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Abstract—Multiple transverse mode, intracavity spectra of
canine lymphoma cells in a passive Fabry–Pérot cavity are dis-
tinct from single-mode spectra of normal lymphocytes. Two-
dimensional effective-index modal calculations provide insight
into the nuclear size versus refractive index relationship and
clarify the impact of lateral optical confinement on modal shift.

Index Terms—Biophotonics, effective index model, optical
cancer diagnostics, optofluidic intracavity spectroscopy.

I. INTRODUCTION

LOW-COST and label-free identification of single biolog-
ical cells is of broad interest in a variety of fields, including

clinical diagnostics, drug delivery, food safety, and healthcare.
The effective refractive index (RI) of a cell is a function of its
size, shape, and intracellular components and can be used to
measure its biological state [1]. For example, an enlarged nu-
cleus has been used as an indication for precancer in clinical di-
agnosis [2]. Conventional microscopic imaging requires the use
of stains to enhance contrast of the chromatin. Another tradi-
tional tool, flow cytometry, relies either on fluorescent labeling
reagents or angle resolved scattering to differentiate cells but
with nuclear size resolution of approximately 3% [3] although
the variance in commercial instruments often limits their resolu-
tion to 1 m [4]. Lab-on-a-chip methods offer the potential for
application-specific tradeoffs in terms of cost, size, automation,
and throughput relative to such established approaches. Biolog-
ical cells inside an optical resonator modify the cavity modes,
providing a probe for optical properties of the cells and their nu-
clei that can be used for cell recognition. Vertical external cavity
surface-emitting-laser-based biosensors [5] were previously in-
vestigated. However, the fabrication of such active optical res-
onator-based sensors is challenging, requiring high gain to over-
come the loss induced by the cell in order to reach threshold. We
subsequently demonstrated a simple passive Fabry–Pérot (FP)
cavity coated with gold mirrors for differentiating human blood
cells [6]. A fiber-optic on-chip passive FP cavity [7] was also
reported by researchers at Nanyang University, who measured
the effective indexes and sizes of cancerous cells by differential
longitudinal mode shift, although their analysis neglected mul-
timode operation induced by the cells.
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Fig. 1. Apparatus for single-cell optofluidic intracavity spectroscopy.

This letter focuses on investigating the lateral optical confine-
ment of cancerous cells within passive microfluidic FP cavities.
The phenomena of transverse modes giving rise to spectral con-
tent is similar to that reported by Gourley et al. [8] except there
is no gain medium in passive cavities. An effective index model
has been developed to explain the multimode spectra of can-
cerous cells and explore the nuclear size versus RI relationship.

II. EXPERIMENTAL SETUP

Transmission spectra of single cells in an FP cavity filled with
phosphate-buffered saline (PBS) solution were obtained using
illumination from a near-infrared light-emitting diode (LED)
(Hamamatsu L2690-02) with the apparatus illustrated in Fig. 1.
Imaging of a multimode fiber onto the microfluidic channel
served to spatially filter the transmitted light and select spectra
either of individual cells or of the bare cavity for reference by
changing the lateral position of the fiber. The 16- m-deep in-
terferometric cavity with a finesse 40 used in this study was
similar to ones previously described [9] except that more robust
HfO –SiO dielectric mirrors with 13 quarter-wave layers, de-
signed for 96% reflectivity in water at the LED peak wavelength
of 890 nm, were used instead of gold mirrors. Fluids were de-
livered to the chip by pressure driven flow through nanoport as-
semblies (Upchurch Scientific N-124H).

III. OPTICAL SPECTROSCOPY

Transmission spectra of ten cancerous cells from each of two
canine lymphoma cell lines as well as ten healthy lymphocytes
centrifuged from peripheral blood mononuclear cells (PBMCs)
were collected. A typical spectrum of lymphoma is shown in
Fig. 2(a) together with bare cavity spectra taken at four different
positions adjacent to the cell. Alignment of the four bare cavity
spectra demonstrates the good cavity uniformity in the neigh-
borhood of each cell although the bare cavity resonant wave-
length does vary along the length of the channel. Transverse
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Fig. 2. Typical optofluidic intracavity transmission spectra of (a) 1771 canine
lymphoma together with bare cavity spectra taken near the cell, (b) healthy ca-
nine lymphocytes and cancerous lymphoma cells from two different cell lines,
Oswald and 1771, and (c) transverse mode shift for an individual lymphocyte
from canine PBMCs and lymphoma.

mode groups are repeated for each longitudinal mode and are
spaced by the cavity’s free-spectral range (FSR) of 20 nm. A
cavity length of 15.8 m after thermal bonding was measured
using , where is the RI of PBS (phos-
phate 50 mM, NaCl 0.9%) and was determined to be 1.333,
consistent with other reports [10], from by
measuring longitudinal mode shift of an FP cavity filled with
DI water and then PBS. Fig. 2(a) clearly shows
that the peaks near 896 and 916 nm in the lymphoma spectrum
correspond to the residual transmission through the bare cavity
around the cell. The other two modes in each transverse mode
group, for example at 899 and 901 nm, are due to a combination
of longitudinal mode shift and lateral confinement by the cell as
will be discussed in detail below.

The longer wavelength (e.g., 901 nm) fundamental mode is
dominated by the nucleus while the shorter wavelength (e.g.,
899 nm) higher order mode has a higher overlap with the cyto-
plasm. Tighter focus of the light collection spot in the center of
the cell increases the relative intensity of the longer wavelength
mode. Fig. 2(b) shows representative spectra of individual lym-
phoma from two cell lines, labeled as “Oswald” and “1771”

Fig. 3. (a) Illustration of the concentric spherical cell model in a microflu-
idic FP cavity. (b) Calculated effective RI profile of a concentric sphere loaded
optofluidic microcavity.

together with spectra of healthy lymphocytes. The number of
modes and spectral mode spacing for both the lymphocytes and
the lymphoma cell lines were very repeatable except that the
absolute wavelength of each mode group is shifted due to slight
variations in the cavity length at different locations along
the channel. The bare cavity wavelengths adjacent to each cell
are indicated with vertical lines. While calculations described
below indicate the existence of multiple transverse mode res-
onances for both healthy lymphocytes and lymphoma, higher
order modes were experimentally observed only for lymphoma
perhaps because the smaller nuclei of healthy lymphocytes re-
sult in weak lateral confinement.

In order to determine effective RIs for each cell mode rel-
ative to the bare cavity, an ambiguity in the absolute mode
shift needs to be resolved. For example, lymphocytes exhib-
ited only a single-mode red-shifted from the bare cavity by

FSR nm, where is the longitudinal
mode order and FSR nm. The corresponding effective
RI is , , and for values of

and , respectively. The range of previously reported
lymphocyte RI [10], [11] suggests that for this case.
Thus, while the spectrum in Fig. 2(c) may appear to indicate
only a very small nm, reasonable lymphocyte RI
values require that lymphocytes shift the resonant wavelength
from that of the bare cavity by nm or
slightly more than one FSR.

The Oswald lymphoma cell line displayed a whole cell mode
shift of nm corresponding to an effective index of

, and a nuclear mode shift of nm
corresponding to an effective index of . And the
1771 lymphoma cell line displayed a whole cell mode shift of

nm and a nuclear mode shift of nm.
Modeling of the cells allows the measured mode effective in-
dexes to be used to extract material RIs for the cell cytoplasm
and nucleus.

IV. OPTICAL MODELING

The wavelength shift of cell modes from the bare cavity mode
is related to the RIs and sizes of cellular features. A concen-
tric double homogeneous RI sphere model, widely used in scat-
tering spectroscopy [12], [13] and illustrated in Fig. 3(a), was
employed in order to quantitatively analyze the spectra and ex-
tract RI information of the cells. Fig. 3(b) shows the effective
RI profile of a double sphere loaded cavity in cylindrical co-
ordinates obtained using an effective index model where the
radial dependence of the RI was calculated from the cavity’s



SHAO et al.: OPTOFLUIDIC INTRACAVITY SPECTROSCOPY OF CANINE LYMPHOMA AND LYMPHOCYTES 495

Fig. 4. Fundamental mode shift versus nucleus size and RI calculated with
(solid lines) and without (dashed lines) lateral confinement using n =
n(r = 0).

Fig. 5. Nuclear index versus radius by fitting the experimental spectrum of
nuclear mode shift with the double-sphere model and the 1-D model.

resonant wavelength using the RI distribution to determine the
effective path length at each radius [14] while neglecting reflec-
tions at the water-cytoplasm and cytoplasm-nucleus interfaces
and treating the quarter-wave mirror stacks as 96% reflectors at
single planes.

In the optical model, the cell radius was taken as
m based on microscopic measurements. The nuclear

RI, , was first calculated using a double sphere
model with [11] and m since the
nuclear-to-cytoplasm volume ratio is approximately 1 : 5 for
normal cells [15]. Once the nuclear material RI was determined,
the nuclear size of the cancerous lymphoma, m,
was calculated from the wavelength shift of 24.59 nm. The
effects of nuclear size and RI on the mode shift are illustrated
in Fig. 4 by computing the mode shift relative to the bare cavity
mode, , where is an integer, for varying
nuclear radii and RIs . Finally, the transverse modes were
computed using a numerical mode solver as shown by the solid
lines in Fig. 4. For reference, the wavelength shift calculated
only on the axis of the cell while neglecting transverse mode
confinement, referred to as the one-dimensional (1-D) model,
is shown in dashed lines. Comparison of the two sets of curves
highlights that transverse mode confinement effects are impor-
tant for correctly interpreting mode shifts.

The relationship between nuclear RI and size modeled for
the experimentally observed nuclear mode shift of 24.59 nm is
shown in Fig. 5. The double sphere model offers an improved

estimate of nuclear RI, especially for cells with a small nucleus.
A nuclear size resolution of 0.02 m for optofluidic intracavity
spectroscopy can be estimated based on a wavelength shift of
10% of the 0.5-nm linewidth, and compares favorably with the
3% or 1 m resolution of conventional flow cytometry.

V. CONCLUSION

This letter reports the spectroscopic properties of canine
lymphoma and lymphocytes within optofluidic microcavities
fabricated in glass. The distinctive spectral properties of can-
cerous cells relative to normal ones can be directly used for
quick cancer detection without further RI calculations from the
spectra in contrast to work based on longitudinal mode shifts.
If RIs are to be calculated, especially for cells with a small
nucleus, lateral confinement effects should be considered as
indicated by the double sphere effective index model.
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