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Abstract— Optofluidic intracavity spectroscopy of individual 

cells from canine hemangiosarcoma and canine lymphoma cancer 
cell lines exhibit relatively uniformly spaced multiple transverse 
modes repeated in each free spectral range of a microfluidic 
Fabry-Pérot cavity while similar spectra of healthy canine 
monocytes and lymphocytes have minimal or no transverse mode 
peaks. Modeling of the cells as thin lenses allows paraxial 
Gaussian beam resonator analysis that produces spectral features 
that quantitatively match the frequencies of transverse modes and 
qualitatively agree with the trends in maximum transmission of 
the modes when aperture losses are included. Cell focal lengths of 
600μm and 300μm are extracted respectively for canine 
hemangiosarcoma and lymphoma cells from the ratio of 
transverse to longitudinal frequency spacing while the spectra of 
canine monocytes indicate they have a focal length ≥ 580μm. 
Under an assumption of constant refractive index, the focal 
lengths imply a radius of curvature for the top surface of the cells 
that is much greater than their lateral radius. 

Index Terms— optofluidic intracavity spectroscopy, transverse 
mode, cell lens model.

I. INTRODUCTION

PTICAL diagnostic tools have been widely used to obtain 
morphological and refractive index (RI) information from 

individual biological cells. Non-destructive and non-chemical 
optical processes such as light scattering, absorption, 
interference, and diffraction can be used to reveal cells’ RI 
values and spatial dependence, which are related to their size, 
shape and density of the intracellular structures. Cellular 
morphology and optical properties can indicate the biological 
state of cells [1], such as cancer [2]. For example, an enlarged 
nucleus of biological cells has been used as an indication for 
pre-cancer in clinical diagnosis [3]. Specific techniques for 
optically interrogating cell structure include forward and side 
scatter in flow cytometry [4], as well as the use of cell 
refractometers [5] and Fabry-Pérot (F-P) interferometers [6]. 
Recently, the authors have been investigating optofluidic 
intracavity spectroscopy (OFIS) [7]-[9] as a passive cavity 
form of single cell interferometry derived from the biocavity 
laser [10]. Optofluidics is a term used to describe the 
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intersection of photonics and microfluidics [11], and it has 
been used to investigate physical and properties of single 
living cell [12]-[13]. OFIS uses a microfluidic structure that is 
compatible with lab-on-a-chip concepts and does not require a 
laser source. It provides spectral information that promises to 
allow simultaneous determination of multiple optical 
parameters from individual cells.

Recently, OFIS was used to differentiate canine hemangio-
sarcoma (HSA) and monocytes with great statistical signifi-
cance [9]. Some notable spectral characteristics were found 
and motivate a new optical model for optical modes of cells 
inside a resonant cavity. In particular, previous observations 
[8]-[9] indicated that OFIS transmission spectra of cancerous 
cells contained more numerous and stronger transverse modes 
than spectra of healthy blood cells. Reproduction of these 
features in the apertured Gaussian beam analysis presented 
here provides further insight into the relationship between 
OFIS spectra and cellular shape, size, and refractive index.

This paper is organized into sections on an OFIS overview, 
the optical model, data analysis and conclusions. Section II 
reviews the OFIS detection mechanism and experimental 
methods, as well as summarizes recent results on 
differentiation of canine HSA and baseline monocytes to 
provide motivation for better models. A new optical model 
that treats a cell settled at the channel bottom as an optical lens 
is presented in Section III, followed by insights on cellular 
profiles revealed when this optical model is applied to 
previously reported OFIS data in Section IV.

II. OFIS OVERVIEW

A. OFIS detection mechanism

The OFIS technique utilizes optical refraction, diffraction 
and interference effects in a microfluidic resonator to produce 
characteristic transmission spectra of individual cells. As 
illustrated in Fig. 1(a), a plane-plane F-P cavity filled with 
fluid of a homogenous RI, nfluid, exhibits longitudinal 
transmission peaks at resonant frequencies q = qΔlong that are 
integer multiples of the free spectral range (FSR), Δlong = 
c/2nfluidLcav, of the cavity where q is the longitudinal mode 
index, c is the speed of light in vacuum and Lcav is the cavity 
length. As shown in Fig. 1(b)-(d), placing a cell of RI ncell > 
nfluid into the F-P cavity changes its resonant modes, due to the 
local RI change, both increasing the cavity’s optical length 
through the cell, and inducing lateral optical confinement 
leading to transverse modes. Hence the number, position, and 
magnitude of transmission peaks corresponding to multiple 
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transverse modes will be affected by the cell’s index profile. 
Observation of transverse modes in earlier work [8] indicated 
that cells not only induced a longitudinal mode shift, but also 
caused important transverse optical confinement effects. 
Compared to consideration of optical length alone, lateral 
confinement increases the resonant frequency of the 
fundamental mode and, by a larger amount, the higher order 
modes [8]. Larger cells, as shown in Fig. 1(c), or lower RI 
cells, as shown in Fig. 1(d), provide weaker optical 
confinement and thus lead to smaller transverse mode spacing, 
Δtrans, compared to the spectra of a small, high RI cell, as seen 
in Fig. 1(b). If optical confinement is weak and the cell is 
small, larger diffraction losses will decrease the transmission 
of transverse modes as illustrated in Fig. 1(d). The effects of 
cell size and refractive index will be discussed quantitatively 
in Section III. In general, the transverse mode spectrum of a 
resonator containing a cell is altered as the RI profile and size 
of cells changes, providing a probe of the cell’s optical 
structure, including cell size, shape, and refractive index 
attributed to protein content. This information can be used to 
distinguish different cell types. 

B. Experimental methods

A cell is placed in a microresonator on an OFIS chip to 
acquire its characteristic transmission spectrum. Microfluidic 
passive F-P cavites were fabricated with the cross-section 
shown in Fig. 2. In the fabrication sequence, microscale 
channels were etched into Pyrex glass substrates before a 
R=96% reflectivity dielectric mirror (Dominar, Inc.) was 
coated onto the etched substrates as well as unetched glass 
superstrates that were then brought together and bonded with 
epoxy to form a microfluidic resonator. For measurements, 
cells were delivered by pressure driven flow through a 

NanoPorts® system (N-124H, Upchurch Scientific) into this 
resonant cavity. Transmission spectra were collected from 
individual cells that temporarily settled at the channel bottom 
while the OFIS chip was bottom illuminated with a high power 
infrared LED (L2690-02, Hamamatsu). Transmitted light 
relayed by an objective lens was directed to a fiber coupled 
spectrometer (HR2000, Ocean Optics). The multimode fiber 
core acts as a spatial filter with an approximately 10m 
diameter image in the plane of the channel.  The core image 
was aligned with individual cell positions by translating the 
entire chip relative to the optical system. Various channel 
depths were used to collect transmission spectra of cells from 
cancer cell lines, including canine lymphoma [8] and canine 
HSA [9], and from baseline non-cancerous blood cells, 
including canine lymphocytes and monocytes.

C. Recent results on canine HSA and monocytes

The transmission spectra of 24 single cells from canine HSA-
DEN cell line and 24 baseline non-cancerous monocytes in 
25m and 22m deep cavities were collected and analyzed. 
HSA is a common canine cancer, and the HSA-DEN cell line 
used in this study was established in the laboratory of Thamm 
et al. [14]. Examples of typical normalized transmission 

Fig. 1. Schematic diagrams of resonators with different cell sizes 
and RI and the associated spectra to illustrate the operating 
principles of OFIS. 

Fig. 2. Cross section view of an OFIS chip and apparatus 

Fig. 3. Normalized transmission spectra of HSA cells and 
monocytes in a 25μm deep cavity. Vertical lines indicate the 
longitudinal mode resonant frequencies of the fluid filled F-P 
cavity without cells.



Preprint: To appear in IEEE J. Selected Topics in Quantum Electronics, Jul-Aug 2010 3

spectra of individual HSA and monocyte cells in a 25m deep 
cavity are given in Fig. 3, which shows approximately three 
FSRs near the 900nm peak wavelength of the LED. The cell 
spectra were taken at different locations in the channel where 
the cells settled. The slowly varying channel thickness, due to 
a mirror tilt of approximately 0.1º, slightly shifted the 4.4THz 
FSR of each spectrum. For reference, the longitudinal mode 
frequencies of the cavity, marked by vertical lines in the 
figure, were obtained at each cell’s location by flowing the 
cells out of the optical path. These location specific 
longitudinal frequencies without cells are referred to as “bare 
cavity” frequencies. Mirror tilt and surface roughness dropped 
the finesse of the F-P cavity to 13 from the ideal value of 61 
expected for R= 96% reflectivity mirrors, but the lower finesse 
was still sufficient to resolve multiple transverse peaks in cell 
spectra. Even with the cells present, attenuated and broadened 
peaks still occur at the bare cavity frequencies, presumably 
due to some residual light that is not coupled to the cell or 
light that is scattered from regions outside the cell. 

Importantly, the majority of HSA cells induced several new 
well-defined peaks with significant transmission (T > 0.1) that 
are attributed to transverse modes and are repeated within each 
FSR. Such transverse mode peaks were absent or significantly 
weaker in the non-cancerous monocyte spectra. The number 
and strength of transverse modes from cancer cells was 
sufficient to raise the mean and standard deviation of 
transmission between bare cavity frequencies so that these 
parameters could be used to discriminate cancer cells from 
healthy cells with 95% sensitivity and 98% specificity as 
presented in reference [9] which also includes details of the
spectral normalization procedure. The moderately uniform 
spacing of the peaks and decreasing maximum transmission at 
higher frequencies within each FSR is reminiscent of the 
classical spectra of nearly planar conventional stable 
resonators [15] and motivates the resonator analysis presented 
in Section III.B. Decreasing levels of transmission for higher 
frequency and thus higher order transverse modes suggest 
incorporation of diffraction loss in an optical model. Thus the 
new model presented in this paper employs an apertured 
paraxial Gaussian beam method and reveals the expected 
dependency on cell size and focusing strength. 

III. OPTICAL MODELS

Two approaches to obtaining approximate solutions for the 
lateral field profiles and frequencies of transverse modes in a 
plane-plane microresonator with a localized higher index 
structure are (A) to treat the configuration as an effective 
waveguide distributed along the entire length of the resonator 
and (B) to model it within the paraxial beam approximation 
while regarding the high index object as an ideal thin lens. The 
former approach was adopted for an initial analysis of the 
effects of transverse confinement on longitudinal mode shifts 
in an OFIS study of canine lymphoma [8] and is briefly 
reviewed next. Application of the latter approach to OFIS 
spectra of another canine cancer, HSA, is discussed in detail 

for the first time in Section III.B. In both approaches, the 
higher index structure of the cell provides lateral optical 
confinement of the beam.

A. Review of effective index model analysis

The microcavity effective index method [16] used in [8] 
provides a mechanism for modeling a short resonator 
containing an actual index profile, n(x,y,z), that varies along 
the z-direction (parallel to the resonator axis) by replacing it 
with an effective lateral index profile neff(x,y) that is 
independent of longitudinal position in the resonator. The 
effective index profile is obtained at each lateral position by 
determining the resonant longitudinal wavevectors, kz(x,y), of 
contrived one-dimensional cavities with the same longitudinal 
index structure at that lateral position but with no lateral index 
dependence. The normalized variation in the effective index is 
then taken to equal the normalized variation in the resonant 
wavevector, i.e. neff(x,y)/neff(0,0)  kz(0,0)(1/kz(x,y)).

A concentric, homogeneous RI, double sphere model of 
cells, similar to those adopted for optical scattering analysis 
[17]-[18] was employed in conjunction with the effective 
index approximation to quantitatively analyze measured canine 
lymphoma OFIS spectra and extract nuclear size and RI 
information of the cells [8]. Canine lymphocytes were used as 
a control for the two lymphoma cell lines investigated, and 
Fig. 4 shows typical lymphoma and lymphocyte spectra from 
the 15.8 m deep cavity used in that study. 

Cells from both lymphoma cell lines exhibited multi-mode 
behavior with two to three clear transmission peaks in each 
FSR. The primary peak, attributed to the fundamental mode, 
was well separated from the bare cavity resonances obtained at 
the test locations when the cell was removed. The wavelength 
shift between the bare cavity position and cell’s fundamental 
mode was remarkably repeatable for different cells from the 
same cell line, with relative standard deviations of 0.5% and 
2.0% for the mode shifts of the two types of lymphoma. The 
lymphocyte control spectra had a fundamental mode as well, 

Fig. 4. Normalized transmission spectra of healthy canine 
lymphocytes and cancerous lymphoma cells from two different 
cell lines, OSW and 1771, in a 15.8μm deep cavity, where vertical 
lines indicate the bare cavity modes adjacent to each cell. 
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but no higher order transverse modes were observed for these 
non-cancerous cells. The lymphocytes also caused very 
repeatable wavelength shifts with a relative standard deviation 
of 1.4%. Statistical analysis showed that the lymphocyte and 
lymphoma cells could be properly categorized based on 
wavelength shift with a probability of error less than 10-14 [9]. 

Despite the successes of the double sphere effective index 
model in allowing extraction of refractive indices based on 
fundamental mode shifts while accounting for transverse 
confinement, it did not provide appropriate predictions of 
transverse mode number or position. The model predicted far 
more bound, high order transverse modes than were observed 
both for lymphoma and lymphocytes. Further, the computed 
wavelengths of the lower order transverse modes did not 
readily match the few peak wavelengths observed in
multimode spectra. And since the effective index model 
provides no information on diffraction loss, it also cannot 
predict the relative magnitude of each mode’s transmission 
peak. The absence of many expected modes in the 
experimental spectra could be attributed to excessive 
diffraction loss of the highest order modes, but the equivalent 
waveguide predicted by the microcavity effective index model 
allows no diffraction loss for any bound mode, nor is the 
longitudinal position of the cell within the cavity properly 
taken into consideration. The lack of agreement in transverse 
mode peak position and transmission magnitude, as well as 
consideration of cell deformability calls into question the 
validity of the microcavity effective index and spherical cell 
models in this application. In order to evaluate other simple 
computational methods that could more readily incorporate 
diffraction loss and additional information from higher order 
transverse modes, an apertured paraxial Gaussian beam model 
is described in the following sub-section. 

B. Cell lens model

Spectral similarities motivate treatment of the cell loaded 
plane-plane cavity for OFIS as a classic planar-concave mirror 
resonator using paraxial Gaussian beam analysis as described 
in optics textbooks [15]. Specifically, a cell settled on the 
bottom mirror is assumed to act as a thin lens of focal length 
fcell and lateral radius a inside a plane-plane cavity, as pictured 
in Fig. 5. The resulting transverse mode spectrum depends on 
a, Lcav, and fcell. Additionally, the cell is anticipated to cause 
large diffraction loss for the portion of Laguerre-Gaussian 
mode profiles that extend beyond the cell radius, and thus the 

cell is treated as opaque for r > a. The goal of the following 
analysis is to analytically relate the transverse mode frequen-
cies and loss to experimentally observed spectra. The resulting 
relationships are used in Section IV to extract fcell and to 
estimate the shape of the cells’ top surface from experimental 
transmission spectra. While the cell surface is likely to have 
significant aspherical aberrations and the inclusion of apertures
in cavities is known to perturb the eigenmodes from ideal 
Laguerre-Gaussian solutions [19], these issues are neglected in 
the following analysis for purposes of simplification. 

The cell-loaded cavity can be considered as a half-
symmetric resonator pictured in Fig. 5 with a Gaussian beam 
waist of radius w0 at the plane mirror far from the lens. By 
analogy to a plane-concave mirror resonator of length Lcav, the 
beam waist at the upper mirror is [15]

  2/1
0 1/  cavcell

cav Lf
L

w



(1)

where  is the wavelength inside the cavity. The beam radius 
at the cell, or equivalently the adjacent bottom mirror, is 

  2/1
2 1/  cavcell

cell Lf
f

w



(2)

The resonance frequencies of the Laguerre-Gaussian modes 
in the cylindrically symmetric cavity are 

translongqpm mpq   )12( (3)

where q, p, and m are the integer longitudinal, radial, and 
azimuthal mode indices, trans is the transverse mode spacing, 
and the g parameter is

cellcav fLg 21 (4)

Note that in an ideal resonator, all of the transverse modes are 
evenly spaced in frequency. An important relationship for the 
subsequent analysis of cells is the ratio of transverse to 
longitudinal mode spacing, trans/long, which is related to 
the strength of focusing in the cavity and the Gouy phase shift 
of transverse modes. For the most strongly focused stable 
configuration, a concentric resonator where fcell=Lcav, the ratio 
is trans/long = 1, and the ratio is trans/long = ½ for a 
confocal resonator with fcell=2Lcav. Solving the relationship 
between the g parameter with the transverse mode spacing and 
equation (4) gives the cell’s focal length as

)/
2

(sin2
longtrans

cav
cell

L
f




 (5) 

This expression can be rigorously derived from standard 
resonator theory for Gaussian transverse mode frequencies 
[15]. The fcell value of each cell can be readily calculated from 
the measured transverse to longitudinal mode spacing ratio and 
known cavity length obtained from the bare cavity FSR using 
equation (5). Once the fcell value is found for each cell, it can 
then be used to extract the radius of curvature for the cell 
surface. The bottom of the cell is assumed to be flat against the 
bottom mirror of the channel while the top side is convex. The 
lens maker’s equation for a thin plano-convex lens of constant Fig. 5. Cell lens model of cell-loaded F-P cavity 
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RI ncell then gives the radius of curvature as

)( fluidcellcellc nnfR  (6)

Note that it is likely that this is only the curvature for the top 
surface of the cell, with a smaller radius of curvature at the 
sides of the cell as pictured in Fig. 5, so that Rc cannot be used 
to calculate cell thickness.

Beyond the relationship between focal length and transverse 
mode frequencies, the intensity distribution of various 
transverse modes is considered to estimate optical losses that 
impact the maximum transmission of each transverse mode. 
The incident LED light excites many Laguerre-Gaussian 
transverse modes but only the lower order ones have 
sufficiently narrow beam profiles to avoid large diffraction 
losses when interacting with the fixed radius cell. The field 
profile of the Laguerre-Gaussian modes [15] is
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where r is the radial position, z is the longitudinal position, 
w(z) is the beam radius, 0m = 1 if m = 0 and is zero for m > 0, 

and the generalized Laguerre polynomials m
pL are [20]:
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While the beam radius parameter, w(z), does not depend on the 
mode indices p and m, higher order modes have broader 
intensity profiles as shown in Fig. 6. The example mode 
profiles in the figure are computed at a distance of 20m from 
a beam waist of w0 = 4m – dimensions consistent with a 
20m cavity length and 600m focal length. If the cell causing 
the focusing had a radius of a = 10m, then almost all of the 

fundamental mode would fall within the cell radius, but the 
third lobe of the (p = 1, m = 0) mode would almost completely 
miss the cell. The portion that misses the cell lens becomes 
diffraction or clipping loss, causing the maximum transmission 
of that mode to decrease. 

For the analysis presented here, it is assumed that the mode 
tails at a radial position greater than the cell radius will be lost, 
resulting in mode dependent diffraction loss. The loss for each 
mode is taken to be the integral of the normalized intensity 
beyond the cell of radius, r > a, since light in that region will 
not be refocused by the lens but will continue to diffract. Thus 
the fraction of the optical power that is not lost on each 
roundtrip through the cell can be thought of as the mode 
specific transmission of an aperture of radius a,
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Note that this is the roundtrip loss based on the 
approximation that the lens is effectively in the plane of the 
bottom mirror and that negligible diffraction occurs during the 
beam propagation from the cell to the lower mirror and back to 
the cell. 

The calculated aperture or cell transmission, Ta, can be 
related to the expected OFIS transmission spectrum by noting 
that diffraction loss out of the mode inside the cavity 
effectively mismatches the mirrors of nominally identical 
reflectivity, R, causing a reduction in the maximum 
transmission for each mode in the F-P cavity to a value less 
than unity. The maximum transmission of a F-P cavity with 
internal loss [15] that results from an aperture with 
transmission of Ta is 
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Fig. 7 illustrates the maximum transmission of different 
modes calculated with equations (7)-(10) with the parameters 
Lcav = 25m, fcell = 632m, and a = 7.8m. These are values for 
HSA cell experiments as discussed in Section IV. According 
to equation (3), the transverse frequency contribution depends 
on 2p+m+1, creating some degeneracy in mode frequency. 

Fig. 6. Intensity profile of the fundamental and two higher order 
Laguerre-Gaussian modes after they propagate 20μm away from a 
beam waist of w0 = 4μm. 

Fig. 7. Maximum transmission for different transverse modes 
calculated from parameters described in the text.  Inset shows
simulated transmission spectrum of an ideal cell-loaded F-
P cavity.
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Thus more than one combination of p and m exist for higher 
order transverse mode frequencies although modes at the same 
frequency have comparable maximum transmission. Based on 
the maximum transmission calculation presented above, a 
simulated transmission spectrum of an ideal cell-loaded F-P 
cavity is shown in the inset of Fig. 7. The same Lcav, fcell and a
parameters from the HSA experiments and R=96% was used 
for the simulation. 

Fig. 7 clearly shows that the peak transmission decreases as 
mode order increases, due to the increasing aperture loss. This 
same trend is observed in the transmission spectrum of HSA 
cells shown in Fig. 3. Within a transverse mode group, the 
fundamental mode has the lowest loss and thus the highest 
transmission of all the transverse modes induced by 
introducing a HSA cell into the cavity. Within each FSR, 
transverse modes at higher frequencies, i.e. higher order 
modes, have decreasing peak transmission in agreement with 
the model. Careful quantitative comparison of the model and 
experimental results shows that the experimental lower order 
modes have smaller transmission than predicted while the rate 
of decrease in the experimental peak transmission is not as 
rapid as the model indicates. These quantitative differences 
may be due to approximations made to simplify the model, or 
scattering from cell RI inhomogeneities. Further character-
ization of the cell-loaded cavity with a thick lens model and 
inclusion of aberrations and self-consistent solutions of the 
resonator modes may reduce this disagreement.

The results revealed by the cell lens model not only can be 
used to analyze transmission spectra that show well-defined, 
multiple transverse modes, but also is a useful tool to 
investigate lower bounds on the focal lengths of cells whose 
transmission spectra don’t have observable multiple transverse 
modes. Consideration of equations (9)-(10) shows that the 
maximum transverse mode transmission is dependent on the 
relative mode size, w2/a. The transmission of the fundamental 
mode as a function of the w2/a ratio is shown in Fig. 8. And 
since the calculated fcell is much longer than the typical cavity 
lengths, Lcav, employed for OFIS, equation (2) can be 
approximated to show that for the cells in the same cavity, 

w2/a is linearly proportional to afcell /4/1 , an expression of two 

parameters that are closely related to the optical and physical 
properties of cells. Cells that are small in size and have large 

focal lengths have sufficiently large relative mode sizes at the 
cell that multiple transverse modes are suppressed and thus not 
observed in their transmission spectra. Using this approach, an 
observed limit on fundamental mode transmission can be used 
to estimate a minimum value of focal length, and this rough 
estimation of fcell can be given by modifying equation (2) into:

cav
cell L

a

f
aw


4
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IV. DATA ANALYSIS

In conjunction with the cell lens model discussed above, the 
ratio of transverse to longitudinal mode spacing of experimen-
tal cell transmission spectra are summarized along with cell 
radii from microscopic observations. The measured data are 
used to extract focal length information for two cancerous cell 
types, canine HSA and canine lymphoma, and the focal length 
of non-cancerous baseline monocytes is estimated based on the 
maximum tranmission of the fundamental mode. 

A. Canine HSA

The transverse mode spacing of all HSA cell experiments is 
summarized in Table I. Transmission spectra were acquired 
from 24 HSA cells measured in two cavities of different 
channel depths to verify that the inferred focal length was not 
dependent on cavity length. The majority of the HSA cells 
demonstrated multiple transverse mode peaks with moderately 
uniform frequency spacing although the peaks of 3 cells in the 
25m deep channel could not be resolved.

Due to a lack of published refractive index data for canine 
cancers, ncell=1.39 [8], [13] is assumed to be the same for all 

Fig. 8. Transmission of the fundamental mode of cells as a 
function of the beam to cell radius ratio.  Table I. Transverse mode spacing summary of HSA in two 

channels of different cavity depths. 
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cancerous cells, and nfluid=1.333 for the phosphate buffered 
saline solution in which cells were suspended. From the 
spectra of HSA cells in the 25m deep cavity, the cell focal 
length is calculated to be fcell = 632±147µm, corresponding to 
a radius of curvature on the cell surface of 36±8µm, and its 
lateral radius is estimated to be a = 7.8µm. The focal length of 
HSA cells in the 22m deep cavity is calculated to be 
601±137µm, corresponding to a radius of curvature on the cell 
surface of 34±8µm. Although the transmission spectra of HSA 
cells were acquired from two channels of different cavity 
depths, there is no statistical difference between the cell focal 
lengths or the radii of curvature of the top surface of the cells. 
The radius of curvature of the HSA cell surface is approx-
imately 4 times larger than cell’s radius, implying the top plane 
of the cell is very flat when it is settled at the channel bottom. 

B. Canine lymphoma

The transmission spectra of 6 single cells from another 
canine cancer cell line, lymphoma-1771, were collected in a 
21μm deep cavity and analyzed. Examples of normalized 
typical transmission spectra of lymphoma cells are plotted in 
Fig. 9. Although not as strong as those of the HSA spectra, 
multiple transverse modes with moderately uniform spacing 
were identified, and they were repeated in each 5.3THz FSR.

The frequency spacing results of all lymphoma-1771 cell 
experiments are summarized in Table II. The focal length of 
lymphoma cells is calculated to be 324±44µm, resulting in a 
radius of curvature of 18±2.5µm. Based on microscopic mea-
surements [8], their radius was a = 6.5µm. Note that similar to 
the HSA cells, the radius of curvature of the lymphoma cell 
surface is approximately 3 times the cells’ lateral radius.

C. Canine monocyte

In general, monocytes have less focusing power than cancer 
cells due to their smaller index of ncell = 1.37 [21]; and since 
monocytes are smaller in size, a greater portion of the 
Laguerre-Gaussian beam falls outside the cell cross-section, 
causing larger diffraction loss and thus lower transmission 
peaks. As a result, only the fundamental transverse mode peak 
with very low transmission is resolvable in the OFIS spectra of 
monocytes, such as the ones shown in Fig. 3. Since the mode 

spacing information is not available in this case, equation (5) 
cannot be applied to determine the cell focal length.  However, 
a lower limit on focal length can be found from equation (11).

For the monocytes in the 25μm deep channel, the maximum 
transmission of the fundamental transverse mode is found to be
Tmax ≤ 0.08, corresponding to a ratio of w2/a ≥ 1.07, according 
to Fig. 8. And the monocytes’ lateral radius estimated from 
microscopic images was a = 5.5µm. According to equation 
(11), fcell ≥ 579µm, making the monocyte focal length at least 
comparable to that of HSA and larger than the focal length of 
the lymphoma cells. The lower bound on the radius of 
curvature of the top surface of monocytes is 21µm, roughly 4 
times the lateral radius.

D. Comparison of neoplastic and non-neoplastic cells

The focal length, radius of curvature, as well as the ratio of 
cell’s surface radius of curvature to its lateral radius is 
summarized in Table III for the three types of cells 
investigated. The size of canine monocytes is comparable to 
that of lymphoma cells, but monocytes appear to have a much 
longer focal length (i.e., less focusing power), presumably 
because non-cancerous cells are less protein rich than 
cancerous cells. This result is consistent with the general 
understanding that rapid cell division and growth [1] in 
cancerous cells correlates with more high RI protein (n = 1.50 
[22]) in the nucleus. 

V. CONCLUSION

In summary, individual cells have been modeled as simple 
lenses in a paraxial Gaussian beam analysis to explain multiple 
transverse mode transmission spectra obtained in OFIS. 
Cancerous cells from canine HSA and lymphoma cell lines 
exhibit multiple, notable transverse modes with relatively 
uniform frequency spacing and decreasing peak transmission 
for higher order modes while multiple transverse modes are 

Fig. 9. Normalized lymphoma transmission spectra in a 21μm 
deep channel. (The sharp peak at 333THz was due to the 
background fluorescent lighting).

Table II. Transverse mode spacing summary of lymphoma-1771

Table III. Compare between neoplastic and non-neoplastic cells.
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not readily observed for non-cancerous canine lymphocytes 
and monocytes. The absence of transverse modes in the OFIS 
spectra of the latter cells is attributed to the greater diffraction 
loss associated with these smaller cells with long focal lengths. 
The decreasing peak transmission of higher order modes in 
cancer cells is also attributed to increased diffraction loss. 

The model and associated analysis allows extraction of cell 
focal lengths based on the ratio of transverse to longitudinal 
mode spacing that are apparent in OFIS spectra. The small 
value of maximum transmission for monocyte modes was used 
to establish a lower bound on the focal length of these cells. 
Focal lengths for lymphoma are smaller than for HSA, and 
focal lengths for monocytes are larger than for lymphoma and 
possibly HSA.  In all cases, the radius of curvature of the cell 
surface, when the cell is settled at the bottom of the channel, is 
multiple times the observed lateral radius of the cells, 
indicating significant flattening of the cell surface. The 
Gaussian beam model results in theoretical spectra that are 
more consistent with experimental OFIS spectra than spectra 
predicted by the effective index approximation. 

Thus the Gaussian beam model was found to be useful in 
explaining the frequency spacing and trends in transmission 
peak amplitudes for OFIS. However, the Gaussian beam model
overestimates the maximum transmission of the fundamental 
mode and predicts a faster decline in peak transmission with 
increasing mode number than is actually observed. Future 
improvements to the analysis should include a thick rather than 
thin lens model, scattering from cell RI inhomogeneities, 
inclusion of aberrations, and self-consistent solutions of the 
resonator modes. Shorter cavities are expected to reduce 
diffraction losses and increase the transmission of higher order 
modes for all cells. 
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