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Abstract. A darkfield scattering microscope has been constructed that enables both angular and spectrally resolved
measurements of elastic scattering patterns. The comparison of the angular and spectral resolution modes is shown
in detail. Angular patterns of the backscattered light by homogeneous polystyrene spheres were measured at 57
wavelengths and the diameters of the single spheres were determined by using Mie theory at each wavelength. The
mean diameter values were estimated in the angular mode with a relative standard deviation of 0.25% or less.
Spectral scattering patterns of the same beads were investigated and the diameters were determined and compared
with the results of the angular measurements. The estimated diameter values in the angular and the spectral mode
were in an excellent agreement with deviations of less than 0.20%. © 2012 Society of Photo-Optical Instrumentation Engineers
(SPIE). [DOI: 10.1117/1,JBO.17.11.117006]

Keywords: microscopy; backscattering; Mie theory; Fourier optics; angle-resolved scattering; light scattering spectroscopy.

Paper 12594 received Sep. 10, 2012; revised manuscript received Oct. 17, 2012; accepted for publication Oct. 18, 2012; published

online Nov. 8, 2012.

1 Introduction

Analyzing light scattering patterns of biological samples is a
field of active research with growing interest. The observation
of the scattering signatures enables the characterization of struc-
ture, size, and refractive index of a sample. For the examination
of single cells, a microscopic setup is crucial. Light scattering
microscopy allows one to investigate particles not only spec-
trally resolved,'? but also angular resolved.** In the literature,
several other methods are shown to acquire the scattering
signatures in spectral,’ angular,®’ spatial,® or temporal resolu-
tion modes,” for instance. Multimodality microscopic systems
combine angular and spectrally resolved measurements. %!
Scattering microscopy is a label-free technique which is essen-
tial for investigating biological cells.'? The microscopy setups
offer various opportunities of sample illumination. Therefore,
miscellaneous setups have been reported with brightfield illumi-
nation, '° darkfield illumination,'' and confocal illumination.'>!*

A novel light scattering microscopy setup with a combina-
tion of spectral and angular resolution modes is introduced in
this publication. Cottrell et al.'” and Smith and Berger'' pub-
lished similar setups. In contrast to those, the microscope
shown here has several crucial advantages. The presented micro-
scope has a unidirectional illumination, similar to angular
resolved low coherence interferometry systems,”! instead of
a rotationally symmetric epi- or transillumination, respectively.
Hence, the angular distribution of the scattered light is not
integrated over the azimuthal angle and no information is
lost. In addition, the orientation of the sample can be rotated
with respect to the direction of illumination. These two facts
are important for the characterization of nonspherical particles
that scatter into a preferred direction, such as spheroidal or
cylindrical samples for instance.'>!® Furthermore, the setup
shown here is a microscope with a reflected darkfield
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illumination, which is advantageous for the investigation of
thicker samples or in situ measurements.”!” Considering Mie
theory, the backward scattered light contains more information
than the forward scattered light in both angular and spectral
resolution mode.'® Besides, the system presented in this contri-
bution is based merely on elastic scattering, which is in contrast
to the setup of Smith and Berger that combines Raman scatter-
ing and elastic scattering. "’

For the understanding of the interaction of light with biolo-
gical cells or tissue, the inner structures of cells can be assessed
as a first approximation as spheres,'*? cylinders,?' or a mixture
of spheres and cylinders.?? The scattering of light by spheres>
and by cylinders®* can be described analytically. Prior to inves-
tigating biological cells and tissues, the scattering microscopy
setup has to be evaluated by reference samples. The scattering
microscope shown here was successfully evaluated in the spec-
tral mode by comparison with a collimated transmission setup
by Schmitz et al.>> In this contribution, the angular resolution
mode is compared with the spectral resolution mode. For vali-
dation, single polystyrene beads are measured angular and spec-
trally resolved and the sphere diameters are determined. The
conformity of angular and spectral resolution mode is verified
by comparing the diameter values for each single measurement.
Both methods are in a very good agreement.

2 System Design

The scattering microscopy setup is based on an inverted micro-
scope with a reflected darkfield illumination. Thus, only light
that is scattered by the sample is collected in a certain angular
range that depends on the objective and the effective numerical
aperture defined by the aperture stop in F’ (see Fig. 1). In the
following, the angles 9 and ¢ are defined relative to the z-axis,
which equals the optical axis of the objective.”> The positive
z-direction is the direction of the detection path. The x- and
y-directions are defined by the motorized microscopy stage
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Fig. 1 Experimental setup for angular and spectrally resolved scattering microscopy. The scattered light is represented by solid orange lines. In the
spectral mode path (S; dashed yellow lines), the scattered light is focused onto a fiber. In the angular mode path (A; dashed red lines), the back focal

plane is focused onto a CCD camera.

(see the inset in the upper left corner in Fig. 1). So, the angle J is
the polar angle and ¢ is the azimuthal angle (in air) relative to
the optical axis. As described by Schmitz et al.,>* the unidirec-
tional illumination is realized by a collimated beam with well-
defined angles 9; = 121 deg and ¢; = 341 deg.

In the angular mode, a supercontinuum laser source (SuperK
Blue, NKT Photonics A/S, Birkergd, Denmark) in combination
with an acousto-optic tunable filter (AOTF-PCAOM Vis, Crys-
tal Technology, LLC, Palo Alto, California) illuminates the sam-
ple placed in the object plane O quasi-monochromatically.?®
Ultrasonic waves generated by a piezoelectric transducer mod-
ulate the refractive index in the birefringent crystal of the AOTF.
Hence, the incoming supercontinuum beam splits into its
appropriate diffraction orders. The first diffraction order is
coupled into a polarization-maintaining fiber (P1-630PM-FC-2,
Thorlabs, Newton, New Jersey) and the collimated output beam
of the fiber irradiates the sample. By tuning the ultrasonic fre-
quency and power the optical wavelength can be adjusted con-
tinuously between 420 and 700 nm. In Fig. 1, the angular mode
(A) is represented by dashed red lines. A part of the backscat-
tered light by the sample is collected by the objective. In the
angular mode, a long distance objective (LD EC Epiplan-
Neofluar 50x/0.55 HD DIC M27 air, Carl Zeiss AG, Oberko-
chen, Germany) detects the scattered light in an angular
range from ® =89 deg to ® = 153 deg with an effective
numerical aperture NA. of 0.53 (9.« = 32 deg). The scatter-
ing angle O is the angle between the incident and the scattered
light. The back focal plane F of the objective represents the
angular distribution of the collected scattered light. Via a lens
system it is focused onto a CCD camera (SIS p1010, Theta Sys-
tem GmbH, Grobenzell, Germany) placed in the Fourier plane
F''. Thus, each pixel on the CCD chip indicates a certain
scattering angle with a resolution of about 0.2 deg /pixel
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close to the optical axis. In the Fourier plane, the von Bieren
condition describes the spatial frequency, i.e., the pixel position,
to be proportional to sin(9),”” where 9 is the polar angle
between the scattered light and the optical axis. The construction
of the lens system is precisely described in Schmitz et al.>> The
additional Fourier lens L; (f3 = 60 mm) is placed 100 mm
behind the intermediate plane F'. The Fourier plane F'' can
be found 150 mm behind L.

For spectrally resolved measurements, the sample is illumi-
nated by a broadband light source provided by the superconti-
nuum laser. The spectral mode (S) is illustrated in Fig. 1 with
dashed yellow lines. An objective with a long working distance
(Epiplan 5x/0.16, Carl Zeiss AG, Oberkochen, Germany) with a
numerical aperture of NA = 0.16 (9, = 9.2 deg) detects the
scattered light in an angular range from about ® = 112 deg to
® = 130 deg. One end of a fiber with a core diameter of
1000 pm is placed in the image plane O’’ and connected to
a CCD spectrometer (MCS-CCD-Lab, Carl Zeiss AG, Oberko-
chen, Germany) recording the spectrum of the detected scattered
light. By sliding a mirror into the path a RGB camera
(NS1300CU, NET GmbH, Finning, Germany) visualizes the
object in the image plane O’’, allowing the positioning of
the sample with respect to the center of the fiber. With an overall
magnification of 12.5X the fiber acts as a field stop with an aper-
ture of 80 um. A small NA is advantageous for spectrally
resolved measurements since the integration over a small
angular range does not average out the spectral oscillations
and therefore the information content. For angular resolved
measurements a high NA is favored to detect a large angular
range. To alter between both, angular and spectral mode
path, the AOTF is replaced and the relevant flip mirrors are
toggled. Hence, without influencing the sample position, the
measurement in both modes is offered smoothly.
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3 Theoretical Backscattering Model Based on
Mie Theory

The theoretical calculations of the angular and spectral depen-
dencies of light scattering in this study are based on Mie the-
ory.>*?® It provides an exact analytical solution to Maxwell’s
equations describing the scattering of an electromagnetic
wave by a homogeneous, spherical particle.”> With known
input parameters, Mie calculations enable the determination
of the phase function p(®) and the scattering cross-section
C,. These input parameters are the sphere diameter D, the wave-
length 4 in vacuo, and the refractive indices of the scatterer ng
and of the surrounding medium 7,,. The model described in
Schmitz et al.” is valid for spectrally resolved measurements
but only for air as medium surrounding the scatterer. Thus,
the model was extended and generalized for calculations of
light scattering by particles in an arbitrary medium with
known dispersion.

The theoretical spectra and angular distributions are calcu-
lated by means of the Stokes vectors of the incident S; and
the scattered light S|, respectively. The Stokes-Mueller calculus
for the scattering microscopy setup is

Ss,() Si,o
Ss,l Si,l
= Tga Tmg Ms R Tom Tac , (1)
Ss2 Sio
Sy3 Si3

where each matrix (Mg, R, T) depends on the refractive indices
of the scatterer and the medium. Therefore, in consideration of
dispersion these Mueller matrices are dependent on the wave-
length. In the following, the matrices in Eq. (1) are explained.
The scattering matrix My for a single sphere is calculated by
Mie theory.? The scattering matrix elements depend on the scat-
tering angle ®, the diameter of the sphere D, and the wavelength
A and are calculated as described in Bohren and Huffman.>* All
scattering angles © that are detectable by the presented setup can
be determined from the normalized wave vectors of the incident
k; and the scattered light k;

0= arccos(z,ﬂ . %5) (2)
with
sin &; cos ¢; sin 9, cos ¢,
%i = | sin J; sin ¢; | and %s = | sind; singp, |, 3
cos 9; cos 9,

where 9, is the polar angle and ¢, is the azimuthal angle of
the scattering direction in the medium. The incident polar
angle in the medium is determined using Snell’s law with
9; = arcsin(ny /ny X sin 9;), where ny =1 is the refractive
index of air and ny, is the refractive index of the surrounding
medium considering dispersion (refer to Sec. 4.2). The incident
azimuthal angle in the medium ¢; equals the azimuthal angle in
air ¢;. In the spectral mode, the value of ¢, has no influence on
the spectra. Nevertheless, in the angular mode ¢; rotates the
angular distribution of the scattered light and cannot be
neglected. The azimuthal angle of the scattering ¢, (@, = @)
is defined in a range from O deg to 360 deg and is not affected
by refraction. Due to the numerical aperture of the objective,
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the polar angle of the scattered light in the medium
9, = arcsin(n, /ny X sin 9) is limited to the maximum angle
of acceptance

. ny .
Omaxr = arcsin| —— X sin Y
Ny

)
with 9, = arcsin(NA ).

These dependencies on the refractive index show the impact
of dispersion on the detectable scattering angle ®. Thus, the
range of the detectable scattering angle varies with the wave-
length.

The rotation matrix R considers the rotation of the polariza-
tion state relative to the plane of scattering spanned by the vec-
tors k; and k,.>*? The angle between the plane of scattering and
the plane of incidence & = &(9,, ¢,) depends on the angles of
the scattering direction in the medium. Hence, the rotation
matrix R varies for each wavelength. The plane of incidence
is spanned by the incident wave vector k; and the z-axis.”
The plane of scattering is rotated about the scattered wave vec-
tor. For ¢, =¢; and ¢, = ¢; — 180 deg both planes are
identical.

As explained in Sec. 2, the setup is an inverted microscope
with a reflected darkfield illumination where the samples are
placed upon a coverslip. For that reason, the transmission
through the coverslip of the illumination and the light scattered
by the sample have to be considered.?> Based on Fresnel’s for-
mulas the transmission matrices T have to be calculated for each
interface.?’ Four matrices T are required, one for each interface:
for the illumination the transmission matrices from air to the
coverslip (T4g, air to glass) and from the coverslip to the med-
ium (Tgy, glass to medium) and for the light scattering the
transmission back from the medium to the coverslip (Tyg)
and from the coverslip to air (Tg,) have to be examined.
With air as the medium surrounding the scatterer both the
matrices Tpg and Ty and the matrices Ty and Tg, are
equal. The transmission matrices are also wavelength-dependent
due to dispersion. Multiple reflections between both interfaces
can be neglected due to low intensity.

The detectors for both angular and spectrally resolved mea-
surements, i.e., the CCD camera and the CCD spectrometer, are
not sensitive to polarization. Thus, to determine the intensity of
the scattered light, only the first Stokes parameter S, of the
scattered Stokes vector S, is of importance. The incident angles
9, and ¢, are kept constant for the entire experiment. In the
angular mode, the incident light is linearly polarized with S; =
(1 —1 0 0)7Tsince the AOTF’s output is linearly polarized.
The theoretical angular distribution of the scattered light is esti-
mated for the detectable angular range by applying a single
wavelength A and the corresponding incident angles

I7(8.9.D) = S0(8.9.4.D). ®)

The intensity I;,(u, v, D) for each pixel on the CCD chip
with the Cartesian coordinates (u, v) is obtained via the von
Bieren condition, by transforming Eq. (5) with

u=sin9d cos ¢ and v =sin I sin @. 6)
The incident light for spectral measurements is unpolarized

as the supercontinuum laser provides an unpolarized output.
Thus, its Stokes vectoris S; = (1 0 0 0)T. The scattered
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light from all the collected angles is integrated and detected
spectrally resolved. To take into account the spectral resolution
of the spectrometer, the spectrum is convolved with a Gaussian
function g(4) with a full width half maximum (FWHM) of
AA =3.08 nm, measured at the wavelength 1 = 632.8 nm.
By applying ¢; and §; depending on the dispersion, the theore-
tical scattering spectrum I7(4, D) of a single sphere with dia-
meter D measured by the scattering microscope is

ﬂ '9max

2
I7(, D) = g(A) * / Ss0(8, 9,4, D)r? sin 9d9dg,
9=0J9=0

)

with the distance to the detector r.

4 Materials and Methods

4.1 Sample Preparation and Measurement

Suspensions of polystyrene beads with a nominal Gaussian
particle size distribution are investigated to measure Mie
oscillations in both angular and spectral mode. Two different
stock suspensions are taken as samples referred to as PS4-2
(PS/Q-F-L1086, microparticles, Berlin, Germany) and PS2-8
(PS-F-L2095, microparticles, Berlin, Germany). These suspen-
sions have a nominal mean diameter vpgy_» = 4.21 um with a
nominal standard deviation opgy_» = 0.07 um, and vpg,_g =
2.82 ym with opg,_g = 0.04 um, respectively. The stock suspen-
sions are homogenized in an ultrasonic bath for 30 min. After-
wards, the stock suspensions are diluted with distilled water to
create working suspensions with a volume concentration
fv~5x 1075 Thereby, it is made sure that the distances
between the single particles are large enough to prevent multiple
scattering. The working suspensions are given into the ultraso-
nic bath once more. Subsequently, a droplet of approximately
50 ul of each working suspension is placed within a sample
chamber separately. The sample chamber is composed of a sand-
wich from a microscope slide and a coverslip. By applying
adhesive tape with a thickness of about 200 ym at the bound-
aries, a uniform distance is provided between the microscope
slide and the coverslip. Thus, reflection effects that could be
detected accidentally are avoided. The sample chambers are
kept with the coverslip downwards so that the polystyrene
beads sink onto the coverslip.

To compare the angular resolved measurements and the spec-
trally resolved measurements the polystyrene beads are investi-
gated in both modes. The sample chamber is placed onto the
motorized microscope stage with the coverslip downwards.
The forward scattered light by the particle could only be
reflected at the upper microscope slide. However, this slide is
out of focus and out of the field of view, so that these reflections
are not collected by the objective. A single particle is selected
manually by the operator using the motorized stage. To ensure
the measurement of one single sphere the minimum distance
between the investigated sphere and its nearest neighbor has
to be 80 um. This value depends on the diameter of the detection
fiber and the magnification of the setup. The angular resolved
measurements are performed for wavelengths between 420 and
700 nm in steps of 5 nm. First, the dark signal I ; (u, v) of a spot
nearby the bead is measured for each wavelength to eliminate
the background signal caused by the sample chamber. Then, the
angular distribution of light scattered by a single particle is mea-
sured for each wavelength and for 5 positions in the field of view
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which is given by the field stop (see Fig. 1). For noise reduction,
the measured signal of the particle I ,(u, v) is obtained by aver-
aging over these 5 positions. This procedure is repeated for sev-
eral particles of the working suspension. The positions of the
particles are stored by the control software of the motorized
stage. Therefore, the signals Ip(4) of exactly the same particles
are measured in the spectral mode subsequently. The dark spec-
tra Ip(A) of spots nearby these particles were recorded as well.
For the following data analysis (Sec. 4.2) there is no necessity
of measuring a reference signal, e.g., measurement of a reflec-
tance standard, since the spectra are referenced by a polyno-
mial fit.

4.2 Data Analysis

The analysis of the measured data is performed by comparison
of theoretical and experimental scattering patterns. Using
MATLAB (The MathWorks, Natick, Massachusetts), the theo-
retical patterns for the models proposed in Sec. 3 are computed.
The refractive index of the polystyrene beads ng is calculated
with the dispersion formula of Tribastone and Peck.’*?!
Since water is used as the surrounding medium in the experi-
ments, the refractive index of the medium n,, is given by a
Sellmeier dispersion formula with the constants of Daimon
and Masumura.>> A set of theoretical angular patterns
I7,(D,9, ) with diameters in a range from 2 up to 5 um
with a step size of 1 nm is calculated for the aforementioned
wavelengths. The experimental angular distribution is calculated
by subtraction of the particles’ signal Ip ;(u, v) and the dark sig-
nal Ip ;(u,v)

Ip;(u,v) = Ip,(u,v) = Ip,(u,v). ()

In advance it was ensured that the pixel response on the inci-
dent intensity is practically identical for each pixel. Therefore,
reference measurements in the angular mode are not required.
To compare the theoretical and experimental angular patterns,
the measured distribution depending on the pixel coordinates
I (u,v) is converted to a distribution depending on the
polar and azimuthal angles I (9, ¢) utilizing Eq. (6). The cor-
relation C, (D) between theory and measurement depends on the
sphere diameter and is given by

_ Cov[l7,(8.9.D). I5,(3. 9)]
\/VElr[IT,A(&’ @, D)} \/VEH.[IEA(gv (P)] ’

C;(D) ©)

with the covariance (Cov) and the variances (Var) of the angular
distributions. The diameter termed D, provides the best fit of the
theoretical to the experimental pattern for a certain wavelength
A and is indicated by the maximum of the correlation func-
tion C,;(D).

This procedure is also adopted for the spectral resolved mea-
surements with the light-scattering microscope. A set of theore-
tical spectra I7(4, D) is calculated for an identical range of
sphere diameters and for wavelengths 1 from 400 to 850 nm
with a resolution of 1 nm. The dark spectrum /(1) is subtracted
from the particle’s spectrum /p(1). Additionally, the spectrum is
referenced by a tenth-order polynomial fit 7 (1) of the raw spec-
trum to account for the response of the system. This method
spares the complicated measurement of a reflectance standard
and is more robust. Thus, the experimental spectrum (1) is
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1p(4) = 1p(4)
Ix(2)

and the correlation C(D) between theoretical and experimental
scattering spectrum is

Ig(4) = (10)

_ Cov[I7( D), I5(2)]
VVarll; (2. D)]\/Var[I;(2)]

The diameter of the theoretical spectrum with the maximum
correlation C(D) is termed Dypec.

(D) (11)

5 Results and Discussion

Scattering patterns were measured on several single polystyrene
beads from the working suspensions PS4-2 and PS2-8 in angular
and spectrally resolved mode, respectively. In the following, the
single particles are numbered and denoted with the number sign
“#. The angular distribution of the scattered intensity at a par-
ticular wavelength, e.g., 4 = 620 nm, for one single particle
PS4-2#1 is shown in Fig. 2. In the upper left of the figure
[Fig. 2(a)] the measured distribution If ¢y (u, v) is displayed
as detected with the CCD camera. Utilizing the correlation
algorithm (Sec. 4.2), the sphere diameter was identified to be
Dg>o = 4.125 ym. The corresponding theoretical distribution
I7.600(u, v, Dgyp) is shown in Fig. 2(b). These two images repre-
sent the Fourier plane. In Fig. 2(c) and 2(d), the experimental
pattern I 650(9, @) and the theoretical pattern I7 650(9, @, Dgyo)
are plotted versus the angles 9 and ¢. The experimental data
is normalized onto the theoretical data. Both experiment and
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theory are in very good agreement. The maximum of the corre-
lation function Cgyy(D) indicates the best fit, as shown in
Fig. 2(e). Due to the broad peak of the correlation function,
the accuracy of the diameter estimation is relatively low com-
pared to spectrally resolved measurements. Therefore, in order
to increase the accuracy, the diameter of the single particle was
determined for each wavelength measured between 420 and
700 nm. The mean diameter D, is calculated by averaging
these 57 estimated diameters. For PS4-2#1, the mean value is
D pean = 4.1200 ym and the standard deviation o is 0.0094 um.
Consequently, by averaging the diameter values, a very high
accuracy can be achieved.

To compare the two resolution modes of the scattering micro-
scopy setup, the spectrum of the scattered light of exactly the
same single particle was measured. The scatter spectrum /(1)
of PS4-2#1 is represented by the light blue line in Fig. 3. Addi-
tionally, the best theoretical fit /5 (4, Dyp.) is shown as a dark
blue line. Anew, the experimental curve is normalized onto the
theoretical curve. The modulation of the characteristic Mie
oscillations show some dissimilarity. Nonetheless, the spectral
positions of the Mie oscillations of the experimental curve
coincide with the theoretical curve very well. The diameter
of PS4-2#1 determined from the spectrally resolved measure-
ment is Dgpe. = 4.128 um. In the spectral mode, the accuracy
of the diameter estimation is higher than in the angular
mode. The main lobe of the correlation function in the spectral
mode has a FWHM of less than 30 nm.?® The value of Dpec
differs slightly from the value of D,,.,,. However, the difference
is less than the standard deviation ¢ and the diameter values
show a very good agreement.
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Fig. 3 Scatter spectrum /¢(1) of a single bead PS4-2#1 (light blue line)
and theoretical spectrum /¢(4, Dyyec) for a sphere diameter Dypec =
4.128 um (dark blue line).

The results of the presented approach are reproducible for
any single particle in the working suspension. In Fig. 4, the mea-
sured and theoretical scattering patterns for a single polystyrene
bead PS2-8#5 are compared. On top of Fig. 4(a) and 4(b) the
experimental [z s30(9, ) and theoretical I7530(9, @, Ds3g)
angular distributions for the wavelength 4 = 530 nm are
shown with a determined sphere diameter Ds3q = 2.742 um.
The mean diameter averaged over the wavelengths is D e =
2.7394 ym with a standard deviation ¢ = 0.0063 ym. In the plot
below [Fig. 4(c)], the measured spectrum of PS2-8#5 is com-
pared against the theoretical spectrum for the best fit diameter
Dgpee = 2.739 pm. In this case, the deviation between Dy, and
Dy is merely 0.4 nm, confirming the accordance of angular
and spectrally resolved measurements once more.

A statistical analysis of the results for several single particles
can be performed with the help of a box plot. In the following, 5
selected single particles for each type of polystyrene beads are
analyzed exemplarily. The box plots for these particles are

shown in Fig. 5. They show the distribution of the estimated
diameters D, from angular resolved measurements for each
sample. The central marks in the box identify the median
value of the diameters D,.4;.,, Which is less sensitive to outliers.
The median diameters Dgi,, differ slightly from the mean
values D,..,- However, Table 1 demonstrates deviations
between median and mean of magnitude of 1 nm or less.
The boxes themselves are limited by the lower and upper quar-
tiles, i.e., the interquartile range characterizing the middle 50%
of the diameter values. Figure 5 shows the boxes for each sam-
ple, whereas the interquartile ranges of ~10 nm are rather small,
which confirms the quality of the approach. The whiskers indi-
cate diameter values lying outside of the interquartile range not
considering outliers that are plotted individually. In addition, the
diameter values Dy, determined from spectrally resolved mea-
surements are marked in Fig. 5 by the asterisks. These diameters
Dy are located within the boxes in the most cases. A summary
of the estimated sizes of the 5 exemplary particles for angular
and spectral mode is given in Table 1. As previously mentioned
it shows a marginal deviation of 1 nm or less between mean and
median diameters. In general, for each single bead measurement
the standard deviations in the angular mode are less than 10 nm,
the relative standard deviations are less than 0.25%. Therefore,
in the angular mode a very high accuracy in the mean diameter
estimation is obtained. Furthermore the deviation between the
estimated values in angular and spectral mode is less than
0.20% for PS4-2 and less than 0.13% for PS2-8, respectively.
The slightly greater deviations for the samples PS4-2 may be
caused by the dissimilarities between the theoretical and experi-
mental spectra which are larger for PS4-2 than for PS2-8. The
response function of the spectrometer was supposed to be a
Gaussian with a FWHM of 3.08 nm for the whole spectral
range, though the FWHM might depend on the wavelength,
which might have a larger impact on the spectra with more
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Fig. 4 Comparison of experiment and theory for sample PS2-8#5. (a) Experimental /¢ 530(9, ¢) and (b) theoretical I7530(9, ¢, Ds30) scattering pattern
versus scattering angles with D53 = 2.742 um. (c) Measured spectrum /¢ (1) (light blue line) and theoretical spectrum /¢ (4, Dypec) With Dgpec = 2.739 um

(dark blue line).
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Fig. 5 (a) Statistical analysis of the estimated diameter values D, for 5 samples of PS4-2 and (b) 5 samples of PS2-8. Diameters determined from

spectrally resolved measurements Dy are plotted as red asterisks.

Table 1 Particle sizes determined in angular and spectral mode.

Angular mode Spectral mode

Sample

Sample number D (u4m) Duean (4m) o (um) Do (um)

PS4-2 #1 4.121 4.1200 0.0094 4.128
#2 4.146 4.1456 0.0096 4.153
#3 4.153 4.1526 0.0099 4.161
#4 4.159 4.1593 0.0096 4.167
#5 4.150 4.1498 0.0096 4.157

PS2-8 #1 2.750 2.7506 0.0062 2.747
#2 2.759 2.7585 0.0057 2.755
#3 2.749 2.7487 0.0082 2.749
#4 2.736 2.7356 0.0061 2.733
#5 2.740 2.7394 0.0063 2.739

oscillations. However, the estimated diameter values in the
angular and the spectral mode are in agreement within the mea-
surement accuracy. In addition, the determined particle sizes are
located in the range of size distributions validated with a colli-
mated transmission setup.25 33 The nominal values (see Sec. 4.1)
given by the manufacturer appear to be overestimated.

6 Conclusion

For the evaluation of a novel scattering microscopy setup com-
bining angular and spectral resolution mode, measurements in
both modes were compared with each other. Based on elastic
light scattering in the backward direction, the diameters of single
polystyrene beads were distinguished. The experimental angular
and spectral scattering patterns were analyzed by correlating them
with the theoretical scattering patterns, which were computed by
using Mie theory. In the angular mode, the diameter of a single
bead was determined for multiple wavelengths and averaged sub-
sequently. Mean diameters were calculated with a standard devia-
tion of less than 10 nm. The relative standard deviations are
0.25% or less. By analyzing the spectrally resolved measure-
ments, diameters of exactly the same beads were determined
and compared with the diameters achieved by the angular
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resolved mode. The results of the investigations in angular and
spectral resolution modes show an excellent agreement. The
deviation between the two methods is only 0.20% or less.
Thus, the combination of the angular and the spectral resolution
mode results in a very high accuracy for particle characterization.
In the literature other validations of angular resolved and spectro-
scopic scattering measurements show deviations that are 10 times
larger, even though comparable suspensions were utilized.'® The
differences may originate from the differences in the setup, i.e.,
mode and direction of the illumination.

In this study, the investigations in the two resolution modes
have figured out that changes in the particle size have stronger
influence on spectral patterns than on angular patterns. These
changes result in a shift or a modification of the characteristic
oscillations in the scatter spectrum. The advantage of the
spectral mode can be quantified with the FWHM value of the
correlation functions. In contrast, the advantage of the angular
resolution mode is the higher sensitivity to changes in the par-
ticle shape, structure and orientation, which will be shown in a
following contribution. Preliminary experiments with cylindri-
cal samples, e.g., fiber glass, also show a good agreement in size
prediction using both methods. Therefore, the presented system
with the utilization of the advantages of both angular and spec-
tral resolution mode creates new opportunities in light scattering
analysis of not only different spheres® but also biological sam-
ples.!333 Light scattering by cells and the contribution of the
intracellular organelles could be simulated using Mie theory
models with Gaussian, exponential, or log normal distributions
of scatterer sizes.’”*® These models allow the interpretation of
differences in angular and spectrally resolved scattering patterns
due to the internal structure of cells. Since cells or cell nuclei as
well as organelles are rarely exactly spherical, analysis algo-
rithms using Mie theory would be inappropriate. The light
scattering patterns of spheroidal’® and ellipsoidal® scatterers
can be calculated using the T-matrix method. Scatterers of arbi-
trary shape could be simulated using the discrete dipole approx-
imation.* The focus of future work lies on the investigations of
single cells and their temporal changes, e.g., due to the
induction of apoptosis in living cells.'"® Further steps are the
observation of cell spheroids*’ and the comparison of these mea-
surements with goniometric measurements.
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