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Detection and size estimation of combustion-derived carbonaceous particles (CDCPs) are important to
understand their toxicity. Size determination of individual nano- and microparticles (NMPs) based on
scattered light is a straightforward method. However, detection and sizing of CDCPs in biological
samples based on scattering alone are not possible due to the compositional heterogeneity of NMPs
present in biological samples. Label-free identification of CDCPs based on unique white light (WL)
emission, using femtosecond (fs) pulsed near-infrared (NIR) lasers, has emerged as a reliable method
even in complex biological samples. However, size estimation of CDCPs in biological samples using
label-free techniques is still lacking. Here we report the development of a dual-channel multiphoton
flow cytometry (DCMPFC) setup for label-free identification and size-determination of CDCPs in
suspensions. Scattering intensity calibration with reference polystyrene (PS) nanoparticles (NPs) and Mie

Theory allow us to determine the sizes of CDCPs in aqueous suspensions. Further, the relationship
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Accepted 17th June 2022 between particle sizes and WL emission intensity was determined, and the sizes of CDCPs in urine

samples could also be estimated. This approach is believed to open new opportunities for the
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Introduction

Combustion-derived carbonaceous particles (CDCPs) are
omnipresent in the ambient environment,' and they have
various origins, with the main anthropogenic source being the
incomplete combustion of fossil fuels and biomass burning.*?
Their plentiful presence in the ambient atmosphere entails
a large likelihood of their inhalation and subsequent trans-
location throughout the whole body.* The inhalation and
translocation are highly size-dependent with smaller CDCPs
having been reported to be more dangerous as they can migrate
more readily to different organs.>” As a consequence of
increasing human exposure to CDCPs, monitoring the
concentrations and sizes of CDCPs in different biological
samples is essential for understanding their toxicological
effects.

Different analytical approaches are used for the quantifica-
tion and sizing of CDCPs in gaseous samples including laser-
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biopsies. This is an important step in determining the CDCP exposure of individual persons.

induced incandescence (LII), time-resolved LII, and the wide-
angle light scattering technique.®'* In addition, microscopy
techniques such as transmission electron microscopy (TEM),
scanning electron microscopy (SEM), and atomic force
microscopy (AFM) are reliable methods for the size estimation
of nanoparticles (NPs) in solid samples, but the obtained
images may not be representative of the whole sample as a very
small fraction of dried particles is observed.'*> Furthermore,
dynamic light scattering (DLS) and nanoparticle tracking anal-
ysis (NTA) are used for sizing NPs in suspensions based on light
scattering and CDCPs’ Brownian motion.**'* DLS and NTA are
promising techniques for the size estimation of NPs in
suspensions; however, these techniques cannot differentiate
NPs in complex samples containing multiple types of scattering
NP; further, a certain bias towards either higher or lower sizes
exists depending on the polydispersity of the sample.*>'® Scat-
tering properties of nanomaterials have also been used for other
applications.'*® Flow cytometry, using hydrodynamic focusing
in a sheathed flow, is a widely used technique for high
throughput and multiparameter analysis of nano-sized parti-
cles.”>* Flow cytometry can provide information about the
particle size, morphology, and biochemical attributes based on
the scattered and fluorescence light from the particles passing
through the laser focus.”” However, commercial flow cytometers
have difficulties in measuring very small particles (<0.2 pm) and
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often rely on specific fluorescence labelling for particle
identification.

Clearly, there is a need for the development of novel label-
free analytical tools for the detection, quantification, and size
estimation of CDCPs in complex media. Recently, we have
reported that CDCPs can be detected in biological samples
based on their unique white light (WL) emission under illu-
mination with femtosecond (fs) pulsed near-infrared (NIR)
lasers.?*** In this work, we present the development of a dual-
channel multiphoton flow cytometry (DCMPFC) setup, which
combines light scattering with the unique WL emission from
individual CDCPs passing through the focal spot of a fs-pulsed
NIR laser for their label-free detection, quantification, and size
estimation in a sheathed flow. The unique WL emission acts as
a specific marker indicating the presence of CDCPs, whereas
scattering detection can be used for their size estimation.
Furthermore, a decreased background signal could be ach-
ieved through a very small probe volume and multiphoton
excitation process resulting in the highly sensitive detection of
individual CDCPs.”>** In addition, using single-photon
counting avalanche photodiodes (APDs) with excellent photon
detection efficiency and limited aperture size (180 pm) further
reduces the background enabling the highly sensitive detec-
tion of very small particles. The calibration of the setup was
carried out using commercially available fluorescent poly-
styrene (fluo-PS) NPs. An experimental protocol was developed
to study the aqueous suspensions prepared with 4 different
types of commercially available CDCP. After calibrating the
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scattering signal of reference PS NP suspensions, the sizes of
the unknown CDCPs could be determined using the Mie
theory.”” Using this information, the dependence of WL
emission intensity on the sizes of the CDCPs was estimated. To
the best of our knowledge, this is the first report of the
development of a multiphoton flow cytometry setup using two
different channels for anti-Stokes and side-scatter detection.
We believe that this system can find applications not only for
the analysis of CDCPs but also other types of NP, as particle
identification and sizing can be done using anti-Stokes and
scattered light under fs-pulsed NIR laser illumination. Note
that anti-Stokes emission can originate from multiple
processes, e.g., multi-photon excited fluorescence.*®

Results and discussion

DCMPFC performance testing based on anti-Stokes and
scattered light

Our approach of dual-channel detection and size estimation of
CDCPs in sheathed flow is inspired by the strategies of (1)
fluorescence detection of single molecules in flow in combina-
tion with our finding that CDCPs under fs-pulsed NIR laser
illumination emit WL and (2) sizing of macromolecules and
nanoparticles based on scattering detection.>***** Fig. 1a (see
Fig. S11 for detailed schematic illustration) shows the sche-
matic of our in-house built DCMPFC setup. Hydrodynamic
focusing of the sample stream into a very fine diameter (~2.8
um) flow ensures that each particle passes through the center of
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(a) Schematic of the setup design showing the analysis of individual NPs using a fs-pulsed NIR laser at 780 nm, where emitted anti-Stokes

and scattered light from NPs are detected using VISC and NIRC, respectively. (b) Time traces of photon bursts from a mixture of 500 and 800 nm
fluo-PS NPs passing through the laser focus. (c) Scatter plot with distribution histograms of VISC-A and NIRC-A showing separate population of
500 and 800 nm fluo-PS NPs. (d) Time traces of photon bursts from 200 nm fluo-PS NPs for VISC and NIRC seen above the background. (e)
Scatter plot with distribution histograms for VISC-A and NIRC-A showing population of 200 nm fluo-PS NPs.
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the focused laser beam (~6.2 um) generated by a perpendicu-
larly placed 0.55 NA objective lens.

The alignment and calibration of the anti-Stokes (VISC) and
scattering (NIRC) channels as well as the performance testing
were carried out using fluo-PS NPs. These fluo-PS NPs are
internally dyed with Fluoresbrite YG and provide sufficient
fluorescence emission for VISC detection under two-photon
excitation with a fs-pulsed NIR laser at 780 nm (Fig. S27). First,
we measured ultrapure water (filtered with a 0.22 um filter) to
serve as background and estimate any false positive signals due
to scattering impurities (Fig. S31). For ultrapure water, a few
scattering events can be observed during the 100 s experiment
(1 million data points of each 100 us) in the NIRC. These events
are very trivial (<0.5% in number) as compared to the events
from reference fluo-PS NPs, and served as a background for
measurements on NPs. Afterwards, we measured a mixture of
500 and 800 nm fluo-PS NPs as a reference.

Fig. 1b shows the VISC and NIRC time traces of photon
bursts from a mixture of 500 and 800 nm fluo-PS NPs passing
through the laser focus. In the VISC, the two-photon excited
fluorescence from 500 and 800 nm fluo-PS NPs is clearly
different with intensity peaks at around 800 and 2200 counts
per bin, respectively. Also, the scattering intensity from both
fluo-PS NPs is distinctly different with peaks at around 700 and
4000 counts per bin for 500 and 800 nm NPs, respectively. To
avoid detector saturation, note that each bin is 100 us, and the
VISC and NIRC intensities were attenuated with ND filters
(Table S17}). The photon bursts generated by individual particles
passing through the laser focus show a good temporal correla-
tion for VISC and NIRC (Fig. S4at). Fig. 1c shows the scatter plot
with correlated two-photon fluorescence (VISC) and scattering
(NIRC) signals obtained from a mixture of 500 and 800 nm fluo-
PS NPs; the plotted signals are obtained from the full peak burst
area for VISC (VISC-A) and NIRC (NIRC-A) when an individual
particle passes through the laser focus. Two different pop-
ulations can be seen, linked to the two different NP sizes.

Next, similar measurements were performed on 200 nm fluo-
PS NPs, now using a 0.8 OD ND filter in the NIRC channel. In
Fig. 1d, the time traces of the fluorescence and scattering signal
of individual 200 nm fluo-PS NPs passing through the laser focus
can be seen. These signals are clearly above the background level.
The peak heights for the VISC and NIRC reside around 260 and
250 counts per bin, respectively. The photon bursts generated
from 200 nm fluo-PS NPs passing through the laser focus show
a very strong temporal correlation between VISC and NIRC as
about 96% peaks in both channels are time-correlated (Fig. S4b¥).
Fig. 1e shows the scatter plot with distribution histogram of the
VISC-A and NIRC-A for 200 nm fluo-PS NPs. To determine the
reproducibility of our measurements, the 200 nm fluo-PS NPs
were repeatedly (5 times) measured. Based on these measure-
ments, the relative standard deviations (RSDs), as the standard
deviation divided by the mean, of 1.7% and 1.5% were achieved
for the fluorescence and scattering detection, respectively, and for
the number of fluo-PS NPs detected, the RSD is 4.3%. The signal-
to-noise ratio (S/N), i.e., the average signal of approx. 2200 fluo-PS
NPs (200 nm) divided by the standard deviation of the back-
ground, is 108 and 51 for the VISC and NIRC, respectively.
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Note that we refer to peak burst height for a visual distinc-
tion of different NPs in time traces, whereas the peak burst area
is used for the scatter plot, histogram generation, and further
quantitative data analysis as this value captures the total signal
for each NP.

Dual-channel detection of CDCPs based on WL emission and
scattered light

The label-free detection of CDCPs in complex samples can be
performed based on unique WL emission under illumination
with a fs-pulsed NIR laser using a multiphoton microscope.
However, it is very time consuming to carry out the quantifica-
tion and very challenging to perform the size determination of
CDCPs in suspensions using a microscopy approach. Therefore,
the DCMPFC setup employing single-particle analysis based on
unique WL emission and concurrent scattering detection can
provide an efficient solution. We have employed 4 different
commercially available CDCPs with different sizes, according to
their specifications, to test the abilities of the setup for their
selective detection and size determination in aqueous suspen-
sions using biologically relevant concentrations (20 pg
mL~").32% Before measuring using the DCMPFC setup, the non-
incandescence related WL emission of the CDCP suspensions
under illumination with a fs-pulsed NIR laser at 780 nm was
double-checked (Fig. S27). This emission spectrum shows that
the unique WL emitted by CDCPs covers the whole visible
spectrum and hence can be detected in the VISC. Fig. 2a shows
a schematic diagram of different steps for sample preparation
to perform measurements using the DCMPFC setup. To mini-
mize aggregation, the time between sample preparation and
measurement was kept as short as possible (<2 min). Fig. 2b, c,
and S5a, b} show the emission and scattering from the 4
different CDCP suspensions as detected by the VISC and NIRC
for (ufP90, fCB) and (ufPL, CCB), respectively. Time-correlated
intensity peaks can be observed from the WL emission (VISC)
and scattered light (NIRC) from the CDCPs in the case of all 4
different samples. In contrast to the rather uniform signal
intensities recorded for monodisperse fluo-PS NPs, the signals
of the CDCP suspensions show a varying intensity distribution
which can be linked to the inherent size polydispersity of
CDCPs. Further, ufP90 and ufPL have a larger fraction of low-
intensity scattering and/or WL events compared to fCB and
CCB. This is due to the ultrafine sizes of CDCPs in the case of
ufP90 and ufPL. Fig. S71 shows a significant temporal correla-
tion between VISC and NIRC for all 4 different CDCPs measured
from the cross-correlation of VISC and NIRC. Based on the
cross-correlation, about 80% of the peaks in the VISC and NIRC
are time-correlated for ufP90 and ufPL, whereas about 50% and
40% peaks are time-correlated for f{CB and CCB respectively.
Fig. 2d and e show the scatter plots and the distribution
histograms for VISC-A and NIRC-A for ufP90 and fCB, respec-
tively. From the distribution histograms for VISC-A and NIRC-A,
more events can be observed at higher counts in the case of fCB,
which is due to the larger sizes of fCB particles (from manu-
facturer's data), as compared to ufP90 particles. Based on dual-
channel detection, we could also quantify the number of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Schematic of different steps used in the preparation of CDCP suspensions for measurements using the DCMPFC setup. The time

between NP suspension preparation and the measurements is kept as short as possible to avoid aggregation. (b) Time traces of photon bursts
from ufP90 NPs passing though the laser focus. (c) Time traces of photon bursts from fCB NPs passing through the laser focus. (d) Scatter plot
with distribution histogram for VISC-A and NIRC-A of ufP90 showing the distribution of the population of ufP90. (e) Scatter plot with distribution
histogram for VISC-A and NIRC-A of fCB showing the distribution of the population of fCB.

particles detected per ml for fCB, CCB, ufP90, and ufPL in
aqueous suspensions (Fig. S87).

Size determination of CDCPs and relationship between CDCP
size and WL emission intensity

Due to the inherent size polydispersity of CDCPs resulting in
varying intensity distribution in the VISC and NIRC, it is not
possible to plot a calibration curve linking the emitted and/or
scattered light intensity to the CDCP size for the reference
samples. Therefore, an alternative approach is used to calculate
the size of each CDCP from the light scattered when the particle
is passing through the laser focus. By taking into account the
optical configuration of our setup, Mie theory can be applied to
calculate the CDCP particle sizes based on a calibration curve
obtained for the reference PS NPs and taking the difference in
the refractive index (RI) into consideration; the RI values (at 780
nm) used for PS and carbon are 1.579 + 0{ and 1.950 + 0.8i
respectively.®*¢

Fig. 3a shows the scattering intensity distribution histo-
grams for NIRC-A obtained from 200 nm to 800 nm PS NPs; the
average measured scattering intensity for each size is summa-
rized in Fig. 3b. These experimental data were then fitted using
the Mie theory (further details in the ESI{) to link the experi-
mental scattering intensity to the calculated scattering cross-
section g using;*”

sin dod® (1)

s (e | S, 12 sin? @ + | S,|? cos? @
gy — kz

Prmin

Ormin

© 2022 The Author(s). Published by the Royal Society of Chemistry

where @ is the azimuthal angle with integration boundaries
®nin and Py, 0 is the polar angle with integration boundaries
Omin and Onax, S1 and S, are the amplitude scattering matrix

T

2 .
elements and k = is the wavenumber.

Fig. 3b shows the relationship between the sizes of the PS
NPs and the measured scattering intensity, and the calculated
scattering cross-section. The experimental scattering intensity
from PS NPs is higher as compared to the calculated scattering
cross-section. Hence, a setup characteristic scaling factor
relating the measured scattering intensity to the calculated
scattering cross-section can be determined using eqn (S5t) to
obtain the calculated scattering intensity. Fig. 3c shows the
measured scattering intensity and the scattering intensity
calculated after applying the setup characteristic scaling factor
(2.4) to the scattering cross-section for PS NPs. The same setup
characteristic scaling factor is then applied to the scattering
cross-section for the CDCPs of different sizes to obtain the
relevant scattering intensities (Fig. 3d). The scattering intensity
of CDCPs is higher than that of the PS NPs up to around 400 nm;
thereafter, a small decrease in the scattering signal can be
observed up to sizes of 600 nm. For sizes above 400 nm, the
scattering intensity from CDCPs is lower than the scattering
intensity from PS NPs, which is due to higher light absorption
by CDCPs at longer wavelengths.’” Based on the calculated
scattering intensity and the particle sizes for CDCPs (from
Fig. 3d), we could estimate the sizes of the CDCPs measured in
a sheathed flow using our setup. Fig. 3e shows the scatter plot
and distribution histograms for VISC-A and the particle

Nanoscale Adv., 2022, 4, 3272-3281 | 3275
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(a) Histogram of NIRC-A of PS NPs from 200 to 800 nm sizes used as a reference. (b) Measured scattering intensity (NIRC-A) plotted as

a function of particle diameter. The mixture of 300, 400, and 600 nm PS NPs was measured separately. Comparison of the measured scattering
intensity (from NIRC-A) and calculated scattering cross-section for different sizes of the reference PS NPs to determine the scaling factor. (c)
Calculated scattering intensity is determined from the scattering cross-section using the scaling factor. The scaling factor is determined based on
the median of the NIRC-A values obtained from 200 to 800 nm PS NPs. (d) Relevant scattering intensity for CDCPs (ufP90) obtained from the
scattering cross-section. The calculation for the ND filter (OD 1.8) used for NIRC in the case of measurements on CDCPs was adjusted. (e) The
particle diameter (of an approximated spherical particle) determined based on the calculation of the NIRC-A (counts per bin) from the scattering
cross-section. It shows that the majority of CDCPs are around 200 to 330 nm in size. Particles with scattering intensity counts above 10 are not

included in this graph.

diameters estimated from the measured scattered intensities of
NIRC-A for ufP90. Most of the particles are in the size range of
about 200 nm (for ufP90) in aqueous suspension, which also
corresponds to the hydrodynamic diameters measured using
DLS (Table S21) and NTA (Fig. S97), and the sizes determined
using SEM (Fig. S107). The NTA data show that more than 90%
of the particles are below 400 nm for all 4 different types of
CDCP tested in this work. The sizes of all CDCPs determined
using DLS are also below 400 nm except for CCB which is
around 450 nm. This is because DLS is often biased towards
larger particles as compared to NTA for polydisperse
samples.*>?®

After size estimation of CDCPs based on the scattered light,
the dependence of WL emission intensity on the sizes of CDCPs
was determined (Fig. 4). For small particles from 140 nm to 900
nm, a linear relationship between CDCP size and WL emission
intensity is observed. When the CDCP size increases above 1
um, the relationship between CDCP size and WL emission

3276 | Nanoscale Adv., 2022, 4, 3272-3281

intensity becomes non-linear (Fig. S11f). As CDCP sizes in
biological samples are mostly within the small particle range,
the linear relationship between CDCP size and WL emission
intensity is more relevant for this study.*

Applications in CDCP detection and size estimation in urine
samples

The detection, quantification, and size estimation of CDCPs in
urine samples can provide useful information about the expo-
sure to CDCPs at the level of individual persons and their toxi-
cological effects. Urine is a complicated medium containing
multiple biological species, which might contribute to scattering,
making detection and characterization of CDCPs in urine
samples very challenging.***> We performed measurements in
urine samples spiked with CDCPs and unspiked urine samples.
The urine samples were treated by the addition of Tween 20 to
lyse cells and solubilize proteins and lipids in urine to minimize
the background scattering.** Afterwards, the urine samples were

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Measurements in the urine sample spiked with fCB and the unspiked urine sample. (a) Time traces from photon bursts in VISC and NIRC
from the spiked urine sample. (b) Time traces of intensity peaks from the particles in the unspiked urine sample. (c) Dual-channel size deter-
mination of CDCPs detected in the spiked urine sample and unspiked urine sample.

vortexed and sonicated before measurements using our setup.
Fig. 5a shows the intensity peaks in the VISC and NIRC from the
urine samples spiked with 2 ug mL™' fCB. More events are
observed in the NIRC as compared to VISC. This indicates the
presence of non-CDCP scattering species in the spiked urine
samples, even after the addition of Tween 20, leading to intensity
peaks in NIRC. However, about 50% of the NIRC peaks are
correlated with VISC (see cross-correlation Fig. S137). For the
original urine samples, fewer events are detected, and about 15%
of the NIRC events are correlated with VISC (Fig. 5b and S137).
Within the shown time trace of 15 s, 1 peak in the VISC was
observed that also correlated with a peak in the NIRC; further, no
VISC peaks are visible; however, 6 additional scattering peaks in
the NIRC are visible, indicating the presence of other scattering
particles in urine. As peaks from photon bursts in the VISC are
only expected based on WL emission when a CDCP passes
through the laser focus, this indicates the presence of CDCPs in
urine samples of healthy individuals.** Fig. 5c shows the size
estimation of particles detected in spiked urine samples and
unspiked urine samples. The particle sizes determined for fCB in
the spiked urine sample are within the same range as observed
for fCB in MQj; about 65% of particles for fCB are 160 nm to 500
nm, whereas, larger sizes are also observed due to aggregation in

© 2022 The Author(s). Published by the Royal Society of Chemistry

urine. We could detect 11 particles with correlated signals in
both channels in the unspiked urine within 3 min measurement
time, and the sizes of the 10 detected particles range from 200 to
500 nm and that of 1 detected particle is about 900 nm. The
detected particle sizes in urine samples are within the linear
relationship range for CDCP sizes versus WL emission intensity
that we determined earlier. Using a sample flow rate of 10 nl
min~ ", the average number of particles counted per ml (standard
deviation) in the unspiked urine sample is 2.8 x 10° (1.25 x 10%)
(n = 3).** The renal clearance of NPs has mostly been reported for
sizes smaller than 10 nm in healthy individuals;***® therefore,
detection of larger sizes using our technique indicate the
agglomeration of CDCPs in the urine samples after renal clear-
ance. We have tried to avoid potential external contamination of
urine samples with CDCPs as much as possible from sample
preparation to the measurements by using sterile vials and
carrying out sample preparation in a laminar flow cabinet with
air filtration.

Conclusions

In conclusion, our work demonstrates for the first time that WL
emission and scattering from CDCPs under illumination with

Nanoscale Adv., 2022, 4, 3272-3281 | 3277
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a fs-pulsed NIR laser in combination with hydrodynamic
focusing (using sheathed fluid) provides a practical approach
for the label-free analysis of individual CDCPs. The setup was
designed with two different channels to detect anti-Stokes and
scattered light from the particles when illuminated using a fs-
pulsed NIR laser at 780 nm. The background was reduced by
focusing the sample stream to a very small diameter and using
single-photon counting APDs with high photon detection effi-
ciency. Reference PS NPs of different sizes were successfully
detected and differentiated based on dual-channel detection
using our setup. The dual-channel detection approach was then
applied to the detection and quantification of CDCPs of
different sizes in aqueous suspensions. By using Mie theory and
reference PS NPs, we estimated the sizes of CDCPs in aqueous
suspensions and determined the relationship between particle
sizes and WL emission intensity. This approach was further
applied to the detection, quantification, and size determination
of CDCPs in urine samples. We believe that this setup could not
only provide a unique solution to understand the toxicity of
CDCPs in humans but also for quantification and size deter-
mination of various NMPs in for other
applications.

suspensions

Experimental section
DCMPFC setup

The DCMPFC system is designed to detect anti-Stokes and near-
infrared scattered light simultaneously using a visible light
channel (VISC) and near-infrared channel (NIRC), respectively
(schematic of the setup in Fig. S1t). An ultrafast fiber laser
(FemtoFErb 780, Toptica Photonics - Germany) with a central
wavelength of 780 nm (<100 fs, 100 MHz) is used as an excita-
tion source. A laser beam of 0.65 mm with an average laser
power ~35 mW at the objective was focused to a spot diameter
of 6.2 um (1/¢”) unless otherwise stated. The incoming laser
light and the anti-Stokes light from the CDCPs are collected by
the same objective (G Plan Apo 50x, Mitutoyo - Japan). After
collection by the objective, the anti-Stokes light is passed
through a dichroic beam-splitter (FF750-SDi02, Semrock, Inc.
USA) and filtered using a short-pass filter (ET750sp, Chroma -
USA). Afterwards, the light was collected using an aspheric lens
connected with a fiber coupler (PAF2P-18A - FiberPort, Thorlabs
- Germany). The light is then guided through a multimode
optical fiber (FG105LCA, Thorlabs - Germany) and detected by
a single photon counting module with dark counts <1500 cps
(SPCM-AQRH-10-FC-ND, Excelitas Technologies, Canada). The
light scattered by the particles was collected with a 50x objec-
tive (LMPLFLN 50x objective, Olympus, Japan) at 90° to the
incoming laser light and filtered using a bandpass filter (FB780-
10 Thorlabs Inc., USA). Afterwards, the light is collected by an
aspheric lens installed with a fiber coupler (PAF2P-18B -
FiberPort, Thorlabs - Germany) and passed through a multi-
mode optical fiber (FG105LCA, Thorlabs - Germany) before
detection by a single photon counting module with dark counts
<1500 cps (SPCM-AQRH-10-FC-ND, Excelitas Technologies,
Canada). The fibers were shielded against any stray light to
minimize background signals at the APDs. The anti-Stokes and
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scattered light were attenuated using neutral density (ND) filters
to avoid saturation of the detectors (Table S17).

Data acquisition and processing

The signals from both APDs were collected using a data acqui-
sition (DAQ) card (USB-6356, National Instruments — USA). A
program in LabVIEW 2019 (National Instruments, USA) was
written for data acquisition and photon counting using a DAQ
card. The photon bursts from each particle passing through the
laser focus were counted using the peak count feature in the
LabVIEW. The detected photons were continuously counted in
short time intervals (100 ps bin width) with a sampling rate of
10 kHz. The data processing is carried out using MATLAB
((R2020a, MathWorks, USA) as described by Habbersett et al.,
and others.””*® The data were processed using MATLAB to
estimate actual photon count rates based on the dead time
correction for APDs as described in the ESI (Fig. S147). The
peaks from photon bursts were counted above a certain
threshold for the peak height and peak width. The threshold
criteria for the peak height were set at a discriminator level of 3
to 7 standard deviations above the mean of the background
signal. As we used 100 ps bin width as the data integration time,
the criteria for the minimum and maximum peak widths were
set at 100 ps and 400 ps, respectively. The peaks falling within
the threshold criteria were further included in the data analysis.
The burst areas from photon bursts were obtained based on the
peak height and peak width. The background signal was esti-
mated by measuring in blank ultrapure water. All data were
acquired at room temperature. The graphs were plotted using
Origin 2021b (OriginLab Corporation, USA).

Fluidics system

All fluidics connections were purchased from Postnova
Analytics GmbH, Germany, unless otherwise stated.

The sample stream was delivered through a 50 cm long
quartz capillary having a 40 um inner diameter and 240 pm
outer diameter (New Objective, USA) with a tapered tip
inserted inside a square-bored (250 x 250 um?) quartz cuvette
(Type 526 Flow Cytometer Cell, FireflySci, Inc., USA). The
tapered tip of the capillary facilitates the smooth laminar flow
of the sheath fluid.** The sample volume was taken in a 1 mL
plastic syringe (BD, Benelux), and delivered through a syringe
pump (PHD 2000, Harvard Apparatus, USA) at a flow rate of 10
nl min~" unless otherwise stated. The ultrapure water used as
sheath fluid was delivered using a syringe pump (Infusio-
nONE Syringe Pump, Darwin Microfluidics, France) after
filtration with a 0.22 pm (Whatman Anotop, Sigma Aldrich,
Belgium) syringe filter. The flow rate of the sheath fluid was 40
ul min~* unless otherwise stated. Based on the dimensions of
the cuvette and sheath flow rate, the average flow velocity in
the center of the cuvette is calculated to be 21.33 mm s~ '. The
diameter of the sample stream was calculated to be ~2.8 pm
based on the sheath and sample flow rates using a simple
model for hydrodynamic focusing.>® The particle transition
time through the laser focus was calculated to be 288 us based
on the average flow velocity in the center of the cuvette and the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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laser spot diameter. Based on the overlap of the sample
stream area and laser spot size, the calculated detection
volume is approximately 38 femtolitres (fL). Based on Pois-
son's statistics, with a detection volume of 38 fL and
a concentration of ~1 x 10° particles per mL, the probability
for two particles to simultaneously pass through the laser
focus is <0.1%.

Polystyrene NPs and CDCP samples

For the calibration and performance evaluation of dual-channel
detection, we used fluorescent (fluo) PS NPs of 200 nm, 500 nm,
and 800 nm (Polysciences Europe GmbH, Germany). In addi-
tion, PS NPs of 300 nm, 400 nm, and 600 nm (Kisker Biotech,
GmbH Germany) were also used for scattering detection as
a reference. As a reference for CDCPs, we used four different
types of commercially available carbon black (CB) NP which
included ultrafine carbon black nanopowder (ufPL; Plasma-
Chem GmbH, Germany), ultrafine Printex 90 (ufP90; Orion
Engineered Carbons, Germany), conductive carbon black
nanopowder (CCB; US Research Nanomaterials, USA), and
mesoporous carbon nanopowder (fCB; Sigma-Aldrich, Bel-
gium). The mean aerodynamic diameters from the manufac-
turer are 13, 14, 150, and <500 nm for ufPL, ufP90, CCB, and
fCB, respectively.

Sample preparation for DCMPFC

The fluo-PS NPs (200 nm, 500 nm, and 800 nm) for the cali-
bration and performance analysis of dual-channel detection
were used at concentration ~1 x 10° particles per mL. Other PS
NPs (300 nm, 400 nm, and 600 nm) for scattering detection were
used at concentrations 1-5 x 10° particles per mL in ultrapure
water (MilliQ; Merck Millipore, Belgium). The stock suspension
of CDCPs was prepared in ultrapure water with 0.1% Tween 20
at 2 mg mL~" concentration. This stock suspension was stored
at 4 °C in the dark until further use. Before measurements, the
stock suspension was sonicated for 30 minutes at 40 kHz and
then diluted to the desired concentrations of 20 ug mL ™" or 2 ug
mL~'. Afterwards, the diluted suspension is vortexed for 1
minute and sonicated for 30 minutes, and measurements were
performed immediately. For measurements on urine samples,
the urine samples were collected from seemingly healthy
volunteers and stored in conical vials at —18 °C for future use.
For measurements in unspiked and spiked urine samples, 0.1-
0.5% Tween 20 is added in the urine to lyse cells and solubilize
proteins and lipids which can result in unwanted signals at the
scattering channel. Afterwards, the urine sample was sonicated
for 10 minutes at 40 kHz and vortexed for 30 seconds. The
measurements were performed immediately (~2 minutes) after
sample preparation to avoid aggregation of the particles. The
urine samples were spiked with 2 pg mL ™" fCB. All experiments
were performed in accordance with the guidelines laid down in
the EU regulation 2016/679, the Belgian Law on patients’ rights
of 22/08/2002, and the institutional guidelines. The protocol
was approved by the Ethics Committee Research UZ/KU Leuven
(Application#: S63662). Informed consent was obtained from
human participants of this study.
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