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Abstract
Engineered tissues can provide models for imaging and disease progression and the use of such
models is becoming increasingly prevalent. While structural characterization of these systems is
documented, a combination of biochemical and structural knowledge is often helpful. Here, we
apply Fourier transform infrared (FT-IR) spectroscopic imaging to examine an engineered tissue
model of melanoma. We first characterize the biochemical properties and spectral changes in
different layers of growing skin. Second, we introduce malignant melanocytes to simulate tumor
formation and growth. Both cellular changes associated with tumor formation and growth can be
observed. In particular, chemical changes associated with tumor-stromal interactions are observed
during the course of tumor growth and appear to influence a 50–100 μm region. The development
of this analytical approach combining engineered tissue with spectroscopy, imaging and
computation will allow for quality control and standardization in tissue engineering and novel
scientific insight in cancer progression.

Introduction
A majority of human cancers arise within the skin. Though melanoma comprises less than
4% of diagnosed skin cancers, it causes over 75% of skin cancer-related deaths and its
incidence is rapidly increasing.1 Despite decades of scientific research, the sole effective
cure is surgical excision of the primary tumor2 when the lesions are smaller than 1 mm.3
The prognosis for a patient with stage I or II melanoma is mainly related to tumor thickness.
Hence, early detection is critical in melanoma treatment, and the evolution of the tumor and
its penetration into the dermis are key factors to be studied in understanding the disease.4
Melanoma is a tumor of melanocytes, which are a class of cells located at the epidermal-
dermal junction. Functionally, they interact with multiple keratinocytes to form an epidermal
melanin unit. Hence, melanocytes are morphologically and functionally predisposed to
multiple interactions with diverse cell types. These properties lead to two specific
difficulties in the scientific study of melanoma progression: the first is that the location of
the tumor and interactions with multiple cells5,6 make behavior in traditional, two-
dimensional cell culture less realistic. Observations in situ are limited, however, and tumor
progression cannot be followed in humans due to ethical concerns. Hence, appropriate
model systems are needed. Second, the spatially-distributed nature of the tumor requires the
use of imaging techniques but the influence of multiple cells requires biochemical contrast–
especially to study subtle molecular changes in early stage disease and its progression.
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Two converging trends can now address these issues. The first is the development of model
systems to study disease and the second is the development of new imaging technologies.
Engineered tissue structures7 are attracting increased interest as a surrogate for human
experiments. In particular, compared to traditional, two-dimensional (2D) cell cultures,
engineered tissues provide a more realistic, three-dimensional (3D) and controllable model
to study a variety of basic cellular processes.8 Their use in studying disease progression has
also been proposed but is somewhat limited.9 Due to the precise structuring of the sample,
engineered tissue models are also a convenient sample set for developing imaging
technology. As opposed to geometrical phantoms, engineered tissues represent a more
realistic biological subject10 while their simplified structure is often an acceptable surrogate
for the less-accessible, variable and more complex human tissue. Among all human tissues,
skin has a relatively simple, laminar structure that is naturally suited to tissue engineering.
Consequently, much success has been achieved in engineering skin tissue,11 models are
commercially available and have been used for a variety of research and therapeutic
applications.12

Imaging methods provide useful insight into tumor structure and its evolution and are
actively being developed for clinical use in various modalities. Similarly, there have been
efforts to characterize melanoma progression in biochemical terms,13 including
understanding the role of cells other than melanocytes in tumor evolution.14 While
characterization of tissue and tissue models is routinely accomplished by structural imaging,
a biochemical characterization typically requires destruction of the structure, thereby losing
spatially specific information. A combination of biochemical and structural knowledge is
often helpful and is enabled by the emerging fields of chemical imaging15 and microscopy.
While molecular imaging is dye- or probe-based, chemical imaging holistically measures
chemical species in the sample using spectroscopy. The desired information is then extracted
using computational methods. Among the prominent approaches are vibrational
spectroscopic, both Raman and infrared (IR), imaging.16 Fourier transform IR (FT-IR)
spectroscopic imaging17 is useful for the analysis of tissue biopsies and has a well-
developed instrumentation and data analysis knowledge base.18 Recent compilations19

describe biomedical applications, in general, and several reports specifically describe IR
spectroscopic studies on human skin. The skin-focused reports20 examine the structure of
skin,21–24 diseases,25–29 dynamics of diffusion30–37 or use it as a model system for studies.
38 There are no reports, to our knowledge, on analyzing engineered skin with IR
spectroscopic imaging. Similarly, while tumor grades have been related to spectral
signatures in the prostate for example,39 we are not aware of reports specifically examining
tumor progression in a controlled environment.

Here, we apply FT-IR imaging to the study of melanoma progression in engineered skin. We
systematically examine spectral and spatial properties of engineered skin with reference to
measurements of human tissue, the spectral recognition of tumor and the changes in each
cell type as a function of tumor progression. In particular, we examine the question of
stromal involvement in melanoma progression. Though the concept was proposed almost
120 years ago,40 facile methods to measure such a transformation are lacking. By examining
both engineered skin and tumor progression, we present new tools that will allow for quality
control and standardization of both the structural and biochemical properties of engineered
tissues, models to study disease progression and phantoms for imaging.

Materials and experiments
Engineered skin culture

Skin scaffolds (MatTek Inc.) consist of 8–10 layers of normal human epidermal
keratinocytes grown on a 1 mm think layer of normal human dermal fibroblasts seeded in
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collagen gel, which is in turn supported by an inert polymer insert with 0.4 μm pore size. A
malignant melanocyte cell line, A375, is mixed with and incorporated into the epidermal
layer during cell seeding. The tissue is cultured in MCDB 153 serum free medium, which is
renewed every two days.

Engineered skin sample preparation
Each tissue sample is removed from the culture at a specified time and fixed with 10%
neutral buffered formalin, followed by gradient dehydration in 70%, 95% and 100% ethanol.
The sample is cleared with a 1: 1 xylene/ethanol mixture and then with neat xylene.
Subsequently, the sample is embedded in paraffin following standard histological procedure.
Embedded tissue is sectioned to 5 μm slice with a SHUR/Sharp™ 4060E Electronic Rotary
Microtome (Triangle Biomedical Sciences) and placed on BaF2 substrates.

Human skin
Human skin samples are obtained from Carle Foundation Hospital after institutional board
review and appropriate anonymization of sources. Tissues are formalin-fixed and paraffin-
embedded before being sectioned, following the same procedure for engineered skin
samples. These samples are placed on low-e glass slides.

Haematoxylin and eosin staining
Tissues placed on slides are de-paraffinized using xylene and are subsequently rehydrated
using solutions of 100%, 95%, 70% ethanol and deionized water. Slides are then stained
with haematoxylin for 5 min and eosin for 30 s with subsequent dehydration in a series of
gradient ethanol and xylene. Images of stained tissues are acquired using a VWR
VistaVision inverted microscope.

FT-IR imaging: data acquisition and processing
Samples for IR imaging are placed on 1 mm thick BaF2 substrates or low-e glass slides and
dehydrated using hexane as previously described.41 IR spectroscopic images of tissue
sections are collected using the Perkin-Elmer Spotlight 400 imaging spectrometer. A spatial
pixel size of 6.25 μm and a spectral resolution of 4 cm−1 are employed, with 4 scans
averaged for each pixel over the entire mid-infrared range. An undersampling ratio of 2 with
respect to the He–Ne laser is used in recording the interferogram. Norton-Beer medium
apodization is employed with a zero fill factor of 2 during the Fourier transform. An IR
background image is acquired with 120 scans co-added at a location on the substrate where
no tissue is present. A ratio of the background to tissue spectra is then computed to remove
substrate and air contributions to the spectral data. All further computation is done using
programs written in-house in ENVI/IDL.

Results
A comparison of the optical microscopy and IR data of human and engineered skin is shown
in Fig. 1. As apparent in the structural images, the engineered skin model has simplified
structures with only two major layers–epidermis (including its associated stratum corneum
structure) and dermis, without complicated multiple sub-layers and various other
histological sub-types seen in human skin (Fig. 1A, 1B). Structurally, engineered and human
skin have been shown to be similar in use42 and these simplified tissue models have retained
many important skin functions. We compared both the structure and the spectral features of
the common tissue sub-types between human and engineered skin. The FT-IR imaging data
here indicate that the engineered tissues have preserved skin differentiation seen in human
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skin (Fig. 1C), although there are small chemical composition differences likely due to the
simplified structures and differences in cellular density and cell-cell interactions (Fig. 1D).

Characteristic IR absorption peaks in human skin have been reported in various studies.
23,43–45 They have been summarized, as shown in Table 1, for the two major groups under
consideration here. Each of the different histological structures in skin will have different
distributions of various chemical constituents, namely the abundance and types of lipids,
proteins, carbohydrates and nucleic acids. These differences will correspond to differences
in specific spectral features, largely in the spectral fingerprint region. Here, we compared
spectral features observed in engineered skin with those observed in human tissue in the
context of their assignments as reported in the literature (Table 1). Notably, engineered skin
samples differ in both intensity and position of spectral features (Fig. 1C), indicating the
abundance and environment of some biomolecules are likely different. There are also
important histologic differences that make direct comparisons difficult, changes in
immortalization of cell lines are probably influential and individual differences probably do
exist. For example, the multiple-layer structure of epidermis is not present in engineered
skin samples, although stratum corneum, the outmost layer, is indeed developed over the
time (Fig. 1B). Notably, many important spectral features are still observed in engineered
skin as listed in the table. In summary, spectroscopically, engineered skin is different from
tissue derived from humans but is reasonably representative of the spectral properties of
skin.

We engineered skin samples with malignant melanocytes as described in the methods
section. Samples were removed and analyzed every fourth day for a total time period of 28
days. Two consecutive 5 μm tissue sections were used for H&E staining and FT-IR imaging,
respectively. We observed that tumors are limited to small cell clusters at the beginning of
the experiment, but grow larger and deeper into the tissue over the time (Fig. 2). Tumors can
be tracked in absorbance images and classifiers for the same could be developed following
previous methods in automating histological recognition.41 In this case, however, we can
readily identify the tumor by differential absorption and are more interested in following the
evolution of the tumor and tissue over time.

To determine the stability of these engineered structures for spectroscopic analyses, we
examined the temporal variation of spectra for “normal stroma” or dermal regions at least
500 μm away from tumors. 100 representative pixels from normal stroma were extracted
from each of the eight samples (Fig. 3A, 3B). We employed a recently proposed
visualization and statistical analysis tool, termed Comprehensive Data Map (CDM),46 to
analyze spectral variation among these pixels (Fig. 3C). Briefly, CDM provides a convenient
method of graphically displaying data so as to convey the view of signal and variance and
identify patterns and trends in complex datasets. The data are mean centered using an
average for the entire data set and the average spectrum is shown above the data. The central
data block consists of rows of spectra, with each row having a particular set of data
associated with it. The display is the difference from the average. The spectral regions at
which differences occur are apparent from the color display in the figure. It appears that
differences are primarily concentrated at large absorbance areas (amide I, amide II and
amide A peaks). While there are also differences at characteristic spectral regions, such as
the fingerprint region among some of the samples, these differences are quite small, even
after we changed the way CDM presents the differences by normalizing them to the
magnitude of the average spectrum (data not shown). In addition, these differences do not
appear to have any particular patterns. These results indicate that the skin samples are quite
consistent for our infrared spectroscopic imaging analysis, which primarily utilizes the
information from those characteristic spectral regions. A measure of the biological noise,
hence, is the standard deviation in time.
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Next, we examined the spectral variation of tumor pixels during the course of melanoma
invasion starting from day 8 (Fig. 3A, 3B). No changes were observed that could be related
to the time course of invasion, which is also confirmed by CDM analysis (data not shown).
The inability of IR spectroscopy to capture these changes could arise from insufficient
sensitivity of the technique or experimental limitations, for example in the signal to noise
ratio.47 We believe, however, that the consistency in spectra likely arises from the biological
basis of these cells in culture. The cells likely obtain their proliferative capacity prior to
culture and are not modified considerably by the culturing environment or process. It is
likely that melanocytes in engineered skin have previously experienced interactions with
both epidermal and dermal cells in tissue and likely do not transform in the new milieu of
the engineered tissue. In either case, there is no apparent signature in the tumor cells that
correlate with tumor progression. To understand transformations associated with
malignancy, hence, a comparative analysis of benign and malignant cells is desirable but
beyond the scope of the manuscript here. Studies have previously reported melanoma
analysis using IR spectroscopy,26,48–53 but, to our knowledge, have not examined the
spectral properties as a function of tumor progression.

While changes in tumor cells are one aspect of progression, interactions between the tumor
and its microenvironment is another important and rapidly emerging aspect of understanding
tumor evolution.54,55 Here, we hypothesize that cells that are in close contact with tumor
may possibly undergo spectral changes that reflect the underlying change of biomolecular
expression. Since it is difficult to postulate every change a priori, a holistic method of
measuring changes is likely useful. Hence, we employed FT-IR imaging here to probe the
stromal regions surrounding tumors at different time points (Fig. 4A). Two stromal regions–
one closely associated with the tumor in the vicinity of 10–100 μm and the other at least 500
μm away–are identified as tumor associated stroma and normal stroma respectively.
Average spectra from these two regions were obtained and compared (Fig. 4B). One of the
most significant variations over the time occurs at the fingerprint region, especially from
1200–1300 cm−1 (Fig. 4C). This region is closely associated with the proteins of the
connective tissue and extracellular matrix. Hence, the changes likely indicate a matrix
remodeling rather than large scale changes in stromal cells. Further, the changes appear to
start between day 12 and day 16, corresponding to the histological observation that tumor
invasion becomes apparent around day 12. Therefore, the spectra from regions next to tumor
appear to have undergone a transition due to the tumor development, suggesting the
possibility of heterotypic interactions and transformations in engineered tissue. It is notable
that the biochemical changes do not appear to precede the histological changes. Hence, the
methods we have used do not appear to be sensitive to biochemical changes preceding
apparent morphological changes, if such are present.

This change in stromal characteristics is also known as “field effect” for many other tumors.
56,57 While field effect changes are histologically hard to differentiate, the chemical change
is seemingly well-suited to analysis by FT-IR imaging. To validate that we are indeed
observing the field effect, we sought to examine the spatial dependence of stromal
transformation. Regions of interest close to the tumor and from progressively increasing
distance were analyzed. Seven spatial regions adjacent to the tumor (Fig. 5A, indicated by
R1 through R7) are chosen and average spectra of these seven regions of interest (ROIs) are
compared to the average spectrum from the tumor (Fig. 5B). While average spectra are
useful, visualization of changes and the relative importance of changes are difficult to
appreciate. To facilitate the identification of specific spectral regions that undergo
transformations, we employed the CDM tool again to show the variation among these ROIs
(Fig. 5C). The difference of each spectrum in a few regions from the mean spectra,
including a prominent peak from 1200–1300 cm−1 clearly shows a trend of transition from
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tumor to distal stromal regions. Same conclusion can be drawn from the analysis of ROI
regions (R′1–R′7) obtained from a 45° angle.

The map indicates several regions corresponding to the transformation. The first region is
between 2800–3000 cm−1, which arises from various C–H stretching vibrational modes
(Fig. 5C). The most interesting changes, however, are those in fingerprint region, including
peaks in the 1430–1480 cm−1 range −1 attributed to arising from CH2 scissoring modes,
1330–1360 cm CH2 wagging modes, and the protein specific tri-peaks at 1200–1300 cm−1

that also differ significantly at the surrounding stromal regions over the course of tumor
invasion as we discussed above (Table 1). This tri-peak spectral region is often confused
with features from nucleic acids, which are located in the similar region. Here, the lack of
nuclear density and abundance of collagen in the extracellular matrix indicate that these
features likely arise from collagen’s C–N stretching and in-plane bending modes.45 The
regions close to the tumor appear to have adopted certain level of similarity to the
neighboring tumors, while this similarity diminishes when the region is further away. While
this may indicate a mesenchymal-to-epithelial type of transformation, we caution that the
interpretation of results is made difficult by the lack of specific molecular features indicative
of such a transformation. What is apparent is that the effect extends over a distance of 50–
100 μm. Hence, spectroscopic imaging presents an attractive means to determining holistic
chemical changes,58 which can then be further probed for molecular details by other
modalities.

Similar results are observed in samples with other tumors in which the tumor is large enough
to be identified, namely from days 20, 24 and 28. We especially focused on the collagen-
specific region (1200–1300 cm−1) as it offers an interpretation of the field effect for our
measurement. Similar to above studies, spectra from tumor and 7 neighboring regions are
plotted (Fig. 6A). Spectra from regions next to tumor are distinct from either tumor or
stroma, and appear as a transition between tumor and benign stroma in the distal region,
suggesting the possibility of heterotypic interactions and transformations in engineered
tissue. CDM was also used to visualize the variance of the spectra, giving the same 4 regions
of transition we saw earlier (Fig. 6B). The trend demonstrated is consistent with the
biological understanding of collagen, the major component of extracellular matrix, being
biochemically remodeled59 and eventually occupied by invading tumor cells.60 As a result,
the spectral contributions from collagen cross-linking diminish closer to the tumor and likely
diminish over the time prior to tumor invasion. The most interesting observation here is that
this type of transition appears to occur over a region much larger than the dimension of a
single tumor cell, for example. Further, this chemical change appears to have begun before
changes that are apparent in traditional histological methods, which might be critical for
early tumor detection and treatment. The effect seems to be limited to 50–100 μm close to
the tumor. We must emphasize that this is a molecular measure of the “field effect” as
opposed to prior studies using histological,57 optical61 or specific gene/protein62 measure of
the effect. Reconciling the various data on model systems, such as the ones proposed here,
would likely prove beneficial. Finally, the measurements here are still 2D-histological
analyses of a 3D tumor. Methods to study tumor growth in 3D using non-invasive imaging
techniques will likely prove useful. Heterotypic interactions between malignant and benign
tissues are an important component of tumor progression. By identifying and localizing this
aspect in the model system, detailed molecular studies of these interactions can now be
performed. Stromal-epithelial interactions present an emerging and promising approach to
control tumor growth. Hence, the combination of model disease systems in culture and
holistic methods of analysis, such as FT-IR spectroscopic imaging, can provide valuable
research and clinical information. This study is a step towards that direction by presenting a
framework for analysis and evidence for stromal involvement in tumors.
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Conclusions
We present here the rationale and a preliminary analysis of a melanoma model in engineered
skin using FT-IR spectroscopic imaging. The technique allowed for rapid visualization of
skin constituents and tumors induced within without the use of stains or dyes. We then
conducted numerical analysis to demonstrate that the tumor cells demonstrated stable
spectral profiles over time. Using comparative spectral profiles, we determined that the
stroma was remodeled around a tumor in the 50–100 μm vicinity. The study presents a novel
tool for various applications. It provides the cancer research community with a powerful
analytical tool to characterize the extent of tumor influence, presents the spectroscopy
community access to model systems for studying cancer progression, provides a platform for
the chemometrics community to develop better tools and algorithms in cancer research by
providing longitudinal samples and, finally, the tissue engineering community in measure
holistic chemical changes during the development and maturation of samples.
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Fig. 1.
Skin structure and characterizations. (A) Schematic of human (left) and engineered skin
(right). The epidermis is located at the skin-air interface while the dermis is located to the
bottom of the image and contains various histologic structures. Engineered skin retains the
most important components but does not contain accessory structures. (B) Histology of skin
is usually deduced manually in tissue stained by Haematoxylin and Eosin (H&E). Epidermis
typically stains darker than dermis. (C) Infrared absorbance image from a corresponding
serial section of the tissue at 1660 cm−1. Human skin was imaged on a low-e slide in
reflectance mode, and engineered skin was imaged on a BaF2 substrate in transmission
mode. (D) IR spectra of single pixels from epidermis, dermis and stratum corneum regions
of human and engineered skin after piecewise linear baseline subtraction.
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Fig. 2.
Melanoma progression in 28 days. Tumors (arrows) grow larger and invade into the dermis
over time, as shown by both H&E-stains followed by histological recognition and IR
spectroscopic imaging. IR absorbance images at 1660 cm−1 and 1284 cm−1 highlight
epidermal and dermal regions, respectively, indicating different chemical compositions
between these two regions and their facile delineation by simple spectral metrics.
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Fig. 3.
Temporal analysis of tumor and normal stroma. (A) Spectra of 10 pixels of tumors (green
arrow) and 10 × 10 pixels of normal stroma that are at least 500 μm away from tumors (blue
square) are extracted for temporal analysis. (B) Comparison of average spectra from tumor
and normal stroma regions. (C) CDM visualization of spectra of normal stroma. The average
spectrum is shown above the data and the central data block displays the difference of each
pixel spectrum from the average spectrum.
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Fig. 4.
Temporal behavior of normal and tumor-associated stroma. (A) Spectral regions of tumor
(red circle) and tumor associated stroma are extracted for analysis of temporal changes. (B)
Spectral analysis of normal and tumor-associated stroma demonstrates likely differences
between the two, especially including significant changes in the 1200–1300 cm−1 (blue
circle) region. (C) Spectral detail of the 1200–1300 cm−1 region indicates that the
biochemical changes likely occur around day 16.
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Fig. 5.
Analysis of stromal transformation around a tumor. (A) Spectra at tumor-neighboring
dermal region at different depths and angles (R1–R7, R′1–R′7) are extracted. (B) Analysis of
ROIs from the tumor and 7 peritumoral regions at both angles shows spectral differences.
(C) CDM suggests a transition pattern of spectra from tumor to distal stromal regions at a
few spectral peaks (highlighted by boxes in the picture), including a prominent peak 1200–
1300 cm−1 (red box). A sample from day 20 is used for the analysis.
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Fig. 6.
Chemical analysis of melanomastromal interactions. Regions of interest are extracted from
tumors and from progressively increasing distance in stroma (R1–R7). Two duplicated
samples from day 20, 24 and 28 are used. (A) The spectral region of 1200–1300 cm−1,
corresponding to collagen specific peaks, is presented to show the magnitude of changes.
(B) CDM is used to visualize the differences among spectra. Regions of transition are
highlighted in squares, including the collagen region (red square).
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