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In Situ Enhancement of Microplastic
Raman Signals in Water Using
Ultrasonic Capture

Microplastic particles in aqueous ecosystems constitute a worldwide environmental problem.
Raman spectroscopy is uniquely positioned to detect and classify even the smallest, and
most abundant, particle sizes, down to micrometers in size. However, the current “filter and
scan” method used to concentrate and detect dilute microplastics in water is slow, and prone
to contamination from handling and interference from the filter substrate. Here, we present
a simpler approach to concentrate the particles in situ, without any sample preparation, in
the focus of a Raman probe. The technique uses an ultrasonic resonator with a 2 MHz stand-
ing acoustic wave to capture 3.4 pm poly(methyl methacrylate) (PMMA) microspheres in the
sample solution for direct detection. When tested with a 90 ppm solution, ultrasonic capture
for 5 min enabled a clear PMMA Raman signal to be distinguished from the background. The
signal enhancement provided by ultrasonic capture was estimated to be greater than 1500x.

Samantha Derksen, Christoph Gasser, Stefan Radel,

Dieter Bingemann, Cicely Rathmell, and David Creasey

he majority of plastics, like the 78 million
tons of plastic packaging manufactured
every year, is produced for single-use
items, approximately a third of which ends up in
the ocean (at the rate of one garbage truck every
minute). Engulfed by these vast waters, it gradually
breaks apart into progressively smaller particles,
and eventually enters the food chain as microplas-
tics, which are defined as plastic particles smaller
than 5 mm in size. Slowly, and unbeknownst to the
world until recently, microplastic particles have
spread to every continent, ocean (1-3), the air (4),
and most food and beverages (5-8).
Studies into the nature and distribution of
microplastics across the world have found both
bottled and ocean water to contain concentra-

tions on the order of 100 particles per liter of
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microplastics 5 um or larger in size, and several
1000s of microplastic particles greater than or
equal to T ym in size. The most common micro-
plastic particles found are polypropylene (PP),
polyethylene (PE), polyethylene terephthalate
(PET) in drinking water, and PE, PP, and polysty-
rene (PS) in the ocean.

Currently, the most common approach to
detecting microplastics requires filtering large
sample volumes of water to concentrate par-
ticles for detection, then scanning the filter
substrate for any particles (9), and chemically
identifying the particles with Fourier-transform
infrared spectroscopy (FT-IR) or Raman spec-
troscopy (10-11). However, this approach is
very time-consuming (12), and can be prone to

contamination of the filter and to interference
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FIGURE 1: An ultrasonic standing wave formed between a piezo transducer and a Ra-
man probe used as the reflector captures small particles in its nodes.

from the filter material itself (13). This approach
has shown variable sensitivity to the most abun-
dant, but smallest, particles (14). Furthermore,
the lack of a unified protocol for filtering and
detection leads to inconsistent results, and thus
compromises the collection and comparison of
quantitative data for global monitoring (15-19).

Raman microscopy on filter substrates is cur-
rently the only tool capable of detecting and
identifying the smallest, and most numerous,
particles of 20 um in size or less, as its short
wavelength, tight laser focus, and ability to ras-
ter systematically across the sample is sensitive
to even small particles at low density. However,
Raman microscopy in the present form uses
large bench top-sized instruments, scanning
slowly across the membrane used for the fil-
tration of a water sample. As one review put it:
“There is an urgent need for a fast and easily
implementable monitoring tool capable of de-
tecting small microplastics (20).”

Instead of filtration, a different approach to
capture and bring these microparticles to the
point of measurement is proposed here as a
proof of concept investigation (21). It employs

a strong ultrasonic standing wave of about 2
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MHz frequency in a resonator composed of
a piezo transducer on one end and a Raman
probe on the other. Small particles are trapped
in the nodes of the standing wave field, where
they are held by acoustic radiation forces (22).
If one of the nodal planes of the ultrasonic trap
is colocated with the laser focus of a Raman im-
mersion probe, the particles can immediately
be studied in situ. A trap of this design can be
employed directly in the sample stream as col-
lected, bypassing all preparation steps. This re-
duces the analysis time from hours to minutes,
prevents any contamination of the sample from
handling, and eliminates the Raman background
commonly seen when concentrating samples

onto a filter in the currently accepted method.

Materials and Methods

The Raman system consisted of a compact
Wasatch Photonics WP 785 Raman spectrometer
with an integrated 785-nm laser set to 350-mW,
equipped with a temperature-regulated CCD
detector, and a 50 um slit leading to a resolu-
tion of 10 cm™. The spectrometer was chosen
for its f/1.3 input aperture and transmissive op-

tical design, as the application requires a high
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FIGURE 2: Trapped PMMA microspheres. (a) Raman spectrum of neat PMMA for com-
parison. (b) Raman spectra of 90 ppm dispersion of PMMA microspheres with and

without the ultrasonic trap.

degree of sensitivity in a portable design to
enable eventual deployment in the field. The
laser and spectrometer were fiber-coupled to a
Raman probe with a 1/2” immersion probe tip
terminated by a sapphire ball lens with a very
short working distance.

The ultrasonic resonator used for particle
capture, soniccatch by usePAT, has been de-
scribed in detail elsewhere (23). Briefly, a piezo-
electric transducer generates the outgoing ul-
trasonic wave with an approximate frequency of
2 MHz, while the Raman probe ball lens forms
the reflector for the resonator at a distance of
about 3 mm from the surface of the transducer.
Superposition of the incoming and reflected
waves generates a standing wave with a small
number of nodes, as shown in Figure 1.

The radiation forces imposed by the ultra-
sonic wave are predominantly dependent on the
particle size, but also depend on their mass den-
sity and compressibility relative to the medium.
The forces exerted are due to the scattering of
the wave at the particles’ surfaces, and lead to
agglomerations in the nodal or anti-nodal re-

gions of the standing wave (23).
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The resonator assembly consisting of the
ultrasonic transducer and the Raman probe
was lowered directly into a stirred 90-ppm sus-
pension of 3.4 pm poly(methyl methacrylate)
(PMMA) microspheres in water, in which the
microspheres had been dispersed with a drop
of detergent. PMMA is a lightweight, transpar-
ent plastic most commonly known as acrylic or
plexiglass, and is also used as microbeads in
personal care products.

The integration time of the spectrometer was
set to 2.5 s, and 500 individual non-averaged
spectra were continuously recorded for each
experiment. Five repeat runs were performed,
four in which ultrasonic capture was activated at
the beginning of each run, and one static refer-

ence run (no capture).

Results and Discussion

Comparing the Raman spectra with and without
ultrasonic capture of the PMMA microspheres,
as shown in the bottom panel of Figure 2, we
identified three main contributions to the sig-
nal arising from the sample and setup. The first

contribution comes from a series of bands at
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FIGURE 3: Raman spectra while trapping. Evolution of dip probe spectra during ul-
trasonic capture. Vertical lines indicate region with main PMMA Raman lines used for

baseline correction.

~414 cm”, ~574 cm”, and 748 cm”, present in all
spectra, which do not change with ultrasonic
capture. These were attributed to the sapphire
of the ball probe lens, an effect also reported
in Raman imaging using sapphire fiber (24). The
second contribution, present in all spectra with
ultrasonic capture in the steady state, agrees
well with a bulk PMMA signal shown for com-
parison in the top panel of Figure 2, with key
peaks at ~596 cm”, ~812 cm”, 970 cm”, 990 cm”,
~1450 cm™, and ~1725 cm™. The third contribu-
tion, a broader peak at roughly ~1640 cm™, was
present without ultrasonic capture, but disap-
peared over time once capture was activated.
This more elusive signal can be attributed to the
front window of the transducer. As particles are
trapped, the Raman laser no longer reaches the
surface of the transducer, but instead gets scat-
tered by the trapped particles, leading to the
marked reduction in signal and to the enhance-
ment of the signal of the particles of interest. A
direct comparison of the Raman spectra with
and without ultrasonic capture to bulk PMMA in
Figure 2 indicates that trapping leads to a large
enhancement of the PMMA signal. The differ-

ence is distinct, from no discernible signal with-
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out ultrasonic capture to a very large and clean
signal after ultrasonic trapping is activated.

To study the ultrasonic capture process in
greater detail, we recorded the Raman signal
as a time series after activating the ultrasonic
transducer and were able to observe the contin-
uous evolution of the PMMA trapping in time as
illustrated in Figure 3. Here, we have bound the
region associated with the main PMMA Raman
lines using vertical lines just beyond 750 cm™
and 1500 cm. In this region, we subtracted the
baseline to obtain a clearer illustration of the
growth of the PMMA signal in time (Figure 4).
The asymmetric least squares (ALS) method (25)
(26) was used for baseline correction.

With background subtraction applied, the
PMMA signal was clearly seen to rise after an
initial induction period with no discernible sig-
nal change, during which we saw no indication
of any PMMA signal in the baseline to indicate
ultrasonic capture. Once initiated, the signal
grew and reached a maximum quickly.

For a quantitative analysis, we separated the
signal contributions to the spectra set using
multivariate curve resolution (MCR). MCR is an

iterative method that can be used to identify a
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FIGURE 4: Baseline-corrected Raman spectra. Key PMMA Raman peaks show steady
growth of PMMA signal after ultrasonic capture is activated.

potential separation of the spectra set into fixed
component spectra and time-varying contribu-
tions for each component. This separation is
“ill-defined,” and does not lead to a unique so-
lution, that is, the results depend on the initial
guess for the spectra. As we already expected
three independent contributions (dip probe,
PMMA, and transducer), we limited the decom-
position to three components and seeded the
analysis with the first three loadings from the
principal component analysis (PCA) of the same
spectra, setting those three component spectra
as our initial guesses for the MCR spectra.

In addition, we enforced additional non-
negative constraints on both the component
spectra and the component contributions of
the separation, an approach known as the ALS
(alternative least squares) variant of MCR (27).
This matches the expectations of actual spec-
tra and “concentrations”, each of which would
be expected to contribute additively to the ob-
served spectra.

Figure 5 shows the component spectra re-
sulting from the MCR-ALS analysis. We assigned
components 1 and 3 to the Raman signal aris-
ing from the dip probe and the transducer, and

component 2 to the Raman signal from the
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PMMA microspheres in solution. Comparison
to the Raman spectrum of neat PMMA (Figure
2, top panel) shows very good agreement; the
PMMA component spectrum shows little inter-
ference from the signal caused by the setup
(sapphire ball lens or transducer material).

The MCR-ALS result for the time-varying con-
tribution of component 2, which we assigned to
PMMA, can be interpreted as the time evolution
of the PMMA signal, as shown in Figure 6 for
four independent repeat runs of the same ex-
periment. The figure presents a similar growth
curve of the signal for each run, with an induction
period of approximately 250 s, and a full, steady
state PMMA signal after about 1000 's. The rapid
signal evolution after the initial induction period
may be due to a feedback effect in which cap-
tured PMMA particles slow down other particles
near the trapping nodes of the standing wave.

To determine the Raman signal enhance-
ment for PMMA attributable to ultrasonic cap-
ture in the 90 ppm dispersion, we averaged
the MCR-ALS result for the contribution of the
component assigned to PMMA with and without
ultrasonic trapping activated. The average for
the signal with trapping is formed across all four

runs for all measurements past the 1000 second
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FIGURE 5: MCR-ALS component spectra. Multivariate analysis of time-dependent
Raman spectra during capture using MCR-ALS to isolate individual spectral compo-
nents from dip probe, PMMA, and transducer.

mark (steady state capture), leading to an aver-
age signal of about 23,100 (arbitrary units).

For the reference signal, we used a separate
experiment with the same sample in the same
setup, but without trapping activated, and de-
termined the MCR-ALS signal contributions
using the same decomposition as used in the
four runs with trapping activated. Averaging
over the entire run of 100 spectra, we found a
reference signal of 15+20 (arbitrary units) with
the uncertainty given by the standard deviation
across the 100 spectra. Even at “one sigma,” this
signal is not significantly different from zero, lim-
iting the possibilities of standard approaches for
calculation of a lower limit for the enhancement
factor. Though the true magnitude of the en-
hancement factor for ultrasonic capture cannot
be fully quantified, a minimum enhancement of
1500x can safely be reported using this refer-

ence signal value.

Conclusion

Growing concern over the increasing presence
of microplastics in our environment and their
potential environmental impact has heightened

the need for a simple, robust, and portable

38 Raman Technology for Today’s Spectroscopists

measurement method. Capture of PMMA mi-
crospheres with an ultrasonic standing wave for
direct detection using a compact Raman system
is one possible alternative to current filtration-
based methods. Here, we demonstrated a more
than 1500-fold enhancement of the Raman sig-
nal using ultrasonic capture and a dip probe
from a 90 ppm suspension in water. The cap-
tured microplastic sample amount increased in
time up to the capacity of the resonator trap,
reaching the full enhancement in about 500 s.
While still experimental, the method shows a
possible route to microplastic measurements in
water requiring little to no sample preparation,
and which can be performed using compact,

portable instrumentation in the field.
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