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ABSTRACT: In this research, we designed and fabricated an
optofluidic chip for the detection and differentiation of single
particles via the combination of backscattered (BSC) and forward-
scattered (FSC) or side-scattered (SSC) light intensity. The high
sensitivity of BSC light to the refractive index of the particles
enabled an effective approach for the differentiation of individual
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particles based on the type of material. By recording BSC as well as - . A

FSC and SSC light intensities from single particles, transiting £ & ’O N

through the illumination zone in a microfluidic channel, the size { 000 e N

and type of material could be detected simultaneously. The analysis | o 9 y ‘ FSC
of model samples of polystyrene (PS), as a primary microplastic \;/\fj_//

particle, and silica microspheres showed substantially higher BSC silica

signal values of PS because of a larger refractive index compared to

the silica. The scatter plots correlating contributions of BSC (FSC—BSC and SSC—BSC) allowed a clear differentiation of PS and
silica particles. To demonstrate the great potential of this methodology, two “real-life” samples containing different types of particles
were tested as application examples. Commercial toothpaste and peeling gel products, as primary sources of microplastics into
effluents, were analyzed via the optofluidic chip and compared to results from scanning electron microscopy. The scattering analysis
of the complex samples enabled the detection and simultaneous differentiation of particles such as microplastics according to their
differences in the refractive index via distinctive areas of high and low BSC signal values. Hence, the contribution of BSC light
measurements in multiangle scattering of single particles realized in an optofluidic chip opens the way for the discrimination of single
particles in a liquid medium in manifold fields of application ranging from environmental monitoring to cosmetics.

B INTRODUCTION

Scattering of light is a powerful characterization method with

approach has been demonstrated based on microfluidic
systems, which quantify nanoparticle fluorescence.”>*® In

broad fields of application such as astronomy,"” biology,”*
environmental study,” and particle analysis.””"" The latter is
based on the sensitivity of the scattering phenomena to the
size, morphology, and refractive index of the particles.'”"?
Several examples of the detailed optical scattering analysis of
particles are available in the literature, such as size measure-
ment of particles,”%"* investigation of Brownian motion in
colloids,"” investigation of the dynamics of single objects and
detection of the particles and aggregates in biological
systems,'®"” and the analysis of nanoparticles.'®"’

The optical scattering analysis of particles can be performed
via ensemble measurement or single-particle counting. The
ensemble methods, such as dynamic light scattering (DLS),
allow optical scattering analysis of a large number of
particles.””*" Although the method offers a fast and reliable
solution for the particle size distribution analysis, the results
are based on ensemble value approximations and general
assumptions such as a monomodal particle size distribution,
which is not always the case.

In contrast, single-particle detection methods allow discrim-
ination of individual particles with high precision.””~** Such an
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addition, microfluidic scatter measurement approach enables
the investigation of the chemical and morphological hetero-
geneity of the individual particles in a dispersion sample.
Methods like scattering tracking analysis (STA) can give
accurate particle size and distribution based on single-particle
movement tralcking.7“7’28 However, the direct discrimination of
particles with different compositions, without using fluores-
cence dye labeling, would be challenging and the method
requires a platform for visualization and image processing for
the precise tracking of the moving particles.

In addition to single-particle measurement, the identification
and separation of particles based on their material composition
is of high importance. The dependency of the scattered light
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on the refractive index of the particle can be implemented for
the discrimination of particles based on their composition. The
scattered light can be classified into three different types based
on the direction relative to the incident beam: low-angle or
forward scattering (FSC), vertical or sideward scatterin
(SSC), and backward scattering (backscattering, BSC).”"
In FSC, diffraction is the major phenomenon, which takes
place at the surface and does not interact with the internal
structure. Therefore, the FSC signal is highly sensitive to the
size of the particles rather than material composition. In SSC,
scattering and refraction play a role and therefore, SSC is also
influenced by the internal structure of the particle. In BSC, all
three scatter mechanisms, namely, diffraction, refraction, and
reflection, contribute. Due to multiple internal interactions
with the particle material, the internal structure (refractive
index) of particles strongly influences the BSC signal and
substantial interference phenomena can take place, dependin:
on the size, refractive index, and exposure wavelength.n'3
Therefore, the BSC measurement strongly depends on the
refractive index of the particle.

Static light scattering (SLS) can be implemented for both
detection and discrimination of single particles.”***** For
example, flow cytometry allows high—throu§hput cell counting
and sorting based on the SLS principle. 7% Conventional
flow cytometers use the combination of FSC—SSC as well as
fluorescence scatter plots for the optical analysis of the
biological cells. Despite several advantages, flow cytometers
normally only detect SSC and ESC intensities, and the
instruments are bulky and expensive and also challenging to be
used for remote or in-line analysis purposes. Accordingly, the
capability of BSC signal measurement as well as miniatur-
ization of a cytometry system would afford great advantages for
particle discrimination.

The optofluidic chip technology”' ™ provides a mini-
aturized platform for both optical measurement and fluid
manipulation. It allows integrating micron-size optical
elements such as microlenses’’ and enables the coupling of
the chip to the light source and detectors via optical fibers
(OF), thereby external optical elements can be eliminated
from the setup, resolving the spatial constraints limiting the
proximity of the illumination and BSC detection parts. The
other important aspect of the optofluidic technology is the use
of the flow focusing technique to create a narrow stream of the
sample, which confines the transit of single particles to the
focal spot of the incident beam for the scattering analysis and
minimizes the concurrent detection of multiple particles.***’
The multifunctionality of the optofluidic chip as well as its
small size, simple operation, and reliable results allows
implementing such systems for various fields of application.

Several works have been presented on miniaturized
cytometry systems for the detection and discrimination of
blood cells or model particles. In most cases, FSC and SSC
signals were recorded,’®™>* and some methods integrated
fluorescence analysis for the differentiation of stained
cells, 25556

In this research, a BSC-based optofluidic chip has been
designed and realized for the differentiation of single particles
in a liquid sample medium. We have implemented BSC besides
detection of standard FSC and SSC light intensities (FSC—
BSC, SSC—BSC besides standard FSC—SSC scatter plots) to
discriminate particles of different materials based on their BSC
signal values. Our goal was not only to demonstrate the new
technique using model particle samples of PS and silica but

also to test its applicability to real-life particle samples of
toothpaste and peeling gel to discriminate particles such as
microplastics in these products. Due to its flexibility and small
size, as well as the standard optical components used, the
presented optofluidic chip shows high potential for environ-
mental monitoring applications, in particular the measurement
of the concentration of microplastics also in samples where
natural inorganic particles such as silica, e.g,, from river sands,
are present.

B MATERIALS AND METHODS

Optofluidic Chip Design and Fabrication. An opto-
fluidic chip has been designed and fabricated to be tailored for
the measurement (Figures 1 and S1). Figure la shows a sketch

Sample flow
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Figure 1. (a) Schematic representation of the optofluidic chip, (b)
microlens setup to achieve focusing of the primary beam to the center
of the microfluidic channel, and (c) photograph of the optofluidic
device.

of the optofluidic chip. The chip comprises two main
functional areas of hydrodynamic flow focusing and optical
measurement. The hydrodynamic flow focusing part is
composed of sample flow and sheath flow channels, into
which the sample of dilute particle dispersion and ultra-pure
deionized water (DIW) are injected, respectively. All three
flows enter a straight channel that passes through the optical
measurement zone. The sample flow is narrowed to a certain
width by adjusting the flow rates of sample and sheath flows.

The optical measurement zone is composed of an
illumination part and a detection part. In the illumination
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part, two cylindrical microlenses, using the so-called air gap
technique (Figure 1b),"” were implemented for collimating
and focusing the incident light to the middle of the fluid
channel, where particles transit. The scattered light of BSC,
FSC, and SSC from single particles is collected in different
trigonometrical angles of 135, 15, and —60°. Optical fibers
(OF) are connected to the optofluidic chip to couple the laser
light source and photodetectors for illumination and detection
purposes. To this end, the fiber channels integrated into the
optofluidic chip were designed to be able to simply and
reversibly plug in OF. The ends of the fiber channels for
scattering detection are placed at equal distances from the
center of the optical focus point in the middle of the flow
channel.

The fabrication of the optofluidic chip was carried out via
the standard soft lithography technique.”’ ™" Details of the
design, fabrication process, system assembly, and measurement
procedure are explained in the Supporting Information (SI).

Materials. Two different groups of model and real-life
samples were measured via the optofluidic chip. For the model
samples, aqueous dispersions of PS and silica microspheres
with nominal diameters of 10, 5, and 2 ym (all purchased from
microparticles GmbH) have been used. Three different groups
of samples including monosized, mixed size (Mix-1), and
mixed size and material (Mix-2) samples were tested. For the
real-life samples, two different health care products of the
commercial brands of a toothpaste and peeling gel were
investigated. Details of the sample preparation procedure for
the optical scattering measurement are given in the SIL

Scanning Electron Microscopy (SEM). SEM and energy-
dispersive X-ray spectroscopy (EDS) were performed to
determine the morphology and chemical composition of the
particles. Details of the sample preparation procedure for
SEM/EDS analysis are given in the Supporting Information.

B RESULTS AND DISCUSSION

Calculation of Scattering. To investigate the scattering
phenomena, the dependence of the scattering efficiency on the
particle diameter was calculated through Mie functions for
particles with different refractive indices n = 1.45, 1.54, 1.58,
and 1.64 (at a wavelength of 780 nm as used in all
experiments). By definition, scattering efficiency is the ratio
between scattering cross section and geometric cross
section.””®* The calculations were carried out based on the
MATLAB code by Mitzler.®' Figure 2a shows large
fluctuations of the BSC efficiency with close maxima and
minima. In certain ranges of particle diameters (2—6 and 2—12
um), the BSC efficiency of particles with larger refractive
indices (1.54, 1.58, and 1.64) is several orders of magnitude
higher than for low-refractive-index (1.45) particles. This
difference between the BSC efficiencies of particles with high
and low refractive indices is significantly larger compared to
the difference of scattering efficiencies for particle diameters
higher than 1 um (Figure S2a). This feature of BSC is
attributed to the higher sensitivity of BSC light intensity to the
internal structure of the particles.

The effect of the scattering angle was investigated by
calculating the scattering amplitude at different angles. Figure
2b shows the calculated plot for particles with refractive indices
of 1.45 and 1.58 (at 780 nm) and S pm diameter
corresponding to the model particles of silica and PS (see
Figures S2b,c and S3 for 2, S, and 10 um diameters). The
fluctuation of the scattering amplitude is stronger at higher
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Figure 2. (a) Calculated Mie scattering efficiencies for backscattering
light versus particle diameter for materials with different refractive
indices of n = 1.45, 1.54, 1.58, and 1.64. (b) Calculated scattering
amplitude in different angles for PS (n = 1.58) and silica (n = 1.45)
particles with a 5 ym diameter.

angles representing the BSC range. Considering the fabrication
constraints, the angles of scattering detection were chosen so
that the scattering signal of particles with different refractive
indices was the most different. The procedure is explained in
detail in the SL

Model Samples. To investigate the performance of the
method, the two model particle systems of silica and PS (as a
primary type of microplastic particles)® were tested in
different particle diameters. Figure 3 shows the voltage-
equivalent scattering signal of BSC, FSC, and SSC vs recording
time and the combined scatter plots of SSC—BSC, ESC—BSC,
and SSC—FSC for PS and silica samples of 10 ym nominal
size. For comparison, the analogous plots for particles of 5 and
2 pm nominal size are shown in the Supporting Information
(Figures S4 and SS). The recorded scattering signals (Figure
3a,b) consist of a large number of individual peaks that are
associated with the scattering from single particles. The level of
scattering for fixed experimental parameters (wavelength and
power of laser light, flow rate of both sample and side flows,
and level of signal amplification factor in detectors) depends
on the size and refractive index of the particle.'”"> Thereby,
the smaller particles show substantially lower scattering signal
values that nevertheless are clearly distinct from the back-
ground noise. A few scattering peaks with a significantly higher
intensity compared to the normal scattering signals may be
attributed to the presence of agglomerated particles, different
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@ PS (©) compared to the SSC and BSC, leading to signals of about
St 1k 100X lower voltage than expected.
g [ S ok PS__. - The difference in the amplitude of the measured scatter
A o ﬁ signal between PS and silica particles becomes particularly
R @ -1 visible in two-parameter scatter plots. Figure 3c—e shows the
%l b @56 TSilica scatter plots and location of the 10 pm-sized PS and silica
2 samples based on the distribution of scattering signal values
(g R TINE T TR NS S TRTITH T Ry log[(SSC)‘ T (clouds). Each point in the scatter plots corresponds to the
S (d) scattering signal intensities from a single particle. In
QIr _ 3 b comparison to the FSC and SSC signal intensities, the BSC
« ﬁ iy | J ‘ > 0k i signal amplitude of PS particles is substantially higher than that
0 o ¥ o for silica. Hence, PS and silica samples are more easily
®), Silica a 1 distinguishable in plots with the contribution of BSC (FSC—
> Pl Silica BSC and SSC—BSC) compared to the SSC—FSC. Similar
2 ‘ ‘ 1 L results are obtained for smaller particle diameters of 5 and 2
A e L, - 3 log (FSC) (V) um for both PS and silica (Figures S4 and SS). Under a similar
> © e measurement condition, while the BSC signal of the PS sample
St - Silica is always higher than that for silica, the FSC and SSC behave
Z “ J ‘ Jl |H | I Z 0k differently. In the samples with a 10 ym particle diameter, both
0 L et g 4 E the FSC and SSC signal amplitudes of silica are higher than PS.
Z SO PS In the samples with a S um particle diameter, the FSC signal of
St a2k PS and silica are relatively similar, while the SSC signal
» ok ‘ J | “ . ; F T amplitude of PS is significantly higher than that for silica. In
0 1 s 3 4 5 -3 2 -l 0 1 2 the samples of 2 yum particle diameter, both the FSC and SSC

time (s) log (SSC) (V)

Figure 3. Voltage-equivalent scattering signal of BSC, FSC, and SSC
versus recording time for (a) PS and (b) silica microspheres of 10 ym
nominal diameter. The corresponding (c) SSC—BSC, (d) FSC—BSC,
and (e) SSC—FSC scatter plots of the measured particle in
logarithmic scale.

positions of particles across the channel depth, and the
quantity of the collected signal by the OF, which can be
influenced by the intensity pattern of the scatter signal around
the particle at different angles.

Considering each particle size category of 10, S, and 2 ym
(Figures 3, S4, and S5), the BSC signal value of the PS is
higher than that for silica particles. These results are in
accordance with scattering efficiency calculations (Figure 2).
As the refractive index of PS (n = 1.58) is higher than the one
of silica (n = 1.45), the BSC efficiency and, consequently, the
BSC light intensity are higher for the PS than for silica. To
investigate the accordance between measured values and the
calculations according to the Mie theory, the BSC, SSC, and
FSC scattering intensity was plotted versus particle diameter
for both PS and silica particles (Figure S3). While the absolute
values cannot be correlated as the measured values are given in
V and are detector-dependent, the results show that the
measured values follow the general trend of the Mie calculation
for BSC, SSC, and FESC. It is important to note that the
calculated value is the integral of the calculated scattering
intensity (Figure S2) around measurement angles of 15, 60,
and 135° with an interval of about +6° because the optical
fibers collect the scattering signal in this angular range
(numerical aperture of 0.1). Some deviations, in particular in
the SSC and BSC signal trends of the silica particles, are
attributed to the experimental conditions and the signal
detection. Several factors such as lower signal-to-noise ratio
(SNR) of the smaller particles, tolerance of particle size, transit
of particles in different channel heights in the exposure zone,
and tolerance of the optical elements are not taken into
account for the calculation. In addition, a different type of
photodetector was used for the detection of the FSC signal

signal amplitudes of PS are significantly higher than for silica.
Therefore, for the investigated particle diameters of 2, 5, and
10 um, BSC demonstrates a better foundation for the
discrimination of particles with a large difference in the
refractive index, such as PS (n = 1.58) and silica (n = 1.45).

As a statistical analysis, the coefficient of variation (CV),
which is defined as the standard deviation divided by the mean
of the measured scatter signal amplitude, was calculated by
approximating a Gaussian distribution of the scatter data
(Table S1). In general, the calculated CVs for FSC are lower
than those for the SSC and BSC scatter data. Considering the
tolerance of particle diameter, this can be attributed to the
larger fluctuation of scattering efficiency of BSC and SSC
compared to the FSC signal (Figure 2). The samples with a
larger particle diameter show lower CV values compared to the
smaller ones, which can be attributed to the higher SNR
(Table S2). In addition, the CV values for BSC (S and 2 ym)
and SSC (2 pm) of the silica particles are significantly larger
than the other data because of the low SNR. The calculated
CV values of the scattering measurements are comparable to
the results obtained with other on-chip cytometers,”*~*® and
the scatter plots (Figures 3c—e, S4c, and SSc) show a reliable
separation of the cloud regions for each particle size. However,
several strategies such as using three-dimensional (3D)
hydrodynamic focusing, as recently demonstrated in a
nanoparticle precipitation device,’” and beam modifications
will need to be implemented to further improve the CV
values.’>%®

In contrast to these model samples, samples from industrial
products or from environmental monitoring may contain
particles of different sizes. Therefore, the mixed model samples
were designed to simulate the conditions of real samples.
Figure 4a,b shows the FSC—BSC scatter plots of mixed PS and
mixed silica samples (Mix-1) containing particles with different
diameters. The scatter plots of SSC—BSC and SSC—FSC are
demonstrated in the Supporting Information (Figure S6a,b).
As discussed above, the scatter plots of the measurements of
single-size particle samples showed that the scattering signal
distribution for each particle size occupies a particular region in
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Figure 4. FSC—BSC scatter plots of (a) mixed PS and (b) mixed
silica particle samples (Mix-1) in logarithmic scale. Scatter plots of
mixed PS-silica samples (Mix-2) in (c) linear and (d) logarithmic
scales.

the scatter plot. The scatter plots of the mixed samples of PS
and silica each show three separate clouds that are correlated
with the signals of particles with the three different diameters
of 10, 5, and 2 pm. Accordingly, the results clearly prove the
discrimination of particles with different sizes in both the PS
and silica samples. In general, as the particle size decreases, the
scattering intensity decreases and the scatter distribution
moves from the top-right to the bottom-left of the scatter plots.

Many natural samples contain particles of different materials.
Therefore, a mixture of PS and silica particles (Mix-2) with
different sizes of 10, 5, and 2 ym was prepared to mimic such
samples. Figures 4c,d and S6c,d show the scatter plot of Mix-2
in both logarithm and linear-scale representation. The FSC—
BSC and SSC—BSC (Figure S6c,d) scatter plots allow a clear
differentiation between the PS and silica samples, while in the
SSC—FSC plot (Figure S6c,d), the difference is not
distinguishable. This becomes clearer in the linear-scale scatter
plot (Figure 4c) that shows a vertical and a horizontal arm-
shaped scattering value distribution that are clearly distinct and
can be assigned to the PS and silica samples, respectively. The
scatter signal regions of the PS and silica particles in the FSC—
BSC scatter plot is separated more clearly compared to the
SSC—BSC and SSC—FSC plots (Figure S6c,d) because FSC is
more sensitive to the particle size, while BSC is determined by
both size and particularly the internal structure (refractive
index) of the particle. The SSC signal has similar character-
istics to BSC but is less sensitive to the internal structure.
Accordingly, BSC and FSC share fewer common features and
the FSC—BSC plots can better represent the material
differences.

Toothpaste. As a more realistic particle sample with a high
refractive index, dicalcium phosphate particles (n = 1.58—
1.64)%° in a commercial brand toothpaste were tested. Figure
S7 shows the result of SEM and EDS analyses, proving that
dicalcium phosphate particles of different morphologies and
sizes were present in the sample. Figure S8 presents the scatter
plots (linear scale) and their relative kernel density plots (in
logarithmic scale) of the optofluidic measurement. The FSC—
BSC plot shows a vertical arm-shaped scattering signal
distribution with partially relatively high BSC signal values

the analysis of a commercial peeling gel sample by the
optofluidic chip setup was performed. Peeling gels are facial
exfoliating products, containing particles and scrubbing
ingredients that make the skin smoother by removing dead
cells.”” The particulate ingredients are composed of natural
and synthetic compounds in the size range of hundreds to tens
of microns.”' One of the most critical ingredients of facial
exfoliators are such micron-size plastic particles (micro-
plastics), which are considered a potential health threat to
living organisms and humans. The microplastics can enter the
food chain through different sources and procedures. It has
been shown that facial exfoliators are primary sources of
microplastics released into effluents through washing the face
after usage, which can end up in the marine environment.””
Microplastics with a size of less than 100 ym can be taken up
by planktonic organisms and transferred to the human body
through the food chain.””’*’* In addition, the uptake of the
microplastics by living cells leads to toxic effects on cell
functionality.”>~"”

A commercial brand peeling gel product was purchased and
diluted for the measurement. To investigate the morphology,
size, and composition of the peeling gel particles, SEM and
EDS analyses were performed (Figures Sa—e and S9).
Different types of particles with different sizes and
morphologies are proven by the analysis, including silica-
based particles and micron-sized organic particles, which are
assumed to be microplastics. The microplastic particles have
different morphologies including spherical and rodlike shapes,
with a particle size in the range of 5—500 pm.

The optical scattering measurement is carried out on an
aqueous dispersion of the peeling gel sample. Figures 5f,g and
S10 show the scatter and Kernel density plots of measured
particles. Both the FSC—BSC and the SSC—BSC scatter plots
(Figure S10) show two arm-shaped scattering signal
distributions, which analogously to the previously investigated
model samples can be attributed to the presence of particles
with high and low refractive indices, based on the calculation of
the BSC efficiency (Figure 2).

The microplastic particles as abrasive scrubs in peeling gels
are majorly composed of polyethylene, which has a refractive
index of n = 1.54.%7” Based on the morphological features
from the SEM images, the peeling gel could contain both
synthetic (microspheres) and natural (random morphology
with porous structure) silica microparticles. Similar to the
model samples, the synthetic silica has a refractive index of n =
1.45. The refractive index of natural silica is basically n = 1.54;
however, the porous structure of the silica particles in the
peeling gel could yield a lower refractive index based on the
effective optical properties approximation of porous materi-
als.”*~*" Thus, the substitution of a portion of silica (porosity
content) with a material of lower refractive index yields an
overall lower refractive index. For example, porous silica with
20% porosity that is filled by water (large pores) or air (small
pores) under specific conditions results in a calculated
refractive index of n = 1.50 and 1.45, respectively. Thereby,
higher porosity results in a lower refractive index. It is however
important to note that small differences in the refractive index
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Figure 5. SEM and EDS results of (a—c) silica-based particles and
(d—e) microplastic particles in peeling gel samples. FSC—BSC (f)
scatter plot and (g) Kernel density plot in logarithmic scale (the red-
marked peak of C in the EDS plot (b) is attributed to the carbon tape
sample holder; a glass sample holder was used for (e)).

can result in a large difference in the BSC signal, as is
demonstrated in Figure 2b, and a nonuniform refractive index
distribution within the particle as well as other factors such as
particle and pore sizes and the choice of mixing rule can thus
lead to large deviations.®' However, considering the size of the
natural silica particles (>5 ym) and the range of the calculated
refractive index of porous silica particles, the FSC—BSC plot of
Figure 5f can be explained. Accordingly, the regions of high
and low BSC signal values in the FSC—BSC and SSC—BSC
scatter plots could be justified by the presence of high-
refractive-index microplastic and lower-refractive-index syn-
thetic and natural porous silica particles. The SSC—FSC plot
does not show a comparable separation of the data into regions
that would allow discrimination of the particle type. Therefore,
similarly to our previous discussion, the scatter plot combining
FSC and BSC is identified as the best scattering signal
representation for the evaluation of particle type.

B CONCLUSIONS

An optofluidic chip was designed and realized for the detection
and differentiation of single particles, implementing a back-
scattering-based measurement technique. Calculated Mie
scattering efficiencies showed a substantial difference between
the BSC efficiency values of particles with high and low
refractive indices. The backscattering detection angle was
implemented according to the calculated correlation of
scattering amplitude against angle, while fabrication constraints
needed to be taken into account. The combination of our BSC

technique, as a material-sensitive parameter, with standard FSC
and SSC introduced a new multiparametric single-particle
discrimination tool for particle discrimination based on
differences in refractive index.

The measurement of model samples of PS and silica
microspheres with nominal diameters of 10, S, and 2 pm
allowed a clear differentiation of PS and silica particles in the
FSC—BSC and SSC—BSC plots because of the higher
refractive index of the PS particles, while the standard SSC—
FSC plot hardly allows a distinction of the measured particles
into different material types.

Subsequently, we presented the analysis of samples of a
commercial toothpaste and peeling gel. The morphology and
composition of the particles in these “real-life” samples were
analyzed via SEM and EDS measurements. The toothpaste
sample (containing high-refractive-index dicalcium phosphate
particles) showed high BSC signal values in the FSC—BSC
scatter plot. Analysis of the peeling gel product revealed a
distinguished two arm-scattering signal distribution in the
FSC—BSC scatter plot, which could be separately attributed to
the microplastic and silica particles present in the sample,
respectively.

The optofluidic chip-based method presented here holds
promise for an accurate evaluation of diverse particle samples
with different refractive indices in liquid dispersion and could
be further improved in the future by implementing polarized
light in exposure and detection, illumination of multi-
wavelength light, and using 3D flow focusing. In comparison
to classical flow cytometers that only measure FSC and SSC,
our BSC-based multiangle scattering measurement chip allows
differentiation of particles at significantly higher resolution.
The method can thus open the way for single-particle
detection in environmental studies and water resource
research, the cosmetics and pharmaceutical industries, and
enables a flexible and mobile analysis to investigate synthetic
and natural particles.
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