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Abstract

Raman spectroscopic imaging is a label-free spectral technology to investigate the dis-

tributionof transdermal targets in skin.However, it is difficult to analyze lowcontent of

analytes in skin by direct imaging analysis. CombiningRamanmapping technologywith

multiple linear regression algorithms, concentration contribution factor of targets in

ex vivo human skin tissue at every point has been calculated. The distribution profiles

are visualized as heat maps demonstrating the targets levels in different skin layers.

This method has been successfully employed to investigate the vibrational imaging of

distribution of hyaluronic acid and lidocaine in skin. Moreover, three dimensional (3D)

images of the penetration profiles of hyaluronic acid with different molecular weight

have been obtained. The results from 3D images were in good agreement with these

from two-dimensional images, indicating that this methodwas a reliable way for moni-

toring the distribution of targets in skin.
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1 INTRODUCTION

For the development of novel skin therapeutics or cosmetics, there

is a high demand for monitoring the distribution of marketed and

newly developed formulations on the skin structure. Without the

need for destroying the tissue, the penetration of substances can be

monitored rather than being limited to the measurement of perme-

ation like in Franz diffusion cell experiments. Visualization of their

distributions in different skin layers can be very effective and intuitive

to study the dynamic process of targets in the skin, which provides

a new method for the continuous improvement and optimization of

their formulations. This will be of great value to investigate both the

pharmacokinetic and pharmacodynamic of topical and transdermal

medicines. The traditional skin pharmacokinetics methods, such as

tape stripping1–2 and skinmicrodialysis,3 only gave a total quantitative

data. It was difficult to observe the spatial concentration distribution

and penetration depth of targets in each layer of the skin. Therefore, it
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is a complement to the existingmethod to develop a rapid and intuitive

imagingmethod to investigate the concentration level and stereotactic

distribution of targets at each spatial site in the skin in transdermal

field.

Raman scattering is a noninvasive and high spatial resolution spec-

tral technique, which can provide fingerprint information of material

structure.4–6 Several studies have reported that confocal Raman is an

effectivemethodology to evaluate the delivery of targets (drugs or cos-

metics) in skin by analyzing their concentration distribution.7–14 How-

ever, the background signal from the skin is too high to recognize the

Raman characteristic signal of the target. Therefore, there is a high

need for developing an effective technology to unmix and extract the

spectral signals of targets for imaging.

Multivariable linear regression is a commonly used model for

analysis of different components in complex system. Least squares

(LS) analysis is commonly employed to resolve the problem.15–18 As

the concentration of each substance in the mixing system is positive,
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there will be negative numbers when solving the multivariate linear

regression with LS. Therefore, LS with a nonnegative constraint was

used to solve the problem for concentration analysis. This nonnegative

constraint method outperformed the LS approach by not generating

any negative fraction estimates; thus, this method was found to be

promising for estimation of the abundance fraction of chemical agents

existing in the skin.19–21

In this work, the penetration of lidocaine and hyaluronic acid (HA)

were studied. Lidocaine is a transdermal and local anesthetic agent

used in pharmacological pain control. The action site for lidocaine is the

dermis, which are full of pain nerve for perception of pain. Obviously,

lidocaine needs to penetrate into the dermis to take effect. Therefore,

investigation of its penetration profile in skin is important for optimiza-

tion of the formulation. HA is an acidic mucopolysaccharide with dif-

ferent molecular weight, which is widely found in drugs and cosmetics.

It can make skin tender, smooth, wrinkle-free, increasing of elasticity,

antiaging, and promote wound healing.22 The permeability of HA with

different molecular weight in skin is different. Two-dimensional (2D)

and three-dimensional (3D) imaging studies have been applied for

studying the permeability of HA with molecular weight of 10, 30, and

80kDa in skin.And the resultswere in goodagreementwith eachother.

2 EXPERIMENTAL SECTION

2.1 Materials

Porcine skin is a representative membrane for percutaneous absorp-

tion because it has permeation characteristics similar to those of

human skin. The skin morphology is similar in human and porcine tis-

sues. Porcine skin used in this work was from the ear of a pig, which

was obtained from a supermarket in Shanghai. Most of the subcuta-

neous fatwas removed. The skinwasdermatomed toa thickness of 500

±50 μm.Only intact skin discs with a diameter of 2.5 cmwere kept and

sealed in plastic bags at−20 ◦C until use.

Excisedporcine skinwasused in all in vitro experiments. Three kinds

of HA, derived from microbial fermentation, with different molecular

weights of 10, 30, and 80 kDa were provided by Macklin (Shanghai,

China). HA solutions were prepared at 2% by dissolving 0.2 g of HA in

10mLof sterile distilledwater. Lidocaine, resolved in amixture reagent

containing oleic acid, Tween 20, and propanetriol, was employed as a

model drug. The skin samples exposed to 2% lidocaine for 0.5 h and 2%

HA for 16 h, respectively, followed by cutting into a slicewith thickness

of 30 μm. Finally, multiple Raman spectra were acquired at different

points on the skin slice bymapping technology.

2.2 Instruments

Raman experiments were performed using anHR Evolution LabRaman

confocal microscope (Horiba, Japan) equipped with a 50× objective

and a grating with 600 grooves/mm. The laser of 532-nm diode-

pumped solid-state laser was employed as the excitation source, with a

power of 25 mW at the sample. Optical photographs were taken on an

LMPlan (Olympus, Japan) optical microscope coupled with the Raman

spectrometer. All spectral images of the skin slices displayed with the

stratum corneum oriented to the top in this work. The size of the laser

spot was estimated to be below 2 μm under the acquisition condition.

The step sizes were 3 μm in the X and Y directions. An acquisition time

of 5 s per spectrumwas used, over the 400–2000 cm−1 spectral range.

2.3 Data handling

In this paper, spectral unmixing methods are proposed for classifica-

tion and abundance fraction (concentration) estimation of chemical

and biological agents that exist in the mixture. Due to the hetero-

geneous diffusion of lidocaine, acquisition of 2D images representing

both depth penetration and possible lateral variability was preferred.

The unmixing spectral information was done as the followingmethod.

The Raman spectrum signal of porcine skin with lidocaine can be

regarded as a linear combination of Raman signals of various sub-

stances, expressed as the following form23–24:

y = c1x1 + c2x2 +⋯+ cnxn + e (1)

Vector y is the Raman signal of the mixture. xi is the Raman spectra

for the i substance and ci is the contribution of the i substance to the

mixed spectral y.

Formula (1) can be rewritten as follows:

y = [x1, x2, ⋯ , xn]

⎡
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⎢
⎢
⎢
⎣
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⎤
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⎥
⎥
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⎦

= X𝛽. (2)

In formula (2), X is the pure spectrum matrix for each substance. 𝛽

is the contribution coefficient vector for each substance. Using ordi-

nary LS to solve the problem, the result is 𝛽 = (XTX)−1 XTy. However,

β obtained by ordinary LS may contain negative coefficients, which is

not consistent with the fact that theminimumRaman spectrum contri-

bution of a substance is 0, not a negative number. Therefore, nonneg-

ative constraints of regression coefficients were performed by using

LS analysis (LSA), which can deliver abundance fraction (concentration)

of chemical and biological agents that exist in the mixture. Therefore,

the contribution coefficient vector of formula (2)was calculatedby LSA

with nonnegative constraints of regression (LSANCR).

First, an algorithm named adaptive iteratively reweighted penalized

LS (airPLS) was conducted for baseline correction of Raman spectra.25

For calculation of the contribution coefficient of target by formula

(2) using LSANCR, the spectra of each components in the mixture

are required, including the various substances in the pig skin and the

Raman spectra of the targets. However, skin is a mixture of protein,

lipid, and DNA. It is impossible to obtain the pure spectrum of every

component. A feasible method to resolve this problem is to acquire a

control mapping spectra of skin without target. Then, a certain number
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F IGURE 1 The Raman spectra of different supportingmaterials

of representative Raman spectra were selected from the total spectra

to represent the matrix material. For skin with target, these extracted

spectra are linear combinations of pure spectra of various components

in pig skin. These representative spectra from skin, together with that

of target, were introduced into the matrix X of formula (2), and the

contribution coefficient of target at different points on pig skin can

be estimated. The coefficient is relating with the abundance fraction

(concentration) of target on skin, followed by presented as heat maps

to show its concentration distribution in the skin.

Ultimately, distribution maps and penetration profiles can be

obtained, providing crucial information about the diffusion and distri-

bution of target in the skin. This method supports the translation of

Raman confocal imaging to medical application for development and

optimization of new candidates for skin topical preparations. The pro-

cessing of datamapswas performed by using homemade software that

operated in theMatlab environment.

3 RESULTS AND DISCUSSION

3.1 Choosing proper supporting material

Porcine slice with a thickness of 30 μm, which was loaded on a sup-

porting material, was employed to acquire the Raman signal. As the

laser of Raman spectrometer has strong penetration ability, it can pen-

etrate through the skin slice into the supporting material. Therefore,

only those materials with low background interference in the inter-

ested range from 400 to 2000 cm−1 can be used. In addition, mapping

acquisitions required a flat and solid surface. Frozen section required

a transparent and hydrophilic supporting material, which was benefit

for transferring the slice to the substrate. According to these require-

ments, background signals of conventional supporting materials, such

as glass and quartz, were collected. As shown in Figure 1, an obvious

peak at 1091 cm−1 of glass and a peak at 796 cm−1 of quartz were

F IGURE 2 Raman spectra of skin slices with different thickness

observed in the range from 400 to 2000 cm−1. These signals can inter-

fere with the signal of porcine. It can be seen that the signal is silent

from 400 to 2000 cm−1 of CaF2 slice with Raman grade. Therefore,

CaF2 slice was used as supportingmaterial in the following work.

3.2 Optimization of the thickness of the skin slice

The thickness of the slicewill affect the sampling volume, so as to influ-

ence the signal intensity. Spectra acquired on skin slices with different

thickness were presented in Figure 2. It can be seen from the picture

that the signal becomes higher as the thickness of the slice increases.

However, the surface of slice tended to become coarse as the thickness

up to 40 μm, leading to some difficulties in focusingwhen acquiring the

mapping spectra. Therefore, slice with 30 μmwas chosen in the follow-

ing experiments.

3.3 Optimization of laser power and integration
time

Due to the Raman signal of skin mainly coming from its main compo-

nent of protein, DNA, and lipid, laser power and integration time has

obvious influenceon the signal intensity. The signals acquired following

different power and integration time are presented in Figures 3(A) and

(B), respectively. It can be seen from this figure that the signal increases

as the power and integration time are increasing. However, the struc-

ture of skin can be damaged when the laser was higher than 50 mW

during a longmapping acquisition. It is displayed in Figure 3(B) that the

signal intensity of skin improves obviously as the integration time up to

5 s with power of 50 mW. However, it is time-consuming for acquiring

the mapping data when the integration time was too long. Therefore,

the power of 50 mW and integration time of 5 s was employed in this

work.
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F IGURE 3 Raman spectra acquired with (A) different laser power (a) 25mW, (b) 50mW, (c) 100mW, and (B) different integration time (d) 1 s,
(e) 2 s, (f) 3 s, (g) 5 s, and (f) 8 s

F IGURE 4 (A) Chemical structure of lidocaine. (B) A typical Raman
spectrum of the reference spectrum of pure lidocaine (a), the skin (b),
and the skin exposed to 10% lidocaine (c)

3.4 Raman spectra of lidocaine, skin, and skin
treated with lidocaine

The Raman spectra of skin treatedwith 10% lidocaine (a), pure skin (b),

and pure lidocaine (c) are displayed in Figure 4. Strong bands at 617,

706, 1097, 1265, and 1595 cm−1 of lidocainewere observed. The spec-

trum of skin treated with 10% lidocaine was a mixed spectrum with

the contribution from lidocaine and skin. Comparing curves a and b,

weak bands at 617, 706, 1265, and 1595 cm−1 of lidocaine can be dis-

tinguished from the peaks of skin. Clearly, only a little of lidocaine can

permeate into the skin.

F IGURE 5 A comparison of maps of skin samples exposed to 10%
lidocaine following the LSANCRmethod (A) and imaging with
clamping peak at 617 cm−1 by LabSpec 6 software (B)

3.5 Depth profiling of lidocaine in skin

In order to track the penetration of lidocaine in skin, Raman mapping

spectra of pure skin and skin treatedwith 10% lidocainewere acquired.

Employing the data handling technology in Section 2.4, the abundance

fraction of lidocaine at every point of mapping spectra was calculated,

followed by presented as a heat map to show the concentration

distribution (Figure 5A). It can be seen from Figure 4(B) that when

the concentration of lidocaine was 10%, some characteristic peaks of

target can be distinguished from these of skin. To verify the effective-

ness of this new method, a comparison was investigated by profiling

target in skin exposed to 10% lidocaine following the LSANCRmethod

(Figure 5A) and by clamping the characteristic peak at 617 cm−1 per-

formed by LabSpec 6 software (Figure 5B). It can be seen from the pic-

ture that lidocaine can penetrate through the corneum and reach the

dermis of the skin (Figure 5A). The distribution results obtained from
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F IGURE 6 Reconstructedmaps of skin samples exposed to different concentration of lidocaine (A) 0.5%, (B) 2%, and (C) 5% following the
LSANCRmethod; the scale bar represents the abundance fraction of lidocaine at different point in preprocessed spectra. (D) Statistical chart of
the number of coefficient data for lidocaine with the concentration of 0.5%, 2%, and 5% from three parallel experiments

TABLE 1 Comparisons of previously reportedmethodwith the present method for profiling lidocaine

Method of

investigation Method of analysis Results Comments Ref.

In vitro skin

penetration

studies

Ramanmapping

combinedwith a

special calculation

Distribution image An image displaying the

penetration profile intuitively;

Home-made software with

high imaging.

This work

In vivo skin

penetration

studies

Acquisition of the

spectra by Raman

mapping

Distribution image Obtaining the image by a soft of

instrument companywith low

sensitivity.

26

Ex vivo skin

penetration

studies

UV absorption A data of total

content

An ex vivo skin studies, only

total penetration amount

obtained by indirect

calculation, without a

concentration profile in skin.

27

Ex vivo skin

penetration

studies

UV absorption A data of total

content

An ex vivo skin studies, only a

total concentration calculated

by indirect calculation

28

Ex vivo skin

penetration

studies

HPLC A data of total

content

A tape trappingmethod

followed by a total

concentration of target.

29

twomethods are almost the same (Figure 5), indicating that this recon-

structed heat maps following this developedmethod are believable.

However, when the concentration of lidocaine dropped to 5% and

2%, no characteristic peaks of target can be distinguished from those

of skin. Clearly, no distribution image of target can be observed by

the way of clamping peaks. The distribution images of lidocaine with

concentration of 0.5%, 2%, and 5% can be calculated and presented

in Figures 6(A)–(C), respectively. It is shown in this picture that as the

concentration of lidocaine increases, the abundance level of lidocaine

in skin increases. Moreover, it is also shown that lidocaine can pene-

trate through the corneum and cover the dermis of the skin when its

concentration is higher than 2%. As dermis is rich in neural innerva-

tion, demonstrating that lidocaine can be administered through trans-

dermal drug to play a role in skin anesthesia. Therefore, this LSANCR

method has obvious advantages over the way of clamping peak imag-

ing for investigating the distribution of low-abundance targets in the

skin. This method is also helpful for optimizing anesthetic formulation

of percutaneous administration.

Several works have been done for investigating the penetration pro-

filing of lidocaine in skin. A comparison of this methodwith some other

means has been finished and the results were summarized in Table 1.

A similar Ramanmappingmethod had been reported to image the pen-

etration profile of lidocaine performed using Raman software package

(OMNICTM 8.2) by the way of clamping peak imaging.24 However, 5%

lidocaine was employed for analysis in this work, with a lower imag-

ing sensitivity. In addition, some other ex vivo skin penetration stud-

ies had been reported,25–27 whereas only a total amount of target in

skin had been obtained, without any distribution information. In addi-

tion, coefficient data of lidocaine in skin and a control skin were cal-

culated, respectively. A total of 490 data points can be obtained for
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F IGURE 7 The permeability depth profiles of hyaluronic acid withmolecular weight of 10 kDa (A1, A2), 30 kDa (B1, B2), and 80 kDa (C1, C2)

F IGURE 8 The three dimensional permeability depth profiles of hyaluronic acid withmolecular weight of 10 kDa (A), 30 kDa (B), and
80 kDa (C)

each experiment. The number of coefficient data of lidocaine in skin

greater than blank value was counted and a corresponding statistical

chart from three parallel experiments for each concentration was dis-

played in Figure 6(D). It can be observed that the number of data points

larger than the blank value is around 15%, 58%, and 85% in each set

of experiments. The values from three parallel experiments in each set

of experiments are very close, indicating that this method is reliable.

Moreover, this method is more practical in drug transdermal field.

3.6 Depth profiling of different weight
of hyaluronic acid

To establish a controlled method for profiling different targets in skin,

another target of HA with different molecular weight was investi-

gated. The permeability depth profiles of HA with molecular weight of

10 kDa (Figure 7A1 and A2), 30 kDa (Figure 7B1 and B2), and 80 kDa

(Figure 7C1 and C2) are displayed in Figure 7. Two parallel experi-

ments for each sample were performed to investigate the repeatabil-

ity. Clearly, the permeability depth and distribution profiles of target in

skin between two parallel experiments, such as Figures 7(A1) and (A2),

are almost the same, indicating excellent reducibility of this method.

In addition, it is shown in this figure that HA with molecular weight of

10 and 30 kD can permeate into the epidermis. And most of HA with

molecular weight of 80 kD accumulates in the cuticle, indicating that

it is difficult for this polymer to pass through the cuticle. The above

results demonstrate that HA with molecular weight over 80 kD is not

fit for deep skinmoisturizing as cosmetics.

Moreover, 3D profiles of permeability depth of HA with molecu-

lar weight of 10 kDa (A), 30 kDa (B), and 80 kDa (C) are displayed in

Figure 8. A scanning depth of 100 μm was employed in this study for

each sample. It can be seen that the targets spread more and more dif-

ficultly as themolecularweight increases. And these results are in good

agreement with these of 2D images, indicating that 3D technology is

an alternative for investigating the permeability depth profiles of HA,

except for the disadvantage of long time-consuming for acquisition.
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4 CONCLUSION

A method of investigating the permeability depth profiles of HA and

lidocaine was developed based on multiple linear regression and spec-

tral unmixing with a nonnegative constraint LS. The abundance coef-

ficient of HA and lidocaine in skin has been extracted. Chemical maps

representing the targets distribution in the skinhavebeen constructed.

The vertical distribution of target in the epidermis displayed as a heat

colored map, which represents their relative concentration distribu-

tion in the skin. It was found that lidocaine penetrated into the dermis

after half an hour pretreatment andHAwith lowmolecularweight per-

meated into the skin more easily. This method is not only confined to

tracing skin penetration of drugs and cosmetics. It has the potential to

reveal in 3D penetration patterns of any topically applied formulation,

be itwith respect to (i) particles penetration or (ii) differing penetration

behavior of a topical harmful substance or (iii) infiltration of pesticides

on the surface of fruits and vegetables.
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