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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Methodology to map distribution of 
chemicals in skin without using label
ling agents. 

• Spectral unmixing of hyperspectral 
Raman imaging data using 
chemometrics. 

• The resolved components provide in
formation on skin physiology. 

• Good similarity between predicted and 
experimental distribution of active 
ingredient.  
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A B S T R A C T   

The mechanistic understanding of skin penetration underpins the design, efficacy and risk assessment of many 
high-value products including functional personal care products, topical and transdermal drugs. Stimulated 
Raman scattering (SRS) microscopy, a label free chemical imaging tool, combines molecular spectroscopy with 
submicron spatial information to map the distribution of chemicals as they penetrate the skin. However, the 
quantification of penetration is hampered by significant interference from Raman signals of skin constituents. 
This study reports a method for disentangling exogeneous contributions and measuring their permeation profile 
through human skin combining SRS measurements with chemometrics. We investigated the spectral decompo
sition capability of multivariate curve resolution – alternating least squares (MCR–ALS) using hyperspectral SRS 
images of skin dosed with 4-cyanophenol. By performing MCR-ALS on the fingerprint region spectral data, the 
distribution of 4-cyanophenol in skin was estimated in an attempt to quantify the amount permeated at different 
depths. The reconstructed distribution was compared with the experimental mapping of C–––N, a strong 

Abbreviations: SRS, Stimulated Raman Scattering; MCR-ALS, Multivariate Curve Resolution Alternating Least Square; LOF, Lack of Fit; SC, Stratum Corneum; SVD, 
Singular Vector Decomposition. 
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vibrational peak in 4-cyanophenol where the skin is spectroscopically silent. The similarity between MCR-ALS 
resolved and experimental distribution in skin dosed for 4 h was 0.79 which improved to 0.91 for skin dosed 
for 1 h. The correlation was observed to be lower for deeper layers of skin where SRS signal intensity is low 
which is an indication of low sensitivity of SRS. This work is the first demonstration, to the best of our 
knowledge, of combining SRS imaging technique with spectral unmixing methods for direct observation and 
mapping of the chemical penetration and distribution in biological tissues.   

1. Introduction 

Skin is a complex multi-layered tissue with stratum corneum (SC) 
being the superficial layer providing a barrier against exogenous mate
rials, such as the ingredients in pharmaceutical, cosmetic, and other 
chemical products. Monitoring the penetration and distribution of the 
ingredients is important to assess its efficacy and/or safety for various 
applications [1]. The commonly used in vitro/ex vivo techniques to assess 
skin permeation such as diffusion cell coupled with chromatographic 
methods [2], tape stripping [3] and fluorescent imaging [4] either do 
not elucidate the lateral spatial distribution of chemicals within skin 
layers or are dependent on the use of fluorescent probes, which perturb 
the uptake of small molecules. To this end Raman spectroscopy has been 
shown to be a powerful technique for chemical imaging without the use 
of exogenous labels [5–7]. The Raman effect is based on inelastic light 
scattering which occurs due to a change in the vibrational or rotational 
levels of molecules upon interacting with light. Since the vibrational 
modes are intrinsic to a molecule, its chemical information can be 
deduced which makes Raman spectroscopy a chemically sensitive 
analytical technique [8]. Raman microscopy has been successfully 
applied both in vitro and in vivo to track permeation of various active 
ingredients, penetration enhancers and excipients [9–14]. It has also 
been employed to analyse skin physiology and diagnosis of pathological 
states [15–19]. 

Although very powerful for chemical characterization, spontaneous 
Raman spectroscopy is unable to provide fast high-resolution imaging 
due to inefficiency of the Raman scattering process [20]. Stimulated 
Raman scattering (SRS) microscopy, an advanced Raman imaging 
technique, overcomes this challenge and offers up to video-rate Raman 
imaging with submicron spatial resolution [21–23]. In SRS, the molec
ular vibrations are stimulated by the interference between two optical 
beams, the pump and the Stokes. When the frequency difference Ω be
tween these two beams is tuned to match a molecular vibration of in
terest (Ω = ωp – ωs), a coherent Raman excitation occurs. This boosts 
scattering by multiple orders of magnitude compared to spontaneous 
Raman spectroscopy, allowing imaging up to video-rate speed [24]. SRS 
imaging uses a modulation transfer scheme to detect the transfer of 
energy between the two beams which is usually measured either as a loss 
in the pump beam (stimulated Raman loss, SRL) or a gain in the Stokes 
beam (stimulated Raman gain, SRG) and offers the advantage that the 
Raman signal detection is unaffected by emitted fluorescence. More
over, a linear correlation between the SRS signal intensity and molecular 
concentration (within the same optical plane) facilitates a direct con
centration analysis of the sample, forging SRS microscopy as a robust 
and quantitative chemical imaging method. 

The ability to identify skin physiology and track distribution of 
molecules within skin layers without the use of labelling makes SRS a 
powerful technique to assess dermal delivery of topical chemicals 
[25–27]. The excellent imaging ability of SRS in skin research was first 
demonstrated by Saar et al. in 2011 where they observed the permeation 
of ketoprofen and ibuprofen solubilized in deuterated propylene glycol 
[28]. The group also compared the relative importance of hair follicular 
and intercellular pathways in drug penetration in mouse skin. Another 
research by Belsey et al. observed both drug deposition and crystalli
zation of drug within porcine skin simultaneously after application of a 
close-to-saturation solution of ibuprofen in propylene glycol-d8 solvent 
[29]. Most recently, Feizpour et al. performed depth and time resolved 

SRS imaging of an anti-inflammatory drug in mouse skin and leveraged 
convolutional neural network to identify various domains of the tissue 
and quantify the relative uptake of drug in the SC [30]. 

Although SRS microscopy can be used for most molecules of interest, 
the acquired signals contain contributions from various endogenous 
chemical species in the sample. Such superimposed Raman signals 
manifest challenges in single frequency SRS imaging. This can be 
overcome by integrating hyperspectral imaging (analysing over a range 
of frequencies) with spectral unmixing methods to disentangle the 
contribution of ingredients of interest from overlapping endogenous 
signals [31,32]. Of particular interest is the method of multivariate 
curve resolution - alternating least square (MCR-ALS) [33–35]. MCR- 
ALS has been successfully applied to process hyperspectral data for a 
wide range of applications in process analysis [36], analytical chemistry 
[37], pharmaceutical quality control [38], remote sensing [33], cellular 
biological systems [39–41], direct quantification of falsified drugs [42], 
etc. For skin analysis, Schleusener et al. used MCR-ALS to identify 
different skin components in skin sections containing hair follicles [43]. 
Most recently, Choe et al. applied MCR-ALS to determine water con
centration profiles in the stratum corneum [44]. The ability of MCR-ALS 
to resolve spectral contribution of a chemical in skin was recently 
demonstrated by Stella et al. where they used it to investigate the 
diffusion profile of Delipidol in upper layers of human reconstructed 
skin from confocal Raman spectroscopy data [45]. Although the study 
predicted the penetration profile of the active ingredient in the skin 
cross section, it did not offer a method to verify whether the predicted 
concentration matched with the experimental distribution. 

In this study we retrieved the distribution of 4-cyanophenol in skin 
by applying MCR-ALS to an SRS hyperspectral stack acquired across the 
fingerprint spectral region, despite the interference from strong signals 
in skin tissue. The reconstructed 4-cyanophenol distribution was 
compared with the experimental mapping within the skin to validate the 
reliability of spectral unmixing by MCR-ALS. To obtain the experimental 
distribution, C–––N, a strong stretching vibration present in 4-cyanophe
nol, was targeted by SRS imaging as this vibrational band is located in 
the biological silent region, which exhibits no signal from skin tissue. 
Since the skin is spectroscopically ‘silent’ at this vibration mode, the 
signals at C–––N vibration maps true distribution of 4-cyanophenol and 
can be directly compared to assess if the distributions from both the 
experimental and computational methods are consistent. Furthermore, a 
validation study of the MCR-ALS algorithm was carried out to demon
strate that the resolved distribution mapping is proportional to the 
concentration of the sample. 

Through this research, we present a proof of concept on the reli
ability of MCR-ALS to isolate the Raman signals of active ingredients 
from endogenous species. Furthermore, we reported the first use of 
MCR-ALS to retrieve the diffusion profile of chemicals in skin from 
hyperspectral SRS images. The methodology is a novel contribution in 
the context of skin permeation for identifying distribution of ingredients 
within skin layers. 

2. Materials & methods 

2.1. Specimen preparation 

For the validation of MCR-ALS, different concentrations of 4-cyano
phenol (Sigma Aldrich, UK) solution, specifically 100 mg mL− 1, 50 mg 
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mL− 1, 20 mg mL− 1 and 0 mg mL− 1 were prepared in equi-volume so
lution of propylene glycol (MP Biomedicals, UK) and ultrapure water 
(termed hereafter as propylene glycol solution). A droplet of all the four 
samples were sealed between two glass coverslips (#1.5, Menzel 
Glasser) and imaged with the SRS microscope immediately. 

2.2. Preparation of skin samples 

Human abdominal skin was purchased from ALPHENYX (France) 
and was stored at − 20 ◦C until use. The skin was obtained from a 40- 
year-old female from abdominal plastic surgery. 70 mg mL- 1 4-cyano
phenol solution was topically applied onto the full thickness skin for 
4 h at a temperature of 32 ◦C. After the diffusion period, the dosed skin 
sample was frozen at − 20 ◦C and sectioned vertically using a cryo- 
microtome (Leica CM 1850) to obtain 30 μm thick cross-sections. An 
untreated skin cross-section (control) of same thickness was also ob
tained using the same procedure. The samples were mounted on glass 
coverslips (#1.5, Menzel Glasser) and imaged as described below. 

2.3. SRS imaging 

SRS images were acquired on a Leica SP8 laser scanning microscope 
coupled to a PicoEmerald-S laser system. The PicoEmerald-S outputs 
two pulsed 2 ps laser beams: a 1031.2 nm Stokes beam which was 
spatially and temporally overlapped with a tuneable pump beam. The 
Stokes beam was modulated at 20 MHz and SRL signals were detected 
using a silicon-based detector and lock-in amplifier (UHFLI, Zurich in
struments). Images were acquired with a water immersion × 40 
magnification lens (1.1NA, Leica) used in conjunction with an oil im
mersion condenser lens (1.4NA, Leica). The laser power was set to 30 % 
which corresponds to approximately 10 mW for the pump beam and 30 
mW for the Stokes beam at the sample. 

For validation experiments, a hyperspectral scan from 877.4 nm to 
901.1 nm with a step size of 0.1 nm was performed for each sample of 
four different concentrations resulting in raster images at 239 spectral 

points. A stack of 64 * 64 pixel images with a pixel area of 7.28 * 7.28 
μm2 for each sample was acquired generating four XY-Ω stacks of 239 
images each. Here, X and Y represent the number of pixels in × and y 
direction and Ω is the wavenumber encompassing the hyperspectral 
scan which results to give a data cube of 64 * 64 * 239 for each sample. 
The corresponding scan covering 1400 – 1700 cm- 1 was acquired as it 
includes the Raman peaks from both 4-cyanophenol and propylene 
glycol (Supplementary Fig. S1). Further image processing details are 
given in section 2.4. In addition to the use of consistent instrument and 
image acquisition parameters, image processing steps have also been 
consistently applied across the four samples. 

The SRS hyperspectral images of the skin samples were generated by 
tuning the pump laser wavelength from 869.7 nm to 901.1 with in
crements of 0.2 nm. This resulted in XY-Ω stacks of 158 images of 
64 * 64 pixels each where Ω is the Raman shift ranging from 1400 −
1800 cm− 1. The total acquisition time for the hyperspectral scan is 27 
min. Although the time taken to acquire a single image is around 2 s, 
majority of the time is taken up to tune the microscope to the given 
wavenumbers. In addition to the hyperspectral scan, a 512 * 512 pixel 
SRS image of the skin was acquired at 2235 cm− 1 to map the signal 
distribution of 4-cyanophenol at the C–––N vibrational mode. This peak 
was confirmed from hyperspectral SRS data in the silent region as shown 
in Supplementary Fig. S2. The pixel dwell time of this scan was limited 
to 7 μs covering a pixel area of 0.91 * 0.91 μm2. Please note that an off- 
resonance signal (where neither skin nor any exogenous species is 
Raman active) at 2257 cm− 1 is subtracted from all the measurements of 
the resonant peak at 2235 cm− 1. 

2.4. Data analysis 

The underlying assumption behind MCR-ALS is the additive bilinear 
relationship between different constituents of a mixture such that the 
raw spectra matrix D (n*m) can be decomposed into its pure concen
tration profile C (n*k) and pure spectral profiles S (m*k) for k species in 
the mixture [46]. D (n*m) represents the dimension of the raw data 

Fig. 1. Framework of MCR-ALS analysis to identify distribution of 4-cyanophenol in skin. The framework identifies the spectral range to be evaluated, process the 
hyperspectral scan with MCR-ALS and compare it with experimental data in the ‘silent’ region. 
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matrix acquired at n spatial locations and m spectral points. 
Mathematically, 

D = CST +E (1)  

where E (n*m) is the residual error unexplained by the resolved 
components. 

The number of species k is determined either by different mathe
matical approaches or based on prior knowledge of the system [47]. The 
reliability of decomposition can be estimated by evaluating the lack of 
fit (LOF). This is defined as the difference between input spectra D and 
the data reproduced from CST resolved using MCR-ALS. It can be esti
mated by the expression: 

LOF = 100*

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑(

dij − d*
ij

)2

∑
d2

ij

√
√
√
√
√ (2)  

where dij and dij* are matrix elements of input matrix D and reproduced 
matrix CST respectively. 

Firstly, the MCR-ALS method was used to analyse the hyperspectral 
SRS data of the four 4-cyanophenol solution samples described in Sec
tion 2.1, for the purpose of method validation with known concentra
tions. The hyperspectral SRS stacks were imported to ImageJ [48] and 
an 8-bit gray value at each pixel was extracted. The hyperspectral scans 
of the four 4-cyanophenol solution samples were unfolded to form a 
validation spectral matrix D, where each row represents spectra at each 
pixel. The validation dataset was decomposed using MCR-ALS into two 
components. Non negativity constraint was imposed on concentration 
values and a 0.01 % convergence criterion was used. The MCR-ALS 
analysis in this study was performed using the MCR-ALS program [49] 
on Matlab R2020b. The rows in the obtained spectral matrix S represent 
the spectrum of each component while the resulting concentration 
matrix C was refolded back (known as ‘reconstructed’ distribution) to 
generate a concentration map of each component for all the four samples 
of varying concentration. The MCR-ALS resolved 4-cyanophenol con
centration map for each of the four samples was pixel-averaged and 
correlated with the nominal 4-cyanophenol concentration in the sample. 

Subsequently, the MCR-ALS analysis of skin samples was carried out 
in the same manner described above, but in addition, it required 
determining the number of components which were not as straightfor
ward as for the case above. The number of components (i.e. chemical 
species) contributing to spectral dataset D of skin sample was deter
mined by Singular Value Decomposition (SVD) [50]. In SVD, the rele
vance of each component is determined by the value of the eigen value 
where higher eigen value is related to more biochemical contribution. In 
addition to SVD, the number of components were optimized by manu
ally inspecting the decomposed spectra for different number of com
ponents (k = {3,6}). Once the number of components for control sample 
was determined, the treated sample was analysed using one additional 
component for 4-cyanophenol. With the determined number of 
contributing species and an initial estimate in spectra, C and S were 
calculated and optimized iteratively using equation (1) until conver
gence within 0.01 % was reached. The MCR-ALS decomposition was 
constrained to produce non-negative spectral and concentration profile 
to obtain physically relevant results. The MCR-ALS workflow followed 
in this work is shown in Fig. 1. An important point to note here is that the 
resolved chemical components in MCR-ALS analysis do not necessarily 
correspond to 4-cyanophenol. It is a common practice in MCR-ALS 
analysis to use spectral equality constraint to guide the algorithm to 
obtain the concentration map of a target species. An equality constraint 
on a spectrum fixes the spectrum of target species to its known profile 
determined from confocal Raman spectroscopy data. The Confocal 
Raman spectroscopy setup to obtain the Raman profile of chemicals is 
discussed in supplementary information. In the event the algorithm 
seemed ineffective to identify 4-cyanophenol as a component, the 
analysis was rerun by constraining a component with the reference 
spectrum of 4-cyanophenol to help the algorithm to estimate its con
centration in skin (see workflow in Fig. 1). The quality of the data res
olution was assessed using LOF as estimated from equation (2). 

Fig. 2. MCR-ALS analysis of 4-cyanophenol solutions with known concentration (100/50/20/0 mg mL- 1 for samples 1–4). (a) Resolved spectra of component 1 (red) 
and component 2 (green) identifying with the spectrum of propylene glycol solution (black) and 4-cyanophenol (blue) obtained from confocal Raman spectroscopy 
(b) MCR-ALS resolved 2-D 4-cyanophenol distribution (64 * 64 pixels) of the samples of known concentrations. (c) MCR-ALS resolved average intensity show linear 
relationship with known 4-cyanophenol concentration. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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3. Results & discussion 

3.1. Validation of MCR-ALS 

To validate the reliability of MCR-ALS in mapping the concentration 

of the 4-cyanophenol within the sample, hyperspectral SRL imaging of 4- 
cyanophenol solutions of varying strength to retrieve its concentration 
was performed. The decomposed spectra of two components are in good 
accordance with the spontaneous Raman spectrum of 4-cyanophenol 
and propylene glycol solution (Fig. 2(a) solid lines). The MCR-ALS 

Fig. 3. MCR-ALS analysis of 4-cyanophenol dosed skin. The distribution maps of six species displayed from (a)-(f) along with their corresponding profiles from (a-1) 
to (f-1). The scale bar in the images is set to 73 μm. 

A. Goel et al.                                                                                                                                                                                                                                     



Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 296 (2023) 122639

6

resolved distribution map corresponding to 4-cyanophenol across the 
samples displayed in Fig. 2(b) follows a linear response between the 
resolved average intensity and sample concentration of 4-cyanophenol 
with a Pearson correlation of 0.994 (Fig. 2(c)). This establishes the 
proportionality between resolved intensity of chemical species and their 
concentration in the sample. 

3.2. Analysing 4-cyanophenol penetration in skin 

The capability of MCR-ALS to map the permeation of a chemical in 
skin was investigated by topical treatment of skin with a 4-cyanophenol 
formulation in propylene glycol. A spectral range from 1400 to 1800 
cm− 1 was analysed, where 4-cyanophenol has a strong Raman mode at 
~ 1617 cm− 1 but is overlapped with the Raman bands of various skin 
components (refer to Fig. 1). Thus, a single frequency SRS imaging at 
1617 cm− 1 cannot accurately map the target molecule because the 
contrast of the image also contains endogenous skin components. To 
carry out MCR-ALS analysis of hyperspectral data, firstly SVD was 
implemented to determine the major chemical components in the con
trol system which were identified to be five based on the magnitude of 
eigen values and manual inspection. With six components for the treated 
system and using only the non-negativity constraint on spectra and 
concentration, the algorithm did not identify 4-cyanophenol as a 
chemical species in the system (Supplementary Fig. S3) as none of the 
components’ spectrum profile matched with the 4-cyanophenol spec
trum. In order to obtain the distribution map of 4-cyanophenol within 
skin, a spectral equality on 4-cyanophenol was applied in addition to 
non-negativity constraint and MCR-ALS analysis was repeated using six 
components. The analysis decomposed raw data into concentration 
maps of six species (Fig. 3(a) – 3(f)) and their corresponding spectral 
profiles (Fig. 3(a-1) – 3(f-1)) using additional spectral equality 
constraint on 4-cyanphenol. The LOF for the analysis was found to be 

6.24 %. 
The distribution of 4-cyanophenol within skin layers can be esti

mated from the concentration map of the first component Fig. 3(a) as its 
spectral profile was constrained with the reference spectrum of 4-cyano
phenol obtained from confocal Raman spectroscopy. To assess if the 
prediction correctly identifies the 4-cyanophenol distribution, SRS im
aging for C–––N was also performed. This strong vibrational mode in 4- 
cyanophenol occurs in the biological ‘silent’ region of the Raman spec
trum, without interference from skin tissue components. The average 2D 
Pearson’s correlation in relation with pixel intensities between recon
structed (Fig. 4(a)) and experimental mapping (Fig. 4(b)) using equation 
(3) was calculated to be 0.79. 

∑
m
∑

n(Amn − A)(Bmn − B)
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
∑

m

∑

n
(Amn − A)2

)√ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
∑

m

∑

n
(Bmn − B)2

)√ (3) 

To investigate further, the correlation was plotted as a function of 
penetration depth (roughly defined as the y axis of the image hereafter) 
as shown in Fig. 4(c). It can be observed that the correlation is higher in 
the upper layers of skin, and it decreases with penetration depth as the 
concentration of 4-cyanophenol in deeper layers decreases. 

To explore further, the MCR-ALS analysis was carried out to predict 
the distribution of 4-cyanophenol in skin dosed for 1-hour using the 
same protocol followed for skin dosed for 4 h. The average correlation 
between reconstructed (Fig. 5(a)) and experimental (Fig. 5(b)) 4-cyano
phenol distribution for 1- hour dosed skin was observed to be 0.91. 

The reason for higher correlation for 1-hour dosed skin could be 
because of the less presence of weaker SRS signals in the skin. As the 
dosing time was low, the chemical could not penetrate to the deeper skin 
layers and most of the 4-cyanophenol was distributed in the upper layers 
resulting in stronger signal intensity and thus the algorithm was able to 
resolve the data better. In contrast, 4-cyanophenol penetrated the 

Fig. 4. (a) Distribution profile of the first component corresponding to 4-cyanophenol from MCR-ALS analysis. The scale bar in the image is set to 73 μm. (b) SRS 
imaging of dosed sample at 2235 cm 1. (c) Correlation between reconstructed and experimental 4-cyanophenol distribution of skin dosed for 4 h. 

Fig. 5. (a) MCR-ALS reconstructed and (b) Experimental distribution of 4-cyanophenol in skin dosed for 1- hour. The scale bar in the image (a) is set to 73 μm.  
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deeper layers of skin when it was dosed for longer times. Since the 
concentration at deeper layers is low, SRS signal was low or possibly the 
concentration was below the detection limit of SRS. This indicates the 
limitation of SRS due to its low chemical sensitivity [51–53]. Nonethe
less, the algorithm was able to resolve the distribution of 4-cyanophenol 
from overwhelming skin signals despite the hyperspectral data having 
eight times less spatial resolution than the experimental data acquired in 

silent region. 
The components resolved using MCR-ALS can be observed in Fig. 3, 

where the 4-cyanophenol penetrated the lower layers of skin although a 
major amount of chemical was distributed in the epidermis, while most 
of the propylene glycol penetrated to the deeper layers of tissue as can be 
seen from the mapping of the second chemical component. To identify 
the remaining components in the analysis, an MCR-ALS analysis of the 

Fig. 6. MCR-ALS analysis of untreated skin/control. (a)-(e) The distribution maps of identified five components with the corresponding spectral profile (a-1) – (e-1). 
(f) SRS imaging at 2235 cm− 1 indicating no presence of 4-cyanophenol in control. The scale bar in the images (a)-(e) is set to 73 μm. 
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untreated skin (control) was carried out using five components, con
straining them to be non-negative. The decomposed raw data into 
concentration map and spectra is shown in Fig. 6. Component 2 has a 
peak at ~ 1677 cm− 1 which can be attributed to the amide I beta sheet 
vibrational mode, while component 3 has a peak at ~ 1658 cm- 1 

consistent with C––O amide I alpha helix proteins which are predomi
nantly confined to the SC, and a peak at ~ 1750 cm− 1 which is assigned 
to C––O vibrations in lipids and phospholipids [54–56]. An amide II 
peak at ~ 1450 cm− 1 in component 4 can be assigned to the C–H vi
bration in lipids and proteins. The LOF for MCR-ALS analysis of the 
control sample was assessed to be 3.94 %. The identified species in the 
control except for component 5 represent different skin layers apart 
from component 1 which represents the profiling of propylene glycol. 
The chemical entities identified in untreated skin can be compared with 
the remaining components in the treated skin which can be attributed to 
different skin layers. 

To investigate the similarity of resolved components from MCR-ALS 
analysis of dosed skin with the spectra of chemicals, a spectral per
centage matching based on Euclidean distance is presented in Table 1. 
The components sharing a maximum similarity with the chemical spe
cies are highlighted in bold. 

As can be inferred from reference matching, the first component 
matches with the 4-cyanophenol spectrum as it was constrained while 
the second component compares well with propylene glycol. Component 
3, 5 and 6 identifies with the resolved components from the undosed 
skin control which can be attributed to different skin components and 
represent different skin layers. In this work, applying a spectral equality 
constraint on the ingredient of interest ensured its profiling of diffusion 
kinetics within skin layers. The analysis not only resolved the distribu
tion of the active ingredient in skin tissue despite its overwhelming 
signals, but also provided information on the skin physiology. 

4. Conclusions 

The study explored the capability of MCR-ALS to disentangle the 
distribution of different chemical species from a region of overlapping 
Raman bands based on SRS hyperspectral imaging. Such convoluted 
signals manifest challenges in single frequency imaging due to a lack of 
specific chemical contrast. Coupling hyperspectral imaging with MCR- 
ALS analysis provides a unique approach to resolve the inherent 
complexity of skin tissue. The method was first validated with 4-cyano
phenol solution in propylene glycol and was found to be specific and 
linear. The method was then applied to hyperspectral SRS stack of skin 
topically treated with 4-cyanophenol solution. Applying a spectral 
equality constraint ensured profiling of 4-cyanophenol and the excip
ient. The resolved mapping of 4-cyanophenol was compared with the 
SRS imaging at the C–––N stretching vibration, a strong Raman band in 4- 
cyanophenol and occurs within the ‘silent’ region where skin has no 
signal interference. Good similarity between MCR-ALS resolved and 
experimental distribution was observed which could be improved by 
enhancing the sensitivity of SRS. Nonetheless, the study confirms the 
reliability of MCR-ALS to isolate the signals of a target molecule from its 
complex biological environment. The other components were identified 

to be comprising of skin constituents from various skin layers as resolved 
by the MCR-ALS analysis of untreated skin. The ability of MCR-ALS to 
resolve the signals of active ingredients in SRS imaging can pave the way 
for a label free imaging without the use of deuterium or alkyne tags [57]. 
Overall, these results present a proof of concept to map the distribution 
of chemicals within skin layers by utilizing chemometrics to disentangle 
the superimposed signals in hyperspectral Raman dataset. 
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