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Noninvasive monitoring of tissue-engineered (TE) constructs during their in vitro maturation or postimplanta-
tion in vivo is highly relevant for graft evaluation. However, traditional methods for studying cell and matrix
components in engineered tissues such as histology, immunohistochemistry, or biochemistry require invasive
tissue processing, resulting in the need to sacrifice of TE constructs. Raman spectroscopy offers the unique
possibility to analyze living cells label-free in situ and in vivo solely based on their phenotype-specific bio-
chemical fingerprint. In this study, we aimed to determine the applicability of Raman spectroscopy for the
noninvasive identification and spectral separation of primary human skin fibroblasts, keratinocytes, and me-
lanocytes, as well as immortalized keratinocytes (HaCaT cells). Multivariate analysis of cell-type-specific Raman
spectra enabled the discrimination between living primary and immortalized keratinocytes. We further non-
invasively distinguished between fibroblasts, keratinocytes, and melanocytes. Our findings are especially rele-
vant for the engineering of in vitro skin models and for the production of artificial skin, where both the biopsy
and the transplant consist of several cell types. To realize a reproducible quality of TE skin, the determination of
the purity of the cell populations as well as the detection of potential molecular changes are important. We
conclude therefore that Raman spectroscopy is a suitable tool for the noninvasive in situ quality control of cells
used in skin tissue engineering applications.

Introduction

Tissue engineering (TE) is a rapidly developing inter-
disciplinary field that combines the principles of medi-

cine, cell biology, materials science, and biomedical
engineering with the main focus to create new biological
materials for the replacement of diseased or damaged tis-
sues.1 The development of optimized human-based in vitro
tissue models as an alternative for animal experiments is
another application focus of tissue-engineered constructs
and motivated by recent changes in the European chemicals
policy (Registration, Evaluation and Authorization of
Chemicals—REACH). Briefly, all existing chemicals that are
not already accompanied by documented toxicological pro-
files will have to be assessed in this regard. For the realiza-
tion of such toxicology studies, the Organization for
Economic Co-operation and Development has approved the
employment of human in vitro skin model systems.2 This
was an important decision, particularly for the cosmetic in-
dustry, since the European Union cosmetic directive simul-
taneously prohibited the use of living animals to test

cosmetic products and their ingredients.3 Accordingly, re-
searchers increasingly focus on the development of novel
in vitro test systems that aim to replace animal irritancy as-
sessments, including the Draize eye test, the testing of skin
barrier functions, wound healing, or phototoxicity.4–7

Currently, invasive analysis methods are used for the
characterization and functionality evaluation of these tissue-
engineered constructs. The termination of the in vivo experi-
ment and the destructive analysis of the explanted construct
ex vivo are therefore inevitable. Likewise, the evaluation of
in vitro test models is routinely performed post-testing by
traditional techniques and technologies for studying cell and
matrix components such as histology, immunohistochemistry,
or molecular biochemistry. All these methods similarly require
invasive tissue processing, including fixation, sectioning, and
staining, resulting in the need to sacrifice the tissue-engineered
(TE) constructs. This creates the necessity to additionally fab-
ricate a second transplant or in vitro model respectively that
would solely serve for construct characterization.

Recently established, however, rather expensive alterna-
tives for the noninvasive monitoring of cells and extracellular
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matrix components in TE products are multiphoton-induced
autofluorescence and second harmonic generation imaging.8,9

Raman spectroscopy might represent a biologically safe and
economic option to monitor cells noninvasively in situ. Raman
spectroscopy is a laser-based optical technique that detects the
vibrational energy levels of molecules, hereby creating a bio-
chemical fingerprint of the screened sample. In detail, every
molecule has a unique set of vibrational modes, resulting in a
distinct pattern of possible energy levels that themolecule may
occupy. Light is able to induce the transition between different
vibrational states of molecules either by absorption of a photon
or by the so-called Raman process.10 In absorption spectros-
copy, the total photon energy must equal the energy difference
between the vibrational states. Typical energy differences
occurring in molecular vibrations correspond to light in the
infrared portion of the spectrum. Infrared absorption spec-
troscopy faces several technical complications, including the
fact that the molecular absorption spectrum can be affected by
the absorption of water molecules, comparably weak light
sources and low-sensitivity infrared detectors. In contrast
to absorption spectroscopy, Raman spectroscopy is able to
transpose the usable spectral region into the visible part of the
light spectrum by using only energy differences between input
and output photons; therefore, every laser wavelength can
be used to record vibrational spectra. One major drawback of
Raman spectroscopy is the inherent, extremely small proba-
bility of the vibrational energy transition event. Consequently,
much light is needed to interact with a sample to yield a small
amount of Raman photons. Typically, the ratio is in the order
of 1:108 or less.11 The efficiency of the spectroscopic setup is
therefore crucial. A typical setup comprises a laser as a strong
light source and an optical system that efficiently focuses the
laser onto the sample and collects the emitted Raman light.
In recent years, advances in optical components have driven
the development of compact Raman spectrometers, typically
based on a Raman edge filter as the main component of the
system.12

Raman spectroscopy offers the possibility to probe non-
destructively living cells in vitro and even in vivo if suitable
laser wavelengths and powers are used.13,14 In this study,
Raman spectroscopy was employed for the noninvasive
phenotypic discrimination of primary skin cells, including
fibroblasts, keratinocytes, and melanocytes. The possibility
to differentiate between these primary cell types in situ is
particularly of interest when focusing on the evaluation of
the quality of TE skin constructs. For the production of such
in vitro skin equivalents, a significant number of cells are
necessary. Consequently, after isolation from biopsies, these
cell types must be expanded in vitro before enough cells
are generated for the production of the different layers of
the skin model. Although keratinocytes and fibroblasts are
located in different anatomical layers and are isolated using
separate isolation protocols, there is still a chance of fibro-
blastic contamination of the keratinocyte cultures.15 In ad-
dition, despite the fact that both epidermal cell types,
melanocytes and keratinocytes, are isolated by defined iso-
lation procedures, there is a remaining risk of a contamina-
tion of the cell populations with each other. Hence, we aimed
to identify the potential to discriminate these cell types
noninvasively by Raman spectroscopy to use this technology
as a quality control tool in tissue engineering production
processes. Since prolonged in vitro culture times might im-

pact the cell quality, we further investigated cell-type-specific
fingerprint patterns of normal primary and in vitro-modified
keratinocytes based on their Raman spectra. A multivariate
analysis of these Raman data was used for the detection of
spectral differences. More interestingly, based on these in vitro
data, we directly employed laser-based Raman spectroscopy
to monitor and discriminate skin cells in human skin biopsies.
To study differences between native, primary-isolated, and
in vitro-modified keratinocytes in vitro a cell-based skin model
was used. Our findings demonstrate that Raman spectroscopy
is a promising new technology for the noninvasive in situ
quality control and phenotype-separation of cells used in skin
tissue engineering applications.

Materials and Methods

Human tissue samples

All research was carried out in compliance with the rules
for investigation of human subjects, as defined in the
Declaration of Helsinki. This study was carried out in ac-
cordance with the institutional guidelines and was approved
by the local research Ethics Committee (IRB#190/2005V).
After informed written consent was given, juvenile foreskin
and a skin biopsy of a 37-year-old woman were obtained
from the Robert Bosch Hospital Stuttgart, Germany (PD
Dr. T. Walles), and further processed as described below.

Cell isolation and culture

Human fibroblasts and keratinocytes were isolated from
juvenile foreskins (n = 3). Briefly, biopsies were washed with
phosphate-buffered saline (PBS, containing Mg2 + and Ca2 + ;
Invitrogen, Carlsbad, CA), and then cut into pieces (5mm2)
and incubated with 2U/mL dispase (Invitrogen) over night
at 4!C. This incubation step allows the mechanical separation
of dermis and epidermis. The dermal part of the skin was
used for the isolation of fibroblasts: the minced tissue was
transferred into a centrifugal tube containing 500U/mL type
II collagenase (Serva Electrophoresis GmbH, Heidelberg,
Germany) and incubated for 45min at 37!C. After centrifu-
gation of this mixture, the cell pellet was washed, centrifuged
again, resuspended in routine culture medium (Dulbecco’s
modified Eagle’s medium [DMEM] containing 10% fetal calf
serum [FCS], and 1% gentamycin [all Invitrogen]), and
transferred into cell culture flasks. Fibroblasts were cultured
in a humidified incubator at 37!C and 5% CO2. The epider-
mis, which was used for the isolation of keratinocytes, was
minced and transferred into a centrifugal tube containing
versene mixed with trypsin/EDTA (both from Invitrogen).
The incubation of this mixture for 5min at 37!C was fol-
lowed by a supplementation with FCS. After gentle mixing,
the resulting cell suspension was filtered, centrifuged, and
washed. Keratinocytes were cultured in keratinocyte growth
medium-2 (KGM-2) (PromoCell, Heidelberg, Germany) in a
humidified incubator at 37!C and 5% CO2. Human mela-
nocytes were isolated from the epidermal part of adult fe-
male skin (n= 3). The skin samples were cut into small pieces
(1–2mm2), washed with PBS, and transferred into a centrif-
ugal tube for incubation with dispase for 3 h at 37!C. The
subsequent isolation procedure was identical to that de-
scribed for keratinocytes. Melanocytes were cultured in
Melanocyte Growth Medium M2 (PromoCell) in a
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humidified incubator at 37!C and 5% CO2. To obtain a
purified melanocyte culture and to eliminate a potential
contamination with keratinocytes, melanocytes were de-
tached after 10 days and transferred into fresh cell culture
flasks.

The human in vitro-modified keratinocyte cell line HaCaT
was provided by the German Cancer Research Center (Hei-
delberg, Germany). HaCaT cells were cultured according to
the providers’ protocol in routine culture medium at 37!C
and 5% CO2.

When cells reached 80% confluence, theywere detached and
passaged. Culture medium was changed every 3 to 4 days.

Full-thickness in vitro skin model

The full-thickness epidermal/dermal in vitro skin substi-
tutes were generated using cell culture inserts (Nunc, Ros-
kilde, Denmark) suitable for 24-well plates (Greiner BioOne,
Frickenhausen, Germany). Each dermal reconstruction was
made up of 5 · 105 fibroblasts embedded into a collagen
hydrogel. Briefly, fibroblasts were resuspended with 166mL
ice cold (4!C) gel neutralization solution consisting of
double-concentrated DMEM, 3% FCS, 3% 3M HEPES (Roth,
Karlsruhe, Germany), and a 1:1 mixture of Chondroitin-4
sulfate and Chondroitin-6-sulfate (0.025mg/mL; Sigma
Aldrich, Munich, Germany). This cell suspension was mixed
with 333 mL type 1 collagen solution (rat tail collagen dis-
solved in acetic acid at a final concentration of 6mg/mL),
given into the insert and incubated at 37!C for 10min until
the collagen matrix completely polymerized. An immersed
culture with fibroblast culture medium for 24 h followed. For
epidermal reconstructions the dermal equivalent was coated
with 25mL fibronectin solution (Invitrogen) and incubated
for 30min at 37!C, before 1 · 105 keratinocytes or HaCaT
cells in a total volume of 100mL culture medium were seeded
onto this dermal equivalent. Another incubation step for
45min at 37!C was necessary to allow cell attachment.
During the immersed culture period of 6 days, the KGM-2
medium was exchanged every second day with decreasing
FCS concentrations (5%, 2%, 0%). The skin construct was
subsequently lifted to the air–liquid interface by transferring
the insert into a six-well plate, and the culture medium was
switched to KGM-2 medium, supplemented with 1.88mM
CaCl2 (Merck, Darmstadt, Germany), which was followed
by a 12-day-culture period. The medium was exchanged
every 2–3 days.

Immunochemical and histological staining

Immunochemical staining was performed on cells cul-
tured in chamber slides and sections of human skin and the
in vitro skin model. The cells were fixed by using ice-cold
ethanol/acetone (1:1) for 10min and washed. Histological
sections were deparaffinized and subjected to antigen re-
trieval. Both cells and histological sections were then ex-
posed to peroxidase blocking solution (EnVision Kit; Dako,
Glostrup, Denmark) to quench the endogenous peroxidases.
Primary antibodies [Prolyl 4-hydroxylase (P4hb) (1:100; clone
5B5; Abcam, Cambridge, MA), pan-cytokeratin (1:200; clone
AE1/AE3; Abcam), Melan A (1:50; clone A103; Dako), col-
lagen type I (1:100; R1038; Acris Antibodies, Herford, Ger-
many), and cytokeratin-10 (1:200; clone DE-K10; Dako)] were
diluted in bovine serum albumin-containing washing buffer

and incubated for 1 h. The cells were then incubated with
biotinylated secondary antibodies for 30min, which were
observed using a DAB system (EnVision Kit). For general
morphology, the sections were stained with hematoxylin and
eosin (H&E). Bright-field images were acquired using a Zeiss
Axiovert 200 microscope (Carl Zeiss MicroImaging GmbH,
Göttingen, Germany).

Raman spectrometer setup

A custom-built Raman spectrometer coupled with a
commercially available fluorescence microscope (Olympus,
Tokyo, Japan) and equipped with a 785 nm diode laser
(Toptica Photonics AG, Munich, Germany) was used for the
Raman spectroscopic analysis. The output laser beam with
a power of 85mW was coupled into the microscope and
focused onto the samples by a 60 · water immersion objec-
tive (N.A. 1.2; Olympus). In backscattering geometry, the
stray light was collected by the same objective, filtered by a
Raman edge filter to suppress elastically scattered light and
eventually focused onto the entrance slit of a commercially
available spectrograph (Kaiser Optical Systems Inc., Ann
Arbor, MI). The holographic grating of the spectrograph was
chosen to provide the low-frequency region of the Raman
spectrum from *0 to 2000 cm–1 with a spectral resolution
of *4 cm–1. A near-infrared-optimized, cooled CCD camera
(Andor iDus, Belfast, Northern Ireland) was attached to the
output port and used for data acquisition.

Raman spectroscopy of cells

For Raman spectroscopy measurements, cells were de-
tached, resuspended in routine culture medium, and given
into the measuring vessel—a glass bottom dish (Matek
Corp., Ashland, MA). The measurement of adherent cells
was performed 1 day after seeding. Per each experiment, 20
to 25 cells were measured. Each Raman spectrum measured
in a single location of a cell was collected with an integration
time of 100 s and an excitation power of *20–30mW, mea-
sured at the sample. Data were acquired with the software
package Andor Solis, which was provided by the camera
manufacturer (Andor iDus). All data sets were reduced to
the spectral region between 600 and 1800 cm - 1, since the
main spectral information is present in this region. Narrow
noise spikes that arose from cosmic ray were eliminated from
the spectra manually. The corresponding reference spectra,
which were taken after the measurement of every fifth cell,
were subtracted from the sample spectra to eliminate back-
ground information of the medium and the glass bottom
dish of the sample cell. Afterwards all spectra were baseline-
corrected using a rubber band correction (64 baseline points).
For this data processing, software Opus" (Ver. 4.2, Bruker,
Billerica, MA) was used. Finally, all spectra were smoothed
using the Savitsky-Golay algorithm (nine points, second-
order polynomial) to reduce noise and vector normalized for
the reduction of inherent variations in absolute signal in-
tensities. These processing steps were carried out with the
Unscrambler" (Ver. 9.7, Camo Software AS, Oslo, Norway).

Measurement of ex vivo human skin and skin models

To measure fibroblasts and keratinocytes within their
natural environment, the dermis and epidermis of a skin
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biopsy of a 37-year-old woman were separated by incubation
with dispase overnight as described earlier. Keratinocytes
from the basal layer and fibroblasts from the dermis were
measured as described above. Baseline corrections of these
Raman spectra were done manually to minimize the fluo-
rescence background. For the measurement of epidermal
cells cultured as part of the in vitro model, the construct was
simply removed from the insert and transferred to the
measuring vessel. Cells were measured as described above.

Principal component analysis

Principal component analysis (PCA) is one of the most
common multivariate techniques used for the analysis of
spectral data allowing for the classification of spectra based
on their similarity. Briefly, the algorithm finds a new set of
basic spectra that are able to describe all measured spectra by
a linear combination. The set of basic spectra is ordered in a
way that the first spectrum describes the highest spectral
variation in the measured data (e.g., one isolated Raman
band that strongly changes its peak height in the respective
data set). The second spectrum consists of the second
strongest spectral variation (e.g., a second, not correlated
Raman band). In most cases, it is sufficient to use a limited
set of basic spectra to describe the measured spectra since the
higher components will ultimately describe just the remain-
ing noise in the spectra. The basic spectra in a PCA are called
the loadings of a data set and every measured spectrum may
be characterized by a set of linear coefficients that reconstruct
the spectrum as a weighted sum of these new basic spectra.
These coefficients are called scores and every measured
spectrum is represented by a set of scores. The score-plot of a
PCA displays every measured spectrum, represented by a
point. Similar spectra group together in certain regions,
whereas strongly differing spectra are widely separated. In
addition, the corresponding plot of loadings shows exactly
which variations in the original data are responsible for the
variations on the scores and thus provide a hint about the
molecular differences.

Support vector machine

As the PCA described above is mainly used to analyze a
data set, support vector machines (SVMs) are a common
mathematical method used to classify new measurements of
unknown samples (test data) based on experiences from a
data set of known samples (training data).16 Thus, the first
step in setting up an SVM is training with known data, for
example, Raman spectra of known cell types. The mathe-
matical algorithm may then be used with the original spectra
or with the score-representation from a PCA—in all cases the
spectrum is represented by an n-dimensional set of values
(whether n denotes the number of wavelengths recorded or
the number of significant scores), that is, by a point in an
n-dimensional space. The training data set contains infor-
mation about the classification: in our case, information
about the cell type of every measurement. If cell types can be
differentiated by Raman spectroscopy, the corresponding
Raman spectra of these cell types should cluster in certain
regions of the n-dimensional space. The mathematical algo-
rithm defines boundaries between these clusters by maxi-
mizing the distance between the boundary and the
respective cluster points; calculating these boundaries

completes the training of the data set. An unknown spectrum
may now be classified by looking up its position within the
n-dimensional space using the separating boundaries. A
classification based on SVMs may be characterized by its
performance on a known data set. Typically, this data set is
split into a training data set (e.g., 50% of all spectra) and a
test data set (the remaining 50%). The SVM is trained using
the first set of data and will be evaluated using the second
data set by comparing the classification results with the true
classification and, in particular, by calculating sensitivity and
specificity.17

Sensitivity describes the proportion of true-positive values
(TP) that were correctly identified by the SVM analysis. It is
calculated by dividing the number of true-positive values by
the sum of true-positive and false-negative values (FN) and is
displayed in percentage. FN is the number of spectra that
were falsely predicted by the SVM analysis.18

sensitivity¼ TP

TP þ FN
· 100

Depending on the application of the Raman measure-
ments, the number of true-positive values corresponds to all
correctly predicted Raman spectra of the mainly focused cell
type. (For the comparison of fibroblasts and keratinocytes,
the amount of correctly predicted keratinocyte spectra is TP

and the number of keratinocyte spectra that were predicted
as fibroblast spectra corresponds to FN.)

Specificity describes the proportion of true-negative val-
ues (TN) that are correctly identified by the SVM analysis. It
is calculated by dividing the number of true-negative values
by the sum of true-negative and false-positive values (FP)
and is displayed in percentage.

specifity¼ TN

TN þ FP
· 100

Depending on the aim of the cellular characterization by
Raman spectroscopy, the number of true-negative values
corresponds to the number of correctly predicted Raman
spectra of the undesired cell type. For the identification of a
potential fibroblast contamination within a keratinocyte
population, the number of correctly predicted fibroblast
spectra represents the value of TN. The number of fibroblast
spectra that were predicted as keratinocyte spectra repre-
sents the FP value.

Statistical analysis

Data are presented as mean – standard deviation. Statis-
tical significance was assessed by Fisher’s analysis of vari-
ance (ANOVA) and Kruskal–Wallis test. p-values < 0.05 were
defined as statistically significant.

Results

Raman spectrum interpretation

This study focused on the noninvasive characterization of
several skin cell phenotypes by Raman spectroscopy, allowing
a marker-free and rapid cell analysis. A typical Raman spec-
trum with peaks originating from defined molecular vibra-
tions of various cellular components was obtained from an
individual living cell within an integration time of 100 s.
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By employing a sensitive and multivariate analysis of the
obtained spectra, the detection of minor cellular differences
was possible. This chemometric technique helped analyzing
entire Raman spectra simultaneously, simplifying a complete
spectral data set into a few PCs. During a PCA algorithm,
score values were translated to a PC (PC1–PC4) from a cor-
responding spectrum. Thus, score plots could be used to
identify clustering of data, which consequently helped to re-
veal important trends within a data set. For the initial exper-
iments, adherent keratinocytes were selected because the cell
nuclei are well distinguishable from the cytoplasm. These cell
compartments could therefore be studied separately by Ra-
man spectroscopy (Fig. 1A, C). These first experiments helped
to assign which cellular component was responsible for which
significant peak seen in the Raman spectra of detached cells
(Fig. 1B, C). Raman spectra of the cytoplasm showed very low
intensities and did not contain useful information as the sig-
nal-to-noise ratio was low and no significant peaks were ob-
servable (data not shown). In contrast, Raman spectra
obtained from the cell nuclei of adherent keratinocytes and
spectra obtained from detached keratinocytes revealed similar
cell-specific Raman peaks (Fig. 1C).

Phenotypic discrimination of epidermal
and dermal skin cells

The phenotypical discrimination of primary skin cell types
by Raman spectroscopy was studied using epidermal kerati-
nocytes and dermal fibroblasts (Fig. 2). Mean Raman spectra
of primary fibroblasts and keratinocytes were shown for the
spectral region between 600 and 1800 cm- 1 since most spec-
tral information is present in this fingerprint region (Fig. 2A).
The averaged and similarly structured spectra of these two
cell types showed typical peaks originating from different
biomolecules such as proteins, nucleic acids, lipids, and car-
bohydrates.13,19–21 However, a few spectral differences were
observed at 870, 955, 1037, 1079, 1269, and around 1665 cm- 1

(Table 1). These differences could be due to both spectral

differences and intensity shifts. In general, spectral differences
are due to peaks that are solely present in one spectrum and
do not occur in the second spectrum, whereas intensity shifts
are due to different intensities in the same peak in both
spectra. Based on these assumptions, we have evaluated that
spectral differences occurred at wavenumbers of 870, 955,
1037, and 1269 cm - 1, whereby intensity shifts were seen at
1079 and 1665 cm- 1. Both peaks at 955 and 1079 cm - 1 could
be assigned to lipids such as cholesterol.22,23 Others associated
the peak at 956 cm - 1 to molecular vibrations of keratin.24

These Raman peaks show significantly higher intensities in
the Raman spectra of keratinocytes than the spectra of fibro-
blasts (Fig. 2B). Collagens can be assigned to peaks at 870,
1037, 1268, and around 1665 cm- 1.21,25–28 The intensities of
these Raman peaks are significantly higher in the spectra of
fibroblasts in contrast to the peaks of the spectra of keratino-
cytes except of the Raman peat at 1665 cm - 1 (Fig. 2B). Figure
2C shows the PCA plot performed on Raman spectra of pri-
mary keratinocytes and fibroblasts using the PC1 and PC2.
These two PCs account for 58% of the total explained vari-
ance. For both cell types, data points (scores) clustered to-
gether in one region within this PCA plot. The separation of
these two clusters occurred along the PC1 axis.

The discrimination of fibroblasts and keratinocytes was also
shown by routine immunocytochemical staining using pan-
cytokeratin and P4hbeta (Fig. 2D–G). P4hbeta was used to
distinguish fibroblasts from keratinocytes as it is only found in
fibroblasts (Fig. 2D vs. F). P4hbeta is an intracellular enzyme
required for the synthesis and formation of many types of col-
lagen.29 In contrast, the pan-cytokeratin antibody specifically
identified keratinocytes, whereas no staining was observed
within the fibroblast cultures (Fig. 2E vs. G). Cytokeratin is a
structural protein found in the cytoplasm of epithelial cells.30

Distinction of melanocytes and keratinocytes

Melanocytes and keratinocytes are two cell types present
in the epidermal layer of the skin. Here, we aimed to detect

FIG. 1. Bright-field micrographs of human (A) adherent and (B) detached keratinocytes. In image (A) the white circles
indicate cell nuclei. Scale bars equal 20mm. (C) Mean Raman spectra of adherent keratinocytes (dashed black line; n= 20) and
detached keratinocytes (continuous gray line; n = 20) in the fingerprint range from 600 to 1800 cm - 1. All data are detected as
relative intensities, displayed in arbitrary units (a.u.).
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spectral differences between these cell types using Raman
spectroscopy. Figure 3A presents the mean Raman spectra
obtained from primary melanocytes and keratinocytes as
well as the mean difference and loading spectra. Spectral
differences were observed between melanocytes and kerati-

nocytes in the spectral baseline and in the loading spectrum
at 854, 932, 1003, and around 1380 cm- 1 (Table 2). In previ-
ous reports, the ring structure of the amino acid tyrosine had
been assigned to the peak at 854 cm- 1; the helical structure of
proteins had been assigned to the peak at 932 cm- 1, whereas
the overall protein concentration was identified by the peak
at 1003 cm- 1.21,31,32 All mentioned peaks showed signifi-
cantly higher intensities in the Raman spectra of keratino-
cytes compared with the spectra of melanocytes (Fig. 3B).
The peak at 1380 cm- 1 was assigned to the pigment mela-
nin.33 The intensity values for this specific peak were not
normally distributed and therefore analyzed by a Kruskal–
Wallis ANOVA, which showed significantly higher peak
intensities for the spectra of melanocytes than for keratino-
cytes. We established a score plot comparing the spectra of
melanocytes and keratinocytes (Fig. 3C). Each of the dis-
played score clusters represents either melanocytes or kera-
tinocytes that are separable along the PC1 axis. PC1 and PC2
accounted for 78% of the explained variance although there
were two scores in the keratinocyte cluster that could be

FIG. 2. (A) Mean Raman spectra obtained from primary fibroblasts (n = 65) and primary keratinocytes (n= 70) in the
fingerprint range from 600 to 1800 cm - 1. All data are detected as relative intensities in a.u. Also shown is the difference
spectrum (dashed black line), obtained by subtracting the spectrum of primary fibroblasts from the spectrum of primary
keratinocytes. Loading values (light gray line) are plotted for the first principal component defined by the PCA plot. The
higher the loading values, the greater the contribution to the PCA. The Raman spectra are shifted along the intensity axis
for clarity. (B) Identified Raman peaks that are important for the discrimination of fibroblasts and keratinocytes (*p< 0.05).
(C) PCA plot comparing data obtained from primary fibroblasts and keratinocytes. PC1 and PC2 account for 58% of the total
variance between the Raman spectra obtained from these cell types. Immunochemistry of primary fibroblasts reveals in-
tracellular localized P4Hb (D) and no expression of pan-cytokeratin (E). Primary keratinocytes do not express P4Hbeta (F) but
are positive for pan-cytokeratin (G). Scale bars equal 200 mm. PCA, principal component analysis.

Table 1. Most Significant Spectral Differences
Between Raman Spectra of Epidermal Keratinocytes
and Dermal Fibroblasts Identified by Loading Values

Wavelength (cm - 1)

Assignment Keratinocytes Fibroblasts Reference

Cholesterol,
keratin

954–956 — 22,24,59

Lipid 1079 — 23

Collagen 870 21

— 1037 26

— 1268–1269 25,27

— 1663–1670 26,28
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assigned to the melanocyte population. Routine immunocy-
tochemical staining also showed the discrimination between
melanocytes and keratinocytes (Fig. 3D–G). Melanocytes were
solely stained with the Melan-A antibody (Fig. 3D vs. F),
which binds to a protein antigen found in melanocytes of the

skin.34 As described above, keratinocytes were stained with
the pan-cytokeratin antibody, which was in contrast to the
melanocyte population (Fig. 3E vs. G). We found that pan-
cytokeratin-stained keratinocytes appeared also in the mela-
nocyte cultures, which can be explained by a limitation of the
isolation method (Fig. 3E).

Discrimination between primary
and in vitro-modified cells

For the production of skin equivalents or in vitro skin
models, a sufficient amount of preferably autologous cells is
necessary. These cells are obtained through multiple pas-
sages of cell expansion. During this prolonged in vitro cul-
ture, pathologic cell changes may occur; therefore, it is of
particular importance to noninvasively monitor cells to ex-
clude primary cells, which are potentially degenerated or
genetically altered. Here, we tested the possibility to detect
molecular cell changes by comparing Raman spectra of pri-
mary keratinocytes and in vitro-modified (immortalized)
HaCaT cells. Figure 4A shows mean Raman spectra obtained

FIG. 3. (A) Mean Raman spectra of primary melanocytes (n = 74) and primary keratinocytes (n= 64). Shown is the difference
spectrum (dashed black line), obtained by subtracting the keratinocytes spectrum from the melanocyte spectrum. The loading
spectrum (light gray line) is plotted for the first principal component defined by the PCA plot. The Raman spectra are shifted
along the intensity axis for clarity. (B) Comparison of relative intensities of Raman peaks between primary melanocytes and
keratinocytes (*p< 0.05). (C) PCA plot of melanocytes and keratinocytes using the first and second principal components (PC1
and PC2). PC1 and PC2 account for 78% of the variance between the spectra obtained from these cell types. Each cell type
clusters in one group within the diagram. (D–G) Representative images of immunocytologically stained primary melanocytes
and keratinocytes. Melanocytes are positively stained by Melan-A (D) and do not show pan-cytokeratin expression (E). Of
note, pan-cytokeratin-stained keratinocytes are present in melanocyte culture. There is no Melan-A expressed on keratino-
cytes (F); however, these cells are positive for pan-cytokeratin (G). Scale bars equal 200 mm.

Table 2. Assignment of Raman Bands
for the Discrimination of Two Epidermal Cell

Types: Keratinocytes and Melanocytes Resulting
from Loading Values

Wavelength (cm - 1)

Assignment Keratinocytes Melanocytes Reference

Protein 854 31

Helical protein
structure

932 — 32

Protein 1003–1005 — 21,31

Melanin — 1380 33

Pigmentation — Baseline 63
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from primary keratinocytes and HaCaT cells as well as the
mean difference spectrum and loading values to identify the
most significant spectral differences. The occurring profiles
of the loading and difference spectra were almost identical
and showed distinctive peaks in the regions of 727, 785, 1003,
1093, 1252, and 1660 cm - 1. Interestingly, it had been previ-
ously reported that peaks at 727, 785, 1093, and 1252 cm - 1

correspond to molecular vibrations of nucleic acids, DNA
and RNA bases, and PO2 - stretching vibration of the DNA
backbone.21,35 It was also shown before that the peak at
1003 cm- 1 occurs due to specific vibrations of phenylalanine,
which indicates a difference in the protein concentration of
the studied cell types as well as the amide I peak at 1660 cm-1

(Table 3).21,31,36 All mentioned Raman peaks showed signifi-
cantly higher intensities in the spectra of HaCaT cells when
compared to keratinocytes (Fig. 4B).

In our experiments, we also observed differences in
a broader peak, present in the wavenumber region at
1400 cm- 1, occurring in the loading and difference spectra.
Although we performed a baseline correction of the Raman
spectra to exclude the (background) signal from the glass
and the medium, we believe that this signal results from the
glass of the glass bottom dish. We hypothesize that this is
most likely because during Raman measurements, which are

performed on nonadherent cells in suspension, the laser was
focused at different (z-) depths of the primary and modified
cells due to significant differences in cells’ morphologies
(Fig. 4C, D). However, when we excluded the wavenumber
region that can be assigned to the glass signal (1338–
1450 cm- 1), we still observed a clear discrimination of the
two cell types with a small area of overlapping scores
(Supplementary Fig. S1; Supplementary Data are available
online at www.liebertonline.com/tec).

FIG. 4. (A) Mean Raman spectra of HaCaT cells (n = 85) and primary keratinocytes (n= 70). Shown is the difference
spectrum (dashed black line), obtained by subtracting the spectrum of HaCaT cells from the spectrum of keratinocytes. The
loading spectrum is displayed by the light gray line. (B) Analysis of Raman peak intensities found in spectra of HaCaT cells
and primary keratinocytes (*p < 0.05). (C and D) Bright-field images of detached HaCaT cells (C) and primary keratinocytes
(D). Scale bars equal 20mm. The score plot (E) displays the PC1 and PC4 results obtained from spectra of primary keratin-
ocytes and HaCaT cells. Shown are two distinct groups. PC1 and PC4 account for 41% of the total variance between the Raman
spectra obtained from these cells.

Table 3. Raman Spectral Differences Between
Normal Keratinocytes and HaCaT Cells
Due to Most Prominent Loading Bands

Wavelength (cm - 1)

Assignment Keratinocytes HaCaT cells Reference

Adenine 727 35

DNA/RNA 782–790 21

— 1093–1095 21

Protein — 1003–1005 21,31,36

Guanine, cytosine 1252 21

Amide I 1660 21
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The results of the PCA performed on the spectral data set
obtained from keratinocytes and HaCaT cells showed two
distinguishable clusters containing each of the studied cell
types (Fig. 4E). In contrast to the distribution pattern of
HaCaT cells, we identified a broader distribution of score
values of keratinocytes, most likely due to a higher hetero-
geneity of the primary isolated cells. For this analysis the first
and fourth principal components (PC1 and PC4) corre-
sponded to 41% of the total explained variance.

Raman spectroscopy of ex vivo and in vitro skin

The potential to discriminate different skin cell types
within their native environment was examined. Raman
spectroscopy was employed to monitor vital keratinocytes
and fibroblasts in ex vivo skin (Fig. 5). We observed a suc-
cessful separation of these two cell types by their Raman
spectra. Accordingly, two clusters containing scores of each
cell type were discriminated along the PC1 axis (Fig. 5B).
Routine histological and immunochemical staining using a
keratinocyte marker (cytokeratin-10) confirmed the clearly
separable epidermal and dermal layers (Fig. 5C, D). Using
in vitro skin models, we were further able to differentiate

between native and in vitro-modified cells within defined
matrix components (Fig. 6). Primary keratinocytes and
HaCaT cells were measured and the multivariate analysis of
the obtained spectra resulted in two clusters that were sep-
arated along the PC1 axis (Fig. 6B), whereby two scores of
the HaCaT cell population slightly shifted to the score cluster
of the primary keratinocytes. To clearly show the localization
of the epidermal layer on top of the dermal layer, the skin
models were also analyzed using routine histology (Fig. 6C,
E) as well as by using a marker that identifies a structural
protein as part of the cytoskeleton of epithelial cells (cyto-
keratin-10) (Fig. 6D, F).

Discussion

Raman spectroscopy is an established technique for the
noninvasive identification and characterization of several cell
types based on their biochemical composition. The cell’s
biochemical fingerprint is measured and translated into Ra-
man spectral peaks that can then be further analyzed using
multivariate analysis. Raman spectroscopy has been used for
the characterization of different tissues and organs such as
bone and bronchial or colorectal tissue.37–43 It has also

FIG. 5. (A) Schematic demonstrating the anatomical site in native skin that was analyzed by Raman spectroscopy. (B) PCA
of individual Raman spectra taken from primary fibroblasts (n = 20) and keratinocytes (n = 20) of ex vivo skin. The score plot
for the PC1 versus PC3 represents 66% of the total variance. (C) Gross-morphological staining (H&E) of human skin. Scale bar
equals 100 mm. (D) Immunhistological staining of human skin demonstrates cytokeratin-10 expression in the epidermal layer.
Scale bar equals 100mm. H&E, hematoxylin and eosin. Color images available online at www.liebertonline.com/tec
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been evaluated as a diagnostic tool for cancer monitor-
ing,23,27,44,45 the screening of the molecular and structural
composition of skin, and for identifying differences between
pathologic and healthy skin structures.46–50 Raman spec-
troscopy has also been employed for the monitoring of the
skin’s reaction to contrast agents, nanoparticles, and toxic
substances.51–53 Skin cells were analyzed by comparing dif-
ferent culture substrates,54,55 skin cell lines,36,56 and cell or-
ganelles.57 Although TE skin has previously been studied by
analyzing Raman spectra of excised and labeled skin and
skin equivalents,58 our report is the first to use Raman
spectroscopy to noninvasively identify primary human skin
cells solely based on their biochemical fingerprint without
any processing (fixation, sectioning, or staining) or the use of
any substances (contrast agents), as it is needed for routine
technologies such as flow cytometry or immunochemical
staining. In our study, specific Raman peaks and differences
in Raman signal intensities identified biochemical differences
between several skin cell types. We applied multivariate
analysis to the spectral data, which helped to successfully
discriminate between the studied skin cells. The distinction
between primary fibroblasts and keratinocytes was based on
peaks occurring at 870, 955, 1037, 1079, 1269, and 1665 cm- 1,
most of which had previously been described to detect lipids
such as cholesterol, keratin, and collagens.21–28 The most
significant difference was seen at the peak 955 cm - 1. Singh
et al. have identified that this peak can be assigned to cho-

lesterol.22 Interestingly, spectral analyses showed that the
concentration of cholesterol is indeed higher in keratino-
cytes than in fibroblasts, which was found by studying the
cholesterol synthesis of these two cell types by extracting
lipids from cell fractions and the medium.59 According to
this study, keratinocytes synthesized 10-fold more choles-
terol per mg cell protein than fibroblasts.59 Schurer and
colleagues reported that the overall higher lipid concen-
tration seen in the epidermal skin layer populating kerati-
nocytes is primarily due to the cells’ generation of a
permeability barrier composed of lipids, whereby dermal
fibroblast, which are located in the dermis, have no func-
tional need for lipid production.60 These observations sug-
gest that the significantly higher peak seen in our study in
keratinocytes at 955 cm - 1 might be due to a higher lipid
content of these cells when compared to fibroblasts. How-
ever, it has been speculated before that this wavenumber
region (955/956 cm - 1) could also be assigned to keratin,
studying bovine hooves using Raman spectroscopy.24

Keratin is a fibrous structural protein that protects the
skin from mechanical stress and contributes to the water-
proof property of the outermost layer of the skin.61 Since
keratin is located in cells of the epidermis such as kerati-
nocytes, one could speculate that the differences seen in our
peak signal intensities could also be attributed to keratin.
These results were also supported by immuncytological
staining of these cell populations, which showed that

FIG. 6. (A) Schematic illustration demonstrating Raman measurement of skin models with primary keratinocytes and
HaCaT cells. (B) PCA plot of primary keratinocytes (n = 25) and HaCaT cells (n = 26) that were cultured on in vitro skin
models using PC1 and PC2 corresponding to 81% of the total variance. (C–F) Images showing H&E and im-
munhistologically stained (cytokeratin-10) in vitro skin models with epidermal layers consisting of primary keratinocytes
(C, D) and HaCaT cells (E, F). Scale bars equal 100 mm. Color images available online at www.liebertonline.com/tec
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cytokeratins are solely present in keratinocytes and not in
fibroblasts.

Relevant peaks resulting from the measurements of fibro-
blasts are present at 870, 1037, 1269, and 1665 cm- 1. Similar
peaks were previously assigned to collagen by studying skin
and breast tissue sections as well as purified collagen from
bovine or rat-tail tendons with Raman spectroscopy.21,25–28 It
has been further shown that Raman spectra of the dermal skin
layer showed strong resemblance to such collagen spectra as
the major part of the dry weight of the dermis consists of var-
ious collagens.47 These data confirm our hypothesis that sig-
nificantly higher Raman band intensities at 870, 1037, 1269, and
1665 cm- 1 seen in dermal fibroblasts are due to the cells’ ca-
pability for collagen synthesis (Supplementary Fig. S2), which
is in strong contrast to keratinocytes. Due to this successful
discrimination of keratinocytes and fibroblasts by Raman
spectroscopy, we believe that potential fibroblastic contami-
nations of keratinocyte cultures could be detected non-
invasively. Additionally, the sensitivity of this method, which
describes the proportion to correctly identify a keratinocyte by
its Raman spectrum, accounts for 97.3%. The specificity of this
technology to correctly assign a spectrum of a contaminating
fibroblast within a keratinocyte population is 77.1%.

In this study, we further showed that Raman spectra of
skin cell types within their native environment in ex vivo skin
could successfully be separated by a multivariate analysis.
These results confirmed the applicability of this technique for
the analysis of both cell suspensions as well native tissues.
However, a key characteristic of the skin is the pigmentation,
which is based on the pigment melanin that is responsible for
the skin color and plays an essential role in defending the
skin against harmful UV rays.15 Melanin is synthesized and
distributed by melanocytes and transferred to the associated
population of keratinocytes.62 Hence, a major difference be-
tween these two cell types that are both located in the epi-
dermal layer is the potential to synthesize melanin. Here we
found that the Raman spectra of melanocytes and keratino-
cytes differed in both the spectral baseline and in peaks
present at 854, 932, 1003, and 1380 cm- 1. Previous in vivo
measurements of skin samples with different melanin con-
tents have revealed positive correlations between the back-
ground height of Raman spectra and the pigmentation of
cells.63 In addition, Raman spectra of human skin as well as
of natural and synthetic melanin are dominated by a peak at
1380 cm- 1.33 Protein backbone vibrations that were assigned
to the peak at 932 cm- 1 by studying human nails as well as
the typical protein peak at 854 and 1003 cm - 1 indicated
higher protein concentrations in keratinocytes than in mela-
nocytes.23,31,32 So far, we believe that the major difference in
the obtained Raman spectra of melanocytes and keratino-
cytes is due to the pigment melanin, which is solely syn-
thesized by melanocytes. However, we are currently
investigating other possible protein targets that could be
the cause of the different Raman spectra seen for keratino-
cytes and melanocytes. Besides the successful discrimina-
tion of melanocytes and keratinocytes within a score plot,
the sensitivity of this technique to correctly classify a mela-
nocyte spectrum (90.2%) as well as the specificity of this
method to detect a keratinocyte within a melanocyte popu-
lation (94.6%) supports these results, which lead us to the
conclusion that Raman spectroscopy can be employed for the
monitoring of the purity of skin cell populations. The pres-

ence of contaminating keratinocytes in the melanocyte cul-
tures did not have an impact on the establishment of the
training data set of the SVM as we could clearly distinguish
these cells due to their morphology and pigmentation
(Supplementary Fig. S3).

To test the possibility to noninvasively identify molecular,
potentially pathological changes in keratinocytes, we em-
ployed Raman spectroscopy to discriminate between pri-
mary keratinocytes and an in vitro-modified keratinocyte cell
line. No differences were seen in the Raman spectra intensity
patterns of primary and in vitro-modified keratinocytes that
are typically assigned to lipid structures (such as 1079 cm- 1

and 1300 cm- 1)—a phenomenon that was also seen before by
analyzing the total lipid content in human primary kerati-
nocytes and HaCaT cells by lipid extraction.21,25,64 In con-
trast, our experiments revealed that Raman spectra of these
two cell types differed significantly in peaks assigned to
proteins and nucleic acids at 727, 785, 1003, 1093, 1252, and
1660 cm - 1. We observed that the Raman spectra intensities
were significantly higher in HaCaT cells when compared to
primary isolated (native) keratinocytes. By studying both cell
types as well as DNA- and RNA-containing solutions using
Raman spectroscopy, peak assignments to proteins and nu-
cleic acids have been made.21,31,35,36 Taken these results into
account, the detected biochemical differences seen in HaCaT
cells versus primary keratinocytes are most likely based on
different protein and nucleic acid contents due to an altered
proliferation potential of the modified cells. The impact of
the proliferative state of a cell on the biochemical fingerprint
has been previously shown studying the Raman spectra from
healthy and cervical cancer cells and from normal and
transformed human breast epithelial cell lines.44,45 Interest-
ingly, we could also show a 100% sensitivity of this tech-
nology to correctly discriminate an in vitro-modified cell
from a primary cell. Moreover, the specificity for the analysis
of the keratinocyte population is 86.5%. Significant differ-
ences were also observable in the Raman spectra taken from
primary keratinocytes and HaCaT cells that were cultured
within the epidermal layer of a skin model when plotted
within a score plot. Thus, we could show that the noninva-
sive detection of modifications of primary cells during
in vitro culture by Raman spectroscopy is possible.

Conclusions

This study demonstrates the feasibility to noninvasively
separate cells in cell suspension, within ex vivo skin and
in vitro skin models, based on their biochemical differences
using Raman spectroscopy and multivariate analysis. We
were able to discriminate between primary skin cell types,
including fibroblasts, keratinocytes, and melanocytes with-
out the need for further sample processing (e.g., fixation or
antibody staining), making this technology a more suitable
tool for cell and tissue state diagnosis in contrast to routine
techniques such as flow cytometry and immunochemical
staining. Differences between in vitro-modified cells and their
corresponding primary cell type were clearly identifiable.
This observation is especially important for the production
of artificial skin and in vitro skin models, where both the
biopsy and the transplant consist of several cell types. Thus,
the purity and quality of the cell populations used for
the production of TE skin could easily and noninvasively
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be determined and does not require cell-type-specific mar-
ker. In addition, the evaluation of these engineered products
by using Raman spectroscopy allows a safer production
process, as a frequent monitoring of cellular properties is
possible. The overall goal for the integration of Raman
spectroscopy as an analysis method for cellular samples is to
determine several cell properties using one rapid and non-
invasive measurement that could be incorporated into an up-
scalable tissue engineering model. First studies are aiming
currently on the development of Raman-spectroscopy-based
systems for activated cell sorting.65 Thus, Raman spectros-
copy offers a high-throughput screening tool for the quality
control of in vitro skin models for commercial and regener-
ative medicine approaches.
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39. Koljenović, S., Bakker Schut, T.C., van Meerbeeck, J.P., Maat,
A.P.W.M., Burgers, S.A., Zondervan, P.E., Kros, J.M., and
Puppels, G.J. Raman microspectroscopic mapping studies of
human bronchial tissue. J Biomed Opt 9, 1187, 2004.

40. Krafft, C., Ramoji, A.A., Bielecki, C., Vogler, N., Meyer, T.,
Akimov, D., Rösch, P., Schmitt, M., Dietzek, B., Petersen, I.,
Stallmach, A., and Popp, J. A comparative Raman and CARS
imaging study of colon tissue. J Biophotonics 2, 303, 2009.

41. Penel, G., Delfosse, C., Descamps, M., and Leroy, G. Com-
position of bone and apatitic biomaterials as revealed by
intravital Raman microspectroscopy. Bone 36, 893, 2005.

42. Noh, M.S., Jun, B.-H., Kim, S., Kang, H., Woo, M.-A., Minai-
Tehrani, A., Kim, J.-E., Kim, J., Park, J., Lim, H.-T., Park, S.-
C., Hyeon, T., Kim, Y.-K., Jeong, D.H., Lee, Y.-S., and Cho,
M.-H. Magnetic surface-enhanced Raman spectroscopic (M-
SERS) dots for the identification of bronchioalveolar stem
cells in normal and lung cancer mice. Biomaterials 30, 3915,
2009.

43. Molckovsky, A., Song, L.-M., Shim, M.G., Marcon, N.E., and
Wilson, B.C. Diagnostic potential of near-infrared Raman
spectroscopy in the colon: differentiating adenomatous from
hyperplastic polyps. Gastrointest Endosc 57, 396, 2003.

44. Lyng, F.M., Faolain, E.O., Conroy, J., Meade, A.D., Knief, P.,
Duffy, B., Hunter, M.B., Byrne, J.M., Kelehan, P., and Byrne,
H.J. Vibrational spectroscopy for cervical cancer pathology,
from biochemical analysis to diagnostic tool. Exp Mol Pathol
82, 121, 2007.

45. Yu, C., Gestl, E., Eckert, K., Allara, D., and Irudayaraj, J.
Characterization of human breast epithelial cells by confocal
Raman microspectroscopy. Cancer Detect Prev 30, 515, 2006.

46. Gniadecka, M., Wulf, H.C., Nymark Mortensen, N., Faurs-
kov Nielsen, O., and Christensen, D.H. Diagnosis of basal
cell carcinoma by Raman spectroscopy. J Raman Spectrosc
28, 125, 1997.

47. Nijssen, A., Bakker Schut, T.C., Heule, F., Caspers, P.J.,
Hayes, D.P., Neumann, M.H., and Puppels, G.J. Dis-
criminating basal cell carcinoma from its surrounding tissue
by Raman spectroscopy. J Invest Dermatol 119, 64, 2002.

48. Bernard, G., Auger, M., Soucy, J., and Pouliot, R. Physical
characterization of the stratum corneum of an in vitro pso-
riatic skin model by ATR-FTIR and Raman spectroscopies.
Biochim Biophys Acta 1770, 1317, 2007.

49. Caspers, P.J., Lucassen, G.W., Carter, E.A., Bruining, H.A.,
and Puppels, G.J. In vivo confocal Raman microspectroscopy
of the skin: noninvasive determination of molecular con-
centration profiles. J Invest Dermatol 116, 434, 2001.

50. El Ghalbzouri, A., Commandeur, S., Rietveld, M.H., Mulder,
A.A., and Willemze, R. Replacement of animal-derived col-
lagen matrix by human fibroblast-derived dermal matrix for
human skin equivalent products. Biomaterials 30, 71, 2009.

51. Patlolla, R.R., Desai, P.R., Belay, K., and Singh, M.S. Trans-
location of cell penetrating peptide engrafted nanoparticles
across skin layers. Biomaterials 31, 5598, 2010.

52. Perna, G., Lastella, M., Lasalvia, M., Mezzenga, E., and
Capozzi, V. Raman spectroscopy and atomic force micros-
copy study of cellular damage in human keratinocytes
treated with HgCl2. J Mol Struct 834, 182, 2007.

53. Qian, J., Jiang, L., Cai, F., Wang, D., and He, S. Fluorescence-
surface enhanced Raman scattering co-functionalized gold
nanorods as near-infrared probes for purely optical in vivo
imaging. Biomaterials 32, 1601, 2011.

54. Meade, A., Lyng, F., Knief, P., and Byrne, H. Growth sub-
strate induced functional changes elucidated by FTIR and
Raman spectroscopy in in–vitro cultured human keratino-
cytes. Anal Bioanal Chem 387, 1717, 2007.

55. Bonnier, F., Meade, A.D., Merzha, S., Knief, P., Bhattachar-
ya, K., Lyng, F.M., and Byrne, H.J. Three dimensional col-
lagen gels as a cell culture matrix for the study of live cells
by Raman spectroscopy. Analyst 135, 1697, 2010.

56. Donfack, P., Rehders, M., Brix, K., Boukamp, P., and
Materny, A. Micro Raman spectroscopy for monitoring al-
terations between human skin keratinocytes HaCaT and
their tumorigenic derivatives A5RT3—toward a Raman
characterization of a skin carcinoma model. J Raman Spec-
trosc 41, 16, 2010.

57. Jess, P.R., Garces-Chavez, V., Smith, D., Mazilu, M.,
Paterson, L., Riches, A., Herrington, C.S., Sibbett, W., and
Dholakia, K. Dual beam fibre trap for Raman micro-
spectroscopy of single cells. Opt Expr 14, 5779, 2006.

58. Tfayli, A., Piot, O., Draux, F., Pitre, F., and Manfait, M.
Molecular characterization of reconstructed skin model by
Raman microspectroscopy: comparison with excised human
skin. Biopolymers 87, 261, 2007.

59. Ponec, M., Havekes, L., Kempenaar, J., and Vermeer, B.J.
Cultured human skin fibroblasts and keratinocytes: differ-
ences in the regulation of cholesterol synthesis. J Invest
Dermatol 81, 125, 1983.

60. Schurer, N.Y., Stremmel, W., Grundmann, J.U., Schliep, V.,
Kleinert, H., Bass, N.M., and Williams, M.L. Evidence for a
novel keratinocyte fatty acid uptake mechanism with pref-
erence for linoleic acid: comparison of oleic and linoleic acid
uptake by cultured human keratinocytes, fibroblasts and a
human hepatoma cell line. Biochim Biophys Acta 1211, 51,
1994.

RAMAN SPECTROSCOPY OF HUMAN SKIN CELLS 1039



61. Coulombe, P.A., and Wong, P. Cytoplasmic intermediate
filaments revealed as dynamic and multipurpose scaffolds.
Nat Cell Biol 6, 699, 2004.

62. Quevedo, W.C. Epidermal melanin units melanocyte-
keratinocyte interactions. Am Zool 12, 35, 1972.

63. Knudsen, L., Johansson, C.K., Philipsen, P.A., Gniadecka,
M., and Wulf, H.C. Natural variations and reproducibility of
in vivo near-infrared Fourier transform Raman spectroscopy
of normal human skin. J Raman Spectrosc 33, 574, 2002.

64. Schurer, N., Kohne, A., Schliep, V., Barlag, K., and Goerz, G.
Lipid composition and synthesis of HaCaT cells, an im-
mortalized human keratinocyte line, in comparison with
normal human adult keratinocytes. Exp Dermatol 2, 179,
1993.

65. Dochow, S., Krafft, C., Neugebauer, U., Bocklitz, T., Hen-
kel, T., Mayer, G., Albert, J., and Popp, J. Tumour cell
identification by means of Raman spectroscopy in combi-

nation with optical traps and microfluidic environments.
Lab Chip 11, 1484, 2011.

Address correspondence to:
Katja Schenke-Layland, Ph.D.

Department of Cell and Tissue Engineering
Fraunhofer Institute for Interfacial Engineering

and Biotechnology (IGB)
Nobelstr. 12

70569 Stuttgart
Germany

E-mail: katja.schenke-layland@igb.fraunhofer.de

Received: February 9, 2011
Accepted: June 13, 2011

Online Publication Date: July 20, 2011

1040 PUDLAS ET AL.


