast, which prevents it
from being used for practical skin penetration analysis. To overcome this limitation, we recently
developed phase-modulated SRS (PM-SRS) microscopy [19,20]. The principle of this new
imaging method is to remove background signals using phase modulation and time-resolved
detection. Previous work has shown that AM-induced nonlinear background signals can be
removed using PM heterodyne detection of vibrational signals. Moreover, the background
Raman signals from a tissue can also be suppressed by time-resolved SRS signal detection with
tailored pump and probe pulses. However, the detectability of the new microscopy technique for
low-concentration drug imaging applications has not been demonstrated.

In this study, we report a label-free, depth-resolved SRS imaging technique of topical skin agents
in an in vitro skin tissue model. We show that PM-SRS microscopy satisfies the requirements
for a practical skin penetration analysis: (i) quantitative measurement capability (enhanced
signal contrast) and (ii) high detectability (a low limit of detection) without using any labeled
tracers. As a proof-of-concept experiment, we first present the skin penetration measurement
of a skin moisturizing agent in an aqueous solution. Our focus here is on comparing the signal
contrast of PM-SRS with that of conventional AM-SRS in spectroscopy and imaging experiments,
highlighting the advantages of PM-SRS for quantitative chemical measurements in a tissue. To
further demonstrate the high detectability of the PM-SRS microscopy, we observed the penetration
profiles of a topically applied local anesthetic drug and a nonsteroidal anti-inflammatory drug.
We show that the diffusion kinetics of these drug molecules in the skin tissue model can be
continuously monitored in the millimolar concentration regime.
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2. Methods

Figure 1(a) illustrates the setup of skin penetration measurement based on SRS microscopy. The
donor aqueous solution sample was applied to an in vitro three-dimensional (3D) skin tissue
model (Epiderm Epi-606X, Mattek) placed on a microscope glass slide. The receiver solution
(1× phosphate saline buffer) was filled under the tissue to facilitate penetration (see Supplement 1
for details). SRS microscopy provides depth-resolved vibrational signal contrast via the nonlinear
optical effect at the tightly focused beam spot. A two-dimensional (2D) depth image was acquired
by raster scanning of the sample stage along the XZ direction. To analyze skin penetration based
on SRS imaging, the distribution of the target molecules (the chemical map) needs to be drawn
on the corresponding tissue structure data. In addition, the sample deformation or drift must
be monitored during time-lapse imaging for accurate depth-profiling analysis. To address these
requirements, confocal-reflection imaging is used to capture the layered structure of the skin
tissue model, and the SRS image is superimposed on the confocal-reflection image, as shown in
Fig. 1(a).

The microscopy system offers two SRS microscopy modes—the AM-SRS mode (Fig. 1(b))
and the PM-SRS mode (Fig. 1(c)). The principles of the two SRS methods have been described
elsewhere [19] and in Supplement 1. A clear advantage of the PM-SRS over the AM-SRS is
its superior background suppression capability. Through PM heterodyne signal detection, the
PM-SRS rejects background signals due to competing nonlinear effects in AM-SRS, such as
cross-phase modulation. Moreover, PM-SRS suppresses the Raman background signals with
a short coherence lifetime from tissue components such as proteins and lipids. This feature
can be understood by focusing on the difference in the excitation and detection processes of
the two SRS microscopies in the time domain. In the AM-SRS, both excitation and detection
of molecular vibrations are provided by two pulses (pump and Stokes). In the PM-SRS mode,
however, these processes are temporally separated and the molecular vibration initiated by an
impulsive pump/Stokes excitation pulse is heterodyne-detected using a pair of temporally delayed
probe pulses (the PM probe and the local oscillator (LO) probe). The time-resolved signal
detection with time-asymmetric probe pulses, which are delayed typically by 0.5−2.0 ps with
respect to the impulsive pump/Stokes pulse, enhances the specific molecular vibrations with a
long coherence lifetime. Therefore, PM-SRS suppresses the broadband (short-lived) spectral
background signals from unwanted tissue Raman scattering and selectively detects the target
narrowband (long-lived) signal with a superior signal-to-background ratio (S/B).

Figure 1(d) shows the optical setup of the dual AM-/PM-SRS microscope (Supplement 1).
A near-infrared broadband pulse generated by a Ti:sapphire oscillator (Vitara, Coherent) was
split into three pulses (P0, P1, and P2). The P1 pulse was phase-modulated in the PM mode,
and the P2 pulse was amplitude-modulated in the AM mode. The pulse shaper, consisting of
chirped mirrors and a 4f-optics with a spatial light modulator, produces a femtosecond P0 pulse
(∼15 fs) for impulsive excitation used in the PM mode. Strong linear and nonlinear chirps are
added to the P1 and P2 pulses to stretch and shape them to be temporally asymmetric picosecond
pulses (rise time: 0.4 ps, fall time: 1.9 ps), providing a fine spectral resolution of ∼25 cm−1 via
spectral-focusing [20]. The combined beams were focused onto the sample using an objective lens
with NA= 0.50. After the sample, the P0 excitation pulse was blocked using a crossed polarizer.
The LO beam transmitted through the sample ILO contained a weakly intensity-modulated signal
∆I generated via SRS. The output signal on the LO, which is proportional to the concentration
of the target chemical compound, was detected by a photodiode and demodulated by a lock-in
amplifier. The microscopic system can be switched between the two SRS modes by turning
the impulsive excitation pulse on and off, driving either the amplitude or phase modulator, and
selecting a detection filter that blocks the P2 and P1 pulses, respectively. The parameters for each
detection mode are presented in Table 1.

https://doi.org/10.6084/m9.figshare.16578920
https://doi.org/10.6084/m9.figshare.16578920
https://doi.org/10.6084/m9.figshare.16578920
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In confocal-reflection imaging, the backscattered light from the tissue is collected and 
detected using the confocal detection unit in front of the microscope entrance (a polarizing 
beam splitter and a quarter waveplate are inserted on the beam path). In the 3D skin tissue 
model, a strong confocal-reflection signal is observed at the middle of the SC layer and the 
liquid–tissue interface at the bottom tissue, respectively, owing to the large mismatch in 
refractive indices. These signals are used to identify the thickness and local microstructure of 
the tissue (Fig. S2).

Fig. 1. Skin penetration test platform based on SRS microscopy. (a) Schematic illustration
of the experimental setup. (b)-(c) The process of (b) AM-SRS and (c) PM-SRS, where the
diagram of frequency (ω) vs. group delay (τ) and the corresponding temporal pulse shape
(left), the RF modulation scheme (upper right), and a typical spectrum (bottom right) are
illustrated, respectively. (d) Optical layout of the dual AM-SRS/PM-SRS microscopy system
(ISO: optical isolator, BPF: bandpass filter, PBS: polarizing beam splitter, λ/2: half waveplate,
λ/4: quarter waveplate, EOM1: PM-electro-optic modulator, EOM2: AM-electro-optic
modulator, DM: dichroic mirror, GW: glass window, OBJ: objective lens, PD1 and PD2:
photodiodes, PH: pinhole). For confocal-reflection imaging, a PBS and a quarter waveplate
were inserted on the beam path in front of the entrance of the microscope. The beam paths of
the AM-SRS, PM-SRS and confocal-reflection microscopy modes are illustrated in Fig. S1.
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Table 1. Detection modes and parameters of the SRS microscopeTable 1. Detection modes and parameters of the SRS microscope

Detection mode P0 pulse
(femtosecond)

P1 pulse
(picosecond)

P2 pulse
(picosecond)

Detection 
filter

Pump–probe 
delay

AM-SRS -- Pump
(LO)

Stokes
(AM: 1 MHz
sinusoidal)

Bandpass,
blocking P2

Zero

PM-SRS Pump/Stokes
(impulsive)

PM probe
(PM: 100 kHz
sawtooth)

LO probe Long-pass,
blocking P1

Tunable

In confocal-reflection imaging, the backscattered light from the tissue is collected and 
detected using the confocal detection unit in front of the microscope entrance (a polarizing 
beam splitter and a quarter waveplate are inserted on the beam path). In the 3D skin tissue 
model, a strong confocal-reflection signal is observed at the middle of the SC layer and the 
liquid–tissue interface at the bottom tissue, respectively, owing to the large mismatch in 
refractive indices. These signals are used to identify the thickness and local microstructure of 
the tissue (Fig. S2).

3. Results
3.1. High-contrast depth imaging of a skin moisturizing agent by PM-SRS

First, to show the performance of quantitative measurement of the PM-SRS, we examined the 
penetration of ectoine, an amino acid derivative widely utilized as a skin moisturizing agent, 
using an in vitro skin tissue model. Here, we focus on comparing the signal contrast of the PM-
SRS with that of the conventional AM-SRS. The vibrational spectra of 10% aqueous ectoine 
solution and pure water acquired with the two different SRS modes are compared in Fig. 2(a). 
The AM-SRS spectrum includes intense background signals generated by the AM-induced 
nonlinear effects (primarily due to cross-phase modulation). The S/B of the AM-SRS at the 
most prominent Raman peak (C–COO- stretching vibration at 848 cm-1) was less than unity 
(~0.68) despite the high concentration. In contrast, the spectrum obtained via the PM-SRS mode 
exhibited an enhanced peak at 848 cm-1 with a flat background signal baseline close to the zero 
level. Thus, the PM-SRS signal was proportional to the ectoine concentration (Fig. 2(b)), which 
enabled image-based chemical measurements without offset correction.

The high-contrast feature of the PM-SRS can be highlighted in tissue imaging. Figure 2(c) 
shows the PM-SRS images acquired 15 min, 60 min, and 180 min after applying the 10% 
ectoine solution, respectively, and Fig. 2(d) shows the AM-SRS image acquired after 180 min. 
Each SRS image is superimposed over the confocal-reflection image to aid the visualization of 
the layer structure. The changes in the surface position and thickness, presumably due to sample 
drift and deformation, were visible in the confocal-reflection image. The probe delay time in 
the PM-SRS imaging was set to be 1.7 ps to balance the S/B and sensitivity (Fig. S6). The AM-
SRS image clearly lacks the vibrational signal contrast even in the vicinity of the superficial 
SC layer, whereas the PM-SRS images display a high-contrast 2D distribution of ectoine 
without being affected by the background signals. Figure 2(e) shows a PM-SRS image at 848 
cm-1 with a blank (0%) donor solution. The control experiment verified that the tissue Raman 
background signal was removed using the delayed probe pulses. The S/B in the skin penetration 
experiment is defined as the SRS signal in the donor solution divided by the mean tissue 
background signal at the upper SC layer. In the tissue imaging of ectoine, the S/B of the AM-
SRS image was 0.40, whereas that of the PM-SRS image was 16; thus, PM-SRS provided a 40 
times higher signal contrast. The results suggest that PM-SRS microscopy can be used to depict 
a quantitative concentration map in a tissue. The time-lapse PM-SRS images shown in Fig. 2(c) 
reveal that the ectoine molecules penetrate the tissue within 180 min (Visualization 1).

In confocal-reflection imaging, the backscattered light from the tissue is collected and detected
using the confocal detection unit in front of the microscope entrance (a polarizing beam splitter
and a quarter waveplate are inserted on the beam path). In the 3D skin tissue model, a strong
confocal-reflection signal is observed at the middle of the SC layer and the liquid–tissue interface
at the bottom tissue, respectively, owing to the large mismatch in refractive indices. These signals
are used to identify the thickness and local microstructure of the tissue (Fig. S2).

3. Results

3.1. High-contrast depth imaging of a skin moisturizing agent by PM-SRS

First, to show the performance of quantitative measurement of the PM-SRS, we examined the
penetration of ectoine, an amino acid derivative widely utilized as a skin moisturizing agent,
using an in vitro skin tissue model. Here, we focus on comparing the signal contrast of the
PM-SRS with that of the conventional AM-SRS. The vibrational spectra of 10% aqueous ectoine
solution and pure water acquired with the two different SRS modes are compared in Fig. 2(a). The
AM-SRS spectrum includes intense background signals generated by the AM-induced nonlinear
effects (primarily due to cross-phase modulation). The S/B of the AM-SRS at the most prominent
Raman peak (C–COO− stretching vibration at 848 cm−1) was less than unity (∼0.68) despite
the high concentration. In contrast, the spectrum obtained via the PM-SRS mode exhibited an
enhanced peak at 848 cm−1 with a flat background signal baseline close to the zero level. Thus,
the PM-SRS signal was proportional to the ectoine concentration (Fig. 2(b)), which enabled
image-based chemical measurements without offset correction.

The high-contrast feature of the PM-SRS can be highlighted in tissue imaging. Figure 2(c)
shows the PM-SRS images acquired 15 min, 60 min, and 180 min after applying the 10% ectoine
solution, respectively, and Fig. 2(d) shows the AM-SRS image acquired after 180 min. Each
SRS image is superimposed over the confocal-reflection image to aid the visualization of the
layer structure. The changes in the surface position and thickness, presumably due to sample
drift and deformation, were visible in the confocal-reflection image. The probe delay time in the
PM-SRS imaging was set to be 1.7 ps to balance the S/B and sensitivity (Fig. S6). The AM-SRS
image clearly lacks the vibrational signal contrast even in the vicinity of the superficial SC layer,
whereas the PM-SRS images display a high-contrast 2D distribution of ectoine without being
affected by the background signals. Figure 2(e) shows a PM-SRS image at 848 cm−1 with a
blank (0%) donor solution. The control experiment verified that the tissue Raman background
signal was removed using the delayed probe pulses. The S/B in the skin penetration experiment
is defined as the SRS signal in the donor solution divided by the mean tissue background signal
at the upper SC layer. In the tissue imaging of ectoine, the S/B of the AM-SRS image was
0.40, whereas that of the PM-SRS image was 16; thus, PM-SRS provided a 40 times higher
signal contrast. The results suggest that PM-SRS microscopy can be used to depict a quantitative
concentration map in a tissue. The time-lapse PM-SRS images shown in Fig. 2(c) reveal that the
ectoine molecules penetrate the tissue within 180 min (Visualization 1).

https://doi.org/10.6084/m9.figshare.14920725
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in Fig. 2(c) reveal that the ectoine molecules penetrate the tissue within 180 min (Visualization 
1).

Fig. 2. SRS images of a skin moisturizing agent: (a) AM- and PM-SRS spectra of 10% ectoine 
solution (solid lines) and pure water (dashed lines). (b) PM-SRS versus ectoine concentration. 
(c-e) XZ depth images showing SRS signal intensity at 848 cm-1 (green) overlaid with the 
confocal-reflection signal (red hot) at different times after applying the ectoine solution: (c) 
PM-SRS at 15 min, 60 min, and 180 min (See Visualization 1), (d) AM-SRS at 180 min, and 
(e) PM-SRS control (no ectoine). The scale bar is 50 μm.

3.2. Label-free skin penetration analysis of topically applied drugs

Next, the developed label-free skin penetration test platform based on high-contrast SRS 
imaging was validated through pharmacokinetic analysis of the topically applied drugs. To 
evaluate the detectability of small-molecule drugs in a tissue at a low concentration, we 
analyzed the penetration profile of an aqueous solution of lidocaine hydrochloride (LID) and 
loxoprofen sodium (LOX). LID is a local anesthetic of the amide type, and LOX is a 

Fig. 2. SRS images of a skin moisturizing agent: (a) AM- and PM-SRS spectra of 10%
ectoine solution (solid lines) and pure water (dashed lines). (b) PM-SRS versus ectoine
concentration. (c-e) XZ depth images showing SRS signal intensity at 848 cm−1 (green)
overlaid with the confocal-reflection signal (red hot) at different times after applying the
ectoine solution: (c) PM-SRS at 15 min, 60 min, and 180 min (See Visualization 1), (d)
AM-SRS at 180 min, and (e) PM-SRS control (no ectoine). The scale bar is 50 µm.

3.2. Label-free skin penetration analysis of topically applied drugs

Next, the developed label-free skin penetration test platform based on high-contrast SRS imaging
was validated through pharmacokinetic analysis of the topically applied drugs. To evaluate
the detectability of small-molecule drugs in a tissue at a low concentration, we analyzed the
penetration profile of an aqueous solution of lidocaine hydrochloride (LID) and loxoprofen sodium
(LOX). LID is a local anesthetic of the amide type, and LOX is a nonsteroidal anti-inflammatory
drug in the propionic acid derivative group, both of which are commonly used as pain relief
medicine.

https://doi.org/10.6084/m9.figshare.14920725
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Prior to the penetration analysis, the spontaneous Raman spectra of the test samples and the
skin tissue model were measured using a customized confocal Raman microscope with 532-nm
excitation (Fig. 3(a), see Supplement 1). The corresponding PM-SRS spectra with a 1.7 ps
probe delay were also measured (Fig. 3(b)). The spontaneous Raman spectrum of the skin tissue
model contained congested Raman spectral lines. However, in the PM-SRS, most Raman signals
from the skin tissue were suppressed by the time-resolved detection, except a narrowband peak
signal at 1004 cm−1 (phenyl ring breathing) from the protein components. The resonant Raman
peaks from cytochrome c at 750, 1130, and 1314 cm−1 were also suppressed due to near-infrared
excitation. The PM-SRS spectra of the LID and the LOX featured their specific Raman peaks at
1092 cm−1 (methyl rock, CH2 twist) and at 1184 cm−1 (C−C stretching), respectively. These
intrinsic Raman peaks were used as signatures in the label-free skin penetration analysis.

signals from the skin tissue were suppressed by the time-resolved detection, except a 
narrowband peak signal at 1004 cm-1 (phenyl ring breathing) from the protein components. The 
resonant Raman peaks from cytochrome c at 750, 1130, and 1314 cm−1 were also suppressed 
due to near-infrared excitation. The PM-SRS spectra of the LID and the LOX featured their 
specific Raman peaks at 1092 cm-1 (methyl rock, CH2 twist) and at 1184 cm-1 (C−C stretching), 
respectively. These intrinsic Raman peaks were used as signatures in the label-free skin 
penetration analysis.

Figures 3(c) and 3(d) display the drug penetration images of 4% LID (148 mM) and 4% 
LOX (131 mM) acquired by the combined PM-SRS and confocal-reflection microscopy, 
respectively. Both SRS images provided high S/B values (LID: 22 and LOX: 17). The LID 
images showed no significant changes within 240 min, whereas the LOX image after 240 min 
depicted a spatial overlap of the SRS signal with the confocal-reflection signal at the SC layer, 
suggesting that the tissue is more permeable to LOX molecules.

Fig. 3. Label-free skin penetration measurement of topically applied drugs: (a-b) Raman spectra 
of lidocaine hydrochloride (LID), loxoprofen sodium salt (LOX), and an untreated skin tissue 
model (STM) measured using (a) spontaneous Raman spectroscopy and (b) PM-SRS. (c-d) PM-
SRS skin penetration images captured at 30 min and 240 min after applying (c) 4% LID and (d) 
4% LOX solutions. The scale bar is 50 μm.

Fig. 3. Label-free skin penetration measurement of topically applied drugs: (a-b) Raman
spectra of lidocaine hydrochloride (LID), loxoprofen sodium salt (LOX), and an untreated
skin tissue model (STM) measured using (a) spontaneous Raman spectroscopy and (b)
PM-SRS. (c-d) PM-SRS skin penetration images captured at 30 min and 240 min after
applying (c) 4% LID and (d) 4% LOX solutions. The scale bar is 50 µm.

https://doi.org/10.6084/m9.figshare.16578920
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Fig. 4. Skin penetration analysis: (a) 1D PM-SRS depth profiles of the LID and the LOX with 
different measurement times (the negative-control profile with 0% solution is also shown), and 
(b) the difference depth profiles after the baseline profile was subtracted. The dotted vertical line 
represents the estimated top surface position of the skin tissue model. (c) Time course of the 
mean difference SRS intensity (averaged over the depth from −5 μm to +5 μm) in the skin tissue 
penetration of the drug molecules. The right vertical axis shows the corresponding millimolar 
concentration change. The error bars show ±2× the standard errors, representing the system noise 
of the SRS microscopy.

To analyze the details of the penetration kinetics in the tissue in the low-concentration 
regime, the one-dimensional (1D) depth profile was calculated from the XZ image data (Fig. 
4(a)), where the origin of the relative depth, Zr, was defined as the uppermost peak position of 
the confocal-reflection signal profile along the Z-axis. The relative position of the tissue top 
surface was estimated to be Zr = −6 µm (shown as dotted lines in Fig. 4(a), see Fig. S4 for 
details). The SRS signal intensity ΔI / ILO, which is proportional to the concentration, was 
normalized using the signal level of the donor solution (4% LID: ΔI / ILO = 5.9 × 10−7, 4% LOX: 
ΔI / ILO = 7.7 × 10−7). To quantify the local concentration in the tissue, the depth-dependent 
signal loss due to scattering was also corrected using the non-resonant background signal 
acquired in the PM-SRS mode with no probe time delay (Fig. S5). In the LID case, all drug 

Fig. 4. Skin penetration analysis: (a) 1D PM-SRS depth profiles of the LID and the LOX
with different measurement times (the negative-control profile with 0% solution is also
shown), and (b) the difference depth profiles after the baseline profile was subtracted. The
dotted vertical line represents the estimated top surface position of the skin tissue model. (c)
Time course of the mean difference SRS intensity (averaged over the depth from −5 µm to
+5 µm) in the skin tissue penetration of the drug molecules. The right vertical axis shows
the corresponding millimolar concentration change. The error bars show ±2× the standard
errors, representing the system noise of the SRS microscopy.

Figures 3(c) and 3(d) display the drug penetration images of 4% LID (148 mM) and 4% LOX
(131 mM) acquired by the combined PM-SRS and confocal-reflection microscopy, respectively.
Both SRS images provided high S/B values (LID: 22 and LOX: 17). The LID images showed no
significant changes within 240 min, whereas the LOX image after 240 min depicted a spatial
overlap of the SRS signal with the confocal-reflection signal at the SC layer, suggesting that the
tissue is more permeable to LOX molecules.

To analyze the details of the penetration kinetics in the tissue in the low-concentration regime,
the one-dimensional (1D) depth profile was calculated from the XZ image data (Fig. 4(a)),
where the origin of the relative depth, Zr, was defined as the uppermost peak position of the
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confocal-reflection signal profile along the Z-axis. The relative position of the tissue top surface
was estimated to be Zr =−6 µm (shown as dotted lines in Fig. 4(a), see Fig. S4 for details). The
SRS signal intensity ∆I / ILO, which is proportional to the concentration, was normalized using
the signal level of the donor solution (4% LID: ∆I / ILO = 5.9 × 10−7, 4% LOX: ∆I / ILO = 7.7 ×

10−7). To quantify the local concentration in the tissue, the depth-dependent signal loss due to
scattering was also corrected using the non-resonant background signal acquired in the PM-SRS
mode with no probe time delay (Fig. S5). In the LID case, all drug depth profiles after applying
the donor solution overlapped the baseline profile, where the baseline was calculated from the
convolution of a Lorentzian response function and a step function (see Supplement 1). This
result verifies that drug penetration was blocked at the SC surface, and there was no change in
the depth profile during the measurement. In the LOX case, however, the profile shifted to the
right within a few hours, thereby indicating an increase in the local drug concentration in the SC
and the underlying viable cell layers.

The spatiotemporal kinetics of the drug molecules permeating the tissue barrier can be
more clearly understood with the difference between the measured depth profile and baseline
profile (Fig. 4(b)). The difference SRS signal profile of the LOX shows that after 240 min, the
normalized SRS signal exhibits a peak at Zr = 1 µm, which corresponds to an increase in the
local concentration at the SC layer. Figure 4(c) shows the time course of the skin penetration
of the drug samples, which was calculated from the mean difference SRS intensity averaged
from −5 µm to +5 µm. The error bars represent ±2× the standard errors of the system noise
obtained from each measurement. Within 240 min, the increase in the LID signal during the skin
penetration could not be detected, whereas that of the LOX was clearly observed and the mean
difference SRS signal reached 0.36± 0.04 (47.3± 4.8 mM) after 240 min.

Finally, we evaluated the detectability of PM-SRS drug measurements in the skin tissue model.
The limit of detection is defined by the SRS signal intensity (or the sample concentration)
providing a signal-to-noise ratio of 3 (SNR= S/σB = 3), where S denotes the SRS signal in the
penetration measurement, and σB denotes the standard error of the background SRS signals
in the control measurements with pure water. Based on three times the standard errors in the
control measurements of 3σB = 0.061 (∆I / ILO = 4.7 × 10−8) at 1092 cm−1 and 3σB = 0.037 (∆I /
ILO = 2.9 × 10−8) at 1184 cm−1, the limit of detections of the LID and the LOX measurements
were estimated to be 9.0 mM and 4.9 mM, respectively.

4. Discussion

Previous label-free skin penetration studies using SRS microscopy have demonstrated high-speed
imaging capability with high-concentration drug solution samples [11,14,15]. However, such
high-concentration topical applications often lead to the crystallization of target chemicals and
cell or tissue damage. By contrast, the challenges in SRS imaging at a lower concentration range
(tens of mM or less) include not only the shot noise, but also a limited signal contrast due to
the strong background signals from the tissue. In this study, we suppressed the background
signals during tissue imaging using PM-SRS microscopy coupled with time-resolved detection,
which rejects the nonlinear AM background signals and selectively detects the specific long-lived
vibrational mode with shaped probe pulses. The experimental results on the penetration of
ectoine into the skin model tissue clearly highlighted the superiority of PM-SRS in terms of signal
contrast over conventional AM-SRS. In addition, the results of the drug penetration imaging and
the depth profile analysis showed that the transport of low-concentration exogenous substances
through the epidermal tissue barrier could be monitored by high-contrast PM-SRS.

Importantly, we achieved a significantly high S/B in the congested fingerprint spectral region
(500–1800 cm−1), despite label-free imaging. When the background signal is dominant, the
output fluctuation due to the low-frequency laser noise and the concentration change during the
measurement, which cannot be completely removed by the standard modulation transfer scheme

https://doi.org/10.6084/m9.figshare.16578920
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[21,22], increases the measurement error σB. Previous successful SRS imaging experiments at
lower concentration regimes have circumvented this problem using small Raman active tracers
such as deuterium [23], alkynes [24], and phenyl-diyne [25], all of which lie in the cell-silent
frequency region (1800–2700 cm−1). However, such a Raman labeling approach requires
laborious chemical modification steps for sample preparation.

Several SRS methods for suppressing the background signals have been proposed recently
[18,21,22,26–33]. One approach is to acquire a broadband spectrum using multiplex SRS [26,27]
or hyperspectral SRS imaging [22,28–30], followed by spectral unmixing. However, multiplex
SRS involves technical difficulties owing to the need for spectroscopic optics and low-noise
multichannel demodulators. Hyperspectral SRS requires a rapid frequency scanning mechanism,
such as a high-speed tunable pulsed laser source [28] or a high-speed delay scanner, for tunable
spectral-focusing detection [22,29,30]. In any case, additional off-resonant data acquisitions
and stable control measurements are required to extract the target signal component from the
multi-component background. Another simpler approach is to measure the differential output of
two different SRS signals [18,21,31–33]. Among these, frequency-modulated SRS [18,21,31],
which alternately scans two adjacent frequencies, works well for removing a flat spectral baseline
because it functions as a first-order derivative filter in the spectral region. However, such simple
filtering techniques are not always applicable; for example, when a sloping spectral background
overlaps the target Raman peak, an unwanted offset is added to the differential output. Compared
with existing methods, background suppression using time-resolved PM-SRS detection has two
advantages: i) because it is a single-frequency SRS measurement, no high-speed frequency
scanning mechanism or spectral unmixing analysis is necessary, and ii) selective enhancement of
a long-lived vibration with time-asymmetric probe pulses works as a high-quality high-pass filter
for spectral data; therefore, the fluctuations of the background signals from most broadband tissue
components as well as the baseline offset can be excluded, facilitating quantitative measurements
of the target narrowband signals even in the millimolar concentration regime.

With PM-SRS, the detection limits of the topically applied drugs in the skin tissue model were
in the order of millimolar. For reference, the SRS signal of the LOX at the detection limit (∆I /
ILO = 2.9 × 10−8 at 1184 cm−1, with a 1.7-ps probe delay) corresponds to the concentrations of
0.75 mM caffeine at 562 cm−1 and 1.0 mM dimethyl sulfoxide at 678 cm−1 aqueous solutions,
respectively (these are standard substances used in previous skin penetration studies [11,34]).
The improved detectability enables the assessment of skin penetration at a practical concentration
range, and the measurement of less soluble drugs that could not be measured using conventional
SRS while avoiding potential crystallization and tissue damage.

While many previous studies have demonstrated time-resolved coherent Raman spectroscopy
and microscopy [35–38], their potential in low-concentration chemical measurements has not
been fully explored. Our results are the first demonstration that clearly showcases the real power
and utility of the time-resolved method in drug imaging applications. The key to the successful
implementation of the PM-SRS is engineered pulse shaping, which enables high-contrast SRS
signal detection in the cellular-silent temporal region. Our time-domain optical design approach
offers a new avenue for breaking the detectability limit of label-free coherent Raman microscopy.
A common limitation in time-resolved signal detection is that it requires a narrowband Raman
peak (or a long vibrational coherence lifetime) to achieve a high S/B. Fortunately, however,
most small-molecule active compounds and drugs used in dermatology, pharmaceuticals, and
cosmetics have a defined structure, providing sharp and well-differentiated Raman peak patterns
[7], as shown in the experiment. This suggests that time-resolved PM-SRS can be used in various
biomedical applications.

Notably, there are additional uncertainties in the results presented here. Although in vitro
skin models generally provide better reproducibility than ex vivo and in vivo human skin studies,
their penetration kinetics could vary depending on parameters such as the culture conditions and



Research Article Vol. 12, No. 10 / 1 Oct 2021 / Biomedical Optics Express 6555

heterogeneity of the samples. Therefore, a well-designed assessment plan with an increased
sample number is necessary to discuss the penetration characteristics in more detail. In addition,
the drug penetration properties of cultured skin tissue models differ from those of human skin
tissues. Experimental verification using human skin samples is currently underway.

5. Conclusion

We present a skin penetration analysis technique using high-contrast depth-resolved imaging
based on label-free SRS microscopy. By enhancing the intrinsic vibrational signal contrast of
long-lived Raman modes using pulse-shaping technology, PM-SRS microscopy provides an
unprecedented detectability of small-molecule substances in tissue imaging. A proof-of-concept
experiment with a topically applied skin moisturizing agent in an in vitro skin tissue model
revealed that PM-SRS yields Raman signal contrast 40 times higher than that of AM-SRS in
the spectral fingerprint region. Moreover, a drug penetration measurement with depth profile
analysis has shown that PM-SRS microscopy can be used to monitor the spatial and temporal
pharmacokinetics of therapeutic drugs in the millimolar concentration regime in a tissue. With
the enhanced detectability, this new label-free SRS microscopy will provide opportunities to
advance our understanding of skin biology, accelerate the development of new formulations and
cosmetic products, and study the physiological effects of small-molecule drugs. Furthermore, we
envision that the developed imaging platform to analyze drug penetration through a tissue barrier
will also be applicable to other in vitro and ex vivo tissue models for early-stage drug screening.
Ultimately, it may also be applied to in vivo imaging for drug monitoring applications.
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