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Characterization of nanoparticle size distributions
using a microfluidic device with integrated optical
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We introduce a method for analyzing the physical properties of nanoparticles in fluids via the competition
between viscous drag and optical forces in a microfluidic device with integrated optical microcavities. The
optical microcavity acts as a combined optical trap and sensor, such that the time duration of individual
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particle detection events can be used as a measure of particle size via a parameter which represents the
dielectric polarizability per unit radius. Characterization of polymer particles with diameters as small as 140
nm is reported, below that used in previous optical sorting approaches and in the size range of interest for

nanomedicine. This technique could be applied in combination with other analytic techniques to provide a

rsc.li/loc

1 Introduction

The characterization of nanoparticles in solution is of
increasing importance for applications in biomedical,
environmental, and materials sciences.'™ In particular, the
engineering of nanoparticles for use in medical applications
such as drug delivery requires accurate characterization of the
physical and chemical characteristics of particles within the
fluid medium. The efficient clinical drug delivery systems
need to accurately control drug release. The ability of
nanomedicine to reach the target organ can be determined by
its  particle  size, and  concentration. = Therefore,
characterizations of nanocarriers such as nanoparticles are
crucial to controlling their desired effects.® For instance,
investigation of the size and loading properties of lipid
nanoparticle vehicles containing silencing RNA (siRNA), is of
increasing importance for future studies of dynamics with
single-particle resolution.”

There are a number of methods to characterize
nanoparticles at the single-particle level with high resolution.
Electron microscopy or scanning probe microscopy can
provide accurate information on the shape of the
nanoparticles.*® For example, Atomic Force Microscopy
(AFM) technique can characterize nanoparticles with the size
range of 1-20 nm in dry and liquid states."®'" Although AFM
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detailed physical characterization of particles in solution.

has high compatibility with different samples and
measurement environments, it is limited due to the need for
sample preparation. Namely, the samples need to be
deposited on a hard substrate.* Methods based on light-
scattering and diffusion have been also developed to
characterize the suspended nanoparticles in a fluid. These
techniques are the common techniques for determining the
size and the shape of nanoparticles.

Particle size and size distribution are readily measured
using light scattering techniques. Dynamic Light Scattering
(DLS)"* is fast and sensitive to particles as small as 5 nm, but
provides limited resolution for polydisperse samples where
larger particles dominate the scattered signal.*'*
Nanoparticle Tracking Analysis (NTA) and Tunable Resistive
Pulse Sensing (TRPS) provide single particle measurements
of particle size allowing for more reliable measurement of
size distributions."™**">* Optical microscopy cannot measure
the size of individual biological nanoparticles but
combination of NTA with surface-sensitive optical imaging
allows us to accurately quantify the size of biological
nanoparticles attached to lipid bi-layers.”* Also, particle size,
shape and orientation can be determined by measuring
optical cross-sections of nanoparticles in wide field extinction
microscopy for different light wavelengths and excitation
polarization.® Flow cytometry (FCM) is another well-
established method to characterize individual cells and
particles.”>** FCM is a flow-based method to detect size of
polydisperse, heterogeneous, or mixed samples and
concentrations by measuring the properties of scattered light
or fluorescence associated with the cells.>®

Beyond particle size, centrifugation techniques allow
direct measurement of the mass density of particle

Lab Chip, 2022, 22, 3499-3507 | 3499


http://crossmark.crossref.org/dialog/?doi=10.1039/d2lc00180b&domain=pdf&date_stamp=2022-09-10
http://orcid.org/0000-0003-3739-8799
http://orcid.org/0000-0002-4572-0867
https://doi.org/10.1039/d2lc00180b
https://doi.org/10.1039/d2lc00180b
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2lc00180b
https://pubs.rsc.org/en/journals/journal/LC
https://pubs.rsc.org/en/journals/journal/LC?issueid=LC022018

Open Access Article. Published on 10 agosto 2022. Downloaded on 19/07/2025 11:02:05.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

v, and

Paper
ensembles.”®*” New optical techniques have recently
emerged which measure the composition of individual
particles via the dielectric polarizability, a parameter which
depends on both particle volume and dielectric constant and
can in some cases provide a proxy for particle mass.*® Such
measurements are made more challenging by the rapid
Brownian motion of the particles in the bulk fluid. There
exist several solutions to this problem such as using
hydrodynamic forces on nanoparticles to induce their drift in
the flow direction. While the movement perpendicular to the
flow remains random, the size of the nanoparticles can be
accurately measured by quantifying the deterministic and
random components of the movement,”* as well as analyzing
the thermal motion of nanoparticles in an array of
electrostatics traps.>> Another approach is to trap the
nanoparticle in an optical microcavity to allow prolonged
measurement,*® a technique that can provide independent
measurements of size and polarizability on a particle-by-
particle basis.*’ The use of optical gradient forces for the
sorting and trapping micron-sized particles in a flowing fluid
is also well-established.*** This work builds on®*?® by
introducing a controlled fluid flow through the microcavity,
such that the trap duration is determined by the competition
between the optical forces and viscous drag. Since the optical
force is proportional to the dielectric polarizability of the
particle and the viscous drag force is proportional to its
hydrodynamic radius, the balance between them is
determined by the polarization per unit radius, a new
parameter which can be combined with others to provide
comprehensive characterization methodologies.

2 Method

The equation of motion for a spherical particle with
polarizability « in a viscous fluid flowing at uniform velocity
illuminated with an optical field of intensity
distribution I(r) is

)=t i) +
AV TERS T 2nmeoC -

2K TYW(2). (1)

Here y = 6mya is the coefficient of friction where 5 is the
viscosity and a is the particle radius, so that the left hand
side of the equation represents the viscous drag force acting
on the particle. The first term on the right hand side is the
optical force in the dipole approximation where n,, is the
refractive index of the surrounding medium, and the second
term represents the Brownian force acting on the particle in
which KT is the thermal energy and W(t) is a time-varying
normally distributed random vector®® where ¢ is time. Within
the dipole approximation the polarizability is

m?-1

3 2
o =4na’ ny, e ———
0 me 2’

(2)

where m is the ratio of refractive index of the particle () to
that of the surrounding medium (n,,), i.e. m = ny/np,.
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It can be seen from eqn (1) and (2) that for a given optical
intensity distribution I(r) and flow velocity v,, the balancing
of the optical force with the drag force due to the flowing
fluid is achieved for a threshold value, Sy, of the parameter

a ,m’-1

p==

Pl
a m?+2’

(3)

such that particles with f > fr may become trapped in the
optical mode.

Apparatus which allows the rate of trapping events (Iirap)
to be detected as a function of the flow speed or optical
power can therefore be used to determine the distribution
N(f) by differentiating the measured trapping rate with
respect to S,

_ dFtrap
dpr

N(p) = (4)

The thermal motion of the particle introduces a random
element to the time a particle spends in the mode for values
of f close to the threshold and is therefore a source of
broadening of the distribution function.

The geometry of our measurement apparatus is depicted
in Fig. 1(a). A plano-concave microcavity generally consist of
two separate mirrors facing each other where one mirror can
independently.*>*”™** This type of microcavities
supports a standing wave optical mode comprising five
antinodes of light of wavelength 1 = 640 nm with a mode
width of less than 1 pum. The fluid flow direction is
perpendicular to the optical axis. For this cavity mode, I(r)
can be expressed approximately as a standing wave of a
Gaussian beam with cylindrical symmetry about the axis,

move

2

2P ., kp z 2
_ - W(Z)
I(p,2) 5 sin <kz + 2RE) arctan (ZR) ) e . (5)

w(z)

where, p and z are the radial and axial coordinates with their
origin at the beam focus which corresponds to a node of the
electric field on the planar mirror. P and k are the intracavity
power and optical wavenumber, respectively. The parameters
Zr, W(z) and R(z) are the parameters of the Gaussian beam
that are established from the curvature of the concave mirror
and the cavity length (see ESIY).

As a particle passes through the cavity mode, its presence
is detected by a spectral shift in the resonance which is
proportional the mode intensity at the position of the
particle. The resultant signal can therefore be modelled using
a Monte Carlo approach based on eqn (1) to simulate the
motion of the particle through the device. We define
transverse axes x and y such that p® = x> + y* and select x as
the direction of fluid flow. Particles are ‘launched’ starting
from a position 1 um upstream of the cavity mode (x = -1
pum) with selected values of position (y, z), fluid flow rate v
and optical power P. Fig. 1(b and c¢) show example trajectories
for a particle of diameter 200 nm and with flow speed v = 100
um s~". Fig. 1b shows an example trajectory of a particle that
is not trapped by the mode at P = 10 mW, while Fig. 1c shows

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 (a) False colour-scale plot of the normalized optical intensity distribution /(x, z) in an open-access microcavity with 5 optical anti-nodes
between a planar and concave mirror. The intensity distribution is cylindrically symmetric about the z axis, and the fluid flow direction is parallel to
x. (b and c) Example simulated trajectories of a particle of diameter 200 nm subject to the flow and optical forces described in the text. The flow
speed is 100 um s™* and the intracavity power is 10 mW and 20 mW respectively. (d) A typical trapping probability distribution as a function of the

initial position of the particle in the (y, z) plane.

a similar particle being trapped when P is increased to 20
mW. To determine a trapping probability, trapping was
defined to have occurred if the particle did not pass x =1 um
within a time equal to 10 pm divided by the flow speed. For a
given choice of v and P the initial position (y, z) was varied
and the trapping probability (based on 100 repetitions per
position) was established to produce a distribution map
(Fig. 1d). It was found that within the range of parameters
used the trapping probability was independent of the initial z
position and so the trapping cross section ¢ was defined by
integrating the distribution map with respect to y only. The
trapping rate /" is then given by the product of the trapping
cross section, the cavity length (L), the flow speed (v) and
nanoparticle concentration per unit volume in the fluid

(Cnp):
"= 6IvCrp. (6)

Fig. 2 shows the simulated variation of o with several
experimental parameters, as a series of false colour-scale
plots. Each plot shows the dependence on flow speed v
and particle diameter 2a; maps are generated for optical
powers of P = 10 mW, 20 mW and 50 mW (columns) and
for two different mirror radii of curvature (R;) and particle

This journal is © The Royal Society of Chemistry 2022

refractive index (n,) (rows). The general result is as
expected - that small particles in a rapidly flowing fluid
(upper left of maps) do not trap, while larger particles in a
slow flow speed show substantial trapping cross sections of
order 2 pm. The striking feature of these maps is that in
each case the boundary between the region with no
trapping and the region where trapping occurs is
reasonably sharp, such that at a given flow speed o rises
from zero to around 1.5 um within an increase in particle
diameter of about 20 nm. It is this sharp boundary that
provide a basis for using the method for quantitative
measurement.

The location of this boundary within the map depends on
the values of the fixed parameters P, w, and n,. As expected
the boundary moves to smaller particle sizes and higher flow
speeds for increasing P and n;, and for decreasing wo. Within
each plot the quadratic dependence of the threshold speed
on particle radius given in eqn (3) can be seen, and the
sensitivity to refractive index is shown by the comparison of
PS and PMMA in Fig. 2a and b. The dependence on fixed
experimental parameters indicates the ability to tune the
measurement to different particles. The value of g that
balances the maximum trapping force with the flow force is
found to be

Lab Chip, 2022, 22, 3499-3507 | 3501
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Fig. 2 Trapping cross-section (o) as a function of the diameter (D = 2a) and the velocity (v) of the particle in different situations such as optical
beam waist or radius of curvature of the concave mirror (R), and the composition or the refractive index of the particle; ¢ for (a) PMMA particles
and R = 4 um (first row), (b) PS particles and R_ = 4 um (second row), and (c) PS particles and R = 12 um (third row).

3npvew /e
Pr = 7\/_, (7)
2nmP

which reveals the scaling of the technique sensitivity with
these experimental parameters.

3 Experimental results

In the experiments, nanoparticle solutions of concentration
10" ml™ were pumped through a microfluidic flow cell with
integrated microcavity measurement system. Here we used Ry,
=12 um and L = 1.5 nm. A constant differential pressure of 2
mbar was established using a hydrostatic flow regulator,**
resulting in a peak flow speed of ~50 um s . Single
nanoparticles passing through the microcavity register as
discrete ‘events’ the duration of which is our primary
indicator for trapping. Based on the flow speed alone we
expect events due to particles that flow freely through the
cavity mode to display durations of about 20 ms, and so we
define a trapping event as one with duration exceeding 200
ms preceded by a period exceeding 100 ms with no observed
mode shift.

Fig. 3a shows exemplar mode shift events highlighting
both trapped and non-trapped particles.

An important consideration for the pressure-driven flow
used here is that the flow speed is not uniform but follows a
parabolic profile across the flow channel cross section, with
zero flow rate at the mirror surfaces. We select the mirror
separation such that five anti-nodes of the optical field lie

3502 | Lab Chip, 2022, 22, 3499-3507

within the flow channel, whereby we expect about two-thirds
of the recorded events to result from the anti-nodes nearest
the centre of the flow channel. The parabolic flow profile is
included in the simulation to ensure accurate comparison
with experimental data.

The distribution N(f) for particles in a solution is
measured by sweeping the magnitude of the optical force via
the laser power while maintaining a constant flow speed.
Fig. 3b shows broadly how the number of trap events can be
seen to increase with increased laser power.

Fig. 4 and 5 compare experimental (upper row) and
simulated (lower row) data for the trapping behaviour as a
function of laser power, with each panel comparing two
different nanoparticle samples. Sub-figures (a) and (c) show
raw data in which the laser power is swept and the rate of
trap events is recorded, while sub-figures (b) and (d) show
the derivative of these raw data with respect to power which
represents a measure of the distribution N(f).

The experimental data in Fig. 4a and 5a show clear steps
in trap rate with laser power, agreeing well with the
simulations. The effect of the parabolic flow can be seen by a
small increase in trap rate at laser powers below the main
step, consistent with the lower threshold of trapping for the
slower moving particles close to the mirrors.

Fig. 4a and b show that PS particles of diameter 140 nm
and 175 nm are clearly resolved by the technique. The 140
nm particles require about double to power of the 175 nm
particles to be trapped, such that the threshold power for
trapping scales as ~a® in contrast to eqn (3). This

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Example experimental data showing single particle events. (a)
Prolonged mode shift of a trapped particle (b) the effects of laser
power on the number of trapping events.
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dependency suggests that these experiments are in a regime
where the trap time is determined more by the thermal
energy than by the fluid flow. The full-width-at-half-maxima
of the peaks in Fig. 4b reveals a sizing resolution of about 10
nm. Fig. 5a and b show similarly that PS (n, = 1.59) particles
of diameter 187 nm and PMMA (n, = 1.49) particles of size
196 nm are easily distinguished, the PMMA particles
requiring a high laser power from trapping despite being
slightly smaller. The full-width-at-half-maxima of the peaks in
Fig. 5b reveals a refractive index resolution of 0.03 RIU. We
note that the resolution of the technique could in principle be
increased significantly by increasing both the intracavity
power and flow speed. An estimate of the quality factor of the
measurement is provided by the optical trap strength: the
ratio of the depth of the trap to the thermal energy,

o aP
T mnew?KgT’

Q (8)

For the experiments presented here, Q ~ 3, with P limited to
around 20 mW by intracavity heating effects. These occur at a
relatively low average power due to the measurement method
which sweeps the cavity mode through resonance with the
laser, such that the peak power in the cavity is some fifty
times greater than the effective P for trapping.

4 Conclusion

While based on single particle measurements, the technique
as presented provides only ensemble data in the form of the
distribution N(f). Adaptations could in principle measure f
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Fig. 4 Experimental results (upper row) versus simulation results (lower row) when polystyrene (PS) nanoparticles with diameters of 140 nm and
175 nm are introduced through the cavity; (a) trapping rate (left column) and (b) distribution N(f) (right column) against power changes.
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Fig. 5 Experimental results (upper row) versus simulation results (lower row) when 187 nm polystyrene (PS) nanoparticles and 196 nm PMMA
nanoparticles are studied; (a) trapping rate (left column) and (b) distribution N(f) (right column) against power changes.

for each particle, potentially by sweeping the trap power
during the trapping event. Such developments would be
valuable in extending the range of parameters that can be
measured on single particles. For example the maximum
mode shift provides a measure of the polarizability of each
particle®® and so could be combined with f to yield both
particle radius and refractive index.

The measured distribution N(f) provided by this method
can be used to establish sample-to-sample variations in

20 T T T T T T T T

—v=0
——v=100 pm/s

Potential Energy (KBT)

X(pm)

Fig. 6 Total potential energy along the axis (x, 0, 0) for a PS particle
diameter of 200 nm with no flow (blue curve) and with a flow speed of
100 pm s (red curve).
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particle size and composition, complementary with other
analytic techniques. Since the data recorded contains further
information beyond the duration of trap events it is also
possible to use this method as part of a wider technique to
provide independent measurements of size and composition
parameters.

The use of higher average intracavity powers would
facilitate higher resolution measurements and measurement
of smaller particles. One approach to this would be a
configuration in which the trapping laser is ‘always on’ such
that the peak power and average power are equal. Eqn (7)
reveals that a factor of 50 increase in P would lead to a
concomitant reduction in S, such that particles about seven
times smaller would be trapped. Equivalently a larger quality
factor Q ~ 100 might be achieved by simultaneously
increasing the flow speed to around 1.5 mm s to provide a
resolution to particle size of below 1 nm or to refractive index
of order 10~® RIU. An additional benefit of the increased flow
speed would be that each trap measurement would take only
a few milliseconds to record.

Additional improvements might be achieved by pumping
the particles through the cavity using dielectrophoresis,
which is capable of establishing a uniform flow rate across
the flow channel. The technique might also be used to
measure thermophoretic effects that result from particle
heating and can provide information on particle thermal
conductivity**** or ionic shielding.*’

As discussed in our previous work,*”> open-access
microcavity is a promising method for lab-on-a-chip
applications. The proposed technique based on these type of

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 The mode shift of a PS particle with diameter of 200 nm with a
fluid flow speed of 50 um st and intracavity powers of (a) 2 mW and
(b) 20 mW.

cavities allows us to effectively evaluate the size distribution
of particles in a fluid if particles of known composition are
taken with different sizes. Thus, this technique is a
promising method to find the range of needed power and
flow rate to overcome the Brownian force, and to trap
nanoparticles. This result has motivated us to study other
methods to increase the average interactivity power, e.g.,
illuminating the cavity with a light source that provides
constant optical injection. Not only this method can measure
the size of particles, but also it is sensitive to the refractive
index of particles so that we can measure the polarizability of
particles as well. The magnitude of the resonance shift
reveals the particle polarizability, providing a useful
fingerprint that is sensitive to the material composition of
the nanoparticle. The technique, therefore, allows the
differentiation of particles of similar size, as we showed by
the distinction of polystyrene and PMMA particles. Therefore,
our method can be used to give a measure of composition
such as those used in drug loading for nanomedicine. As a
result, this method can be a powerful technique to
characterize nanoparticles in a solution in applications where

This journal is © The Royal Society of Chemistry 2022
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we need high-resolution measurements at the level of single
molecule detection, showing a major breakthrough in
nanoparticle characterization.

A Appendix
A.1 Gaussian beam parameters

The plano-concave optical microcavity is characterized by the
cavity length L and the radius of curvature of the concave
mirror R;. The Rayleigh range ziz of the confined mode is

then
R
=1L (LL 1)

The radius of curvature of the wavefronts R(z) and the beam
radius w(z) are then given by

(A1)

R(z) = z(l + (Z?R)Z) (A2)
w(z) = sziiz). (A.3)

The intensity distribution for the resonant cavity mode
supported between opposing concave and planar mirrors
given in eqn (5) is determined as the sum of two Gaussian
beams propagating in opposite directions, I = nyeoc|E; + E|?,
where the incident (Ej(p, z)) and reflected (E,(p, z)) waves are
given by:*®

2 T2
> L z
Ei(p,2) = 0 % exp ( 2 > exp (zkz + R arctan (ZR>)’

(A.4)

2 T n2
_ -’ VL z
E(p,2) = Ey exp( pe ) exp( ikz R +i arctan(ZR)).

(A.5)

A.2 Balancing optical and flow forces

The maximum optical force is obtained by establishing the

. ar . . -
maximum value of 4, Using the mode intensity in eqn (5).
This maximum force opposing the drag force due to the fluid
w . . dr 2P
»Y= 0, z = 0 at which point i "
Substitution of this expression into the optical force term in
eqn (1) and equating with the viscous drag force due to fluid
flow yields eqn (7). This condition corresponds approximately
to the potential energy profile shown in red in Fig. 6, where
the potential gradient tends to zero at the downstream side
of the cavity mode.

flow occurs at x =
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A.3 Monte Carlo simulation

Based on eqn (1) and (5), and the selection of the x axis as
the flow, the equations for incremental movements of a
particle in the Cartesian coordinate system are:

At dI(r)  [2KpTAt
Xi = Xj-1 + — i + Aty A.6
i i-1 anygoc o drx + y w; + X0 ( )
N At dI(r) N 2K TAt (A7)
P =Y o w; .
Yi=Yina 2nmyeec dy y v
At dI(r 2KgTAt
2z =24 + o), B i (A.8)
2nmyegc dz y

Here w; is a computer generated, normally distributed
random number with unity variance. The time increment At
is selected as 1 ps which is short enough to prevent
‘tunneling’ of the particle through the potential barriers. The
Monte Carlo model allows simulation of the mode shift with
time as the particle moves through the mode I(r). Fig. 7a
shows example mode shift events of a spherical PS
nanoparticle diffusing through the cavity. The diameter and
the velocity of the nanoparticle are 200 nm, and 50 um s,
respectively. At an intracavity power of 2 mW the particle
passes through the cavity mode in about 20 ms while at an
intracavity power of 20 mW the particle remains in the mode
for about 750 ms (Fig. 7b).
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