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Evaluation of Spherical Particle Sizes With an
Asymmetric [llumination Microscope

Jessica C. Ramella-Roman, Paulo R. Bargo, Scott A. Prahl, and Steven L. Jacques

Abstract—A polarized microscope system is used to perform measurement of cell nuclei size using a reference library of scat-
goniometric measurements of light scattered by small particles. tering patterns from known particles, matching the theoretical
The light incident angle on a sample of monodispersed latex aitarns to experimental ones with a neural network.
microspheres is |ncrea§ed sequentially and a microscope objective ) . tf d the first i tant i ¢ |
lens collects scattered light from the samples. Light is only collected ur experlr_n_en ocu_se ‘?” elirs Impqr an_ Issue 1o SQ ve
at ang|es greater than the objective lens numerical aper’[ure When detel’mlnlng partlcle Slize: the determ|nat|0n Of a partlcle
(NA) so that only light scattered by the spheres is collected. size in a monodisperse solution. We used an inverted micro-
The experimental results were modeled with a Mie theory-based scope and a goniometric assembly that directed monochromatic
algorithm. Experiments conducted with microspheres of diameter light onto the scattering particle at different angles. We used a

1.03, 2.03, and 6.4«m show that, by decreasing the objective lens . .
NA from NA = 0.55 to NA = 0.0548, a more distinguishable cooled charge-coupled device (CCD) camera to capture images

scattering pattern is detectable. From these highly shaped curves, Of scattering patterns from a single latex micro sphere. Micro-
we found that the size of a sphere of nominal diameter 2.0am  spheres of different sizes were measured.

was 2.114+0.06 pm and a 6.4 um sphere was 6.34+0.07 pm. The goal of this technique is to enrich an image of small par-
Index Terms—Asymmetric illumination, goniometry, Mie ticles obtained with a high magnification microscope by adding
theory, oblique microscopy, polarized light microscopy. specific information on particle size which are not easily obtain-

able with a microscope alone. This would be particularly helpful
in sizing subcellular structures and in detecting changes in cell
morphologyin vivo.
ORPHOLOGICAL changes in cell nuclei can indicate We developed a model to determine the particle size when the
a precancerous state, and for this reason many studiefative index of refraction is known.
have tried to characterize cell nuclei as means of early canceAsymmetric illumination contrast (AIC) has been used in
diagnosis [1]-[6]. Backmann and Perelman [1], [2] developedmicroscopy [7], [8] in the past to enhance image contrast, but
polarized light spectroscopic method to quantitatively measusgs largely abandoned after the invention of phase contrast mi-
epithelial cell structurén situ, and in particular the nuclear sizecroscopy. More recently, AIC has been used for three-dimen-
and relative refractive index. They distinguished healthy frogional imaging of cellular structures [9]. Our method differs
cancerous mucosal tissue by determining the size distributionfi@im AIC by the use of only angles of incidence above the ob-
epithelial cell nuclei: cancerous epithelial nuclei are dysplastigctive lens NA, so that unscattered light is not collected, and
and larger than normal nuclei. only light scattered by the patrticle is collected. Unlike AIC, our
Richards-Korturret al. [3] used similar techniques to mea-goal was not to enhance contrast, but to use the angular infor-
sure cell nuclei sizes and indices of refraction. These spectraation to build a particle phase function. We used this method
scopic techniques could lead to noninvasive early detectiontofmeasure the size of latex microspheres ranging from 1.03 to
epithelial cancer, which constitutes 90% of all cancers. 6.4 um.
Canpolat and Mourant [4] developed a fiber optic probe for
particle size analysis in turbid media. They used a single fiber II. MATERIALS AND METHODS

for delivery and collection and matched their results to Mie An inverted microscope (Eclipse TS100, Nikon, Mellville,

theory and Monte Carlo models. o : L . .
; NY) was modified by replacing the original light source with a
In microscopy, Ovryn and Khaydarov [5], [6] developed & . . : e .
oniometric assembly to allow illumination at arbitrary angles.

method to assess the location of the scattering spheres in th 91_6—bit CCD camera (Princeton Scientific, Trenton, NJ) was

dimensional flows. They spatially resolved the detailed Stru‘r:ﬁounted on the microscope to collect high-resolution images.

ture of the scattered light from spherical particles in tenuous_l_he goniometric light source assembly is shown in Figs. 1 and

media, using a high numerical aperture (NA) microscope anc&gLight was delivered from a 630-nm dye laser and pumped to

single wavelength. They were able to apply their model to tt}ﬁe microscope by a frequency-doubled Nd—YAG laser (Laser-

scope, San Jose, CA) through an optical fiber with a core diam-
eter of 0.6 mm. To remove speckle and improve image quality,

Manuscript received November 18, 2002; revised February 3, ZO(ﬁ_].e optlcal fiber was shaken Wlth an aqua”um_ 'pur.np. The.m'
This work was sponsored by the National Institute of Health under Gragtdent angle of the beam was adjusted by positioning the fiber
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RO1-CA80985 and Grant R24-CAB4587. _ o at different angles. We considered the range of angles fom
The authors are with the Oregon Health and Sciences University, Portland, _ 1 NA — 33.7° 8%, T he b in th |
OR 97225 USA (e-mail: sjacques@ece.ogi.edu). S = 99 ).to - To center t e ea_-m In the sample

Digital Object Identifier 10.1109/JSTQE.2003.811289 plane for every incident angle, the optical fiber was mounted

1077-260X/03$17.00 © 2003 IEEE

Authorized licensed use limited to: Johns Hopkins University. Downloaded on August 21, 2009 at 15:57 from IEEE Xplore. Restrictions apply.



302 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 9, NO. 2, MARCH/APRIL 2003

optical fiber
fiber support 0i incident ray
protractor scattering sphere
(] >
x
cone of
/ collection
sample

cone of collection
for a smaller N.A.

~4——————————objective lens

microscope table
IZ\
[1 analyzer
16-bit
camera
1'\ICIIS i R .'/'J
Fig. 1. Front view of the goniometric assembly. The optical fiber rotates — P
around a pivotal point; the fiber is mounted on a Delrin arm. The exact angula K
position of the incident beam is measured with a protractor.
z
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polarizer—" & To the image plane
collimated beam—w- Fig. 3. Collection model. The NA of the objective lens is defined as NA
o pedestal n sin(6). The direction of propagation is.
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every arm position, IPlab software captured an image of the
sample. Acquisition time was one second. The objective lens

IEEN\\\\\
&\\\\\\\\\\\\\\\\\\W&Q&\\\ used for all the experiments was a4d@hagnification objective
] \va with 0.55 NA; the working distance of the objective lens was

sample supports 2.1 mm.
10 em

e

Fig. 2. Detail of the fiber support arm. The laser spot is centered on the pivoﬁi Image Evaluation

planefo_revery? angle_ofthe supportarm. The sample is maintained atthe center cqr each particle size, we captured a minimum of one image

of the p!votal plane ywth glass supports. A p_egigstal connected to the mlcrosc?ge . . .

table with double-sided tape assures the rigidity of the system. r every 5 of illumination angles. All images were analyzed
with Matlab software. To account for the camera’s intrinsic dark

on an arm connected at its pivotal point to a pedestal. A niloise, a dark noise value ef 460 counts was subtracted from

crolens assembly collimated the light beam; spot size was &yery image. The individual microspheres stood out in the cap-

proxima‘[e|y 4 mm in diameter. The Samp|e was Composed t@lfed images as brlght round circles. For nonperpendicular il-

latex microspheres (Ted Pella, Redding, CA; Duke Scientifitimination, the microspheres exhibited this circular shape, but

Palo Alto, CA; Bangs Laboratories, Fishers, IN) in a dilute#ith a bright tail; this tail was not considered during the anal-

aqueous solution, sandwiched between glass slides and p¥sis. To analyze the images, we sampled a region of interest

tioned, with glass supports, in the center of the pivotal plandXOl) of £4 pixels around the centeX(, Y;) of the sphere cir-

The index of refraction of the micro sphere was 1.59 and ti§&lar image. The mean of the ROl was calculated and plotted

index of refraction of the aqueous solution was 1.33. Angl&€rsus the incident angte This process was repeated for three

were measured with a protractor. spheres on the same image.

The incident light was linearly polarized with a polarizer .

(Hinds, Portland, OR). An analyzer, positioned behind tHe Collection Model

microscope objective lens, selected only one polarization stateWe implemented a simple model based on Mie scattering.

The extinction ratio of the polarizer analyzer pair was 1:10 000he model incorporated the NA of the objective lens so its

During experiments the polarizer and analyzer were either bathility to collect light-rays scattered by the micro sphere

parallel or both perpendicular to the plane of incidence. Faras accurately simulated. Fig. 3 shows the geometry of the
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Fig. 4. Modeled behavior of perpendicular polarized incident light anBig.5. Perpendicular polarized light scattered by a sphere of diameten6.4
perpendicular collection by a microscope objective lens of increasing NA fand a sphere of diameter 1.03n. The NA of the objective lens was 0.55.
spheres of diametet 2.03 pum. The plotted NAs are 0.0548, 0.1,0.3, and 0.55Scaling factor fs= 2.5 for the 6,«m sphere and 1.8 for the/m.

10*

collection model.g; defines the incident ray’s angle relative
to the normal to the glass slid@ and ¢ are, respectively,
the deviation angle and azimuthal angle of scattering by the
microspheres. An objective lens with an aperture specifies a

: : - 10°
solid angle of collectiord..;;. All the photons scattered within
the cone of collection of the objective lens are collected by the
objective lens.

The deviation angl@ depends on the anglés6;, and¢ 18

B = cos ™! (—sin#;sin f cos ¢ + cos f; cosf) . Q)

Rays scattering from a single particle distribute themselves 4
according to a phase functigr{3, ¢), determined by the par- 105
ticle size and predicted by Mie theory. To calculate the light
contribution at a point A, we need to consider not only the scaly 6. parallel polarized light scattered by one sphere of diameten2i03
tering angled, but also the rotatiog of the azimuth angle. We Aperture 400:m. Scaling factor fs= 0.1.
used the Stokes vector formalism. The incident Stokes vector
S = [I @ U V]is projected into the scattering plane To obtain a higher Mie scattering signature, the NA of the col-
using a rotational matrixe[¢] [10]; the scattering at anglkeis lecting objective lens was decreased by restricting the collection
regulated by a scattering matd{[f] whose elements are givenarea of the lens. We positioned a small aperture of dianieter
by Mie theory; finally, theS vector is rotatedf ¢] in order to in front of the pupil of the objective lens. The new effective NA
evaluate it in the original frame of reference. To account for the given by the equation

20 40 60 80 100
Incident Angle (degrees °)

analyzer orientation, a polarizer Mueller MatiiX is added to D
the equation. NA = 27
In our model, these steps are conducted for every incident f

angled; and0 < ¢ < 2w, where the scattered angbes given where f is the lens focal length. Our aperture was positioned
by (1), so at a point A the contribution of the scattered Stokes the front surface of the lens. Restricting the NA of the ob-

vector is given by the vectot jective lens caused a loss in image resolution, as predicted by
e 9 the Rayleigh criterion. Despite these artifacts, we were able
A= / / PR(—¢)M(B)R($)Sdbde. ) to dls_tlngwsh_smgle isolated _spheres and to e\{aluate the an-

Jo Jo gular information. Three effective NA were tested: 0.55, 0.0952

i i : : . D = 400 , and 0.05481D = 230 .
The first term of the resulting vectof(1) is the intensity at ( pm), an D pm)

a point A.

Fig. 4 shows the predicted behavior for a sphere of diameter
2 um for different NA of the collecting objective lens. The Figs. 5-8 show experimental results (dark circles) and the
typical periodicity, or hilly behavior, of the angular scatteringnodel fit (dark line). The model was scaled with a simple mul-
curve of Mie theory is noticeably lost as the NA increasdplicative scale factor (fs) to fit the data. Data are expressed in
(0.0548,0.1 0.3, and 0.55). The peaks and valleys average t@aunnts. The data start at the critical angle and end ‘at\&lues
almost shapeless form for NA 0.55, which was the NA of below the critical angle, in which the unscattered incident beam
the objective lens used in the initial experiments. light contributes to the image, were not considered.

Ill. RESULTS
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Results of least squares fitting for 2 @8 diameter microspheres. A
minimum error was measured for three spheres on the same experiment. The
average diameter for these fits was 2;4rh and their standard deviation was
0.06 pum. Two other minima are visible in the figure, this could constitute a
problem when trying to determine the patrticle size.

particle sizes in increments of 0.Qdn, the model NA was the
same NA as in the experiment. We normalized both the model
and the experimental data by their respective valde at10°,

we added the 10to avoid the artifacts that we noticed, for the
experimental values, at angles closefto Every normalized
curve was then fitted to the experimental data set and the error
was plotted versus the patrticle size to which the fitted curve cor-
responded. For every size, three different experimental data sets
were fitted. A typical result for a fit to an experiment conducted
with 2.03m spheres and an aperture equal to 280is shown

in Fig. 9. A minimum is clearly observable close tquéh. A
Fig. 8. Perpendicular polarized light scattered by one sphere of diameEnl'ea_n .and standard deVIatK.)n sphere S.Ize was calculated using
6.4m. Aperture 23Qum. Scaling factor fs= 1.1. the fitting results for three different particles.
For 2.03um spheres, the mean calculated radius was2mM 1

Fig. 5 shows the results of experiments for two sizes 8\f|th_a_|star}_de_1rd d_ewlatlon of ?j?cﬁnh _ h
spheres, using a 0.55 NA. For both experiments, we polarizeoSlml ar |tt|n§ Imp emefnée or tde 6'4”2 mdlccrjo sp! eref
the source and oriented the detector analyzer perpendiculap%ye a m(z;aq |amete|r of 6.34n _an a stgn har ewguor:\ Of_
the scattering plane. As predicted by the model, the typical M(?e 7 pm. 0|n%toF_a. argeer,;T:nC(er?se the error in tle it
scattering shapes averaged out, and we obtained only a smébi'e expegtg - Fitting a ,'Q with an aperture equal to
exponential decay. 4QO_um 2 minima of equal importance were found one mean

Fig. 6 shows the results obtained with a pinhole diametg?]g'mum at 22'36/”” W'thh a stan((jjar((jj gev!at!on Oi (()).(())QBn
equal to 40Qum. In this case, the polarizer and analyzer we na one at 2.58:m with a standar eV|§t|on or L. /3:[]
oriented parallel to the scattering plane. Finally, for.th_e 1.03um ar_lq 6um spheres with a NA= 0.55,

Figs. 7 and 8 show results for an aperture of diameter 258 clear minimum was Y'S'ble' . . .
and spheres of diameter 2.081 and 6.4:m. More periodic be- _ Bgcause one a}pphcauon of this technique could be sizing ep-
havior is seen. The variation from the model could be explainét elial cell nucl_el as they enter a precancerous state, we mod-
in part by an inaccuracy in the measurement of the lens pu fsd the behavior of_spheres Whosg indices of re_fractlon were
diameter. The real objective diameter might, in fact, be larg e todt_he nfuclear t';de)_( Ofl refrac_“g’”: 1”'43 [4]_,|n an =
than that established with the pinhole diameter. The real objé 37 mediumforan o J_eCt'Ve ens wit sma NAX = _230 _“m)
tive NA would then be larger than assumed. (see Fig. 10). Epithelial cells are typ|.cally 5-1fn in diam-

The first two points of Fig. 7 and the first seven points ofter [11]. The model showed a clear difference between the pre-

Fig. 8 are lower than expected because of camera saturatiorggcéi?ebsehav'or for um-diameter spheres and An-diameter

A. Fitting of the Data
All data sets were fitted with a least squares fitting for dif- IV. DiscussioN

ferent particle sizes. To do the fitting we first generated multiple We have introduced a new method to evaluate a sphere
curves with our model. To generate the curves, we used differ@atrticle size using an inverted microscope and a goniometric
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Fig. 10. Modeled behavior of perpendicular polarized light scattering from a
modeled nucleus. The relative index of refraction was 1.036. The nucleus size[l]
varied from 2 to 15:m. Because epithelial cell nuclei range from 5 tqufl in
diameter, we can expect to be able to detect nucleus enlargement and scattering
from smaller particulates such as organelles.

assembly to illuminate a scattering sample at various incident2]
angles. We modeled the behavior of a monodisperse solution
of particles, and we analyzed a range of particle from 1.03 to
6.4 um in diameter. The first important element in this kind of
measurement resides in collecting only light that has scattered?!
from the sphere, thus, avoiding the unscattered light that has
no valuable information. To do so, we took measurements only
with the light source oriented at angles higher than the NA of
the objective lens, this put a first restriction to the collection of
light.

When a microscope objective lens of<4@nd an NA equal
to 0.55 was used in our measurement we obtained curves that
were smooth and did not offer any particular shape apart from!
an exponential decay, so a sphere of 103 in diameter was
easily confused with a sphere six times bigger. This was due to
the fact that, in the image, we were averaging a large range of
scattered rays, the only limitation being the cone of collection
of the objective lens. The hilly shapes typical of certain sizes|8]
for the specific wavelength were averaged out to generate the
smooth curves of Fig. 5. The solution to this problem was to
decrease the objective lens cone of collection trying not to sacq{9]
rifice visibility. When an aperture of 230m in diameter was
used on the objective lens, its cone of collection had decreasét!!
oftentimes, allowing a better selection of the scattered rays. Thegj)
curve experimentally obtained with such an aperture allowed a
better discrimination between different sizes.

We performed a least squares fit of the experimental data and
only the results obtained with the small objective lens NA con-
verged to the true size values. In the example proposed in Fig
fora 2.03um sphere, the error of the fit showed an absolute mi
imum at 2.11um. Other relative minima were visible in the erro
curve at 3.3 and 0.Zm. This could constitute a problem whe
no information of particle size is availabéepriori. A more re-
fined error calculation that simply added to the least squa
fit error calculation, the information of the number of relative
maxima present in the model curve compared to the number

(5]

7]

maxima present in the experimental curve, may drastically ifi;,5ing and modeling

prove the size identification.

305

In this paper, we only considered a monodisperse solution of
spheres, but we think that, given the narrow cone of collection,
an optical fingerprint of the dominating particle size can also be
extracted from polydisperse solutions.

We believe that one of the potential uses of this technique is
to identify morphological changes in cell nuclei. The advantage
of this technigue would be that it can simultaneously image the
cells and allow gquantitative analysis of cells size.
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