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Abstract: In vivo spectroscopic measurements have the proven potential to provide important 
insight about the changes in tissue during the development of malignancies and thus help to 
diagnose tissue pathologies. Extraction of intrinsic data in the presence of varying amounts of 
scatterers and absorbers offers great challenges in the development of such techniques to the 
clinical level. Fabrication of optical phantoms, tailored to the biochemical as well as 
morphological features of the target tissue, can help to generate a spectral database for a given 
optical spectral measurement system. Such databases, along with appropriate pattern 
matching algorithms, could be integrated with in vivo measurements for any desired 
quantitative analysis of the target tissue. This paper addresses the fabrication of such soft, 
photo stable, thin bilayer phantoms, mimicking skin tissue in layer dimensions and optical 
properties. The performance evaluation of the fabricated set of phantoms is carried out using 
a portable fluorescence spectral measurement system. The alterations in flavin adenine 
dinucleotide (FAD)–a tissue fluorophore that provides important information about dysplastic 
progressions in tissues associated with cancer development based on changes in emission 
spectra–fluorescence with varied concentrations of absorbers and scatterers present in the 
phantom are analyzed and the results are presented. Alterations in the emission intensity, shift 
in emission wavelength and broadening of the emission spectrum were found to be potential 
markers in the assessment of biochemical changes that occur during the progression of 
dysplasia. 
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1. Introduction 

Optical spectroscopic techniques based on fluorescence, have the potential to provide tissue 
discrimination during disease progression [1–4]. Hence, these techniques are expected to 
function as non-invasive alternatives to current tissue biopsy based clinical procedures in the 
long term. Extensive studies have been conducted in this direction for distinguishing normal 
and cancerous tissues in various organs such as human lungs, breast, colon, cervix, head etc 
[5–8]. In general, biological tissues are inhomogeneous structures, composed of complex 
milieu of several absorbers, scatterers and fluorophores that are present in different 
concentration at different depths [9, 10]. In such a turbid medium, intrinsic fluorescence 
extraction of individual fluorophores is hindered by the complex interplay of several factors 
like absorption and scattering from non-fluorescing agents within different sub layers of 
tissue [11]. In order to quantitatively analyze fluorescence from tissues for diagnosis, it is 
important to obtain the intrinsic fluorescence independent of these interfering factors. 

Methods of extraction of intrinsic tissue fluorescence fall into two major categories. In the 
first category, it is treated as an inverse problem – model based extraction where the 
experimental spectrum from tissue will be compared with a modeled spectrum and finding the 
best match using nonlinear least square algorithms. In the second category, a large number of 
experimental spectra could be acquired from phantoms of known optical properties within the 
ranges of normal and malignant tissues. These spectra could be used to create a spectral 
database. Any unknown spectra could be compared and matched with the spectra from the 
database, employing suitable pattern searching algorithms to extract the desired optical 
properties. In both scenarios, realistic optical phantoms play an important role in the whole 
process of optical property extraction. Such phantoms could help in creating a spectral 
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database to compare with the tissue spectra as well as help in studies related to development 
of more accurate computational models of light tissue interaction. 

Most of the phantom based spectroscopic studies available in literature are based on liquid 
phantoms. Even though liquid phantoms do not include any realistic complexity in 
preparation, they are commonly used in modeling of infinite or semi-infinite single layer 
media with absorption, scattering and fluorescence effects [12, 13]. But solid phantoms have 
the ability to hold the desired geometrical shape, thickness and inhomogeneity as that of 
multi-layered tissues and can be fabricated with controlled optical properties [14, 15]. The 
concept of a thin, solid optical tissue phantom is a challenging task and has gained attention 
only in the recent past [16–19]. Fabrication of solid gelatin based mono and bilayer phantoms 
were attempted previously with individual layer thickness several orders higher than the 
original tissue to use with optical spectral studies [17]. Development of a hard, solid, 
polyurethane fluorescence phantom was reported to assess the sensitivity of fluorescence 
cameras and to validate the efficacy of interventional fluorescence molecular level imaging 
with greater depth dimensions compared to in-vivo conditions [18]. Multilayer silicone based 
phantoms with controlled optical properties and geometries that mimic the skin layers were 
fabricated for characterization and validation of optical systems [19]. These phantoms tried to 
address the concerns of original depth dimensions of epithelial layer, but with a hard and 
much thicker base dermis compared with original tissue. The fabrication of a soft, thin, multi-
layered phantom that is tailored to the desired optical properties and depth dimensions of 
specific tissues yet remain unaddressed. A comprehensive report on the inclusion of different 
constituents with properties customized to the requirements of skin tissue as addressed in this 
paper could be extended to different tissue types at a later stage. Such optical phantoms will 
definitely open up possibilities in generating tissue specific spectral database to help with the 
quantitative biochemical analysis of the target site. 

After fabrication, extraction of information from such solid phantoms requires precise 
characterization with respect to changes in composition. In the case of fluorescence 
spectroscopy, the varying amount of absorption and scattering present in different layers of 
the tissue during the progression of dysplasia offer cumulative distortion effects in the 
emission spectrum. In this work, we have attempted to demonstrate these challenges by 
recording the response of the fabricated phantom with independent and collective changes in 
its optical properties. The fabricated phantom is analyzed for changes in emitted fluorescence 
during the dysplastic transformation specific to skin tissue. The challenges experienced in 
extracting the fluorescence from the skin phantom in presence of interfering factors such as 
absorbers and scatterers is demonstrated in the case of Flavin Adenine Dinucleotide (FAD). 

Clinical studies have shown that the changes in FAD fluorescence can be strongly 
correlated to tissue pathology [20, 21] in primary as well as metastatic tumors, wherein 
different types of cancer can have dermatological manifestations [22–24]. As FAD is a 
cofactor related with cellular metabolic activity, increase in FAD fluorescence can be 
attributed to the increase in metabolic activity in abnormal tissues [25]. In the case of 
dysplasia associated with precancerous development, an increase in FAD fluorescence is 
reported as compared to normal tissues [26] indicating tumor growth or large scale cell 
proliferation. Accordingly, the extraction of this intrinsic fluorescence of FAD is imperative 
and the study of distorting factors to this fluorescence needs to be carefully considered. 

The study of distorting factors in tissue FAD fluorescence has been of considerable 
interest in the past. The distortions introduced in FAD fluorescence by scattering and 
absorption effects were studied on normal and dysplastic tissues [27] and a photon migration 
model was used to extract the intrinsic fluorescence. In another study for brain tumor 
diagnosis, a spectral filtering modulation approach was used to quantify the intrinsic 
fluorescence from absorption effects [28] and the tumor classification was done based on 
multivariate methods [29]. Polarized fluorescence studies conducted on phantoms fabricated 
using FAD, polystyrene microspheres and Protoporphyrin IX was also found to recover the 
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intrinsic fluorescence from absorption and scattering effects [30]. In a different work, factors 
affecting the extraction of intrinsic fluorescence were studied in breast tissues and phantoms 
composed of FAD - polystyrene microspheres combination. Here, a hybrid diffusion theory-
Monte Carlo simulation based theoretical model was used to recover the intrinsic 
fluorescence [31]. The ability of hemoglobin (Hb) to quench the emission of Tyrosine and 
FAD in tissue simulating liquid phantoms was studied previously by our group and it was 
inferred that the quenching of FAD fluorescence follows a static mechanism [32]. Most of 
these works were carried out using liquid optical phantoms / thick solid optical phantoms of 
single homogeneous layer, but an accurate extraction of spectral parameters in the case of in 
vivo studies could be facilitated by using optical phantoms of increased accuracy. 

The goal of the current work is to fabricate a thin, soft, bilayer skin phantom mimicking 
the original layer dimensions and optical properties of the skin that could be used to analyze 
the challenges involved in the extraction of intrinsic FAD fluorescence caused by embedded 
absorbers and scatterers. Such an analysis is expected to aid with the diagnosis of dysplasia. 

2. Materials and methods 

Bilayer tissue phantom models were prepared with specific optical properties of fluorophores 
(FAD), absorbers (Hb, Melanin), scatterers (epithelial cells and dermal collagen fibrils) and 
dimensions that mimic normal and dysplastic tissues. Fluorescence measurements were 
obtained from the phantom sets in the visible region with the developed instrumentation. 

2.1 Phantom preparation 

Tissue simulating phantoms are artificial materials that are used to calibrate and test 
biomedical optical instrumentation for spectral imaging studies. These phantoms are also used 
to validate various models of light propagation within turbid media [33]. For spectroscopic 
studies, solid phantoms are fabricated with host material like polymers and aqueous gels 
which serve as a mechanical basis [34]. Scatterers, absorbers and fluorophores are suspended 
in the transparent host medium which forms the volume of phantom. Scattering agents 
frequently used in construction of tissue-like phantoms are micron-sized polystyrene latex 
spheres, liposyn and intralipid [35, 36]. Methylene blue, indocyanine green, India ink and Hb 
act as the major absorbers [37]. 

For the present study, bilayer tissue simulating phantoms were prepared using gelatin 
(Product No. ME9M591041; Merck Chemicals) as the host material. The top layer 
(epidermis) consisted of water soluble FAD (Product No. 064829; Sisco Research 
Laboratories, Mumbai, India) and cardiogreen (142μM) (Product No. 38883; Fisher 
Scientific, Mumbai, India). Cardiogreen was used to mimic the static absorption effects of 
skin melanin in all the test samples. Lyophilized powder human Hb (Product No. H0267; 
Sigma Aldrich, St Louis, MO) is used as the major absorber in the bottom dermal layer. 
Aqueous suspension of polystyrene beads of 0.30μm diameter (Product No. L9654; Sigma 
Aldrich, St Louis, MO) with varying concentrations is used as the major scatterer in both the 
layers. A detailed explanation of the optical properties chosen is mentioned in section 2.1.1. 
Table 1 presents the composition of bilayer phantoms mimicking normal and dysplasia 
conditions fabricated for fluorescence studies. These compositions were chosen to study the 
effects of changes in scattering and absorption on the emitted FAD fluorescence occurring 
during the transformation of tissue from normal and malignant states. 

For the present study, thin bilayer solid phantoms were fabricated using spin coating 
technique with desired epidermal and dermal thickness to mimic the optical similarity of 
human skin corresponding to forehead region of skin [38]. A detailed explanation of the 
procedure is given in section 2.1.2. 
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Table 1. Bilayer Phantom composition 

Layer 1 Layer 2 

Epidermis 
 

Dermis 

Phantom 
Number 
 

FAD 
μM 
 

Polystyrene beads 
(%volume 
fraction) 
 

Hb 
μM 

 

Polystyrene beads 
(% volume fraction) 
 

1 200 0.45 15 0.45 

2 200 0.45 46 0.45 

3 200 0.45 Nil 0.45 

4 200 0.45 Nil Nil 

5 (Dysplastic) 200 0.80 46 0.30 

6 (Normal) 100 0.45 15 0.45 

7 100 0.45 46 0.45 

8 100 0.45 Nil 0.45 

9 100 0.45 Nil Nil 

10 100 0.45 15 0.30 

11 100 0.80 15 0.45 

2.1.1 Optical properties of the phantom 

Optical properties of the chemicals mentioned in Table 1 are given in Table 2 and Table 3. 
The spectral profile of chemicals was found to match closely with that of the tissue 
constituents in epidermal and dermal layers. 

Each layer in the phantom is characterized by its intrinsic optical properties like 
absorption coefficient μa(λ), scattering coefficient μs(λ), anisotropy factor g(λ) and refractive 
index n(λ) as a function of wavelength λ(nm). The typical values of these parameters in the 
visible wavelength range were based on reported literature [25, 39–48]. Volume fraction of 
melanosomes which corresponds to the optical absorption coefficient μaepi(λ) of the epidermis 
is taken as 2% (for light pigmented skin) for the present study [42]. Spectral profile of 
cardiogreen is found to match with the properties of melanin in skin epidermal layer [40], as 
presented in Fig. 1(a). Absorption coefficient of the dermis is determined primarily by the 
absorption of Hb in blood and minor baseline skin absorption [44, 46, 48]. Typical 
concentrations of Hb mimicking normal and dysplastic tissues were obtained from literature 
[43]. Scattering coefficients μs(λ) and anisotropy g(λ) of epidermal and dermal layers of 
normal tissues and dysplastic conditions were approximated using the relations given in 
literature [40]. Scattering properties of polystyrene microspheres mentioned in Table 1 is 
found to match with the scattering properties of both the layers [39, 41, 47]. Different 
concentrations of FAD representing normal and abnormal conditions [25, 45] were also 
chosen for the current study as presented in Table 1. 

The absorption coefficients μa(λ) of Hb and FAD were obtained using UV-VIS-NIR 
spectrophotometer (Varian Cary 5E) as given in Fig. 1(b) and 1(c). The scattering coefficients 
μs(λ) and anisotropy values g(λ) of polystyrene microspheres used as scattering agents were 
predicted using Mie theory [49]. 
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Fig. 1. Absorption spectral profiles for (a) 142µM Cardio green (b) Hemoglobin (c) FAD used 
in the optical phantom fabrication. 

Absorption and scattering coefficient of the tissue constituents at excitation and emission 
wavelengths of FAD are summarized in Table 2 and 3. The composition of tissue layers taken 
for the experiments was observed to have spectral signatures in close correlation with that of 
the real skin tissue constituents. 
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Table 2. Scattering coefficient (µs) and anisotropy values for varying volume fraction of 
polystyrene beads at excitation (450nm) and emission (526nm) wavelengths of FAD 

Polystyrene Scattering coefficient Anisotropy 

 

beads 
µs (cm−1) 

  
(%volume 
fraction)  
     

 450nm 526nm 450nm 526nm 
     

0.30 79.193 55.900 0.745 0.775 

0.45 118.789 83.850 0.752 0.772 

0.80 211.180 149.066 0.761 0.776 

Table 3. Absorption coefficient (µa) of FAD and Hb at excitation (450nm) and emission 
(526nm) wavelengths of FAD 

FAD Absorption coefficient Hb Absorption coefficient 
(µM) 

µa (cm−1) 
 (µM) 

µa (cm−1) 
 

 

   

 

  

450nm 526nm  450nm 526nm 

100 2.205 0.027 15 2.170 1.011 

200 4.385 0.054 46 6.655 3.101 

2.1.2 Method of phantom preparation 

All the sample mixtures corresponding to the dermal layer were diluted with distilled water to 
the desired concentration of interest and sonicated using ultrasonic processor (UP50H, 
Hielscher Ultrasonics Inc.) to ensure uniformity in concentration and removal of bubbles. The 
solution was heated up to 60°C with added gelatin (4g) and the mixture was allowed to cool 
until 35°C. Glass slide substrates were rinsed with distilled water and acetone, and dried at an 
ambient temperature of 30°C. 1 ml of the corresponding sample mixture was poured onto the 
center of the glass slide, placed on a spin -coater (Spin NXGP1AA03, Apex Instruments, 
India). The spin -coater was operated for 62 s (acceleration time of 2 s and spin time of 60 s) 
at a spin speed of 250 rpm to achieve the desired layer thickness. The epidermal layer was 
fabricated on top of the dermal layer. For this, the sample mixture corresponding to the 
epidermal layer was heated up to 60°C with added gelatin (3g) and the mixture was allowed 
to cool until 50°C. The mentioned values of temperature were optimized after a number of 
experimental trials. The layers were fabricated with epidermal thickness 110μm and dermal 
thickness 150 μm with an error limit of ± 2%. Thickness of the tissue phantom was verified 
using a scanning electron microscope (FESEM Quanta-3D). The scanning electron 
microscope image of the fabricated phantom sample is shown in Fig. 2 which shows the 
actual thickness of both the layers. 
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Fig. 2. Scanning electron microscope image of the fabricated phantom (two layers are shown 
along with the glass substrate). 

2.2 Experimental setup 

The experimental arrangement developed for the present study is shown in Fig. 3((a) 
schematic and (b) photograph). The setup was highly portable, simple in arrangement and 
consisted of a compact 12VDC, 40mA 450nm LED light source (AvaLight-LED450, Avantes 
Inc.), a spectrometer (USB 4000, Ocean Optics Inc.) with high performance linear CCD-array 
detector with spectral range 200-800 nm, and a custom made optical probe with six 
illumination fibers and a central collection fiber, each having a diameter of 750 µm. The 
illumination to the sample was provided at an angle of 45 degrees to the phantom surface for 
backscattering elimination to facilitate the fluorescence collection from the sample. The probe 
collects the emitted fluorescence and directs it to a PC integrated spectrometer. The source to 
detector fiber distance in the probe distal end was 750 µm and the fibers had a numerical 
aperture of 0.22. Fluorescence measurements were obtained in the wavelength range from 
500 to 650nm with an integration time of 150ms. The sample was attached to a precision 
Vernier gauge and the distance between the probe and the sample was maintained at 0.5mm 
throughout the experimental study. 
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Fig. 3. Experimental setup (a) Schematic (b) Photograph. 

3. Fluorescence measurements: Results 

Fluorescence measurements were obtained from the fabricated bilayer phantom sets using the 
instrumentation as mentioned in section 2.2 and emission spectra were observed in the 
wavelength range of 500nm to 650nm. Figure 4 shows the normalized fluorescence spectrum 
obtained from the phantom series with varying compositions of FAD and Hb and fixed 
concentration of polystyrene microspheres, to exhibit the changes in the collected FAD 
fluorescence with variations in Hb. The spectra were normalized with respect to the spectrum 
from the phantom composition 200µM FAD + 0.45% polystyrene microspheres, 
corresponding to maximum emission intensity, which hereafter will be referred to as the 
reference spectrum. 
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Fig. 4. Fluorescence spectrum of the phantom sets with 0.45% volume fraction of polystyrene 
in both the layers and varying concentrations of FAD and Hb. 

Experiments were carried out with tissue phantoms having fixed FAD and Hb 
concentrations and varying scatterer concentration in epidermal as well as dermal layers and 
the corresponding emission spectra from the samples are shown in Fig. 5. 

 

Fig. 5. Fluorescence spectrum of phantom sets with 100μM FAD, 15μM Hb and varying 
volume fractions of polystyrene microspheres in layer 1 and layer 2. 

Cumulative effects for the increased epithelial scattering and decreased dermal scattering 
along with absorber changes present in dysplastic conditions (phantom set 5, Table 1) is 
demonstrated in Fig. 6 and compared with its normal counterpart (phantom set 6, Table 1). 
The spectra for phantom sets 4 (intrinsic fluorescence in the dysplastic condition in the 
absence of absorbers and dermal scatterers; Table 1) and 9 (intrinsic fluorescence in the 
normal condition in the absence of absorbers and dermal scatterers; Table 1) are also plotted 
for comparison in Fig. 6. 
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Fig. 6. Fluorescence spectrum from phantom sets mimicking normal and dysplasia conditions. 

It is to be noted that for the study presented in section 4.4, the intrinsic normal spectra was 
taken from phantom composition 9, which included 0.45% scatterers in the epidermal layer to 
facilitate the emitted fluorescence detection in the diffused backscattering geometry. 
However, comparison of the FAD spectra obtained from normal and dysplastic samples, 
without the addition of absorbers as well as the scatterers, reveals the actual deviation as 
represented in Fig. 7 at the selected concentrations (the experiments were carried out in 90 
degree geometry for these spectral measurements). 

 

Fig. 7. FAD fluorescence from liquid phantoms without addition of scatterers and absorbers. 

4. Discussions 

4.1 Effects of absorber concentration 

Referring to Fig. 4, all the spectra had dominant peaks corresponding to the emission of FAD. 
For 200µM FAD, a blue shift in the emission peak (526 to 525nm) was observed with an 
increase in Hb concentration. These graphs showed a decrease in normalized emitted FAD 
fluorescence intensity with the addition of absorbers. The intensity was reduced to 0.8 for 
15µM Hb and 0.75 for 46µM Hb from its maximum normalized unit corresponding to 0 µM 
Hb. For 100µM FAD, the emissions from sample were blue shifted by 1 nm (from 526 to 
525nm) with the addition of 15µHb and 2nm (from 526 to 524nm) with the addition of 46µM 
Hb. The sensitivity of wavelength shift is found to increase with decreased amounts of FAD. 
This could be attributed to the increased effect of absorbers at the reduced FAD 
concentration. The fluorescence intensity decrements, in the case of 0µM, 15µM and 46µM 

                                                                         Vol. 8, No. 7 | 1 Jul 2017 | BIOMEDICAL OPTICS EXPRESS 3209 



Hb were found to be 0.50 to 0.42 and 0.35. The reduction in the relative change in 
fluorescence intensity compared to the 200µM counterparts with added absorber could be due 
to the relatively increased amount of scatterers available at the reduced fluorophore 
concentration. 

The decrement in FAD emission intensity could be attributed to two factors: (i) The 
absorption of the emitted fluorescence by Hb molecules: It is to be noted that Hb used for the 
study has dominant absorption peaks at 418nm, 548nm and 578nm and FAD has an emission 
peak at 526nm in the visible region, resulting in the absorption by Hb specifically at 548nm 
and 578nm. (ii) There was also an equal effect of source absorption by Hb molecules at 
450nm contributing to the reduction in excitation available for FAD. The Hb concentration 
considered for the study corresponded to the absorption coefficients of normal and malignant 
tissues and the combined effects of wavelength shift and intensity alterations could provide 
potential information in discriminating the tissues. 

4.2 Effects of scatterer concentration 

All the spectra were normalized with respect to the reference spectrum as demonstrated in 
Fig. 5. In the case of dysplasia, while the epithelial size / density changes increase sample 
scattering, a corresponding decrease in the dermal scattering limits the overall collected 
emission intensity from the target sample. The selected scatterer concentrations in this study 
account for the increased scattering due to changes in epithelial cell density and decreased 
dermal scattering during disease progression. 

Figure 5 demonstrates the effects of changes in epithelial and dermal scattering 
independently. It is observed that as the volume fraction of scattering agent in first layer is 
increased from 0.45% to 0.80% (phantoms 6 and 11), the normalized intensity of FAD at the 
emission peak increases from 0.42 to 0.50. The increase in epithelial scattering is found to 
shift the entire spectrum upwards as compared to the spectrum corresponding to the normal 
tissue. The peak wavelength was red shifted by 1 nm (525 to 526nm). Decrement in dermal 
scatterer concentration from 0.45% to 0.30% (phantom 6 and 10) caused the emission 
intensity to decrease from 0.42 to 0.32. Additionally, a blue shift of 2nm (525 to 523nm) was 
observed for FAD emission peak in this case. 

4.3 Effects of spectral broadening 

Spectral broadening effects were observed to accompany the changes in sample scattering. To 
analyze these changes, full width at half maximum (FWHM) as an estimate of the spectral 
line width were computed for the fluorescence spectra captured from the phantom sets with 
100µM FAD and varying compositions of absorbers and scatterers. The phantoms considered 
for this analysis uniformly contained 100µm FAD in layer 1, the top epidermal layer. FWHM 
values of the spectra with zero, 15 and 46 µM Hb in layer 2, the bottom dermal layer, with 
fixed scatterer concentration were found to be 82.86 nm, 82.70nm and 82.57nm respectively. 
The normalized percentage changes in FWHM with respect to zero added absorber were 
estimated to be 0.2% and 0.3%. To analyze the effect of spectrum broadening with varying 
concentrations of scatterer, FWHM values were computed for the spectra with fixed absorber 
concentrations (15µM Hb), and varying scatterer concentrations. For phantoms with 
increased scatterer concentration (0.8% v/v) in layer 1, the normalized percentage change in 
FWHM was computed to be 0.4%. For phantoms with decreased scatterer (0.30%) in layer 2, 
the normalized FWHM percentage was 3.5%. This increase in percentage line width 
compared to the previous case could be attributed to the depth dimension of the scatterers 
(layer 2) facilitating predominant multiple scattering. Any changes in multiple scattering 
could contribute to the light beam broadening and subsequent broadening of the emitted 
spectrum [50]. Cellular organelles such as mitochondria, thin fibrillar structures of connective 
tissue and RBC are the main scatterers contributing to the multiple scattering in living tissue 
[51] and hence the observations from the phantoms could find similarities while observing 
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spectra from real tissues as well. In comparison with the absorber effects, scattering was 
found to be the primary factor responsible for the spectral line width alterations. 

4.4 Normal and dysplastic tissues 

In Fig. 6, as during the disease progression, the changes in FAD, Hb and scatterers occur 
simultaneously, phantom sets 6 and 5 (Table 1) were used for experimentation in mimicking 
the conditions of normal and dysplastic tissues. These spectra account for the simultaneous 
changes in absorption and scattering that occur during the disease progression such as 
increase in Hb concentration, increase in epidermal scattering and decrease in dermal 
scattering in dysplastic tissue compared to the normal tissue. 

Comparing the spectra collected from phantom sets 4 and 9, the normalized fluorescence 
intensity in the case of intrinsic dysplasia is found to be enhanced to 1.00 from 0.64, with a 
corresponding percentage change of 36.00%. As expected, no shift in wavelength was 
observed. Spectral broadening in the dysplastic case was calculated and found to be minimal 
(0.2%). In the case of spectra collected from phantom sets 6 and 5, the following were 
observed. The intensity alterations were quantified to be 43.58%. A net shift of 1 nm was 
observed for the emission peak as a result of the cumulative changes in decreased dermal 
scattering, increased epithelial scattering and increased absorption by Hb. The dysplastic 
spectrum was observed to be broadened by 1.51% indicating the pronounced decrement in 
dermal scattering as compared to epithelial scattering. 

In summary, the present study indicates that between normal and dysplastic tissues (i) 
changes in emission peak is predominantly caused by absorbers (ii) changes in peak 
wavelength shift is caused by the cumulative effect of absorbers and scatterers and (iii) 
changes in spectral line width is caused by dermal scatterers predominantly in comparison 
with the intrinsic counterparts. 

As mentioned before, the changes in normal and dysplastic fluorescence intensity in the 
presence of absorbers and scatterers are found to be more as compared to the intrinsic 
changes and this difference is expected to increase with the incorporation of the realistic FAD 
concentration found in tissues. This difference effect will be more pronounced while 
employing the realistic FAD concentrations in the nM range within the fabricated tissue. The 
identification of FAD changes in this realistic range requires enhanced sensitivity and 
resolution in spectral detection, which could be achieved by alteration / upgrading in the 
existing experimental detection scheme. These changes can influence a fluorescence 
spectroscopy based diagnostic test for dysplasia involving FAD. Here the clinical outcome 
may be positive (cancer) or negative (healthy) depending on the increase or decrease in the 
FAD concentrations obtained [5]. Such a diagnostic test could result in false negative result 
with the increase of Hb in the underlying dermal layer associated with the disease 
progression, depending on the tradeoff between the corresponding increments of individual 
constituents. As the optical phantom fabricated in this work is reflective of different kinds of 
optical property changes in the tissue during the progression of dysplasia, this methodology 
could further be extended to the extraction of other fluorophore concentrations as well. This 
will help a more comprehensive assessment of dysplasia using optimal multivariate 
algorithms. Such experimental spectra database generated in future could offer solution 
strategies for fluorophore concentration extraction employing pattern recognition algorithms. 
In addition, as these phantoms are multilayered, they could be further employed to extract 
layer-wise fluorescence using spatial frequency domain imaging techniques, which will be 
dealt with in future. Also these phantoms could be extended to multilayer models 
corresponding to different kinds of tissues with varied optical properties and morphology. 

5. Conclusions 

In this paper, we have investigated the factors affecting the extraction of intrinsic FAD 
fluorescence from epidermal layer of tissues for diagnosis of dysplasia by creating skin tissue 
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mimicking bilayer, thin, soft, solid phantoms with desired optical properties which closely 
match with the optical properties of major constituents found in skin tissue. The effects of 
absorber and scatterer variations with emitted intensity were demonstrated independently and 
simultaneously. This could open up possibilities in a semi empirical based procedure for 
optical characterization of biological tissues, specific to skin. In the present work, the 
absorbing and scattering agents considered are hemoglobin / melanin and epithelial cells / 
collagen fibers. A more comprehensive model needs to be developed for the skin that is 
involving additional constituents such as in keratin / bilirubin /other tissue fluorophores such 
as NADH and additionally the fluorescence from collagen. The current model mimics the 
layer thickness and the desired range of absorber and scatterer properties, which needs to be 
extended incorporating the maximum possible structural complexities that are present in real 
tissues. Although the current study focuses on assessment of fluorescence, such tissue 
phantoms offer great potential for usage in other modalities of spectroscopies as well. As 
layer specific controlled optical properties could be incorporated in such phantoms, these 
phantoms will additionally offer advantages in developing spectroscopic measurements 
sensitive to different layers. Development of such optical phantoms will be a real 
breakthrough in biomedical optical spectroscopy, for the non-invasive characterization of 
different variety of tissues. 
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