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Abstract: Ultrahigh-resolution optical coherence tomography (UR-OCT)
has been used for the first time to our knowledge to study single-cell basal
cell carcinoma (BCC) in vitro. This noninvasive, in situ, label-free
technique with deep imaging depth enables three-dimensional analysis of
scattering properties of single cells with cellular spatial resolution. From
three-dimensional UR-OCT imaging, live and dead BCC cells can be easily
identified based on morphological observation. We developed a novel
method to automatically extract characteristic parameters of a single cell
from data volume, and quantitative comparison and parametric analysis
were performed. The results demonstrate the capability of UR-OCT to
detect cell death at the cellular level.
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1. Introduction

The aim of cancer therapies is mainly to stop cell proliferation or induce cell death. Cell death
regulation is important for normal development and homeostasis [1]. Cancer cells escape from
death signals and continue their abnormal proliferation. Therefore, the ability to induce death
in cancer cells has been a crucial biomarker for the efficacy of chemotherapeutic agents.
However, individual cancer cells, even from the same population, vary greatly in their
response to cell death stimuli [2—4]. Some cancer cells are easily killed, but others remain
resistant. This cell-to-cell variability might be attributed to genetic, epigenetic or proteomic
factors, the presence of cancer stem cells and different stages of the cell cycle [5—10]. In the
context of the tumor microenvironment, the reasons for variable cancer cell response to
treatment further include variations in tissue drug concentration, local oxygen concentration,
cytokine profile, interaction between cancer cells, and host immune response. Measuring the
response at the single-cell level provides further pharmacokinetic and pharmacodynamic
information, which aids drug development and regimen design [11,12]. Fluorescence
microscopy can be used to detect cell death at the single-cell level after cancer cells have been
labeled by genetically engineered reporters or exogenous fluorescent dyes [13—16]. Despite
great success employing fluorescence microscopy in mouse intravital observations, the
requirement for labeling and possible phototoxicity circumvents its use in human subjects.
Furthermore, the limited imaging depth of fluorescence microscopy also places restrictions on
clinical application. Therefore, developing a microscopic technology with noninvasive, in
situ, label-free, single-cell spatial resolution may serve this long-term need. In this paper, we
report the detection of cell death at the single-cell level using ultrahigh-resolution optical
coherence tomography (UR-OCT).

Optical coherence tomography is widely used in clinical medicine, especially in
ophthalmology and cardiology because of the ability of imaging deep within tissue [17]. After
the first trial using OCT for three-dimensional tomography on cell-based tissue models [18],
OCT emerged as a promising technique for detecting multiple cell activities and responses to
environmental stimuli [19-21]. Traditionally, clinical OCT is relatively low in resolution and
mainly used to characterize architectural morphology [22]. An improvement in OCT
technology currently provides axial resolution to approximately 1 um and lateral resolution to
2 pum [22-24]. In this report, we demonstrated that UR-OCT not only provides three-
dimensional in situ single-cell imaging but is also able to delineate subcellular structure (i.e.,
the nucleus).

Dead cells cannot be differentiated from live cells based merely on size. Many parametric
analytic methods have been used to address this issue, including speckle fluctuation in time-
lapse images [25-27]. It was confirmed that back-scattering signals are lower in apoptotic
cells [28], which is most likely due to the perturbation of mitochondrial morphology during
apoptosis [29]. Nuclear disintegration after chromatin condensation provides high-signal-
intensity peaks that facilitate the identification of apoptotic cells.

Other nonlinear optical techniques, such as second/third harmonic generation microscopy
[30], coherent anti-stoke Raman scattering microscopy [31], and stimulated Raman scattering
microscopy [32], also provide alternative choices for label-free imaging with subcellular
spatial resolution. Because these techniques make use of nonlinear signals originating from
light-material interactions within the specimen as a source of contrast, femtosecond or
picosecond pulse lasers are usually used to efficiently excite nonlinear processes. In view of
the high peak power of these pulse lasers, combined with the risk of damaging the specimen
under illumination with high intensity, the application of these nonlinear microscopy
techniques remains in the field of pre-clinical research.

In this study, we aimed to use a homemade UR-OCT system to image single-cell basal cell
carcinoma (BCC) in three dimensions and differentiate between live and dead BCC cells by
not only morphological recognition but also parametric analysis. A BCC cell line was used
because BCC is the most common skin cancer, and we are familiar with it [33,34]. An image

#170582 - $15.00 USD  Received 13 Jun 2012; revised 24 Jul 2012; accepted 2 Aug 2012; published 13 Aug 2012
(C) 2012 OSA 1 September 2012 / Vol. 3, No. 9 / BIOMEDICAL OPTICS EXPRESS 2113



analysis approach was also developed to automatically extract deterministic information of a
single cell.

2. Materials and methods
2.1. Sample preparation

The BCC cell line was tested to be free of mycoplasma and other trivial contaminants. BCC
cells were cultured in RPMI 1640 (Invitrogen, Carlsbad, CA) supplemented with 10% fetal
calf serum (FCS), 100 mg/ml penicillin and 100 mg/ml streptomycin and maintained in an
incubator at 37 °C with 5% CO,. Prior to the experiment, grown cells were trypsinized and
collected by centrifugation. Samples for OCT scanning were prepared by mixing a BCC cell
suspension with thawed Matrigel solution (BD Bioscience, Bedford, MA) 1:1, and injecting
25 ul of the suspension, which corresponded to 5000 cells per sample, into round-grooved
glass-slides. To prevent environmental effects during the experiment, all of the samples were
fixed with 2% paraformaldehyde and mounted with cover-slips.

2.2. Confocal microscopy

The samples for confocal microscopy were prepared similarly to the typical procedure, except
that the cells were stained before being injected into round-grooved glass-slides. Before
staining, the BCC cells were suspended in Hank’s balanced salt solution (HBSS)
supplemented with 2% FCS (HBSS+) and centrifuged to replace HBSS+ with the stain. To
stain the nucleus and cell membrane, the BCC cells were incubated with Hoechst and
CellMask (Invitrogen, Carlsbad, CA) solution (diluted 1:1 in HBSS+) for 15 minutes and 5
minutes, respectively, and then washed again in HBSS+. The samples were observed under a
commercial confocal microscope system (LSM 510 META, Carl Zeiss, Oberkochen,
Germany).

2.3. UR-OCT system

The design and operating principle of the UR-OCT system was similar to our previous report
[35]. However, the light source was improved, and a parallel light system setup was adopted
to achieve better transverse resolution. Figure 1 is a schematic representation of the system.
The original light source was a Ce’:YAG double-clad crystal fiber, which was fabricated by
the codrawing laser-heated pedestal growth technique and pumped by a 446-nm blue laser
diode (NDB-7112E, Nichia, Tokushima, Japan). Amplified spontaneous emission of this
active fiber was butt-coupled into a silica fiber (SMF-28-10, THORLABS, Newton, New
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Fig. 1. A schema of UR-OCT system. LD: laser diode; L; and L,: 40X and 60X aspheric
lenses; OL: 4X objective lens; LPF: long-pass filters; M: mirror; BS: beam splitter; LWDO:
10X long working distance objective; FM: flipper mirror; PZA: piezo actuator; S: sample; LS:
2D linear stage; EP: eyepiece; PD: photo diode.
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Jersey) to produce a high-brightness pigtailed fiber light source. The output spectrum had a
center wavelength of 560 nm, and the full-width at half-maximum bandwidth was
approximately 100 nm, which corresponded to 1.45 pum depth resolution in air and
approximately 1.1 pm in bio-samples. Transverse resolution was measured to be 2.6 um when
a 10x long working distance objective (NT59-877, Edmund Optics Inc., Barrington, New
Jersey) was utilized as the focusing lens; thus, cellular spatial resolution could be achieved.
The probing power was 42 uW, which is well below the safe occupational exposure level
established by the American National Standards Institute (ANSI Z 136.1). Depth scanning
was accomplished by a piezo actuator (P-601.30L, PI, Karlsruhe, Germany) with a scanning
range of 200 um. The A-scan repetition rate was 2 Hz. Based on the above operational
conditions, the system sensitivity was 82.3 dB. To compensate for the differences in
dispersion and optical path length between the sample arm and reference arm, hardware
compensation was adopted using the same optical elements, such as an objective lens and
cover glass, in both sample and reference arms.

2.4. Data analysis algorithm and statistical methods

Several parameters were defined based on the intensity and spatial distribution of the back-
scattering signal for single-cell analysis. Quantitative analysis could be performed because
back-scattering signal characteristics were closely associated with morphological and
physiological differences between live and dead BCC cells. In this study, each cell was
analyzed in a three-dimensional manner. Two-dimensional image analysis was unable to
completely describe a whole cell and may lead to biased conclusions. To avoid power
fluctuation of the light source, the signal intensity was normalized by the reflection intensity
of the lower surface of the cover glass. For each data volume, the normalized noise level was
measured, and any pixel whose normalized intensity was 3 dB higher than the noise level was
considered for signal analysis (Figs. 2a and 2b). Pixels whose intensity was lower than the 3
dB threshold were disregarded because we could not easily distinguish them from noise
fluctuation. Therefore, a binary image called a “mask” can be constructed from each B-scan
(Fig. 2¢) by assigning considered pixels’ value to logical one and assigning disregarded
pixels’ value to logical zero. In this way, the considered pixels and their total number inside a
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Fig. 2. For each B-scan, intensity image (a) was transform into binary image by applying a
threshold (b) which was higher than noise level by 3 dB on every pixels (c). The corresponding
image of cell region which was found by automatically boundary detecting method (d).
Cellular density can also calculated by dividing the area above the threshold and the total area
of the bell shape intensity distribution diagram (e).
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data volume for single-cell analysis were obtained. The signal average was defined by
computing the mean value of considered pixel intensity for each cell. The signal average can
be considered as the total scattering capability of a single cell to the incident light. To
compute the spatial density of a cell, defined as cellular density, the cell volume must first be
evaluated. This evaluation could be performed by identifying the cell region of each B-scan
from its corresponding mask (Fig. 2d). For every column in a mask, the segment between the
first and last nonzero pixel was regarded as within the cell region; thus, the pixel number of
the cell region of a B-scan could be computed, and the cell volume was obtained by summing
the total pixel number in cell regions. Cellular density was calculated as the ratio of the
number of total analyzed pixels and the total pixel number in a cell volume (Fig. 2¢). Finally,
the average dynamic range of a cell was defined as the mean value of the dynamic range of
each A-scan within the data volume. We averaged the dynamic range of each A-scan because
the sampling rate was the highest along the z-axis. The average dynamic range can be thought
of as the scattering capability of the main scatterers in a cell. Note that the dynamic range was
defined as the ratio of the maxima and noise level of the A-scan. After obtaining the
characteristic parameters of single BCC cells, Student’s t-test was used to evaluate the
differences in these parameters between the normal group and the dead group. All of the tests
were two-tailed, and a P-value < 0.05 was considered to be statistically significant. The linear
relationship between these parameters was evaluated based on Pearson's linear regression
model. All of the statistical tests were performed using STATA 8.2 software (StataCorp,
College Station, TX).

3. Results
3.1. UR-OCT images

Figure 3 shows the microscopic image of a BCC cell line suspended in Matrigel solution and
typical UR-OCT/confocal microscopy images of live and dead BCC cells. In this study, dead
BCC cells were prepared by mixing 80 uM celecoxib with a cell suspension for 16 hours to
induce cell death. Celecoxib has been used in combination with other chemotherapeutic
agents, including docetaxel and erlotinib, in clinical trials for non—small-cell lung cancers
[36,37]. A previous report demonstrated the important role of cyclooxygenase-2 in the
progression of BCC. Preliminary studies also showed that celecoxib induces dose- and time-
dependent killing of BCC. The viability of live cells was confirmed by positive calcein
staining by confocal microscopy (Fig. 3b) before they were imaged with UR-OCT. The dead
cells were verified by positive propidium staining (Fig. 3¢) and subsequently observed with
UR-OCT. In Fig. 3(a), BCC cells cultured in a non-restricted three-dimensional environment
generally showed a round shape with diameter ranged from 15 to 22 um. In UR-OCT images,
the back-scattered light intensity is demonstrated by the contrast of transition from blue (low
intensity) to red (high intensity). In two-dimensional cross-sectional images (Figs. 3¢ and 3f),
we observed that the signal distribution of a live BCC cell was easily identified as a round
shape. In addition to the clear boundary of the live BCC cell, signals from intracellular
organelles were also observed. In contrast, the back-scattering signal of dead BCC cells was
concentrated only on some main scatterers whose relative position could not be easily
described by a specific geometry, suggesting that the cell had disintegrated into apoptotic
bodies. The three-dimensional images (Figs. 3d and 3g) show that the contour of live BCC
cells was spherical and intact, while dead BCC cells showed an irregular and shrinking
appearance. The difference in UR-OCT imaging between live and dead BCC cells can be
correlated with common knowledge of the apoptotic process at the cellular level.

3.2. Confocal microscopy observation

A comparison of the UR-OCT en face image with a confocal microscope image of the same
cell was also performed (Figs. 4a-4c). Several BCC cells in which the nucleus and cell
membrane were previously stained were imaged with UR-OCT, and several x-y planes were
summed to provide an en face image, which was consistent with the image obtained with
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Fig. 3. Microscopic image of BCC cell line and UR-OCT/confocal microscopy images of live
and dead BCC cells. BCC cell line was suspended in Matrigel and imaged by a bright-field
microscope (a). Live and dead BCC cells were randomly selected from the sample and scanned
by UR-OCT and confocal microscopy. Live cell were encoded in green (b) and dead cell which
was were encoded in red (e), according to the calcein and propidium’s fluorescence spectrum.
Two-dimensional cross-sectional imaging (c, f) were performed across the center of each cell.
Three-dimensional imaging of the whole cell (d, g) were realized by combining several cross-
sectional images whose covering range were slightly larger than the size of the cells.

Fig. 4. Co-registered BCC cells image of UR-OCT and confocal microscopy. En face image of
UR-OCT (a) with corresponding CFM and CRM images (b, c¢) of BCC cells. The CFM and
CRM images were acquired before UR-OCT imaging since the fluorescence decayed rapidly
after staining procedure. Red arrows, strong scattering from small organelles.
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confocal microscopy (Fig. 4a). A confocal fluorescence microscope (CFM) image with the
nucleus in blue and the plasma membrane in red was acquired (Fig. 4b). Note that the
cytoplasm of these cells was also stained unexpectedly. Comparing Figs. 4a and 4b, the
relative position and the shape of BCC cells in the UR-OCT image could be perfectly
correlated to the CFM image. To illustrate the origin of back scattering, confocal reflectance
microscope (CRM) image was also acquired (Fig. 4c). In the CRM image, we observed that
the back-scattered signals were concentrated on some small organelles, and the position of the
nucleus showed a hollow morphology. The phenomenon was also found in the UR-OCT
image, suggesting that the main scatterers in UR-OCT were small organelles, such as
mitochondria or the Golgi apparatus, instead of the relatively larger nucleus.

3.3. Signal characteristics of UR-OCT single-cell images

Based on the previously mentioned parameter definitions, the signal average of the live group
was significantly higher than the dead group (live group, 0.0150+0.001 ; dead group,
0.0126+0.0011; P = 0.0006) (Fig. 5a), suggesting that back-scattered light intensity was
higher for live BCC cells. However, the cellular density of the live group was significantly
lower than the dead group (live group, 0.41+0.045 ; dead group, (0.53+0.093; P = 0.0125)
(Fig. 5b). Moreover, the average dynamic range of the three-dimensional image was also
significantly lower for the live group than the dead group (live group, 4.75+0.057 ; dead
group, 538+ 0.284; P =0.0208) (Fig. 5¢). The higher cellular density and dynamic range for
the dead group were consistent with the characteristic properties of apoptotic cells.
Nevertheless, there was no significant difference in cell volume between live and dead groups,
showing the heterogeneous nature of the size distribution of original BCC cells (normal
group, 2827.5 um’; apoptotic group, 3210.7 um’; P = 0.4229) (Fig. 5d).

The relationships of different parameters of BCC cells were further illustrated by scatter
plots. In the dead group, the signal average was highly correlated with cellular density
(Pearson’s correlation 0.894, P < 0.01), but it was highly negatively correlated with cellular
density in the live group (Pearson’s correlation —0.783, P < 0.05) (Figs. 6a and 6b). Moreover,
the signal average had a high positive correlation with the average dynamic range in the dead
group (Pearson’s correlation 0.772, P < 0.05) but appeared to be uncorrelated in the live group
(Pearson’s correlation 0.046, P = 0.922) (Figs. 6¢ and 6d). The results suggested that
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Fig. 5. Different properties between live and dead BCC cells. (a) Signal average; (b) cellular
density; (c) average dynamic range; (d) cell volume of BCC cells. White bar, normal group (n
= 7); black group, apoptotic group (n = 7); **P < 0.05. NS, not significant.
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and signal average of live (a, c¢) and dead group (b, d). Significant positive correlations of the
three parameters were observed in dead group.

the distinct relationships of these parameters could originate from intrinsic morphological
differences between live and dead BCC cells.

4. Discussion

The mechanism of light scattering from biological cells has been investigated, and scattering
at large angles, which corresponds to back-scattered OCT signals, could be mainly due to
small organelles and structures within organelles [38,39]. These previous reports are
consistent with our observation from en face images of UR-OCT and confocal microscopy. In
flow cytometry, dead cells can be identified on the basis of changes in scattering by plotting
the intensity of light scattered forward and at 90° [28], and the formation of apoptotic bodies
can be characterized by a decrease in both forward and side scattering [40]. Based on these
previous reports, it can be assumed that light scattering is higher for live than dead BCC cells,
because the number of main scatterers in UR-OCT imaging, such as mitochondria, in live
cells should be higher than in apoptotic cells, and the morphology of these scatterers is
relatively intact compared with apoptotic bodies, which leads to a stronger back-scattering
light intensity. In this study, the signal average was significantly higher in live BCC cells than
dead BCC cells, which was in good agreement with the previously mentioned hypothesis. Our
result suggests that dead BCC cells have a generally much weaker scattering potential than
their live counterparts. Interestingly, our experimental result also showed that the average
dynamic range was significantly higher in dead BCC cells. In apoptotic cells, back-scattered
signals may originate from locally condensed chromatin and fragmented nuclei [28]. The
results that the average dynamic range was higher but the signal average was lower in dead
BCC cells reflected that back-scattering signals of apoptotic BCC cell were only concentrated
on some main scatterers. These scatterers induced locally strong scattering signals, but the
average signal intensity for a whole cell remained low due to the relatively weaker scattering
capability of other scatterers.
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The nuclei in live BCC cells are unbroken and occupy a large ratio of the total cell
volume, which can be confirmed by UR-OCT and confocal microscope images. Due to the
low contribution of back-scattered signals from the nucleus and considering cellular shrinkage
and nuclear rupture during the cell death process, it can be predicted that live BCC cells
would have lower cellular density than dead BCC cells. As expected, our experimental result
showed that cellular density was significantly lower in live BCC cells, suggesting that UR-
OCT imaging can be used to identify dead BCC cells based on the integrity of nuclear
morphology. Note that the higher cellular density of apoptotic BCC cells can be intuitively
related to the shrinking morphology, but it cannot be concluded that the dead BCC cells had a
smaller average size than live BCC cells, because there was no difference in the size of live
and dead BCC cells (Fig. 5d).

Further examination of the relationships between characteristic parameters of single cells
provided even deeper insight into intracellular structure. It has been reported that the
scattering cross section increases significantly as the nuclear-cytoplasmic ratio increases [38].
In live BCC cells, cellular density decreased as the nuclear-cytoplasmic ratio increased.
Therefore, the signal average should increase as cellular density decreases. In this study, the
measured signal average was significantly negatively correlated with cellular density in live
BCC cells, which indicated that light scattering is enhanced as the nuclear-cytoplasmic ratio
increases. In addition, the size distribution of main scatterers in live BCC cells, such as
mitochondria, should have high homogeneity, which means that these scatterers also have
similar scattering capability. The experimental result showed that the average dynamic range
was independent of the signal average for different live BCC cells, which suggests that the
difference in scattering capability between different cells is most likely due to the difference
between the numbers of scatterers inside the cells.

In dead BCC cells, there was no well-defined nuclear-cytoplasmic ratio, so the previous
analysis by [38] cannot be directly linked to the experimental result. Nevertheless, light
scattering may originate from the condensed chromatin of dead cells, and it was assumed that
the refractive index increase linearly with the amount of DNA [41]. The higher concentration
of DNA corresponded to a higher average dynamic range of the dead BCC cells, and so did
the signal average. Our experimental result showed that the signal average had a significantly
positive correlation with the average dynamic range in dead BCC cells, which implied that the
light-scattering properties of dead BCC cells was highly correlated with the chromatin
condensation process. Moreover, due to the shrinkage of dead cells, it can be assumed that the
higher cellular density corresponded to a higher concentration of DNA content. The measured
cellular density of dead BCC cells was positively correlated with the signal average, which
also agrees well with our assumption.

5. Conclusions

Three-dimensional single-cell imaging and the analysis of live and dead BCC cells utilizing
UR-OCT were demonstrated for the first time. The apoptotic process involves a series of
morphological changes, and there are many new scatterers generated. The morphological
change-induced scatterers affected the scattering properties of dead cells. Therefore, the death
of a single cell can be detected by not only direct imaging but also parametric analysis. In this
study, we defined the signal average, cellular density, average dynamic range, and cell volume
as characteristic parameters of single cells. Based on these parameters, three effective
parameters were found, with P-value less than 0.05. Correlations between these parameters
also provide complementary information to three-dimensional imaging. This technique is
believed to be an important noninvasive methodology that provides morphological and
quantitative information for detecting cell death at cellular level.
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