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We report on the design and construction of a confocal light scattering spectroscopic imaging system
aimed ultimately to conduct depth-resolved characterization of biological tissues. The confocal sectioning
ability of the system is demonstrated using a two-layer sample consisting of a 200 μm thick cancer cell
layer on top of a scattering layer doped with a green absorber. The measurement results demonstrate
that distinct light scattering signals can be isolated from each layer with an axial and a lateral resolution
of 30 and 27 μm, respectively. Such a system is expected to have significant applications in the areas of
tissue engineering and disease diagnostics and monitoring. © 2009 Optical Society of America
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1. Introduction

Light scattering properties of substances have been
widely used to characterize and differentiate materi-
als and their compositions, exploiting the fact that
the intensity, angular distribution, and wavelength
responses of light scattering depend on the size and
refractive index of the scatterer and its constituents
[1]. In biology and medicine, light scattering spectro-
scopy has been previously reported to be capable of
providing spectral characteristics for identifying and
distinguishing different cell types [2–6]. The useful-
ness of cellular light scattering has been further de-
monstrated when combined with flow cytometry [7]
or microscopy [8,9].
While the most common method to examine cellu-

lar light scattering properties is through either
forward [7,9] or side scattering [8], such measure-
ment design is severely restricted in its applicability,
especially for in vivo biomedical applications where
forward and side scattering data collection geome-
tries are practically impossible. This leaves backscat-
tering as a very attractive option for collecting light

scattering signals from cells and tissues in vivo. Pre-
vious studies have shown that backscattering signals
from biological specimens can provide strong enough
signals for cell characterization [2–5]. Recently, back-
scattering spectroscopy has been demonstrated to be
capable of extracting the physical characteristics of
scattering samples suspended in liquid medium [10],
while Itzkan et al. [11] developed a confocal light ab-
sorption and scattering spectroscopic microscope to
monitor organelles in living cells.

Most of the reported backscattering spectroscopic
microscopy techniques are limited to measuring
scattering characteristics of a single cell layer or
the superficial tissue without any depth-sectioning
ability. The ability to isolate morphological changes
from a distinct depth could be of great clinical inter-
est. For instance, in epithelial cancer, premalignant
changes typically originate within layers of tissue
buried under the surface; therefore the ability to
detect morphological changes of underlying layers
can contribute significantly to early cancer detection.
In tissue engineering, depth-resolved light scattering
measurements could provide dynamically highly
sensitive and quantitative information with regards
to important biomaterial properties, such as
matrix remodeling and mineralization. To observe
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backscattering signals of living tissue specimens
with optical sectioning ability, we designed and con-
structed a confocal light scattering spectroscopic mi-
croscope (CLSSM) system [shown in Fig. 1(a)].
There are a number of other reported optical

techniques that can provide depth-resolved scatter-
ing information of biological tissues, including low-
coherence enhanced backscattering spectroscopy
[12], optical coherence tomography (OCT) [13], an-
gle-resolved low-coherence interferometry [14], and
confocal light absorption and scattering spectro-
scopic microscopy (CLASS) [11]. While low-coherence
enhanced backscattering spectroscopy has shown
exquisite sensitivity to cellular organization fea-
tures, its optical penetration depth is limited to
themost superficial 100 μm. OCT is a commonly used
backscattering technique that also provides depth-
resolved imaging of epithelial tissues, but its illumi-

nation bandwidth is typically limited to less than
100nm, which is usually too narrow for investigating
light scattering spectral characteristics of biological
tissues. The angle-resolved low-coherence interfero-
metry method focuses on using the angular charac-
teristics of light scattering to extract specimen
properties but does not exploit any wavelength
spectral dependence. Still, simultaneous measure-
ment of angular and spectral responses may provide
better sample characterization capabilities than
either measurement alone.

In contrast to the previously mentioned systems,
the design of our system is relatively similar to that
of the CLASS microscope, which has an axial resolu-
tion of 3 μm and has been used to isolate subcellular
features as specimens are scanned in the lateral
direction. However, the system described in this
article is capable of performing depth-resolved

Fig. 1. (a) Schematic of the CLSSM. (b) Confocal axial resolution measurement of the CLSSM system. The circular markers are experi-
mental measurements, while the solid line is a fit to the data. (c) Lateral resolution measurement of the CLSSM system. The circular
markers are experimental measurements while the solid line is a fit to the data. (d) Light scattering spectral characteristics of 5 μm beads
at polar angles of 4° and 5°, measured under collimated illumination and compared with Mie theory predictions.

2596 APPLIED OPTICS / Vol. 48, No. 13 / 1 May 2009



measurements of thick tissue specimens and has the
capability to resolve not only the wavelength depen-
dence but also the polar angular dependence of the
scattered light. These novel features specific to our
system allow us to identify the distinctive angular
scattering characteristics of a sample and exclude
signals in the exact backward direction that can be
contaminated by specular reflections.

2. Optical System Design and Experimental
Procedures

The detailed optical setup of our CLSSM system is
shown in Fig. 1(a). The illumination source is a
500 W xenon lamp whose emitted light is spatially
filtered and collimated. The collimated white light
is directed through a linear polarizer into a long-
working-distance, infinity-corrected 20× microscope
objective (Olympus). By doing so, the light beam
emerges from the objective as a converging beam
and focuses down onto a sample located at the front
focal plane of the microscope objective, with an effec-
tive illumination numerical aperture of 0.30. Images
of the sample are projected onto a CCD video camera
through the microscope objective and a tube lens
(lens 4) to provide visual confirmation of proper sam-
ple placement. Because the sample is placed at the
front focal plane of the objective, scattered light off
the sample forms an angular map on the Fourier
plane located at the back focal plane (BFP) of the ob-
jective. This map is relayed to the entrance slit of a
spectrograph (Oriel MS 127i, custom grating at
300 lines=mm blazed at 500nm) through strategic
placements of lenses 5 and 6 to form a telescope com-
bination. As the 20× objective is infinity-corrected,
lens 5 also simultaneously functions as a tube lens
whose back focal plane is confocal to the sample
plane. Therefore, we can reduce the contribution of
scattered light from out-of-focus objects by placing
a 200 μm pinhole at the back focal plane of lens 5
to achieve confocal sectioning. Since scattered light
from the sample must pass through pinhole 2 to
reach the entrance slit of the spectrograph, we essen-
tially have a confocal light scattering spectroscopic
microscope. To take advantage of scattering informa-
tion that can be obtained through polarization ana-
lysis, an analyzer is inserted between lens 5 and
pinhole 2, and the polarizer–analyzer combination
in the system can be oriented to create either parallel
or perpendicular polarization. In our image analysis,
the scattering azimuthal angle is defined as the an-
gle between the imaging slit and the plane of the il-
lumination polarization, while the scattering polar
angle is defined as the angle between the scattering
direction and the exact backward direction of the il-
lumination beam optical axis.
To measure the optical sectioning resolution of the

CLSSM system, a surface-reflective mirror was used
as a sample scatterer and the intensity of the re-
flected light passing through the confocal pinhole
was obtained at various axial mirror positions. The
optical sectioning resolution was then defined as

the full width at half-maximum of the collected in-
tensity profile. As shown in Fig. 1(b), the optical sec-
tioning resolution of our system is 30 μm. In contrast
to the system reported by Itzkan et al. [11], whose
aim was to observe intracellular light scattering with
its 3 μm axial resolution, our CLSSM system’s larger
axial resolution makes it more suitable for observing
multicellular-level light scattering differences within
a biological tissue of a few hundred micrometers in
thickness. The lateral resolution of the CLSSM sys-
tem was also measured by using the edge of a sharp
blade as a sample scatterer, and was found to be
27 μm [Fig. 1(c)].

Proper alignment of the system was confirmed by
collecting backscattering signals from 5 μm polystyr-
ene microspheres under collimated illumination,
created by a temporary placement of a convex lens
between a beam splitter, BS1 [Fig. 1(a)], and the mir-
ror that directs the illuminating light into the micro-
scope object. This convex lens then focused the
illuminating light beam onto the back focal plane
of the objective to create collimated illumination onto
the microsphere solution. Scattering signals from the
microspheres were compared with Mie theory predic-
tions for system validation. Optical alignment opti-
mization was achieved when parallel mapping
between image pixel positions and scattering polar
angles was accomplished through a quantitative
comparison of the spectral responses between the
measurements and the simulation [as shown in
Fig. 1(d)].

Cultured human cancerous cells of low passage
number (<20) were used as biological samples to de-
monstrate the capabilities of the CLSSM. Specifi-
cally, leukemia (NALM-6) cells were cultured in a
sterile environment in RPMI 1640 (88%), penicillin/
streptomycin (1%), and fetal bovine serum (10%).
The cells were passaged twice a week and were har-
vested and suspended in a clear medium (99% RPMI
1640, 1% penicillin/streptomycin) for imaging. Before
imaging, the suspended NALM-6 cells were allowed
to settle to the bottom of a cell chamber to simulate
thick tissue layers.

3. Results and Discussion

The ability of our CLSSM system to provide confocal
spectroscopic scattering analysis is demonstrated by
collecting signals from an aggregate sample shown in
Fig. 2. Multiple layers of NALM-6 cells yielding an
overall thickness of approximately 200 μm were
allowed to settle at the bottom of a cell chamber. Si-
multaneously, green food coloring was added to non-
diluted dairy cream composed of fatty emulsion
particles as diffuse scatterers and placed in another
chamber to represent a highly scattering and absorb-
ing medium. The spectral characteristics of the
NALM-6 cells and the green scattering layer were in-
dividually captured using the CLSSM system (con-
trol experiments), and then the two samples were
stacked on top of each other, separated by a coverslip
as shown in Fig. 2. The backscattering signals of the
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stacked NALM-6 cell layers and the green scattering
solution were then collected to be compared with the
stand-alone control group samples.
The spectral characteristics of all samples are

shown in Fig. 3. When analyzing the images, we nor-
malized the scattering maps based on the following
formula:

Inorm ¼ Iraw − IBG
I99%

;

where Inorm is a normalized scattering intensity map,
Iraw is the raw scattering map of a sample, IBG is a

raw image taken under the sample experimental
condition in the absence of the sample, and I99% is
a spectral calibration curve of the system using a
99% reflection standard to eliminate the emission
characteristics of the lamp and the spectral charac-
teristics of the CCD pixel sensitivities. In Figure 3(a)
the scattering polar angle versus wavelength map of
the superficial NALM-6 cells on the top partition of
the stacked sample is shown, while the same type of
scattering map for the green scattering solution at
60 μm below the bottom surface of the partitioning
glass coverslip (170 μm thick) is shown in Fig. 3(b).
Both maps were taken at an azimuthal angle of 45°
under parallel polarization. One can observe that in
Figs. 3(a) and 3(b) there exists a bright region mid-
way between the top and the bottom of each image
(near scattering polar angle 0°). This is the result
of the illuminating light’s specular reflection off
the glass coverslip that separates the NALM-6 cells
from the green scattering solution. From these
images, one can notice that the bright specular reflec-
tion regions extend from scattering polar angles of
−3:5° to þ3:5° , and therefore we always excluded
this bright region in our image analysis.

Figure 3(c) presents the spectral dependence of in-
tegrated backscattering intensities for NALM-6 cells
alone (black solid lines; multiple samplings, control
group), green scattering solution alone (black dashed
line: average response, control group), and the
stacked NALM-6 (gray solid lines: multiple sam-
plings) and green scattering solution (gray dashed
line: average response). Specifically, scattering sig-
nals from the stacked green scattering solution was
taken at 430 μm below the surface layer of the
NALM-6 cells. The integrated backscattering inten-
sity was defined as the sum of signal intensity within
a polar angle of −4° and −6°. In Fig. 3(c), 3 data sets
are shown for the NALM-6 samples, and each data
set represents measurements obtained from one
group of NALM-6 cells. This is because the NALM-
6 cells, being a biologically living sample, have a
higher probability of having group-to-group variabil-
ity, and measurements of multiple groups were con-
ducted to demonstrate repeatability. In contrast,
only the average spectral dependency from three
measurements is shown for the green scattering so-
lution samples in Fig. 3(c) to enhance visibility of the
salient features of the graph, since the signal from
such sampled varied less than 3%.

In the stand alone control group samples, the
NALM-6 cells are observed to have a trend of increas-
ing intensity with increasing measurement wave-
length [Fig. 3(c)]. The scattering signals of the
emulsion particles in the green scattering solution,
in contrast, are dominated by strong light absorption
of the green dye in the blue/violet (<470nm) and in
the red wavelengths (580–650nm), when compared
with the signals from the NALM-6 cells. Thus, we an-
ticipated that such spectral characteristics can be
utilized to demonstrate the CLSSM system’s confocal
sectioning ability if we were able to make the same

Fig. 2. Schematic of the layering of leukemia cancer cells (NALM-
6) on top of a green scattering solution.

Fig. 3. (a) Scattering polar angle versus wavelength map of the
NALM-6 cells on the top half of the aggregate sample shown in
Fig. 2. (b) Scattering polar angle versus wavelength map of the
green scattering layer on the bottom half of the aggregate sample
shown in Fig. 2. (c) Spectral dependence of the integrated backscat-
tering intensities for stand-alone control group samples and the
stacked experimental group samples: NALM-6 cells alone (black
solid line; control group), green scattering solution alone (black
dashed line; control group), and the stacked NALM-6 (gray solid
line; experimental group) and green scattering solution (gray
dashed line; experimental).
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observation with green scattering solutions placed
underneath a thick NALM-6 cell multilayer. Indeed
for the stacked samples both the NALM-6 cell layers
on the top and the green scattering solution on the
bottom show spectral characteristics similar to that
of the respective stand-alone control samples in
Fig. 3(c). That is, the backscattering spectral re-
sponses at a similar depth of the stacked NALM-6
cell layers closely resemble that of the stand-alone
control NALM-6 samples, while the backscattering
signals acquired from the green scattering emulsion
particles on the bottom is dominated by the same
green dye light absorption of the control samples.
Therefore, results in Fig. 3(c) validate the confocal
sectioning capability of our CLSSM system to collect
light scattering signals originating from objects un-
derneath a relatively thick layer of biological cells.
It should again be noted that the agreement of scat-
tering spectral profiles between the stacked and the
stand-alone control samples was observed only for
scattering polar angles greater than 3:5° from the ex-
act backward direction, outside the bright region of
specular reflections. The fact that we can capture
the angle-specific scattering spectrum allows us to
identify the extent of specular reflections and prop-
erly exclude such intensities in image analysis. Im-
age data taken from a fiber-based system such as
the CLASS reported by Itzkan et al. [11] contains all
scattering intensities without angular discrimina-
tion and can be contaminated by specularly reflected
light, which could in turn affect the accuracy and sen-
sitivity of the approach.

4. Concluding Remarks

The data shown in Fig. 3 provides proof of our sys-
tem’s capacity to capture the unique scattering
spectroscopic properties of different materials with
confocal imaging capability. The optical sectioning
ability of our CLSSM system to collect light scatter-
ing signals from scatterers buried under a 200 μm
thick cell layer illustrates its potential as a noninva-
sive characterization tool for biological tissues that
extend hundreds of micrometers. The approach al-
lows exploitation of either or both of the wavelength
and scattering-angle dependence of the backscat-
tered light, which may allow for improved optimiza-
tion depending on the nature of the sample and
application. In addition, the scattering-angle resolu-
tion capabilities of the system allow for a fairly
straightforward way to identify and eliminate spec-
ular or other spurious reflections, which could
otherwise introduce artifacts. The CLSSM spectral
imaging capabilities are expected to be particularly
relevant to disease diagnostic applications that
would benefit from sensitive detection of depth-
resolved features, as in the case of early cancer
screening. In addition, CLSSM may be a useful tool
for tissue engineering applications, in terms of asses-
sing dynamically key features, such as mineral

deposition and extracellular matrix remodeling
and organization.

The work presented in this paper was financially
supported by the National Institute of Health
through grant NIH (R21CA114684).
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