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1 Introduction

Abstract. We introduce new realistic three-dimensional tissue phan-
toms which can help to understand the optical properties of human
epithelium as well as the optical signatures associated with the dys-
plasia to carcinoma sequence. The phantoms are based on a step by
step multilayer reconstitution of the epithelial tissue using main com-
ponents characteristic for the human epithelium. Each consecutive
step is aimed to increase the similarity between real tissue and a phan-
tom. We began by modeling the stromal layer which predominantly
consists of a network of collagen bundles. Phantoms consisting of a
collagen matrix alone and in the presence of embedded cervical cells
were created. Their morphology and fluorescence properties were
studied and were compared with those of cervical epithelium. We
show that the phantoms resemble the microstructure and the optical
properties of the human epithelial tissue. We also demonstrate that the
proposed phantoms provide an opportunity to study changes in opti-
cal properties of different tissue components as a result of their inter-

actions with each other or exogenous factors. © 2002 Society of Photo-
Optical Instrumentation Engineers. [DOI: 10.1117/1.1427052]

Keywords: fluorescence spectroscopy; collagen cross-links; epithelial tissue; cancer
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Tissues that include epithelium have two main layers: epi-

Optical spectroscopic and imaging techniques have the poten_thellum comlpolsed of several layers of epithelial cells and
tial to provide cost-effective approaches for noninvasive real Stroma consisting mostly of extracellular matt&CM) pro-
time detection of pre-cancers in epithelial tissues of many (€ins, fibroblasts, and blood vessels. Epithelial and stromal
organ sites. For example, the promise of fluorescence spec@Yers are involved in a continuous communication process
troscopyin vivo has been demonstrated in the cefvisgal which is essential for normal function of epithelial tls§ﬁ_fa1. _
cavity?® and esophagusand reflectance spectroscopy has During carcinogenesis, tq4e cross taIK betyveen the eplthehum
successfully been applied for detection of pre-cancers in the 21d stroma breaks dowirt.“Altered epithelial—stromal inter-
bladder®® colon® oral cavity’ and esophagusand multi- actn_)ns play a major rolt_a in s_uch pathol_og|cal processes as
spectral fluorescence imaging has been used in the'IEog. angiogenesis and tumor mvas&fnThus,. epithelial tissue is a
ther development of these optical methods depends on ourdynamic structure with complex multi-component composi-
understanding of the relationship between optical signals and!ion- To better understand the optical characteristics of this
tissue morphology and biochemistry, with specific emphasis dynamic structure, especially in connection with biochemical

on changes occurring during carcinogenesis.

events underlying development of cancer, it is essential to

Creation and analysis of tissue phantoms has proven to peStudy the optical signatures of the individual components as

a useful tool in understanding the optical properties of tissues Well as the interaction of these compqnentﬁsﬁ_ . _
and in developing new diagnostically useful algorithms for ~ Advances in the field of tissue enginee g° provide a

detection of epithelial pre-canc®r? However, most tissue ~ N€W route for creation of biologically relevant tissue phan-
phantoms currently used in biomedical optics research either0MS. Recently, engineered human lung tissue was success-
represent only the bulk properties of epithelial tissue, for ex- fully applied to study effects of epithelium on collagen den-
ample, suspensions of polystyrene beads and Intralipid sity and contraction using two-photon laser scanning

solutions®1°-12 or contain only some components of human microscopy?’ Here, we introduce three-dimensional tissue
epithelium, for example, cell monolayers placed atop a gel Phantoms which can help to understand the optical properties
containing mixtures ofBaSQ, and human bloo8. These of the mqllwdual components of.eplthellal tissue as well as the
phantoms do not adequately mimic the scattering phase func-oPtical signature associated with the dysplasia to carcinoma
tion or fluorescent properties of human epithelium. Therefore, S€quence. Our approach, is to create phantoms based on a step
they do not adequately represent human tissues that includePY Step reconstruction of epithelial tisstkigure 3. Our plan

epithelium, which consist of many interacting components. IS t0 begin with the stromal layer which predominantly con-
sists of a network of collagen bundles, and then progressively
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s Collagen pleted in about 20 min. The final concentration of cells in the
. L e~ Yy Network gels was adjusted using different concentrations of cells in the
Tissue in vivo PBS suspensions. The prepared collagen gels were stored in
PBS buffer.

2.2 Cervical Biopsies

¢ Three normal cervical biopsies were obtained from the Coop-
erative Human Tissue network. A frozen biopsy was cut in
two pieces. One part of the biopsy was immediately trans-
ferred to a cold cryostat microtome chamber for frozen sec-
tioning. The biopsy was placed on a cryostat chuck and cov-
ered with OCT embedding medium. After the OCT medium
N was frozen, a Tissue-Tek Microtongkliles Inc.) was used to
S ¥ Biood Celis prepare 20, 40, 60, 80, and 1@@a-thick sections for micro-
scopic measurements. The other part of the biopsy was

(@ thawed in PBS buffer for about 10—20 min. Then the epithe-

< lial and the stromal layers were identified by visual examina-

Epithelial | tion of the biopsy. Two samples were cut from the biopsy

Cells using a scalpel: a piece containing both the epithelial and the

stromal layers and a piece of the underlying stromal layer
Fig. 1 A schematic illustration of step by step multilayer reconstruc- alone. Macroscopic fluorescence measurements were per-
tion of an epithelial tissue using components characteristic of the hu- formed on the freshly thawed samples and on the samples

man epithelium. stored in PBS buffer at 4 °C f8 h and overnight.

increase the model complexity by successively adding stromal 2.3 Fluorescence and Transmittance Microscopy

and blood cells to the collagen network and epithelial cells on A Zeiss Axiovert 100 M inverted microscope was used to
the top of the collagen matrix. In the framework of this Characterize microstructure of the collagen gels and cervical
model, different stages of epithelial cancer will be simulated Piopsies. Transmittance and epifluorescence images were ob-
using cell lines characteristic of normal, pre-cancerous and tained from the same spots on the sample using & 60
cancerous epithelium. In this paper, we present initial results immersion objective. A filter cube with a 380 nm bandpass
of modeling the stromal layer and its interactions with the €xcitation filter and a 420 nm long-pass emission filter was
epithelial layer. Phantoms consisting of a collagen matrix Used to collect fluorescence images. The microscope was
alone and in the presence of embedded cervical epithelialcoupled to a low light charge coupled device camera
cells were created. The microstructure and fluorescent proper-(Hamamatsu Photonigsind image acquisition was computer
ties of the phantoms were studied and were compared with controlled by KS-400 image processing software.

optical properties of cervical epithelial tissue.
2.4 Fluorescence Excitation-Emission Matrixes

9 Methods (EEMs) of Cell Suspensions, Collagen Gels and Cervical

Biopsies
2.1 Collagen Gels and Collagen Gels with Fluorescence excitation-emission matrixEEMs) were mea-
Embedded Cells sured using a scanning Spex Fluorolog Il spectrofluorimeter.
Normal epithelial cervical cells from primary cultuf€reC- Excitation wavelengths ranged from 250 to 550 nm in 10 nm

Ec) were obtained from Clonetics. The cells were received in increments and emission wavelengths ranged from 10 nm past
culture medium and were washed three times in phosphatethe excitation wavelength to the lower of 10 nm below twice
(PBS buffer immediately before experiments. Type | collagen the excitation wavelength or 700 nm, in 5 nm increments.
from rat tail tendon(Roche Molecular Biochemicalsvas dis- Data have been corrected for the nonuniform spectral re-
solved in sterile 0.2% acetic ac{d/v) to a final concentration ~ sponse of the emission monochromator and detector using
of 3 mg/ml. To dissolve lyophilized collagen, acetic acid was correction factors supplied with the instrument and also for
added to a bottle with the lyophilisate and the bottle was left the nonuniform illumination intensity using a quantum
standing without stirring overnight at room temperature. counter. EEMs were plotted as contour maps, with contour
To prepare collagen gels, 7 parts of collagen solution in lines connecting points of equal fluorescence intensity.

0.2% acetic acid were mixed on ice with 0.89 parts of sterile EEMs of cells were measured from 3 ml suspensions in a
10X PBS and 1 part of sterile 0.2 M HEPES 7.3. ThepH 1 cm pathlength cuvette on three different days using fresh
of the mixture was adjusted to 7.4 ugi@ M NaOH. Then the samples. Suspensions were stirred using a magnetic stirrer to
solution was divided into different vials. Subsequently, 1.11 minimize cell sedimentation during data acquisition. Collagen
parts of PBS buffer were added to the vials to prepare a col- gels and cervical biopsies were placed against the inner wall
lagen gel alone and 1.11 parts of cell suspension in PBS wereof a 1 cmpathlength cuvette. The cuvette was filled with PBS
added to prepare collagen gels with embedded cells and thebuffer to keep the samples moist during measurements. EEMs
samples were mixed thoroughly. Then the vials were placed in of more than 15 freshly prepared collagen gels were mea-
an incubator at 37 °C where the gelation process was com-sured. Some of the samples were stored in PBS buffer at 4 °C
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and were followed up with the fluorescence measurements for Stromal Layer of Collagen Gel
up to 45 days. EEMs were measured from three different Cervical Biopsy
preparations of normal cells embedded in collagen gels and - -
three normal cervical biopsies.

2.5 Spectral Analysis of Multi-Component Samples

Fluorescence spectra of collagen gels containing epithelial
cells and cervical biopsies were decomposed using a linear
combination of spectra characteristic for collagefcdllagen

gel) and normal cellgcell suspension The fitting routine was
implemented using MATLAB. The fits were optimized using

a standard non-negative least square algorithm to calculate the
contribution of each component. The best fits were selected as
those with the smallest value of the standard sum of the
squared error. Each emission spectrum of a particular EEM
was decomposed into a linear combination of individual com-
ponents independently.

Brightfield

Fluorescence

2.6 Hybrid Gaussian-Lorentzian Profiles

To describe the fluorescence emission spectra of NADH and
FAD and to determine the peak emission wavelengths of fluo-
rophores in collagen emission spectra obtained with 310—390Fig. 2 Comparison of bright-field and fluorescence images of the stro-
nm excitation, we used hybrid profiles that consisted of a mal layer of a normal cervical biopsy and a collagen gel. The fluores-
combination of Gaussian and Lorentzian profiles. The hybrid cence images were obtained with 380 nm excitation. The scale bar is

— 0 um.
profile had the Gaussian shap@P(\ —\,Wg)] for wave- pm
lengths shorter than the peak emission wavelength and

Lorentzian shape{LP()\—f,WL)] for wavelengths longer  Comparison of bright-field and fluorescence images presented
than the peak emission wavelength. The Gaussian and Lorentin Figure 2 shows that the morphological fluorescence and

zian curves were combined using two step functi(s) microstructure of collagen gel approximates that of the
stroma.
HP()\)=A~[S()\—Y)-LP()\—Y,WL) It was shown that stromal autofluorescence in cervix sig-
- . nificantly increases in older patierftsThis increase is prob-
+S(A—=N)-GP(A—\,Wg)], ably associated with increased cross-linking of collagen with
age. In our experiments, we followed changes of autofluores-
1, N=2>0 cence of collagen gels with time. The most dramatic changes
_ in collagen fluorescence were observed in samples of collagen
“={ 05 X—-\=0 gels which exhibited very low fluorescence signal in the
S(A' A') 1
Bright-Field Fluorescence

whereA is the amplitude of the peak, is the emission wave-

length,\ is the peak emission wavelength, aw§ andWg

are the widths of Lorenztian and Gaussian portions of the

profile, respectively. The hybrid profiles are characterized by

four parameters: amplitude, peak emission wavelength, Day 1
Gaussian and Lorentzian widths. These profiles significantly
improve the representation of the long-wavelength descending

tails of fluorescence emission spectra.

3 Results

Figure 2 shows a comparison of bright-field and fluorescence
images of the collagen gel and the stromal layer of a normal
cervical biopsy. The main morphological features in images of
both specimens are extended linear fibers with bright auto-
fluorescence at the 380 nm excitation wavelength. The struc-
ture of these fibers has been well charactefz&hnd it was
shown that they consist of many self-assembled collagen mol-
ecules with intra- and |nt_ermolecular_cross—llnks StabI|IZII’_Ig Fig. 3 Comparison of bright-field and fluorescence (380 nm excita-
the structure. The cross-links are believed to be responsibleyion) images of fresh prepared and aged collagen gels. The scale bar is
for the observed strong autofluorescence of coll&géh. 10 um.

Day 7
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Fig. 4 Time dependence of collagen fluorescence: (A) relative changes of fluorescence emission intensity at 360 nm excitation vs time averaged for
four samples; (B) corresponding emission spectra presented for one of the samples.

freshly prepared specimens. Figure 3 shows changes in col-emission maximum at approximately 450/530 nm, which cor-
lagen fluorescence of one such sample. Initially, practically no respond to NADH and FAD, respectiveljFigure GA)].
fluorescence could be observéeigure 3, top, but fluores- Collagen exhibits more complicated behavior in the 310—-390
cence significantly increased and individual fluorescent col- nm excitation region. Emission spectra obtained with 310—
lagen fibers could be resolved after the sample was stored for330 nm excitation have a peak around 415 nm and a shoulder
seven daygFigure 3, bottom The same tendency was ob- at ~447 nm while emission spectra in the 370—390 nm exci-
served in the samples which initially exhibited measurable tation region exhibit a peak at 448—455 rifigure §B)].
fluorescence signal. The time dependence of collagen fluores-This behavior indicates that there are two major peaks in col-
cence averaged for four preparations of collagen gels from the|agen fluorescence in the 310-390 nm excitation region. To
same lot is shown in Figurg(A). Whole EEMs were acquired  test this assumption and to determine the position of the
for each sample at each point in time. The corresponding peaks, we fit measured spectra to the linear combination of
emission spectra at 360 nm excitation for one of the samplesyy, Gaussian—Lorentzian hybrid profiles. The fits were per-
are preser_1ted in Fl_gurdg). _The olqse_r\_/ed Increase in _ﬂUO' formed independently for all emission spectra. Maximum po-
rescence intensity is statistically S|gn|f_|c_ant at a S|gn|f!cance sitions of the profiles, their half width and amplitudes were
level p<0.02 We did not observe significant changes in the . fitting parameters. The best fits were selected as those with
shape and/qr width of the emission spectra d_url_ng the COUrS€ihe smallest value of the standard sum of the squared error
of the experimen{45 day$. The intensity of emission spectra (SSB. Al fits yielded the same two peak positions: one with
increased in the 310—370 nm excitation region and the inten- emission maximum ati00+1 nm. width 100=1 nm. and

sity of tyrosine fluorescence with maximum at 270 nm exci- excitation around 320 nm and a,nother with emissi’on maxi-

tation did not change. mum at446=+ 2 nm, width102+ 1 nm, and excitation around

Figure 5 shows EEMs of normal cervical epithelial cells, 360 nm. Collagen also has significant fluorescence when ex-
collagen gel, and collagen gel embedded normal epithelial cited with 410—-470 nm wavelengths. In this spectral region,

cells. The EEM of cells shows three major peaks at 290, 350, th . : " v shift to th qf 475
and 450 nm excitation which correspond to tryptophan, € emission maxima continuously Shift to the red from

NADH, and FAD fluorescence, respectively. The EEM of the nm _at _410 nm excitation vyaveleng.th 6540 nm at 470 nm-
collagen gel shows two areas with high fluorescence intensity €Xcitation[Figure @B)]. This behavior suggests that there is
at 270—290 nm excitation and 310—370 nm excitation. The at least one additional fluorophore with emission maximum
first region has a maximum at 270 nm excitation and 300 nm around 540-550 nm that contributes to the fluorescence of
emission that is consistent with fluorescence of tyrosine. The collagen. Itis hard to say if there is more than one fluorophore
second region, an elongated elipsoid, is an indication of in this spectral region because of a strong residual contribu-
closely spaced overlapping peaks. We attribute this region to fion to the emission spectra from the cross-links with emis-
fluorescence of collagen cross-lifk$3 The EEM of the col- ~ Sion maxima at 455 nm.
lagen gel with embedded normal cells shows broad, feature- We used a linear combination of collagen and cell emis-
less fluorescence in the 310—390 excitation region, where thesion spectra to describe emission profiles of the collagen gel
fluorescence of NADH and collagen cross-links strongly over- With embedded normal cervical cells; results are shown in
lap. Presence of both tyrosine and tryptophan fluorescence isFigures €C) and @D). Although the fits adequately represent
evident in the 270—-290 excitation region. the emission spectra of the embedded cells, there are some
Fluorescence emission spectra of collagen and normal cer-discrepancies between the measured spectra and the fits which
vical cells at specific excitation wavelengths are presented in should be addressed. First, the fitting process produced curves
Figure 6. As noted above, the fluorescence of cells in the nearwith increased red fluorescence as compared to the experi-
UV and visible spectral regions is dominated by two major mental emission spectra obtained with 340—360 nm excitation
fluorophores: one with excitation/emission maximum at ap- wavelengthgFigure §C)]. In this excitation region, fluores-
proximately 350/450 nm and the other with excitation/ cence of the cellular component is dominated by the NADH

Journal of Biomedical Optics * January 2002 * Vol. 7 No. 1 151



Sokolov et al.

Normal Cervical Cells Collagen Gel
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Fig. 5 Excitation-emission matrixes: normal cervical epithelial cells from primary culture (top left), collagen gel averaged over four samples (top
right), collagen gel with embedded normal cervical cells (bottom).

peak at 350/450 nm excitation/emission, with a distinct shoul- cells in suspension and emission spectra of cells embedded in
der at approximately 530 nm due to FAD. This same shoulder collagen gels obtained in 340—-370 nm excitation region. We
is present in the red tail of the fiffigure 6C)]. Therefore, it used a linear combination of two hybrid Gaussian—Lorentzian
appears that cells embedded in the collagen matrix may haveprofiles with peak positions corresponding to NADH and
lower FAD fluorescence as compared to cells in suspension.FAD emission maxima to represent fluorescence of cells in
Furthermore, the relative contribution of the cellular compo- solution. Half width and amplitudes of the profiles were the
nent is significantly decreased compared to the collagen com-fitting parameters. The best fits were selected as those with the
ponent at 400—470 nm excitation wavelengtRigure GD)]. smallest value of the SSE. The result of this fitting procedure
In this excitation region, fluorescence of cells is determined at 350 nm excitation is shown in FiguréE. The resulting
by FAD. Cells embedded in collagen gels are uniformly dis- profiles represent the contributions of NADH and FAD fluo-
tributed inside the gel matrix and therefore no wavelength rescence to the emission spectra of cells. Then a linear com-
dependent changes in relative contribution of cellular and col- bination of the obtained synthetic profiles and collagen gel
lagen fluorescence are expected. Thus, the fitting results indi-emission spectra were used to describe the emission spectra of
cate that collagen embedded cells exhibit lower FAD fluores- collagen gel with embedded ce[lBigure F)]. Only the am-
cence as compared to cells in suspension. plitudes of the components were changed to achieve the best
To test this conclusion, we determined the relative contri- fit. The quality of the fit significantly improvedSSE de-
bution of NADH and FAD fluorescence to emission spectra of creased~ five timeg compared to the fitting procedure with
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Fig. 6 Representative emission spectra of: (A) normal cervical epithe-
lial cells obtained at 350 nm (solid), 370 nm (dashed long), 430 nm
(squares), and 450 nm (dashed short) excitation wavelengths; (B) col-
lagen gel averaged over four samples obtained at 320 nm (circles),
350 nm (solid), 370 nm (dashed short), 430 nm (triangles), and 450
nm (squares). Fitting curves (solid) for emission spectra of collagen
embedded cells (circles) obtained at 350 nm (C) and 430 nm (D)
excitation wavelengths. The collagen and cell components of the fits
are shown as a dashed line and a line of squares, respectively. (E)
Fitting curve (solid) for emission spectrum of normal cervical cells in
suspension (circles) obtained at 350 nm using two hybrid Gaussian—
Lorentzian profiles representing NADH (triangles) and FAD (squares).
(F) Fitting curve (solid) for emission spectrum of collagen embedded
normal cervical cells (circles) obtained at 350 nm excitation wave-
length; the fitting was performed using the emission spectrum of col-
lagen gel (dashed) and two hybrid Gaussian-Lorentzian profiles rep-
resenting NADH (triangles) and FAD (squares).

collagen and cell emission spectra shown in Figui€)6To
compare the relative contribution of FAD fluorescence to cells
in suspension with cells embedded in collagen matrix, the
ratio of the amplitudes of the NADH/FAD peaks for each
sample was calculated. The relative contribution of FAD fluo-
rescence wa®.0+0.6 times less for cells embedded in col-
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Biopsy: Epithelium + Stroma
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Fig. 7 Excitation-emission matrixes of a normal cervical biopsy:
samples consisting of epithelial and stromal layers (top), and a stromal
layer alone (bottom). The biopsy was kept overnight at 4 °C in PBS to
reduce contribution of blood absorption to the fluorescence spectra.

to the tissue fluorescence. However, the perturbation of fluo-
rescence spectra is still evident in both EEMs around 420 nm
excitation and emission, where the strongest hemoglobin ab-
sorption peak is located. Both EEMs show a peak with maxi-
mum at 290 nm excitation and 330 nm emission due to fluo-
rescence of tryptophan and a relatively high fluorescence
intensity in the 320—390 nm excitation region which is highly
influenced by blood absorption. Individual emission spectra in
the 320-470 nm excitation region for stromal and epithelial
parts of the biopsy are shown in Figure@8 and 8B), re-
spectively. The intensity of the fluorescence emission spectra
of the stroma monotonically decreases as excitation wave-

lagen as compared to cells in suspension. These results suplengths change from 320 to 450 rifRigure 8A)]. Whereas,

port our conclusion that the contribution of FAD fluorescence
decreases when cells are embedded in collagen matrix.
Figure 7 shows EEMs of two portions of a normal cervical

biopsy: one containing epithelium and stroma, the other con-

taining only stroma. Both samples were kept overnight at 4 °C
in PBS buffer to reduce the contribution of blood absorption

in the case of the sample containing epithelium and stroma,
the fluorescence intensity appears to be the highest at 350—
370 nm excitatiorfFigure 8B)]. Emission spectra of the bi-
opsy containing epithelium and stroma obtained with 320—
360 nm excitation wavelengths exhibit a strong valley at 419
nm due to hemoglobin absorption that makes it very difficult
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ously shifts to the red from 485 nm at 410 nm excitation
wavelength to~525 nm at 470 nm excitation. However, in
this excitation region the collagen emission spectra appear to
be broader and blueshifted relative to the stromal emission
spectra when excited with 410—440 nm wavelengths and red-
shifted when excited with 460—470 nm wavelendtbse ex-
ample in Figure 8)]. No shift in emission spectra of col-
lagen and stroma was observed at 450 nm excitation where
Creeeet Dol lio bbb the emission maximum is 515 nm for both samples. These
350 400 450 500 550 600 350 400 450 500 550 600 changes in relative position of the emission maxima of stroma
ZC,&‘ 0 stroma _—D s and collagen and the coincidence of both maxima at 450 nm
[ excitation indicate that stroma may have one additional fluo-
rophore with emission maximum at 515 nm in the 410-470
excitation region. To test this hypothesis, we performed fits of
all stromal emission spectra obtained with 410—470 nm exci-
tation using the experimental collagen emission spectra and
4, T\ one synthetic Gaussian profile. All fits were performed inde-
III[IIIIIIIII|I[IIIIII -Illlllllll 'IAT‘T?‘*“ pendently Of eaCh Other and a"paramEt@mXImum pOSI_

400 440 430 520 560 600 460 510 560 610 tion of .Gauss_lan profile, half width and ampht_l)dm the

epihclum+sioma] [ epihelum s syntheup prqflle were allowed to change to ac.hleve t'he. best
370 [ stroma 430 fit. All fits yield the same synthetic profile with emission

[ maximum at519+ 3 nm and the excitation maximum at 430
nm [Figure 8D), triangle curvé. Similar spectral characteris-
tics have been reported previously for fluorescence of
elastin?® The stromal fluorescence can be adequately de-

_A 320 stroma

'y

Intensity (a.u.)

o

N scribed in the 410-470 nm excitation region with the addition
-,_\\\ of this .spec_:tral profilgFigure 8D)]. B_ecau.se eIasFin was
T R Y T I found in different types of connective tissues including
400 440 480 520 560 600 460 510 560 610 cervix2® we suggest that the observed differences in stromal
and collagen fluorescence may be explained by the presence
Wavelength (nm) of elastin in stroma.

The emission profiles of the part of the normal cervical

Fig. 8 Representative emission spectra of: a normal biopsy containing biopsy containing epithelium and stroma are adequately de-

(A) only stroma and (B) epithelium and stroma obtained at 320 nm

(solid), 350 nm (dashed short), 370 nm (circles), 390 nm (dashed scribed in the 370-400 nm excitation region using the emis-
long), and 430 nm (triangles) excitation wavelengths. (C) Fits of stro- sion spectra of collagen and normal cervical cells. An ex-
mal emission spectrum (circles) using collagen emission profile ample for 370 nm excitation is shown in FiguréEs. At this

(dashed) at 370 and 430 nm excitation. (D) Fit (solid) of stromal emis- wavelength the left wing of the experimental emission curve

sion spectrum obtained at 430 nm using collagen (dashed) and a syn-
thetic emission profile characteristic for elastin (triangles). (E) Fit
(solid) of the epithelial emission spectrum (circles) at 370 nm excita-

is narrower as compared to the fit. This is most likely the
result of the hemoglobin absorption, which decreases the

tion using emission spectra of collagen (dashed) and normal cervical emission intensity of the stromal fluorescence around 420 nm.
cells (squares). (F) Fit (solid) of the epithelial emission spectrum An addition of the synthetic emission profile characteristic for
(circles) at 430 nm excitation using emission spectra of collagen elastin is required to fit epithelial emission spectra in the 410—
(dashed), normal cervical cells (squares), and a synthetic emission 470 nm excitation regiofFigure §F)].

profile characteristic for elastin (triangles).

4 Discussion

to analyze the spectral profiles in this region. The blood ab- The present report concentrated on the first step in creation of
sorption is not as evident in the individual emission spectra of realistic tissue phantom@igure 1, namely, a collagen net-
the stromd Figure 8A)]; however, the presence of hemoglo- work that will serve as a support for embedded fibroblasts and
bin absorption can be seen alone at 420 nm excitation andblood cells as well as epithelial cells which will be added on
emission on the stromal EENFigure 7, bottom the top of the collagen matrix. We used techniques developed
Again, we used a linear combination of fluorescence spec-in the field of chemical tissue engineertfigt® to build our
tra of collagen and normal cervical cells to describe emission initial phantom for a stromal layer of human epithelium. This
spectra of the normal cervical biopsy. We limited our analysis phantom is based on a collagen gel and resembles morpho-
to the 370-470 nm excitation region which is not signifi- logical structure of stroma in a normal cervical biogBEjgure
cantly perturbed by hemoglobin absorption. First, we com- 2). It also fully describes the fluorescence emission of the
pared the emission profiles of stromal fluorescence with that stroma in the 370—400 nm excitation regifffigure 8C)].
of collagen geldFigure 8C)]. The stromal emission curves However, the analyses of the 410—-470 nm excitation region
are described very well by collagen in the 370—400 nm exci- indicate that an additional fluorophore with excitation/
tation region[see example in Figure(8)]. Similar to col- emission maxima at 430/519 nm is required to describe the
lagen, the emission maxima of stromal fluorescence continu- stromal fluorescencgrigure 8D)]. The fluorescence of this
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fluorophore is consistent with elastin which exhibits 450/520 significant difference in relative intensities of emission spectra
nm excitation/emission maximum in a powder foffiChere- in the 310—-390 nm excitation regideompare Figures(8)
fore addition of elastin to the phantoms should increase the and 8A)]. To achieve a complete resemblance between the
resemblance between the optical properties of the real tissuegphantoms and a human tissue might be a difficult task because
and the phantoms. A combination of fluorescence spectra of aof known variability in relative concentration of different col-
collagen gel, a synthetic profile characteristic for elastin, and lagen cross-links depending on a subject, tissue site, and a
a suspension of normal cervical cells was used to achievesubject’s agé>?%%’
adequate fits for fluorescence emission spectra of a normal One of the most exciting features of the tissue phantoms
cervical biopsy obtained with 370-470 nm excitatid¥ig- described here is the opportunity to study changes in tissue
ures §E) and 8F)]. These results illustrate our approach to- optical properties as a result of interactions with environmen-
ward step by step creation of epithelial tissue phantoms wheretal factors, biologically active molecules, or interactions be-
each consecutive step is aimed to increase a similarity be-tween tissue components. An example of such changes is the
tween a real tissue and a phantéigure 1. We believe that observed increase in fluorescence intensity of collagen gels
this approach will allow us to establish the role of each indi- over time (Figures 3 and ¥ It is interesting to note that no
vidual component in the optical properties of the whole tissue. changes in the relative fluorescence intensity of collagen
However, closer comparison of EEMs of collagen [dég- cross-links were observed during the course of the experiment
ure 6B)] and stroma Figure 8A)] shows some important (45 days$. As discussed earlier, the formation of collagen
differences in the relative intensities at different excitation cross-links usually requires either an enzyme, lysyl oxydase,
wavelengths. Emission spectra obtained with 320—340 nm ex- or the presence of carbohydrates or lipitié>2°~?*Neither of
citation have a higher intensity relative to those obtained with these substances was added to collagen gels in our experi-
360—390 nm excitation in strom{d&rigure 8A)], whereas in ments. The prepared gels were stored in PBS buffer solution
the case of collagen gels emission spectra in both excitationduring the course of the experiment to avoid any changes due
regions have similar intensitigé&igure B)]. Stromal fluo- to dehydration of the samples. However, residual cross-
rescence in the 310-390 nm excitation region is predomi- linking enzymes could be present in the collagen samples thus
nantly determined by the fluorescence properties of collagenresulting in formation of collagen cross-links. It is also likely
cross-links??2326-30Two major pathways for formation of  that the precursors required for the cross-link formation were
cross-links have been describ@d??°-?°One takes place at  originally present in our samples of collagen and we observed
the maturation of the collagen fibers and requires an enzyme,their slow transformation into the final cross-links. In future
lysyl oxydase, as the first step of the synthésfé.Another experiments we plan to explore the changes in collagen fluo-
pathway is associated with a variety of nonenzymatic aging rescence during enzymatitysyl oxydasé or nonenzymatic
reactions which involve collagen interaction with carbohy- (carbohydrates and lipigigollagen cross-linking.
drates or lipids at the beginning of the reaction The experiments with mixtures of collagen gels and nor-
sequence®~2°The final structure of the cross-links formed mal epithelial cells demonstrate the importance of environ-
during maturation of the collagen fibers has been identified ment on cellular fluorescendgigure 6. Results indicate a
for hydroxylysyl pyridinoline (HP) and lysyl pyridinoline decrease in the FAD component of cellular fluorescence rela-
(LP).*° Both HP and LP have excitation/emission maxima at tive to the NADH component for normal epithelial cells em-
325/400 nnt° Collagen phantoms and the stroma have exci- bedded in collagen gels as compared to cells in a PBS sus-
tation emission maxima around 320/400 and 330/390 nm, re-pension. A decrease in FAD fluorescence relative to
spectively, which are consistent with the fluorescence of the fluorescence of NADH indicates an increase in cellular
pyridinoline cross-links. We believe that the 320/400 nm peak metabolisnt! It was previously reported that interactions be-
in collagen and 330/390 nm peak in stroma have the sametween epithelial cells and a collagen mattoollagen ) can
origin. The differences in the positions of the peaks can be rapidly trigger an expression of additional genes in the ¢&lls.
attributed to differences in composition of collagen gels and More experiments need to be done in order to determine
stroma. As it is evident from stromal EENFigure 7 the whether the observed changes in FAD fluorescence are a re-
fluorescence properties of stroma are influenced by blood ab-flection of interactions between cells and a collagen matrix
sorption at 420 nm that can alter positions of measured including experiments with biologically “inert” matrixes,
excitation/emission maxima of stromal fluorophores. such as gelatin, and additional supply of nutrition for cells,
Fluorescence of collagen extracts isolated from different such as glucose.
subjects and tissues at 370 nm excitation and 440 nm emis- In future studies we will increase the complexity of the
sion is commonly used to monitor age related nonenzymatic proposed tissue phantoms and will study the interactions be-
formation of collagen cross-link8-2° The collagen gel fluo- tween different tissue components. The most important ex-
rescence peak at approximately 360 nm excitation and 455amples are interactions between extracellular maEgM)
nm emission correlates well with fluorescence of these ageand epithelial cells which play an important role in cellular
dependent cross-links. This peak fully describes fluorescentinvasion*® Our results with fresh tissue slices showed that
properties of stroma in the 370—400 nm excitation region progression of neoplasia is associated with a decrease in stro-
[Figure 8C)]. Collagen structure and biochemical reactions mal fluorescencé To understand molecular mechanisms be-
which are involved in formation of collagen cross-links are hind these optical changes we will perform comparative stud-
similar in different species and tissue sité4>*° Therefore, ies of long term interactions of normal and cancer epithelial
formation of fluorophores with similar molecular structure cells with ECM. We plan to combine optical measurements
could be expected. Our results show that the fluorescence ofwith approaches of quantitative immunochemistry and histol-
collagen phantoms resembles that of stromal layer except forogy to derive additional molecular specific information about
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interactions between different tissue components.
In conclusion, we have demonstrated new realistic three-

dimensional tissue phantoms for biomedical optics. The phan- ;,

toms contain components characteristic for human epithelium.

We propose a step by step approach to create phantoms which

manifest the main optical properties of human tissue. We

demonstrated that phantoms based on collagen gels resembl

morphology and fluorescence properties of a stromal layer of

human epithelium. The proposed phantoms provide an excit-

ing opportunity to study optical properties of different tissue
components and their interactions in a natural environment.
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