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Abstract. Strong light scattering in tissues and blood reduces the usability of many optical techniques. By reduc-
ing scattering, optical clearing enables deeper light penetration and improves resolution in several optical im-
aging applications. We demonstrate the usage of optical tweezers and elastic light scattering to study optical
clearing [one of the major mechanisms—matching of refractive indices (RIs)] at the single particle and cell level.
We used polystyrene spheres and human red blood cells (RBCs) as samples and glycerol or glucose water
solutions as clearing agents. Optical tweezers kept single microspheres and RBCs in place during the meas-
urement of light scattering patterns. The results show that optical clearing reduces the scattering cross section
and increases g. Glucose also decreased light scattering from a RBC. Optical clearing affected the anisotropy
factor g of 23.25-μm polystyrene spheres, increasing it by 0.5% for an RI change of 2.2% (20% glycerol) and
0.3% for an RI change of 1.1% (13% glucose). © 2014 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO

.19.7.071409]
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1 Introduction
During the last 10 years, optical methods have been developed
for tissue imaging and therapy. However, their resolution and
imaging depth are limited by strong light scattering in tissue.
Light propagation in tissues is determined by macroscopic opti-
cal parameters, such as optical absorption μa, optical scattering
μs, scattering anisotropy factor g, and refractive index (RI) n.
Manipulation of the RI of tissue has been shown to enhance
the usability of optical techniques both in the microscopic
and macroscopic scales. Optical immersion clearing is a prom-
ising technique that enables measuring the RI of cells and
cellular components. As phase-contrast microscopy is a nonlab-
elling imaging method applicable to cell analysis, exact infor-
mation of the RIs of cellular components is essential for
analysis.1–3 Recent studies also show that cell-level contrast
can be enhanced by altering the cytoplasmic RI.4

Optical penetration depth in tissue can be increased, and
multiple scattering can be reduced by the use of optical clearing
agents (OCAs). In practice, this often means matching the RIs of
scattering particles and the surrounding medium.5–7 Optical
clearing in tissue comprises different processes, such as water
outflow/replacement as well as chemical alterations in intracel-
lular and extracellular substance concentrations. Reversible tis-
sue dehydration due to the osmotic properties of OCAs results in
more densely packed tissue structures and reduced thickness. 5–7

In addition to reduced scattering, the absorption spectrum of the
studied sample may change. Changes in the shape of the cell
(induced by osmolarity, for instance) will affect its anisotropy
(g), i.e., directivity of light propagation in a scattering event.6

Blood exhibits very high absorption in the visible spectral
range, and blood components (hemoglobin in particular) reduce
light penetration considerably. In addition, red blood cells
(RBCs) scatter light significantly in the wavelength range of
450 to 1050 nm.8,9 Hence, optical clearing of blood avails itself
to interesting specific applications, such as imaging or control-
ling the functioning of a tissue within the area of agent action.6

The main mechanisms of optical clearing are RI matching and
RBC aggregation.9–13 In addition, RBCs easily change their
shape according to the osmotic environment of the medium
(e.g., plasma). Also, theoretical modelling supports blood opti-
cal clearing by hemoglobin and glucose.14,15

Light scattering patterns enable quantifying various param-
eters of RBCs, including mean cell volume and mean cell
hemoglobin concentration (MCHC).16 This information can
be utilized by flow cytometry devices and blood cell counters.
Various parameters have been shown to affect the optical proper-
ties of blood. When studying osmotic effects and corresponding
changes in optical properties, Friebel et al.17 found that changes
in cell volume affect hemoglobin concentration and, conse-
quently, the RI of the cell. This can be seen as increased
light scattering. In the wavelength range of 600 to 1100 nm,
the value of g is linearly dependent on osmolarity.

Microscopy and its variations can be used to explore biologi-
cal structures and light-matter interactions.18–24 This enables
studying light scattering properties and optical clearing at the
single cell level. Popescu et al.25 have demonstrated RI matching
induced by hemoglobin during hemolysis. Also, the study of
other OCAs at the single cell level has attracted considerable
interest. Ding et al.,18 Park et al.,19 and Kim et al.20 measured
light scattering from RBCs, and quantified the difference
between malaria-infected and normal cells, as well as showed
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the potential for differentiation of sickle cells from normal
RBCs. Optical tweezers can be used to keep cells in place during
scattering measurements.26–30 Kinnunen et al. studied the effect
of osmotic changes on light scattering,26 as well as dependent
scattering of double RBCs.31 Here, we propose to use optical
tweezers accompanied with a goniometric measurement system
to measure optical clearing-induced changes on the micrometer
scale. The main focus of this study is to measure the effect of
selected OCAs, namely glycerol and glucose, on the scattering
phase function at the single particle and RBC level. This will
increase our understanding of basic light-tissue interaction at
the cellular level under application of clearing agents, which
may lead to new applications, for example, in the area of intra-
venous blood vessel imaging14,32,33 or RBC membrane per-
meability and rigidity.25

2 Theoretical Considerations
For a single particle, the scattering cross section and mean
cosine of the scattering angle θ (scattering anisotropy factor
g ¼ hcos θi) can be calculated using the Mie theory.34 In a
form suitable for experimental evaluations, the average scatter-
ing cross section per particle can be presented as34

σsca ¼ ðλ2∕2πÞð1∕I0Þ
Z

π

0

IðθÞ sin θdθ; (1)

where I0 is the intensity of the incident light, IðθÞ is the angular
distribution of the light scattered by the particle and θ is the scat-
tering angle. For a dielectric sphere (Mie theory) with parame-
ters close to a RBC irradiated by visible or NIR light (g > 0.9,
5 < πd∕λ < 50, 1 < m < 1.1), the scattering cross-section is
described as35

σsca ∼ ½d2ðd∕λÞ0.37ðm − 1Þ2.09�∕ð1 − gÞ; (2)

where d is the particle diameter, λ is the light wavelength, m ≡
ns∕n0 is the relative RI of the particle that determines its scatter-
ing ability, ns is the RI of the scatterer, n0 is the RI of the sur-
rounding medium, and g is the scattering anisotropy factor,
defined as a mean cosine of the scattering angle θ,

g ≡ hcos θi ¼
Z

π

0

pðθÞ cos θ · 2π sin θdθ; (3)

where pðθÞ is the phase function that describes the scattering
properties of the particle and is, in fact, the probability density
function for scattering in some direction of a photon travelling in
the other direction; in other words, it characterizes an elemen-
tary scattering act. If scattering is symmetric relative to the
direction of the incident wave, then the phase function depends
only on the scattering angle θ (the angle between these two
directions).

From Eq. (2), it follows that matching the RIs of a scatterer
(particle or cell) ns and its surrounding medium n0 may lead to a
considerable reduction of the scattering cross section. As a con-
sequence of the greater directness of scattering that results from
RI matching, the mean cosine (g-factor) tends to unity.36 If RI
matching is achieved by the use of hyperosmotic OCAs, cell
shrinkage can be expected, which, due to decreased cell diam-
eter, may lead to a further reduction of the scattering cross-sec-
tion [see Eq. (2)].

Using Eq. (2), the scattering cross-section alteration at RI
matching conditions can be estimated as

ðσscaÞm∕ðσscaÞunm ¼ ½ðmm − 1Þ∕ðmunm − 1Þ�2.09
× ½ð1 − gunmÞ∕ð1 − gmÞ�; (4)

where the subscript “m” refers to matched and the subscript
“unm” to unmatched conditions.

3 Method and Materials

3.1 Measurement Setup

For trapping, we used a laser with an output power of 350 mW
at the wavelength of 1064 nm (ILM-L3IF-300 diode
module, LeadLight Technology, Taiwan). Beam propagation
in the system has been described in detail in recent publica-
tions.30,37 We used a water immersion objective (Olympus
LUMPLFL100XW/1.00, Japan) with a magnification of 100×
and a working distance of 1.5 mm. The numerical aperture
of the objective was 1.0, thus ensuring efficient trapping. A
long working distance was necessary to decrease He-Ne laser
light reflections from the tip of the objective, thereby reducing
its effect on our measurements. Samples are illuminated with a
halogen lamp via an optical fiber and imaged with a high-speed
video camera (Centurio100, Citius Imaging, Mathildedal,
Finland). The sample chamber was placed on an adjustable sam-
ple stage, mounted on a motorized xy stage (Thorlabs MAX201,
Göteborg, Sweden).

The setup for measuring light scattering on the illumination
side consisted of a linearly polarized He-Ne laser (MellesGriot,
Carlsbad, California), a focusing lens (þ200 mm) and a pin-
hole. On the detecting side, the setup consisted of three aper-
tures, a lens on a steerable mount, an IR dichroic hot mirror
(Thorlabs FM01), a photomultiplier tube (PMT) (Hamamatsu,
Solna, Sweden, H9305-04), a preamplifier (Stanford Research
Systems, Sunnyvale, California, SR445A), a photon counter
(Stanford Research Systems, SR400), and a computer. The
detector was moved around the sample with a motorized rotation
stage (Standa 8MR190-2-28, with 8SMC1-USBhF-B1-1MC
controller, Vilnius, Lithuania), using an angle step of 0.1 deg
for polystyrene spheres and 0.5 deg for RBCs. LabView
8.5.1 software was used to control the movement of this rotation
stage and for data acquisition. Rotation speed was 37 steps in a
minute. For our experiments, samples were placed in a 15-mm-
high cylindrical cuvette (shortened version of Hellma 540.115,
Müllheim, Germany) with an inner diameter of 22.6 mm and an
outer diameter of 25 mm. All measurements were repeated three
times and averaged signals are plotted in the figures.

Particles and cells were added to the bottom of the cuvette
and allowed to settle. Optical trapping power of 225 mW (laser
before objective) was used to keep the cell or particle under
study in place during the measurement and to lift it from the
bottom of the cuvette. Only a single particle or cell was picked
up at a time for measurement. The illuminating He-Ne laser had
a power of about 5.8 mW. First, the scattering signal was mea-
sured several times from the trapped particle. Then, the trapping
laser was closed and the background signal from the surround-
ings was measured. Figure 1 shows a schematic of laser light
scattering from a trapped cell.

3.2 Modeling

Light scattering from single spheres was modelled with Mie-
theory software (MiePlot software version 4.3 was downloaded
from Ref. 38). By inserting the necessary parameters ns, n0, r,
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and λ, scattering patterns were plotted and g values calculated.
The values of RIs used in the calculations were 1.59 for a poly-
styrene sphere and 1.41 for a RBC.39

3.3 Materials

As a first stage model to studying RI matching, we used 23.25-
μm polystyrene spheres (Bangs Lab, Fishers, Indiana) sus-
pended in distilled water. The RBC mass in a nutrition medium
was obtained from the Finnish Red Cross and stored in a refrig-
erator at 4°C. The RBCs were centrifuged with phosphate buf-
fered saline (PBS) three times, and a small RBC concentration
was diluted for measurements with PBS. Fixed RBCs were pre-
pared using commercially available 25% glytaraldehyde (GA)
(Merck, Damnstadt, Germany). 1% GA was used with washed
RBCs (with the PBS removed) for 30 to 40 min; then washed
with water. This procedure was adapted from Refs. 40 and 41.
For optical clearing experiments, distilled water and PBS
(Sigma Aldrich, Steinheim, Germany, D8537) were filtered
three times with a filter pore size of 1.0 μm (Whatman,
Buckinghamshire, United Kingdom) before mixing the liquids.
The final mixture (glycerol or glucose) was filtered once.

The following clearing agents were used in the experiments
at different concentrations: 99.5% glycerol (G7893, Sigma
Aldrich) and glucose (Calbiochem, Germany). Table 1 shows
concentrations of the prepared samples and measured RIs at
two wavelengths [Refractometer Atago DR-M2 1550 (Atago,

Japan)]. Of these, 633 nm was used in light scattering measure-
ments, while 1100 nm is close to the trapping wavelength of
1064 nm.

4 Results and Discussion
One of the mechanisms of optical clearing involves matching
the RIs of scattering particles and their surrounding environ-
ment.7 Factors that affect the RI include concentration of the
scatterers as well as the concentration of the solution (e.g.,
20% glycerol).2,3 Our experimental results show [Fig. 2(a)]
that when increasing the RI of the surrounding medium by
2.2%, changes in the scattering phase function occur both in
the intensity and position of scattering intensity maxima.
This result has been verified by modelling [Fig. 2(b)]. The mod-
eled signal shown in the figure represents the unpolarized case,
because the measurement setup could not differentiate the effect
of polarization on the measurements (data now shown). Hence,
we obtained a good match between experimental results and
modeling. Figure 3(a) shows corresponding measurements for
13%-glucose, where the RI increases only by 1.2%, whereas
Fig. 3(b) shows corresponding modelling results. As seen,
the effect on actual measured signals show similar tendency.

The anisotropy parameter g was calculated both for modelled
and measured signals (see Tables 2 and 3). As the angular range
used in the calculations affects the final value, the g-value is
different for the whole curve (180 deg) than for a specific
range (10 to 120 deg). This particular range was selected,
because the measured signals were taken within it. In all
cases, clearing served to increase the value of g. For 20% glyc-
erol, the change was 0.5%, whereas that for 13% glucose was
0.3%. It can be seen that the g-values estimated from the mea-
surements are somewhat smaller than those calculated from the
full curve.

Optical clearing of cells is less straightforward. It is well
known from the literature (both theoretical and experimental
results) that the orientation and shape of the cell affects light
scattering patterns. So, do the osmotic properties of the sur-
rounding medium.30,42–45 Hence, the effect of adding OCA to
the sample medium can be multifaceted.

Fig. 1 Schematic of the light scattering basics of the cell in trap.

Table 1 Measured refractive indices (RI) of the sample at two
wavelengths.

Sample RI 633 nm RI 1100 nm

5% Glucose 1.339 1.331

13% Glucose 1.347 1.338

20% Glycerol 1.361 1.352

Phosphate buffered saline (PBS) 1.333 1.325

Water 1.331 1.323

Fig. 2 Light scattering phase functions from a single polystyrene
sphere. (a) Measurement in water and water-glycerol mixture,
(b) modeling in corresponding conditions. 20% glycerol-water mixture
is used.
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Fixed cells were prepared to limit the effect of changes in the
shape of RBCs during optical trapping and scattering measure-
ments, and a 5% glucose solution was used for clearing. Figure 4
shows camera images of a trapped cell during an experiment. As
Fig. 5 indicates, some changes can be observed in scattering
pattern shapes. The RI change, however, is too small for clearly
observable changes in intensity level, but changes in the shape
of scattering light intensity distribution are more obvious.

Figure 6 shows that the fixation process did not significantly
affect the optical properties of RBCs, because scattering inten-
sity remains at the same level before and after fixation. Changes
in orientation are expected to be the reason for changes in inten-
sity distribution.

We also modelled light scattering from a spherical RBC
(unpolarized light). It is known that single RBCs can be mod-
elled as oblate spheroids,39 while a suspension of RBCs can
be modelled as a system of randomly distributed spherical

particles, whose equivalent volume equals that of nonspherical
models.46,47 Each sphere had a RI of 1.41 and a diameter of
5.5 μm. Figure 7 shows the scattering intensity distribution
for unpolarized light in three different conditions: (1) RBC in
PBS, (2) RBC in a glucose-PBS suspension, and (3) RBC in
a glycerol-PBS suspension. 13% glucose concentration and
20% glycerol concentration was used in the calculations. The
RI values for the background were taken from Table 1. We
also calculated the anisotropy parameter g for a spherical
RBC model (Table 2). The modelling in Fig. 8 shows a change
in the RI of the medium that corresponds to the experimental
situation in Fig. 5 (5% glucose).

The RI matching increases g and decreases the scattering
cross section (Table 2). In addition, g is also strongly affected
by particle size. Experimental results show that adding glucose
to the base medium increases its RI (Table 1). At the same time,
scattering from the background medium also increases. This
makes it very challenging to measure small light scattering sig-
nals, when using glucose as a clearing agent. Figure 5 presents
g-values calculated for the measured curves. Missing data points
in the measured curves were padded with approximated values
(Table 3), giving slightly different g-values for the cells. To
replace missing data, basic spline approximation was used.
Alternatively, we have compared calculated g-values to those
obtained with zero padding. It was found that zero padding
gives a 1.5% smaller value for the calculated anisotropy
factor g.

Optical properties of blood depend on the used wavelength.
When studying whole blood, absorption and scattering proper-
ties are handled as a probability of scattering and absorption
events occurring. Roggan et al.8 conducted a set of experiments
and compared their results with Mie theory calculations. They
found that scattering depends largely on cell volume and RI,
while the shape of the RBC plays a minor role. Also, the
RBC surface has a small effect. However, Friebel et al.17

later discovered that the Mie theory does not explain all exper-
imental results. Their results suggest that cell shape must also be
considered in any practical model. Our measurements, presented
in Ref. 30, also show that the shape and orientation of cells
makes a significant contribution to light scattering patterns.
For example, in optical coherence tomography the backward
scattered signal contains important information.

Fig. 3 Light scattering phase functions from a single-polystyrene
sphere. (a) Measurement in water and water-glucose mixture,
(b) modeling in corresponding conditions. 13% glucose solution is
used.

Table 2 Calculated values for optical clearing-induced changes in anisotropy and scattering cross sections. Measured RI values were used and
they were taken from Table 1.

Sample
Diameter

(μm)
Anisotropy

(full curve model)

Change in
anisotropy

(%)

Scattering cross
section alteration

[Eq. (4)]

Polystyrene sphere, water 23.25 0.918 — —

Polystyrene sphere, water + glucose 13% 23.25 0.931 1.40 1.02

Polystyrene sphere, water + glycerol 20% 23.25 0.934 1.75 0.92

RBC spherical model, PBS 5.5 0.990 — —

RBC spherical model, PBS + glucose 5% 5.5 0.992 0.17 —

RBC spherical model, PBS + glucose 13% 5.5 0.994 0.31 0.94

RBC spherical model, PBS + glycerol 20% 5.5 0.995 0.49 0.75
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Optical clearing of blood aims to reduce scattering and
enhance light penetration. Some differences have been found
between in vitro and in vivo clearing. Key mechanisms here
areRImatching andRBCaggregation. In addition, sedimentation

plays an important role in in vitro experiments.9 On the other
hand, flowing blood induces shear stress and decreases aggrega-
tion-induced clearing.13 Some other processes in blood may also
influence light scattering by RBCs. Friebel et al.17 show that in
the case of low absorption (diluted blood, wavelength range of
600 to 1100 nm), decreasing the volume of RBCs by 12% to
13% decreases the anisotropy factor by 0.01. They took into
account the increasing RI of cells when the hemoglobin concen-
tration within them increases. In our OCA experiment, we found
the opposite effect; i.e., matching of RIs serves to decreasem and
increase g, when the volume and RI of the scatterer remain
unchanged.

Our experimental results show that, in the case of rigid poly-
styrene spheres, RI matching produces a clearing effect and
there is a clear shift in the minima and maxima of the scattering
pattern, when the relative RI m decreases. These results are sup-
ported by theoretical predictions. We also established that the g-
factor increases with the application of OCAs. Controlled
experiments using RBCs, however, proved more challenging.
Theoretical model predicts that a decrease in the volume of a
cell due to the osmotic effect will increase its RI, and that
the increasing RI of the surrounding medium will be hardly
detectable. Thus, the initial effect will be increased scattering.48

Therefore, we used fixed RBCs to stabilize experimental con-
ditions and minimize the effect of shape changes.

Theoretical and experimental papers show that optical clear-
ing by hemoglobin is feasible at the single cell level.14,25 In this
article, we show how the use of glycerol and glucose affects
light scattering distributions at the single particle and cell level.

Table 3 g-Factor calculations from the measurements.

Sample
Diameter

(μm)
Anisotropy

(partical curve, model)

Anisotropy
(from measurements,
range 10 to 120 deg)

Polystyrene sphere, water 23.25 0.844 0.890

Polystyrene sphere, water + glucose 13% 23.25 0.860 0.892

Polystyrene sphere, water + glycerol 20% 23.25 0.862 0.915

Fixed RBC, PBS, measured (Fig. 5) — — 0.877a

Fixed RBC, PBS + glucose 5%, measured (Fig. 5) — — 0.944a

RBC in PBS (Fig. 6) — — 0.931a

aMissing values in the measurements were filled with approximated values.

Fig. 4 Microscope images of light scattering from trapped red blood
cell (RBC). (a) fixed RBC + glucose, (b) fixed RBC + glucose He-Ne
laser on, (c) fixed RBC, no glucose, (d) fixed RBC, no glucose, He-Ne
laser on, (e) RBC in PBS, no fixation, (f) RBC in PBS, He-Ne laser on.
The thick arrows show the direction of incident laser light.

Fig. 5 Light scattering patterns from the cells in Figs. 4(a) and 4(c).
Light scattering intensities are shown in Figs. 4(b) and 4(d).
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It must be pointed out that the surrounding medium, i.e., PBS
with different concentrations of OCAs, differs from blood
plasma. The RI of blood plasma and that of the studied samples
resemble each other, but the proteins of plasmamake the situation
much more complicated and difficult to compare directly. From
the measurement point of view, the background must be as clear
as possible. Therefore, it is not possible to measure light scatter-
ing from RBCs in plasma suspensions with our current setup.
Also other biomolecules, such as dextran or glucose, increase
background scattering, which distorts the measurements.49

The specificity of this experiment results from combining
optimal conditions for two phenomena, determined by the RI
difference between a sample and its environment. To facilitate
optical clearing, it is necessary (desirable) to increase the refrac-
tion index of the cell’s environment in order to reduce light scat-
tering by the cell. On the other hand, stable optical trapping
requires a certain relationship between these refraction indices,
and their values cannot be too close to each other.50

In these measurements, the function of optical tweezers is
noninvasive, keeping a particle or cell in a fixed position for
a significant length of time. Trapping efficiency is numerically
characterized by a dimensionless value, Q. One important factor
in this context is the influence of the effective index of refraction
on the gradient force (ratio ns∕n0). A successful laser trap with a
trapping efficiency of >90% can be achieved over the range of
ns∕n0 ¼ 1.1 to 1.6 (Ref. 51). As mentioned earlier, there is wide
variation in the efficiency of the trap in practically identical con-
ditions, which also demonstrates how strongly dependent effi-
ciency is on a right combination of all conditions.52

On one hand, introducing additional components to a
medium to match its RIs with that of the cell membrane may
worsen trapping conditions (due to approximation of the
RIs). On the other hand, this increases the medium’s viscosity,
making it harder for the object to escape from the trapping point.

An analysis of trapping efficiency was conducted for ray
optics approximation (Mie approximation).50 Numerical estima-
tions show that when ns∕n0 is equal to 1.05 (difference of ∼5%),
trapping efficiency reaches about 60% of maximum possible
efficacy. In practice, this corresponds to a RBC in a PBS,53

which also shows a relatively stable trap and allows carrying
out measurements.29,54

It is significant that these experiments do not require that the
applied laser power is close to the trapping threshold values (as
is the case, for example, in calibrations or force measurements).
In experiments with biological cells, excessively high-laser
power must be avoided to avoid cell damage. Additionally, it
is well-known that trapping efficiency significantly depends
on the distance between the object and the cuvette surface
and decreases with increasing distance: this dependence is
more manifest for particles of small size (∼1 μm) than for larger
ones.55,56 In our experiments, we placed the particle far from the
cuvette surface to eliminate unwanted background signals and
reflections of the probing beam from cuvette walls.

Light scattering at the single cell level has been studied with
optical tweezers. These studies have shown that intracellular com-
ponents have an effect on light scattering patterns.28 Optical clear-
ing phenomena and its effects have been studied in other types of
cells than RBCs. For example, Ref. 57 presents experimentally
determined scattering intensity ratios from cells (rat fibroblast
cell clone MR1; ∼105 cells∕mL) immersed in media with low-
and high-refraction indices. Having a refraction index of
n ¼ 1.332, PBS was used as the low-RI medium. Bovine serum
albumin in PBS, with a RI of n ¼ 1.345, and ovalbumin in
PBS,withn ¼ 1.343, servedasmediaofhigher indexof refraction.
At small angles (<20 deg), scattered light intensity was signifi-
cantly greater, when the cells were immersed in PBS with a low
RI than in a protein solution with a high index. Thus, it may be
concluded that there is significant scattering at small angles
from cell structures that are in contact with the OCA. However,
at larger angles (>40 deg), the effect of increasing the refraction
index of cell surroundings on light scattering was much smaller.

Fig. 6 Light scattering patterns from RBC without fixation and from
fixed RBC. Shape variation can be clearly seen from the light scatter-
ing intensity.

Fig. 7 Light scattering from a spherical model RBC, unpolarized light.

Fig. 8 Light scattering from a spherical RBC, effect of 5% glucose.
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Estimations provided by the authors of Ref. 57 allow us to deter-
mine the percentage of light scattering from internal cellular struc-
tures. Since cells suspended in media with low and high indices
have a scattering intensity ratio of 1.3 at angles above 40 deg, it
is possible to estimate the fraction of scattering intensity from par-
ticleswithin these cells. In amediumwith low refraction, scattering
intensity is given by Inc þ Ic, where Inc and Ic represent scattering
intensities from structures not in contact and in contact with
the medium, respectively. In a medium with high refraction,
scattering from particles in contact with the medium is
reduced by about a factor of 2.1, and scattering is given by
Inc þ 0.48 · Ic. Thus, for cells immersed inPBS, relative light scat-
tering from internal cell components is Inc∕ðInc þ IcÞ ≈ 0.55,
because ðInc þ IcÞ∕ðInc þ 0.48 · IcÞ ≈ 1.3.

Note the case of biological cells with well-observable organ-
elles inside. If a corresponding RI ratio exists between these
organelles and their environment, they can be trapped.54,58–60

Optical clearing can provide a better visualization of this trap-
ping process.

A clearing process of the type described in this article ena-
bles a more accurate investigation of the inner organelles of
complicated living cells.4 At the same time, knowledge of the
scattering properties of single cells allows calculating the
bulk properties of solutions or clusters by methods such as
Monte-Carlo simulations.52 However, the fact that the internal
structure of RBCs differs from other mammalian cells needs
to be considered, when analyzing the effects of optical clearing
on light scattering distributions.

The mechanisms of tissue optical clearing by the application
of exogenous OCAs still requires more detailed examination.5–7

Key questions include whether the primary process is a decrease
in the scattering coefficient μs or an increase in the anisotropy g
and whether the change in g is due to tissue structural changes
caused by alteration of particle size or particle packing induced
by dehydration.61,62 In this article, we have directly proved that
both the light scattering cross section and the anisotropy factor g
are changed by immersion optical clearing, and that RI matching,
as one of the leading optical clearingmechanisms, increases the g
factor. Changes in scatterer size and shape are also important.

5 Conclusions
We have shown that optical clearing (RI matching) distinctly
affects light scattering distributions around trapped particles.
Remarkably, glycerol and glucose increase the RI of the base
medium. Another factor that affects scattering distribution is
RBC shape variations. Although decreasing the scattering
cross section, optical clearing increases optical transmittance
and g.

For medical practice, enhancing light penetration through
RBCs by the addition of OCAs could be an exciting new tech-
nology for intravascular optical imaging, as proposed and
described in Refs. 10, 11, 14, and 32. Effective detection of ath-
erosclerotic plaques using endoscopic OCTwith low-molecular
weight dextran as clearing agent has already been clinically
demonstrated.33
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