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We show that microfluidic Raman Diffusion-Ordered SpectroscopY (Raman-DOSY) can be used to
simultaneously characterize the size and the chemical composition of nanoparticles in solution. In these
experiments, we inject a solution of nanoparticles into one half of a microfluidic channel, and solvent
into the other. After the injection, the nanoparticles diffuse from the solution-filled part into the solvent-
filled part of the channel, at a rate determined by their diffusion coefficient. By analyzing the time-
dependent Raman spectrum in the initially solvent-filled part of the channel, we determine the size (from
the diffusion coefficient) and characterize the chemical composition (from the corresponding Raman

spectra) of the nanoparticles. Within about 1 hour we obtain both the size and chemical-structure
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Introduction

Characterizing the chemical structure and determining the size
of nanoparticles in solution is essential in many industrial and
academic applications, including nanoparticle-based advanced
materials, drugs, and biomedical diagnostics.'® Among the
available techniques to characterize the chemical structure of
nanoparticles, Raman spectroscopy is particularly valued for its
label-free detection capabilities. It can provide chemical
identification,” and does not require any special preparation
or labeling of the sample, making it highly versatile and non-
destructive. Crystals and synthetic polymers often exhibit
distinct and intense Raman signals, allowing for the precise
identification and analysis of nanocrystals’ and
nanoplastics."*™* However, for nanoparticles that are smaller
than the optical-diffraction limit, Raman spectroscopy provides
no information about the particle size.

To add size sensitivity to Raman spectroscopy, we have
recently developed Raman Diffusion-Ordered Spectroscopy
(Raman-DOSY), an analytical method that simultaneously
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measures the Raman spectrum and the diffusion coefficient of
molecules (or particles) in a fluid, using the Stokes-Einstein
relation to determine their sizes. We applied this technique to
cytochrome-c, micelles, and acetonitrile, demonstrating its
capability to characterize both biological and synthetic systems
across a broad range of sizes.* Inspired by NMR-DOSY,">°
Raman-DOSY differs in its practical implementation while
retaining the core concept of diffusion-based size estimation.
Previous studies have explored diffusion mechanisms in poly-
mer blends using confocal Raman microscopy and surface-
enhanced Raman spectroscopy (SERS),
polystyrene/polystyrene bilayer systems.**"**

In Raman-DOSY, the sample solution and the pure solvent
are injected in parallel into a Y-shaped flow cell (Fig. 1A). The
flow is laminar, resulting in a well-defined interface between the
solution- and solvent-filled halves of the channel. The injection
is stopped at ¢t = 0, and subsequently a time series of Raman
spectra is measured at the far edge of the solvent-filled half of
the channel (Raman-laser focus indicated by the green spot in
Fig. 1A). At ¢ = 0, the Raman spectrum shows only the peaks of
the solvent (and of the flow-cell substrate), but as time prog-
resses, the Raman peaks of the diffusing solute molecules or
particles appear with a time dependence that is determined by
their diffusion coefficient. When analyzing a mixture of
molecules/particles with different sizes, the smaller particles
quickly diffuse into the laser spot (¢ = ¢;), whereas the larger
particles have a longer lag phase (¢ = ¢, > ¢;), see Fig. 1B. From
a global analysis of the two-dimensional frequency- and time-

particularly in
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(A) Schematic of a micro Raman DOSY experiment. The microfluidic flow cell has two inlets: one for the solvent and one for the sample

solution. These are pumped into the cell to establish a stable laminar flow. The flow is stopped by stopping the pump, after which a time series of
Raman spectra is measured at the outer edge of the initially solvent-filled part of the channel (indicated by the green laser spot). (B) After stopping
the flow at t = 0, the solute molecules diffuse into the solvent-filled part of the channel and reach the detection location. Larger molecules
diffuse at a slower rate than small ones. (C) Schematic Raman-DOSY plot derived from time-dependent data, displaying the Raman spectra of

two compounds ordered by their diffusion coefficients.

dependent data set, we obtain a two-dimensional DOSY plot,**
which has Raman frequency on the x axis and the diffusion
coefficient (or equivalently, size) on the y-axis (Fig. 1C).

So far, we have applied Raman-DOSY only to small molecules
and micelles, using a comparatively wide (4 mm) channel.**
However, for larger particles diffusion over such a distance
takes prohibitively long: a Raman-DOSY measurement would
require several days for particles of 100 nm size in a channel of
4 mm width. However, the time required for an optical DOSY
experiment scales with the square of the channel width (L*), and
therefore can be reduced by decreasing the channel width.
Here, we go to the extreme limit of this idea by using a micro-
fluidic approach to Raman-DOSY, with a 300 um wide channel
that enables us to determine the size and characterize the
chemical structure of nanoparticles within a reasonable
measurement time: approximately 2 hours for 100-nm particles,
and less than 20 minutes for 20-nm particles in water.

Methods

Experiment

Sample preparation. All standards were obtained from
Thermo Fisher and were part of the 3000 Series Nanosphere™
Size Standards series consisting of polystyrene spheres
dispersed in water with added trace amounts of surfactant and
sodium azide. The diameters of the spheres were calibrated to
NIST standards by Thermo Fisher, resulting in a slight change
in diameter compared to their nominal catalog values. The 20-
nm polystyrene sphere standard had a measured size of 22 +
2 nm diameter and a non-specified size distribution (catalog
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#3020 A). The 50-nm size standard consisted of spheres with
a diameter of 51 + 3 nm and a size distribution of 8.4 nm, std.
dev. of 6.5% CV (catalog #3050 A). The 100-nm standard had
a diameter of 101 + 3 nm with a size distribution of 6.2 nm, std.
dev. of 6.1% CV (catalog #3100 A). All standards initially con-
tained 1% solids. To concentrate them, we placed an aliquot in
a cuvette and incubated it in an oven at 50 °C until the
concentration increased threefold. In all experiments, MilliQ
water was used as the solvent.

Raman-DOSY setup. The custom-built setup to perform
Raman-DOSY comprises of a microfluidic chip with an H-
shaped channel chip (fluidic design 164, ChipShop)
completely made from Topas (cyclic olefin copolymer) with
a channel width of 300 um and depth of 75 pm (Fig. 1A),
a syringe pump (New Era Pump Systems, model 1000) and
a customized connecting interface necessary to perform
Optical-DOSY. In all experiments, the solvent and mixture were
injected using two 100 pl Gastight 1/4-28 UNF glass syringes
(Hamilton) at a flow rate of 2 pl min~" (total flow in the cell 4
ul min~"); the laminar flow is shown in Fig. S1. The Reynolds
number calculated for the cell is Re ~ 0.36, which puts the flow
in the main chamber well within the highly laminar regime (Re
< 1).34

Raman microscopy. Confocal Raman microscopy experi-
ments were performed on a Renishaw inVia microscope system,
equipped with a 63x Leica objective (HC PL FLUOTAR L, NA
0.70). The samples were excited with a 532-nm laser, and the
back-scattered light was analyzed with a 1800 g mm ™" diffrac-
tion grating. The time series were continuously acquired with
an exposure time of 1 second. Measurements of 100-nm
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particles included a pause of either 0.25 or 1 s between
measurements to allow the laser shutter to block the laser to
avoid optical trapping of particles.

Data analysis

The Raman spectral pre-processing and data analysis were
performed in MATLAB R2021b (The MathWorks Inc., Natick).
Pre-processing included correcting spectral offsets by esti-
mating a baseline (1-order polynomial and asymmetric trun-
cated quadratic cost function),* and removing the Raman
peaks associated with the water and flow-cell substrate by
averaging the first three spectra of a time series to create a blank
spectrum and subtracting that from the entire dataset.

Spectral processing and diffusion length determination. To
accurately determine the diffusion coefficient, it is essential to
precisely measure the length over which the particles diffuse to
reach the detection point. To determine this diffusion length,
we performed a line scan over the channel in 5 pm steps
perpendicularly to the flow direction while the solvent and the
mixture were pumped through the channel. The spectral data-
set was pre-processed by truncating the spectra around the
polystyrene peak at 1001 cm ™" (990 to 1013 cm™ ') and correct-
ing baseline offsets as described above.*® The peak area was
derived and mapped relative to the cell coordinates, providing
spatial details regarding the location of the cell and the inter-
face between the sample channel and the water channel.
Additionally, the Savitzky-Golay filter was employed to reduce
the high-frequency noise in the plotted peak area vs. cell coor-
dinates, caused by particles rapidly moving through the focal
volume of the laser (see Fig. S7). The position of the interface
was then determined by fitting the spatial Raman intensity
profile during injection (Fig. S2) with an expression that is
commonly used to determine the size of a laser spot:
1 — erf(v/2(x — xo)/w), where x, is the position of the interface
and w is the radius (1/e%) of the estimated Gaussian laser spot.
The diffusion distance was calculated from the interface loca-
tion including the radius to the laser location.

Spectral processing of time-dependent datasets. Occasional
trapping of particles in the optical volume of the laser causes
distorted spectra in the time series. These spikes are removed
using the Hampel filter, implemented in MATLAB's “fillou-
tliers” function. Outliers are flagged if they lie beyond three
times the local mean absolute deviation from the local median
of a 300-length window, and then the flagged outliers are
replaced by the median value of that window, see Fig. S7. This
method also corrects for cosmic rays. Additionally, the data set
was normalized to a range of 0 to 1 by dividing each value of the
data set by the mean of the last 20 measurements.

The method for calculating the diffusion coefficient is
described in detail elsewhere.'**¢ In short, the diffusion is
described by the diffusion equation:

de(y, 1) P e(y,1)
at =D 9)? (1)

where D is the diffusion coefficient. At ¢t = 0, the concentration
in the channel can be described by a step function between the
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sample and solvent flows, where the liquid-liquid interface is at
y = 0. With the initial concentration profile defined as c(y, 0) =1
for the sample flow region (—L/2 < y < 0) and ¢(y, 0) = 0 for the
solvent flow region (0 = y =< L/2) within the channel, where L
represents the total width of the channel. In our experiments,
we measure the Raman signal at the channel's far edge (y = L/2),
where the time-dependent concentration is ¢(L/2, t). By defining
a dimensionless time variable t = Dt/L?, we can write ¢(L/2,t) =
C(t), where C(1) is a function solely determined by the dimen-
sionless parameter 7.>** Full summation expressions for C are
given in ref. *. For practical applications, we can attain a rela-
tive precision of 10~® using

0 ift=0
11 oo o(m+1/2\ .
Clo) = 575’;(71) erf( Zﬁ) if 0<1<0.2 )
1 2
5 ;ﬂzf if 1=0.2,

where erf(x) is the error function.

The time- and frequency-dependent Raman spectra S were
measured at the far edge (y = L/2) of the channel and were
globally fitted to the following function to obtain the diffusion
coefficients and associated spectra:

N
S, 1) =Y Si(»)C(Dit/L?), (3)
=1
where N is the number of components in the sample (in our
experiments N = 1, 2 or 3), Si(v) denotes the Raman spectrum
for the ith species, D; the diffusion coefficient of species i, and
C(7) is given by eqn (2), depending solely on the reduced time t
= Dt/L”. In the globalfitting routine, we begin by fitting at
a single Raman frequency (single-frequency fit) to obtain rough
estimates for the diffusion coefficients that are then used as
initial values for these parameters in the global fit. For the
initial values of the spectral amplitudes we use the spectral
intensities at the longest observed time. In the case of the triple
mixture containing 100 nm particles, 20 nm particles, and
contaminant, it is important to choose reasonable initial values
for the fit parameters to guarantee convergence of the global fit
to the overall chi-square minimum. We set the initial spectral
amplitudes for the 100 nm and 20 nm components to the
experimentally observed long-time experimental values, and for
contaminant to 10% of the long-time values to account for its
lower abundance (as determined from the measurement on the
100 nm sample).
To obtain a 2D DOSY spectrum I(v, D) from the global-fit
result, we multiply the spectral amplitude S;(v) by the appro-
priate probability distribution for D;:*

N 641)71),.)/2'7,2
I(v,D) = ZSi(y)W (4)

[§

where N represents the total number of components and g;
denotes the uncertainties in the diffusion coefficients D;, as
obtained from averaging over multiple independent experi-
ments. All measurements used for averaging are provided in the

This journal is © The Royal Society of Chemistry 2025
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supplementary material. The sphere diameters were calculated
using the Stokes-Einstein equation at 21 °C, assuming the
viscosity of water to be 1 mPa s.

Results
Microfluidic Raman DOSY on monodisperse nanoparticles

We use polystyrene beads to investigate the capability of
microfluidic Raman DOSY for characterizing nanoplastic
particle size and composition. Polystryene has a pronounced
Raman peak at 1001 cm ' (due to the trigonal phenyl-ring
breathing mode) and a less intense peak at 1031 cm™" (due to
the CH,-rocking mode).**** Fig. 2A shows the time series of
Raman spectra observed upon injecting a suspension of 51-nm
polystyrene beads into the microfluidic DOSY cell (substrate
and water Raman signals subtracted), with the spectral curves
transitioning in color from blue (first spectrum) to red (last
spectrum). Fig. 2B and C (top panels, blue curves) shows the
spectrally integrated Raman intensity as a function of time
(spectral integration range 993-1010 cm™ ‘). The time depen-
dence mirrors the diffusion of the nanoparticles into the top
part of the channel, which occurs much more slowly for the
larger particles (note the different axis ranges). The red curves in
the plots are least-squares fits of eqn (2) to the data. From
a global least-squares fit of eqn (3) to the data we obtain Raman-
DOSY spectra, shown in the bottom panels of Fig. 2. These
spectra show the two characteristic Raman peaks of polystyrene
(1001 and 1031 ecm ), together with the diffusion coefficients
(the standard deviations in the latter were obtained by per-
forming three independent measurements; the separate
measurements are shown in Fig. S3), from which we can esti-
mate the particle size.

View Article Online
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From the Raman-DOSY measurement, we obtain a diffusion
coefficient of 1.86 £ 0.1:10~” em” s~ " for the 22-nm polystyrene
beads, which is slightly lower than the expected diffusion
coefficient of 1.96-10~7 ¢cm2, but within the uncertainty range.
From the observed diffusion coefficient, we estimate the size to
be 23.6 &+ 1.1 nm (1¢), which is within the error margin of the
certified size of 22 £+ 2 nm. The 51-nm Raman-DOSY measure-
ments yielded a diffusion coefficient of 7.58 + 0.06-10"% cm?
s~', which is slightly lower than the expected diffusion coeffi-
cient of 8.45-10"% cm” s~ . The size estimated from the Raman-
DOSY measurement is 58 + 3 nm (the individual time-
dependent plots of the triplicate measurement used to deter-
mine the uncertainties in the diffusion constant and the size are
shown in Fig. S4).

Microfluidic Raman DOSY on mixed nanoparticle solutions

We have also investigated the suitability of microfluidic Raman
DOSY to characterize samples containing nanoparticles of more
than one size. For this purpose, we prepared a mixture of 20 nm
and 100 nm polystyrene beads. Interestingly, from our Raman-
DOSY measurement on the pure standards we found that the
100 nm polystyrene standard contained an impurity with
a much smaller size: the time-dependent Raman signal of the
100 nm polystyrene standard, shown in the top panel of Fig. 3A,
is a sum of two sigmoidal curves, indicating the presence of two
very different sizes in the sample. The smaller particles diffuse
within about 15 s, after which the Raman signal curve rises
further until it reaches a plateau level at around 5000 s. We
could fit the time-dependent Raman signal of the 100 nm
standard using a sum of two components (eqn (3) with N = 2;
the data could not be described by a single-component fit, see
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Fig. 2 Raman diffusion-ordered spectroscopY of polystyrene nanospheres of 22 nm and 51 nm. (A) Time series of Raman spectra for 51 nm
polystyrene beads, color-coded from blue (t = 0) to red (t = 4867 s). The peak at 1001 cm ! was integrated and used for the time-dependent
plots shown in (B) and (C) top panels. Time-dependent plots (top panels) and Raman-DOSY plots (bottom panels) for (B) 22-nm and (C) 50-nm
nanoplastic beads. The top panels display the growth of the integrated peak at 1001 cm ™ (blue) and a least-squares fit to obtain the diffusion
coefficient (red). Bottom panels: Raman-DOSY spectra of polystyrene nanoparticles obtained from the global fit of the data obtained in the time-

series measurements.
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Fig.3 Time-dependentand Raman-DOSY plots of polystyrene mixtures of (A) 100-nm spheres and = 1-nm impurity, and (B) 20 nm and 100 nm
spheres. Top panels: the blue curves show the time-dependent frequency-integrated intensity of the peak at 1001 cm™. The red curves are the
result of a least-squares fit, using the diffusion coefficients and amplitudes as the fitting parameters. Bottom panels: Raman-DOSY spectra
obtained from the global fit of the time series of Raman spectra, showing two or three distinct sizes with their corresponding Raman spectra. The
DOSY plots were obtained from the mean diffusion coefficients and standard deviations resulting from five independent measurements for the
100 nm sample (A) and three independent measurements for the 20 nm and 100 nm mixture (B).

Fig. $10. From five independent measurements (see SI), we
estimate a mean diffusion coefficient for the smaller compound
of 4.35 £ 1.93-10"° cm® s, while for the larger it was 4.34 +
0.66-10"% ecm? s™*, which corresponds to a mean size of 1.0 &
0.4 nm and 101 £ 15 nm, respectively; see Table S1 and Fig. S5.
The corresponding DOSY plot (Fig. 3A, bottom) also shows the
two compounds, which have an identical Raman spectrum but
very different diffusion coefficients (y-coordinates). Since the
initial diffusing impurity in the 100 nm standard was not
specified in the polystyrene standard, we aimed to identify it.
The Raman spectra of both compounds exhibited peaks at 622,
1001, 1030, 1159, and 1602 cm ™', which matched the Raman
spectra of polystyrene used in the nanosphere standard. Addi-
tionally, we applied Principal Component Analysis (PCA) to
illustrate the variance during the diffusion of the compounds
(see Fig. S8). To this purpose, we divided the entire spectral time
series dataset into two subsets, one for each compound, and
applied PCA to these datasets. The plots of the principal
components for the impurity and the 100-nm beads dataset
were nearly identical, except for the noise. The absence of
missing or shifted peaks suggests that the impurity is a poly-
styrene oligomer, with a diameter of 1.0 £ 0.4 nm (corre-
sponding to ~351 Da, using p = 1.05 g cm ). The 1 nm sized
impurity was not observed in the 50 nm and 20 nm polystyrene
standards (Fig. S9).

8832 | Anal. Methodss, 2025, 17, 8828-8835

We then analyzed a (1:1 v/v) mixture of polystyrene beads
with specified diameters of 22 nm and 101 nm. The time-
dependent Raman signal is shown in Fig. 3B (triplicate
measurement shown in Fig. S6). From a global least-squares fit
of eqn (3) to the time- and frequency dependent data, in which
we include the abovementioned contamination as the third
component, we obtain diffusion coefficients 2.1 + 0.3-10"” cm?
s~ ! for the nominally 20-nm beads and 5.1 + 0.6-10 ® cm® s~
for the nominally 100 nm beads (these values are averages and
standard deviations obtained from three independent
measurements), from which we estimate diameters of 20.6 +
2.6 nm and 84 £+ 10 nm. These estimated diameters are some-
what smaller than the specified sizes of 22 and 101 nm, possibly
due to cross-correlation between the two size parameters in the
global least-squares fit: the overlapping diffusion curves of the
two particles make it challenging for the fitting algorithm to
accurately separate and fit the data for each compound. We are

1

currently working on improved algorithms based on NMR-
DOSY methods*** to improve the accuracy of our data analysis.

Discussion

The above results show that microfluidic Raman DOSY can be
used for characterizing the size (from the diffusion coefficients)
and chemical structure (from the associated Raman spectra) of
nanoparticles. Thus microfluidic Raman DOSY forms a simple

This journal is © The Royal Society of Chemistry 2025
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and affordable complement to the existing methods for nano-
particle analysis, the most important of which we will now
discuss briefly.

NMR-DOSY efficiently measures the diffusion coefficient of
particles and simultaneously provides their NMR
spectrum,®>*”**¢ but also has some drawbacks: for large
particles, line broadening makes it difficult to record NMR-
DOSY spectra, and moreover, NMR requires the use of deuter-
ated solvents. Electron microscopy (SEM) is another commonly
used method to determine particle sizes. The size resolution is
about 1 nm, rendering it very suitable for nanoparticles but
rather impractical to precisely determine the dimensions of
small polymers or oligomeric contaminations. When combined
with energy-dispersive X-ray spectroscopy, it can identify
compounds based on their elemental composition. Although
effective for analyzing nanoplastics, it is time-consuming, and it
only provides a local size distribution.

Chromatography methods such as size exclusion chroma-
tography (SEC) and field flow fractionation (FFF) are also often
used to determine particle sizes.””*® Different types of detectors
can be combined with SEC, but in general they provide rather
limited information on the chemical composition of the
particles.

FFF combined with a multi-angle light scattering detector
can measure colloids down to 50 nm but does not provide
chemical identification.*>*® Using SEC and FFF combined with
mass spectrometry has shown success in characterizing
proteins and biopharmaceuticals,® although accessibility may
vary depending on laboratory infrastructure. Other size-
sensitive methods are dynamic light scattering (DLS) and
nanoparticle tracking analysis (NTA).>>>* These purely size-
sensitive methods can determine accurate size distributions
across the sample but need to be combined with another
technique to identify the chemical structure of particles.

Raman-DOSY probes the size and chemical structure
simultaneously, and thus offers a reliable and non-invasive
method to investigate and characterize nanoparticles. Unlike
chromatography or NMR-DOSY, Raman-DOSY does not require
calibration with standards of well-defined sizes, or the use of
deuterated solvents. However, the limited sensitivity of Raman
spectroscopy to detect molecules at low concentrations restricts
the current application of Raman-DOSY. This low sensitivity is
primarily due to the inherently weak Raman scattering, which is
further reduced because the compounds of interest are diluted
by a factor of two by the solvent channel in the cell during the
measurement. An effective solution to this problem is to
enhance the signal using resonance Raman spectroscopy.>>>®
This technique involves tuning the excitation wavelength to
match an electronic transition of the molecule, significantly
amplifying the Raman signal. Additionally, targeting specific
vibrational modes, such as the CH stretches of the polymer
backbone, can further improve the sensitivity. For molecules
with inherently weak Raman cross section, techniques such as
Stimulated Raman Scattering (SRS) spectroscopy can be
employed to enhance sensitivity.”” In cases where particles
exhibit no detectable Raman signal, such as exosomes or metal
oxide nanospheres, an alternative strategy might be to monitor

This journal is © The Royal Society of Chemistry 2025
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the solvent. By measuring the reduction in the Raman signal of
the solvent, one can in principle infer the presence of non-
Raman-active particles, as they displace the solvent within the
detection volume. However, in such cases other (UV/vis, IR)
optical DOSY methods***®* might be more efficient.

Samples containing a large number of components, or
a continuous size distribution, will be less easy to analyze than
the test samples investigated here, but we believe that many
data analysis methods that have been developed for NMR-DOSY
measurements of such complicated samples>****! can also be
used (after minor modifications) to analyze optical-DOSY
measurements.

The applicability of microfluidic Raman-DOSY for nano-
particle analysis is currently limited somewhat by the window
material (olefin polymer) used in our microfluidic DOSY cell
and the analysis algorithm. Raman peaks of the particles may
overlap with signals from the microfluidic window, making it
difficult to distinguish between the sample and the cell mate-
rial. Cell designs with glass, quartz or CaF, top or bottom
windows will solve these issues. To improve the data analysis,
we want to apply the advanced data-analysis methods that have
been developed previously for NMR-DOSY, and that make it
possible to characterize the size distribution of polydisperse
samples in a robust manner.***

Conclusions and outlook

We have investigated solutions containing nanoplastic particles
of different sizes using microfluidic Raman DOSY. By using
a small channel width, we can investigate nanoparticles in
a competitive timeframe, as demonstrated by the Raman-DOSY
spectra of polystyrene beads with diameters of 20, 50, and
100 nm. At the same time, we can detect smaller impurities in
the polystyrene standard, demonstrating that the method can
be used to analyze samples with a wide particle size distribu-
tion. We found that this method can successfully characterize
the size and the chemical structure of the tested nano-plastic
samples, with an accuracy of ~10%. We believe that Raman-
DOSY offers a noninvasive and label-free method to charac-
terize simultaneously the chemical structure and the size of
nanoparticles/aggregates, which constitutes an easy-to-use and
affordable addition to the existing methods for nanoparticle
size and structure characterization.
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