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Abstract

An experimental study has been performed to measure the effect of ultrasound on nanoparticle
diffusion in an agarose hydrogel. Agarose hydrogel is often used as a simulant for biofilms and
certain biological tissues, such as muscle and brain tissue. The work was motivated by recent
experiments indicating that ultrasonic excitation of moderate intensity can significantly enhance
nanoparticle diffusion in a hydrogel. The objective of the current study was to obtain detailed
measurements of the effect of ultrasound on nanoparticle diffusion in comparison to the
molecular diffusion in the absence of acoustic excitation. Experiments were conducted with 1
MHz ultrasound waves and nanoparticle diameters of 20nm and 100nm, using fluorescent
imaging to measure particle concentration distribution. Under ultrasound exposure, the
experiments yield estimates for both acoustic diffusion coefficients as well as acoustic streaming
velocity within the hydrogel. Measured values of acoustic streaming velocity were on the order
of 0.1 um/s, which agree well with a theoretical estimate. Measured values of the acoustic
diffusion coefficient were found to be 74% larger than the molecular diffusion coefficient of the
nanoparticles for 20nm particles and 133% larger than the molecular diffusion coefficient for

100nm particles.
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1. Introduction

A biofilm consists of bacteria immersed in a network of proteins called extracellular
polymeric substances (EPS), through which nutrients and minerals necessary for growth of the
bacteria are transported. Diffusion is the primary mechanism for transport of particles and
chemicals in a biofilm (Stewart, 2003; Zhang et al., 2011). A promising method for delivery of
antibiotics to bacterial colonies within biofilms is via attachment to liposomes, nanoparticles or
lipid-polymer hybrid nanoparticles, with particle sizes below 100nm being found optimal for use
as a carrier (Forier et al., 2014a, 2014b; Li et al., 2015; Cheow et al., 2011). One mechanism by
which biofilms protect bacteria is by chemically deactivating antimicrobial agents in the outer
EPS layers of the biofilm. Encapsulation of these antimicrobial agents within liposomes or solid
nanoparticles can be effective for carrying the antibiotic past this chemical barrier. Liposomes
and nanoparticles can also be targeted to attach to bacterial outer membranes, thereby delivering
the antibiotic agent directly to the bacterial cell (Forier et al., 2014a).

It was observed by Ma et al. (2015) that low intensity ultrasound (far below the intensity
necessary to induce acoustic cavitation) can significantly enhance transport of liposomes into an
alginate gel, including both the liposome transport from solution to the hydrogel outer surface
and liposome penetration into the gel. Similar acoustic enhancement of diffusive processes in
more general porous media was noted by Vogler and Chrysikopoulos (2002) for the problem of
diffusion of a passive tracer in a packed column of glass spheres. These authors proposed a
phenomenological model that accounted for the acoustic enhancement effect by introducing a
modified diffusion coefficient that is a function of the amplitude of particle velocity of the

acoustic wave in situ.
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A stochastic model was proposed by Marshall (2016) for acoustic diffusion coefficient of
particles in a porous medium. The model assumes that the diffusion of a particulate phase in a
porous medium is produced by the combination of acoustic oscillations and random retention,
where the latter is produced by hindered motion of the diffused phase by the pore walls of the
porous medium. Retention occurs in a variety of diffusion processes when the diffusing material
is partially or temporarily blocked by structures within the conducting medium (Bevilacqua et al.,
2011). In the case of polymeric gels, such as biofilms or hydrogels, retention is associated with
the phenomenon of hindered diffusion, in which the transport rate of solute molecules and
nanoparticles is reduced by near-wall effects as the large molecules or particles pass through
small pores within the gel (Buck et al., 1999; Kitelhon and Compton, 2014). A study of the
effects of hindered diffusion on nanoparticle diffusion within agarose gels was given by Fatin-
Rouge et al. (2004).

While previous work suggests that ultrasound excitation can enhance the diffusion of
nanoparticles within a hydrogel, there are no detailed measurements to verify this hypothesis or
to characterize the exact extent of diffusion enhancement by ultrasound excitation. The objective
of the current study is to conduct detailed experiments that measure diffusion in a hydrogel of
different size particles both without ultrasound (called the control samples) and with ultrasound
exposure (called the treated samples). The experiments verify the effect of ultrasound on
enhancement of nanoparticle diffusion within a hydrogel and provide a measurement of the
enhanced diffusion coefficient. In order to make the porous medium more uniform between
experimental runs, we performed our experiments with an agarose hydrogel instead of a natural
biofilm. Alginate and agarose hydrogels are common physical models for biofilms since they

share similar extracellular matrix, porous structures and mechanical properties (Jung et al., 2015;
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Rowley et al., 1990; Smidsréd et al., 1990), but the agarose or alginate hydrogels have the
advantages of fast setup and consistent properties and thickness compared to natural biofilms.
Use of agarose hydrogel in this study allows our experiments to be more consistent and
controlled than would be the case with living biofilms.

The experimental method is described in Section 2. The method for analysis of
experimental data to extract diffusion coefficients is described in Section 3. The experimental

results and related discussion are presented in Section 4. Conclusions are given in Section 5.

2. Experimental Method

The agarose hydrogel was formed using a 0.8% agarose solution, which was prepared by
adding 0.8g agarose to a 98ml, 50mM calcium chloride solution in a 125ml flask. The solution
was mixed using a magnetic stirring bar, placed in a microwave oven for 1 minute’s heating, and
then moved back to a magnetic stirrer and mixed at a temperature of 90 °C . Meanwhile, 2ml of
5% sodium dodecyl sulfate (SDS) (5g per 100ml) was added to the solution. A sample of 40ml of
the agarose solution was moved to another flask, to which was added 2ml of fluorescent sphere
suspension (FluoSpheres, F8803, ThermoFisher, USA). The solution was then continuously
mixed at the same temperature. At this point, the experimental procedure resulted in one flask of
clear agarose solution and another flask of fluorescent agarose solution. The experiments were
performed using a two-layer agarose model, which was formed by first moving 12ml of the clear
agarose solution to a petri dish and letting it sit for 3 minutes to form the first gel layer. The
second layer was formed by seeding 10ml of the agarose mixture with fluorescent spheres, and

then pouring it on top of the first layer and letting it sit for another 3 minutes until a gel formed.
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The ultrasound transducer used in experiments was a single-element non-focusing piezo-

ceramic transducer (Olympus NDT Inc., Waltham, MA) operated at 1.0 MHz, with active radius
b =9.5 mm and Rayleigh distance a, = b* /A = 6.0 cm. The transducer was immersed in water

and suspended a distance of about 1cm over the hydrogel sample, so the hydrogel was clearly in
the transducer near-field region and the acoustic waves can be taken to be approximately one-
dimensional (Lewin and Ziskin, 1992). An arbitrary waveform function generator (33250A,
Agilent, Santa Clara, CA) was programmed to produce a tone-burst sinusoidal signal with 20%

duty cycle for insonation duration ¢, of either 5 or 10 minutes, and the output of the waveform

generator was used as the input of a 55 dB RF power amplifier (ENI A300, Rochester, NY)
whose output was used to drive the transducer. The spatially- and temporally-averaged intensity
(IsaTa) used in the experiment was 2.32 W/cm2, which was measured by using the radiation force
measurement (Beissner, 1993). A schematic diagram showing the experimental setup is given in
Figure 1. In each case where the hydrogel was exposed to ultrasonic excitation (which we call
the treated sample), another sample from the same gel was extracted that was not exposed to

ultrasound (called the control sample).

Waveform function

A Power amplifier
generator

I

-

Transducer

N

1comy Degassed water

Clear gel layer

Figure 1. Experimental set-up for measuring ultrasound-enhanced diffusion of nanoparticles.

(Not to scale)
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Optical imaging of the hydrogel to measure fluorescent intensity profile was performed

after a time interval ¢, following gel formation. A sample of the hydrogel was obtained by

cutting a cross section out of the two-layer agarose layer for each run. Imaging of the sample was
performed using a computer-controlled confocal microscope (Zeiss LSM 510 META) to obtain
the fluorescence intensity profile. An example of this process is shown in Figure 2. A sample of
the fluorescent hydrogel is shown in Fig. 2a. At the initial time, the sample appears green on its
left side (which is initially seeded with fluorescent particles) and it is clear on its right side (with
no initial particles). Over time, the fluorescent particles diffuse from the particle-rich left-hand
side to the particle-poor right-hand side, producing a more gradual fluorescence intensity
distribution as shown in Fig. 2a. The corresponding fluorescence intensity profile was obtained
by averaging the measurements from three repeated experiments. An example fluorescence
intensity profile is shown in Fig. 2b, which plots fluorescence intensity versus distance along the
imaging plane (denoted by x). The origin of the distance coordinate x is set as the location where

the imaging plane intersects the boundary between the two hydrogel layers.
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Figure 2. Plots showing an example of the fluorescent imaging of the hydrogel. (a) Image of
fluorescent gel showing two layers and imaging plane. The left-hand layer is initially seeded
with fluorescent particles and the right-hand layer is initially clear. (b) Example showing

fluorescence intensity variation with distance x on the imaging plane.

3. Data Analysis
The fluorescence data was processed to estimate the diffusion coefficient by numerical

solution for the particle concentration c(x,z) for both the treated samples (samples with
ultrasound exposure) and for the control samples (samples without ultrasound exposure). It is
assumed that the molecular diffusion coefficient D,, (associated with thermal molecular motion)
and the acoustic diffusion coefficient D, (associated with enhancement of diffusion via

ultrasonic excitation) are additive, so that the total diffusion coefficient can be written as
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D=D, +D,. (1)

For the treated samples, we wish to estimate both the acoustic streaming velocity and the

acoustic contribution D, to the diffusion coefficient. For control samples, we wish to estimate
the molecular diffusion coefficient D,,. For convenience, the concentration is normalized by its
initial value ¢, within the part of the film that is seeded with fluorescent particles. The particle

concentration is proportional to the fluorescence intensity J(x,#), such that

E(xt) = c(;c, t) _ J(}c,t) ’ @)

where ¢(x,?) is the normalized concentration and J, is the initial fluorescence intensity of the

seeded part of the film.
The normalized concentration for the control samples is governed by the standard

diffusion equation

@ _ o

=D, — for0<¢<t¢,, 3
o M ox? ! ®)

where ¢ is time since formation of the hydrogel, x is depth within the agarose hydrogel film, and

t, is the time period that imaging is performed following hydrogel formation. The initial particle

concentration is assumed to be a step function ¢(x,0)=1-U(x), where the step function is
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defined by U(x)=0 for x<0 and U(x)=1 for x>0. The origin x =0 coincides with the

discontinuity in the initial fluorescence distribution (the position in-between the two layers of the

hydrogel). The final value of c(x,¢) at time ¢, for the control samples is denoted by
Fo(x)=c(x,t=t,).

For the samples that have been treated with ultrasound, it is convenient to split the
molecular and acoustic diffusion processes into two parts. The molecular diffusion process is the
same as for the control samples, whereas the additional acoustic diffusion process involves both
a diffusion term associated with the acoustic diffusion coefficient D, and an acoustic streaming
term associated with the (constant) streaming velocity u. Letting 7 be a pseudo time variable,
the additional nanoparticle transport caused by the combination of advection by acoustic

streaming and acoustic diffusion is governed by the advection-diffusion equation

A A 2 A
L
or ox Oox

for0<r<¢,, (4)
where 7, is the time interval over which ultrasound excitation is applied. Equation (4) is solved
numerically with the initial condition ¢(x,7 = 0) = F,.(x), and the final value of the normalized
concentration obtained from (4) at 7 =¢, is denoted by F,(x)=c(x,7=t,).

We note that the acoustic radiation pressure may also potentially influence particle

motion. However, the radiation force is proportional to the particle volume (King, 1934) whereas

the Stokes drag is proportional to particle diameter d. The ratio of the radiation force to the

Stokes drag is proportional to d”, indicating that the radiation force becomes negligible for

sufficiently small particle diameters. An analysis (and experimental validation) of the effect of

10
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acoustic radiation force versus acoustic streaming on suspended particles was given by Barnkob

et al. (2012), who found that the particle acoustic streaming velocity u , was approximately

equal to the velocity u_, induced by acoustic radiation force for particles of diameter

rad

d . =1.4um in water. The largest particles used in the current experiments have diameter of

crit —

100 nm, for which case we would expect the ratio u, , /u, = 0.005. While the above estimate

rad
was made for particles in water, it should be reasonably valid for nanoparticles that are
sufficiently small to move in the aqueous solution within the pore space of the agarose hydrogel.
As a final confirmation that radiation force is negligible in our experiments, we note that our
measured results for particle velocity u are nearly independent of particle size, which does not fit
the hypothesis that acoustic radiation pressure plays a significant role in the particle motion. By
contrast, the acoustic streaming velocity is independent of particle diameter, so the hypothesis
that particles are advected with the acoustic streaming velocity is in good agreement with our
findings.

It is convenient to define dimensionless variables x'=x/L and t'=¢/T , where the
length scale L is set equal to the measurement depth in the film and the time scale T is set equal

to ¢, in the molecular diffusion problem (3) and to the ultrasound exposure time ¢, for the

S
acoustic diffusion problem (4). The diffusion problem is solved on the interval —2 < x" <1 with
a Dirichlet boundary condition ¢(-2,¢") =1 on the left-hand side and the Neumann boundary

condition 0¢/0x'(1,t')=0 on the right-hand side. The resulting dimensionless problem for

molecular diffusion on the control samples is given by

A 2 A
oc ., 0°¢C

_— for 0<¢' <land —2<x'<1 5
o M ox'? ©®)
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with initial condition ¢(x',0) =1-U(x"). The dimensionless problem for acoustic diffusion on

the treated samples is given by

for 0<t'<land —-2<x'<1. (6)

The dimensionless acoustic streaming velocity u’ and diffusion coefficient D' are defined by
u'=uT/L, D'=DT/L*. (7)

Numerical solution of (5) and (6) was performed using the Crank-Nicholson method for the
diffusion terms and second-order upwind differencing for the advection term. Computations are
performed with time and spatial steps sizes At =0.001 and Ax' =0.01.

The experimental data for the control and treated normalized concentration fields

measured at imaging time ¢, are denoted by é.(x) and e, (x), respectively. For the control

samples, a least-square error measure £. was defined by the integral over the domain 0 < x' <1

of the square of the difference between the experimental data for the control samples and the

result F.(x") =¢(x',]) of the numerical solution of (5), giving

E.= j [6.(x") = F.(x")]? dx', (8)

12
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The numerical computation of (5) was repeated for a range of values of D), and the error E. for
each case was tabulated. The optimal value of D], was selected as that which yields a minimal
value of E..

For the treated samples, a similar least-square error measure was defined by
1
Ep=[ [6;(x) = F(x)] dv, )
0

where F,(x")=¢(x',1) is the numerical solution of (6). The numerical computation of (6) was
repeated for a range of values of both u’ and D’,, and the error E, for each case was tabulated.

Optimal values of u’ and D', were selected as those which yielded a minimal value of £, .

4. Results and Discussion

A summary of the parameter values for the different experimental runs conducted is
given in Table 1. Experiments for particle diffusion were performed with particles of diameter
20nm and 100nm. No diffusion was observed in experiments conducted with even larger
particles, with 200nm diameter, from which we deduce that the pore size of the hydrogel must be
between 100-200nm. In Table 1, the length scale L indicates the depth that imaging is performed
into the hydrogel below the interface ( x =0 ) separating the layer initially seeded with
fluorescent particles from the unseeded layer. Each experiment is denoted as either molecular
(for control samples with no ultrasound exposure) or acoustic (for treated samples with

ultrasound exposure). For molecular experiments, the time scale 7 denotes the time period 7, at
which imaging is performed following initial formation of the hydrogel. For the acoustic

13
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experiments, the time scale 7' denotes the length of the time interval ¢, that the hydrogel is

exposed to ultrasound.

Table 1. List of experimental cases examined and relevant parameters.

Case Particle | Length | Exposure | Acoustic

diameter | scale L |time T or

(nm) (um) (min) Molecular
Set 1.1 20 763.805 | 15 Molecular
Set 1.2 20 763.805 | 30 Molecular
Set 1.3 20 763.805 | 45 Molecular
Set 2.1 20 393.75 15 Molecular
Set 2.2 20 393.75 5 Acoustic
Set3.1 | 100 393.75 70 Molecular
Set3.2 | 100 393.75 10 Acoustic

A set of experiments (Set 1.1-1.3) was first conducted with 20 nm diameter particles to
examine time variation of the molecular diffusion results, in order to confirm that the observed
phenomenon is adequately described by the diffusion equation. Imaging results for particle
fluorescence were taken at intervals of 15 min, 30 min and 45 min following hydrogel formation.
The experimental results for concentration profile are compared in Figure 3 with predictions
from numerical solution of (5) starting with a step function initial condition, indicated by lines at
the three different times. For this experiment, the best-fit molecular diffusion coefficient is given

by D,, =54.0 pm?/s, which is used for all three prediction curves in Figure 3 and is observed to

provide a good fit to the experimental data.

14
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Figure 3. Comparison of experimental data and prediction from solution of the diffusion equation
for 20 nm diameter particles with molecular diffusion (no ultrasound) at three different imaging

times. Experimental data are shown at times 7, after hydrogel formation of 15 minutes (square

symbols), 30 minutes (delta symbols), and 45 minutes (circular symbols). Predictions are shown

for a best-fit molecular diffusion coefficient of D,, =54 um?/s, starting from a step function

initial condition, at times 15 min (red line), 30 min (blue line) and 45 min (green line). (Color

online)

For the experiments with acoustically-enhanced diffusion, three different sets of
experiments were performed using three different hydrogels on different days for each case
examined. One case was also repeated a total of 10 times in order to verify that the uncertainty
does not change significantly with increase in sample size. The first set of experiments (Set 2.1-
2.2) was performed for 20nm diameter particles, and the second set of experiments (Set 3.1-3.2)
was performed for 100nm diameter particles. Best-fit values for the diffusion coefficient and

15



290  (when applicable) for the acoustic streaming velocity from these experiments are recorded in

291  Table 2, including both dimensionless and dimensional values.

292

293  Table 2. List of best-fit diffusion coefficient and acoustic streaming velocity for the different

294  experimental cases. Both dimensionless values (primed) and dimensional values are listed.

Case Streaming Molecular Acoustic Streaming | Molecular Acoustic
Velocity, u' Diffusion Diffusion Velocity, u | Diffusion Diffusion
(dimensionless) | Coefficient, D), | Coefficient, D/, (um/s) Coefficient, Coefficient,

(dimensionless) (dimensionless) D,, (um?s) D, (um’/s)

Set1.1 |- 0.0865 - - 54.0 -

Set1.2 |- 0.173 - - 54.0 -

Set1.3 |- 0.258 - - 54.0 -

Set2.1 | - 0.232 - - 40.0 -

Set2.2 | 0.12 - 0.134 0.157 - 69.4

Set3.1 | - 0.103 - - 3.80 -

Set3.2 | 0.20 - 0.0342 0.131 - 8.84

295
296 Results for the experiments with 20nm diameter particles are shown in Figure 4. The

297  control data are denoted using deltas and the ultrasound treated data using circles. The numerical

298  prediction of (5) for molecular diffusion in the control data is indicated by a red line, and the

299  Dbest-fit numerical solution of (6) for the treated data is indicated by a blue line. Both curves fit

300 the experimental data very well. The acoustic diffusion coefficient D, for the 20 nm particles

301  was found to be 1.74 times the molecular diffusion coefficient D,,. The value of molecular

302 diffusion coefficient for Set 2.1 is about 25% lower than the molecular diffusion coefficient

16
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obtained from the results in Set 1.1-1.3, which is likely attributable to variation in the hydrogel

structure from one experiment to another.
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Figure 4. Comparison of data and prediction for 20 nm particles. Data is shown for the control
group (deltas) and the treated group (circles) after 10 minutes ultrasound exposure. The

measurement was made 70 minutes after the experiment onset. The lower solid line (red color

online) indicates the prediction for a molecular diffusion coefficient D,, = 40.0 um?/s, starting

from a step function initial condition. The upper solid line (blue color online) represents the

prediction for an acoustic diffusion coefficient D, = 69.4 um”/s and an acoustic streaming

velocity of u =0.157 um/s, with the control group data as an initial condition. Error bars

represent root-mean-square of experimental data.

A plot showing the control data (deltas, Set 3.1) and the treated data (circles, Set 3.2) for
the experiments with 100nm diameter particles is given in Figure 5. The best prediction from
numerical solution of (5) for the molecular diffusion is indicated by the red line. The best

prediction from numerical solution of (6) for acoustic-enhanced diffusion is indicated by the blue

17
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line in Figure 5, which was obtained using the experimental data for the control sample as an
initial value. The measured acoustic diffusion coefficient for 100nm diameter particles is 2.3
times larger than the molecular diffusion coefficient for the given ultrasound conditions used for
this experiment. It is noted that the diffusion coefficients for the 20nm particles are nearly an
order of magnitude larger than those for the 100nm diameter particles, whereas the best-fit
acoustic streaming velocity differs only by about 20% between the two sets of particles. This
difference in acoustic streaming velocity could easily be accounted for by experimental

uncertainty or differences in the hydrogel samples that were tested for the two experimental sets.
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Figure 5. Comparison of data and prediction for 100 nm particles. Data is shown for the control
group (deltas) and the treated group (circles) after 10 minutes ultrasound exposure. The
measurement was made 70 minutes after the experiment onset. The lower solid line (red color
online) indicates the prediction for a molecular diffusion coefficient D,, =3.80 um?/s, starting
from a step function initial condition. The upper solid line (blue color online) represents the

prediction for an acoustic diffusion coefficient D, =8.84 um?/s and an acoustic streaming
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velocity of u=0.131 pum/s, with the control group data as an initial condition. Error bars

represent root-mean-square of experimental data.

The measured values of acoustic streaming velocity of the particles can be compared to

the theoretical expression

2
_ a0, gy

uc

U, (10)

obtained by Green et al. (2016) via a scaling estimate. Here, &, is the acoustic attenuation
coefficient, o, is a characteristic length scale for viscous dissipation of the fluid flow, Ig,;, is
the spatial-average and temporal-average acoustic intensity,  is the fluid viscosity, and c is the

speed of sound. The attenuation coefficient for agarose hydrogels varies with agar dosage and
ultrasound frequency. A study using an agarose gel similar to that examined in the current study,

and at the same ultrasound frequency f =1MHz, was reported by Menikou and Damianou
(2017) for a hydrogel used as a muscle simulant. This study gave the acoustic attenuation

coefficient and speed of sound in the hydrogel as «, =0.05 Np/m and ¢ =1529 m/s. This

attenuation coefficient is about 2.5 times that of pure water. The viscosity of hydrogels also

varies widely, with cited values ranging from 0.1-1000 Pa-s; however, a typical value is ¢ =10
Pa-s (Paquet-Mercier et al., 2016). The viscous dissipation length scale o, 1s assumed to be on

the order of the hydrogel film thickness, about 0, = 1 mm. Substituting these values into (10)

gives an estimate for the order of magnitude of the acoustic streaming velocity as

U, =0(0.1pm), which is consistent with the measured values shown in Table 2.
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The stochastic model of Marshall (2016) assumes that the nanoparticles move via a series
of discrete time steps At with an oscillation velocity amplitude 4. At each time step, there is a
probability o that retention will occur and the particle will not move during that time step.
Marshall (2016) showed that in the limit of many time steps, the stochastic process reduces to the

solution of a diffusion equation, where the effective acoustic diffusion coefficient D, is related

to the parameters of the stochastic model by
D, =%A2At. (11)

The time step Af in (11) represents the time interval at which retention decisions occur within
the porous medium. Setting Az equal to the time interval required for the particle to move a

distance of one pore size a of the porous matrix gives At = O(a/ A) . Substituting this estimate

into (11) yields the acoustic diffusion coefficient as D, = O(ada) . The particle velocity

amplitude 4 in a pure fluid is related to the acoustic intensity amplitude /, by 4 = (2] o/ pc)”z.
A pore size for the current study is estimated as a =200 nm, based on our observation that
200nm diameter particles did not diffusion in the hydrogel. Using the above estimate for 4 gives
A=0.17 m/s for our experiments, which results in D, = O(ax10*um®/s) . A retention

probability « of about 0.1-1% gives values for acoustic diffusion coefficient in the range of the
observed values. It is likely that the particle velocity amplitude 4 would be lower in a porous
medium due to the effect of the pore walls on impeding particle motion. As noted in the review

by Wham et al. (1996) for the problem of a spherical particle in a tube, the presence of the
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confining walls of the tube can increase drag on the particle by up to 1-2 orders of magnitude

depending on the ratio of the particle radius to the tube radius.

5. Conclusions

An experimental study was conducted to measure the effect of ultrasound excitation on
diffusion of nanoparticles in a hydrogel. The experiments were conducted with 20nm and 100nm
particles in an agarose hydrogel film of about 1mm thick, using a 1 MHz ultrasound source.
Measurements of the molecular diffusion coefficient were obtained with no acoustic excitation,
and then measurements were conducted using the same hydrogel of acoustic streaming velocity
and acoustic diffusion coefficient in the presence of ultrasound excitation. The diffusion
coefficients and streaming velocity were estimated by selecting a best fit between experimental
measurements of the film fluorescence intensity profile and numerical predictions from solution
of the advection-diffusion equation. The order of magnitude of the measured values of the
streaming velocity and acoustic diffusion coefficient were found to compare reasonably well
with theoretical estimates using parameter values typical of the agarose hydrogel.

The current detailed experimental study confirms the hypothesis proposed by Ma et al.
(2015) that ultrasonic excitation can significantly enhance nanoparticle diffusion in a hydrogel.
The mechanism for this enhancement proposed by Marshall (2016) is also in reasonable
agreement with our measured results. This finding has potential significance for injecting
material into biofilms, such as injection of lipid shells containing antibiotics for biofilm
mitigation or injection of nutrients to promote biofilm growth. The observation that ultrasound
emission enhances nanoparticle diffusion is also relevant to issues involving nanoparticle

transport in tissues, for which ultrasound excitation of drug-encapsulated liposomes and
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nanoparticles are sometimes used for targeted drug delivery (Tiukinhoy-Laing et al., 2006; Paul

et al., 2014; Schroeder et al., 2009; Huang, 2008; Wu et al., 2006).
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Figure Captions

Figure 1. Experimental set-up for measuring ultrasound-enhanced diffusion of nanoparticles.

Figure 2. Plots showing an example of the fluorescent imaging of the hydrogel. (a) Image of
fluorescent gel showing two layers and imaging plane. (b) Example showing fluorescence

intensity variation with distance on the imaging plane. (Color online)

Figure 3. Comparison of data and prediction for 20 nm particles with molecular diffusion (no
ultrasound) at three different imaging times: 15 minutes (squares), 30 minutes (deltas), and 45
minutes (circles). Predictions are shown for a best-fit molecular diffusion coefficient of

D, =54 um?/s, starting from a step function initial condition, at times 15 min (red line), 30 min

(blue line) and 45 min (green line). (Color online)

Figure 4. Comparison of data and prediction for 20 nm particles. Data is shown for the control
group (deltas) and the treated group (circles) after 10 minutes ultrasound exposure. The
measurement was made 70 minutes after the experiment onset. The lower solid line (red color
online) indicates the prediction for a molecular diffusion coefficient D,, = 40.0 um?/s, starting
from a step function initial condition. The upper solid line (blue color online) represents the

prediction for an acoustic diffusion coefficient D, = 69.4 um”/s and an acoustic streaming

velocity of u =0.157 um/s, with the control group data as an initial condition. Error bars

represent root-mean-square of experimental data.
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Figure 5. Comparison of data and prediction for 100 nm particles. Data is shown for the control
group (deltas) and the treated group (circles) after 10 minutes ultrasound exposure. The
measurement was made 70 minutes after the experiment onset. The lower solid line (red color

online) indicates the prediction for a molecular diffusion coefficient D,, =3.80 um?/s, starting

from a step function initial condition. The upper solid line (blue color online) represents the

prediction for an acoustic diffusion coefficient D, =8.84 um®/s and an acoustic streaming

velocity of #=0.131 pm/s, with the control group data as an initial condition. Error bars

represent root-mean-square of experimental data.
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