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Abstract 20 

An experimental study has been performed to measure the effect of ultrasound on nanoparticle 21 

diffusion in an agarose hydrogel. Agarose hydrogel is often used as a simulant for biofilms and 22 

certain biological tissues, such as muscle and brain tissue. The work was motivated by recent 23 

experiments indicating that ultrasonic excitation of moderate intensity can significantly enhance 24 

nanoparticle diffusion in a hydrogel. The objective of the current study was to obtain detailed 25 

measurements of the effect of ultrasound on nanoparticle diffusion in comparison to the 26 

molecular diffusion in the absence of acoustic excitation. Experiments were conducted with 1 27 

MHz ultrasound waves and nanoparticle diameters of 20nm and 100nm, using fluorescent 28 

imaging to measure particle concentration distribution. Under ultrasound exposure, the 29 

experiments yield estimates for both acoustic diffusion coefficients as well as acoustic streaming 30 

velocity within the hydrogel. Measured values of acoustic streaming velocity were on the order 31 

of 0.1 m/s, which agree well with a theoretical estimate. Measured values of the acoustic 32 

diffusion coefficient were found to be 74% larger than the molecular diffusion coefficient of the 33 

nanoparticles for 20nm particles and 133% larger than the molecular diffusion coefficient for 34 

100nm particles.   35 

  36 

 37 

 38 
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1. Introduction 39 

 A biofilm consists of bacteria immersed in a network of proteins called extracellular 40 

polymeric substances (EPS), through which nutrients and minerals necessary for growth of the 41 

bacteria are transported. Diffusion is the primary mechanism for transport of particles and 42 

chemicals in a biofilm (Stewart, 2003; Zhang et al., 2011). A promising method for delivery of 43 

antibiotics to bacterial colonies within biofilms is via attachment to liposomes, nanoparticles or 44 

lipid-polymer hybrid nanoparticles, with particle sizes below 100nm being found optimal for use 45 

as a carrier (Forier et al., 2014a, 2014b; Li et al., 2015; Cheow et al., 2011). One mechanism by 46 

which biofilms protect bacteria is by chemically deactivating antimicrobial agents in the outer 47 

EPS layers of the biofilm. Encapsulation of these antimicrobial agents within liposomes or solid 48 

nanoparticles can be effective for carrying the antibiotic past this chemical barrier. Liposomes 49 

and nanoparticles can also be targeted to attach to bacterial outer membranes, thereby delivering 50 

the antibiotic agent directly to the bacterial cell (Forier et al., 2014a).   51 

 It was observed by Ma et al. (2015) that low intensity ultrasound (far below the intensity 52 

necessary to induce acoustic cavitation) can significantly enhance transport of liposomes into an 53 

alginate gel, including both the liposome transport from solution to the hydrogel outer surface 54 

and liposome penetration into the gel. Similar acoustic enhancement of diffusive processes in 55 

more general porous media was noted by Vogler and Chrysikopoulos (2002) for the problem of 56 

diffusion of a passive tracer in a packed column of glass spheres. These authors proposed a 57 

phenomenological model that accounted for the acoustic enhancement effect by introducing a 58 

modified diffusion coefficient that is a function of the amplitude of particle velocity of the 59 

acoustic wave in situ.  60 
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 A stochastic model was proposed by Marshall (2016) for acoustic diffusion coefficient of 61 

particles in a porous medium. The model assumes that the diffusion of a particulate phase in a 62 

porous medium is produced by the combination of acoustic oscillations and random retention, 63 

where the latter is produced by hindered motion of the diffused phase by the pore walls of the 64 

porous medium. Retention occurs in a variety of diffusion processes when the diffusing material 65 

is partially or temporarily blocked by structures within the conducting medium (Bevilacqua et al., 66 

2011). In the case of polymeric gels, such as biofilms or hydrogels, retention is associated with 67 

the phenomenon of hindered diffusion, in which the transport rate of solute molecules and 68 

nanoparticles is reduced by near-wall effects as the large molecules or particles pass through 69 

small pores within the gel (Buck et al., 1999; Kätelhön and Compton, 2014). A study of the 70 

effects of hindered diffusion on nanoparticle diffusion within agarose gels was given by Fatin-71 

Rouge et al. (2004).  72 

    While previous work suggests that ultrasound excitation can enhance the diffusion of 73 

nanoparticles within a hydrogel, there are no detailed measurements to verify this hypothesis or 74 

to characterize the exact extent of diffusion enhancement by ultrasound excitation. The objective 75 

of the current study is to conduct detailed experiments that measure diffusion in a hydrogel of 76 

different size particles both without ultrasound (called the control samples) and with ultrasound 77 

exposure (called the treated samples). The experiments verify the effect of ultrasound on 78 

enhancement of nanoparticle diffusion within a hydrogel and provide a measurement of the 79 

enhanced diffusion coefficient. In order to make the porous medium more uniform between 80 

experimental runs, we performed our experiments with an agarose hydrogel instead of a natural 81 

biofilm. Alginate and agarose hydrogels are common physical models for biofilms since they 82 

share similar extracellular matrix, porous structures and mechanical properties (Jung et al., 2015; 83 
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Rowley et al., 1990; Smidsrǿd et al., 1990), but the agarose or alginate hydrogels have the 84 

advantages of fast setup and consistent properties and thickness compared to natural biofilms. 85 

Use of agarose hydrogel in this study allows our experiments to be more consistent and 86 

controlled than would be the case with living biofilms.  87 

 The experimental method is described in Section 2. The method for analysis of 88 

experimental data to extract diffusion coefficients is described in Section 3. The experimental 89 

results and related discussion are presented in Section 4. Conclusions are given in Section 5.   90 

 91 

2. Experimental Method 92 

 The agarose hydrogel was formed using a 0.8% agarose solution, which was prepared by 93 

adding 0.8g agarose to a 98ml, 50mM calcium chloride solution in a 125ml flask. The solution 94 

was mixed using a magnetic stirring bar, placed in a microwave oven for 1 minute’s heating, and 95 

then moved back to a magnetic stirrer and mixed at a temperature of 90 C . Meanwhile, 2ml of 96 

5% sodium dodecyl sulfate  (SDS) (5g per 100ml) was added to the solution. A sample of 40ml of 97 

the agarose solution was moved to another flask, to which was added 2ml of fluorescent sphere 98 

suspension (FluoSpheres, F8803, ThermoFisher, USA). The solution was then continuously 99 

mixed at the same temperature. At this point, the experimental procedure resulted in one flask of 100 

clear agarose solution and another flask of fluorescent agarose solution. The experiments were 101 

performed using a two-layer agarose model, which was formed by first moving 12ml of the clear 102 

agarose solution to a petri dish and letting it sit for 3 minutes to form the first gel layer. The 103 

second layer was formed by seeding 10ml of the agarose mixture with fluorescent spheres, and 104 

then pouring it on top of the first layer and letting it sit for another 3 minutes until a gel formed.  105 
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The ultrasound transducer used in experiments was a single-element non-focusing piezo-106 

ceramic transducer (Olympus NDT Inc., Waltham, MA) operated at 1.0 MHz, with active radius 107 

b = 9.5 mm and Rayleigh distance 0.6/2  baR cm. The transducer was immersed in water 108 

and suspended a distance of about 1cm over the hydrogel sample, so the hydrogel was clearly in 109 

the transducer near-field region and the acoustic waves can be taken to be approximately one-110 

dimensional (Lewin and Ziskin, 1992). An arbitrary waveform function generator (33250A, 111 

Agilent, Santa Clara, CA) was programmed to produce a tone-burst sinusoidal signal with 20% 112 

duty cycle for insonation duration At  of either 5 or 10 minutes, and the output of the waveform 113 

generator was used as the input of a 55 dB RF power amplifier (ENI A300, Rochester, NY) 114 

whose output was used to drive the transducer. The spatially- and temporally-averaged intensity 115 

(ISATA) used in the experiment was 2.32 W/cm2, which was measured by using the radiation force 116 

measurement (Beissner, 1993). A schematic diagram showing the experimental setup is given in 117 

Figure 1. In each case where the hydrogel was exposed to ultrasonic excitation (which we call 118 

the treated sample), another sample from the same gel was extracted that was not exposed to 119 

ultrasound (called the control sample). 120 

 121 

Figure 1. Experimental set-up for measuring ultrasound-enhanced diffusion of nanoparticles. 122 

(Not to scale) 123 
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 Optical imaging of the hydrogel to measure fluorescent intensity profile was performed 124 

after a time interval  ft  following gel formation. A sample of the hydrogel was obtained by 125 

cutting a cross section out of the two-layer agarose layer for each run. Imaging of the sample was 126 

performed using a computer-controlled confocal microscope (Zeiss LSM 510 META) to obtain 127 

the fluorescence intensity profile. An example of this process is shown in Figure 2. A sample of 128 

the fluorescent hydrogel is shown in Fig. 2a. At the initial time, the sample appears green on its 129 

left side (which is initially seeded with fluorescent particles) and it is clear on its right side (with 130 

no initial particles). Over time, the fluorescent particles diffuse from the particle-rich left-hand 131 

side to the particle-poor right-hand side, producing a more gradual fluorescence intensity 132 

distribution as shown in Fig. 2a. The corresponding fluorescence intensity profile was obtained 133 

by averaging the measurements from three repeated experiments. An example fluorescence 134 

intensity profile is shown in Fig. 2b, which plots fluorescence intensity versus distance along the 135 

imaging plane (denoted by x). The origin of the distance coordinate x is set as the location where 136 

the imaging plane intersects the boundary between the two hydrogel layers.  137 

 138 
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                     139 

  140 

Figure 2. Plots showing an example of the fluorescent imaging of the hydrogel. (a) Image of 141 

fluorescent gel showing two layers and imaging plane. The left-hand layer is initially seeded 142 

with fluorescent particles and the right-hand layer is initially clear. (b) Example showing 143 

fluorescence intensity variation with distance x on the imaging plane. 144 

 145 

3. Data Analysis 146 

 The fluorescence data was processed to estimate the diffusion coefficient by numerical 147 

solution for the particle concentration ),( txc  for both the treated samples (samples with 148 

ultrasound exposure) and for the control samples (samples without ultrasound exposure). It is 149 

assumed that the molecular diffusion coefficient MD  (associated with thermal molecular motion) 150 

and the acoustic diffusion coefficient AD  (associated with enhancement of diffusion via 151 

ultrasonic excitation) are additive, so that the total diffusion coefficient can be written as 152 

(a) 

(b) 
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 153 

 AM DDD  . (1) 154 

 155 

For the treated samples, we wish to estimate both the acoustic streaming velocity and the 156 

acoustic contribution AD  to the diffusion coefficient. For control samples, we wish to estimate 157 

the molecular diffusion coefficient MD . For convenience, the concentration is normalized by its 158 

initial value 0c  within the part of the film that is seeded with fluorescent particles. The particle 159 

concentration is proportional to the fluorescence intensity ),( txJ , such that 160 

 161 

 
00

),(),(
),(ˆ

J

txJ

c

txc
txc  , (2) 162 

 163 

where ),(ˆ txc  is the normalized concentration and 0J  is the initial fluorescence intensity of the 164 

seeded part of the film.  165 

  The normalized concentration for the control samples is governed by the standard 166 

diffusion equation  167 

 168 
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 for ftt 0 , (3) 169 

 170 

where t is time since formation of the hydrogel, x is depth within the agarose hydrogel film, and 171 

ft  is the time period that imaging is performed following hydrogel formation. The initial particle 172 

concentration is assumed to be a step function )(1)0,(ˆ xUxc  , where the step function is 173 
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defined by 0)( xU  for 0x  and 1)( xU  for 0x . The origin 0x  coincides with the 174 

discontinuity in the initial fluorescence distribution (the position in-between the two layers of the 175 

hydrogel). The final value of ),(ˆ txc  at time ft  for the control samples is denoted by 176 

),(ˆ)( fC ttxcxF  .  177 

  For the samples that have been treated with ultrasound, it is convenient to split the 178 

molecular and acoustic diffusion processes into two parts. The molecular diffusion process is the 179 

same as for the control samples, whereas the additional acoustic diffusion process involves both 180 

a diffusion term associated with the acoustic diffusion coefficient AD  and an acoustic streaming 181 

term associated with the (constant) streaming velocity u. Letting   be a pseudo time variable, 182 

the additional nanoparticle transport caused by the combination of advection by acoustic 183 

streaming and acoustic diffusion is governed by the advection-diffusion equation    184 

 185 
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 for At 0 , (4) 186 

 187 

where At  is the time interval over which ultrasound excitation is applied. Equation (4) is solved  188 

numerically with the initial condition )()0,(ˆ xFxc C , and the final value of the normalized 189 

concentration obtained from (4) at At  is denoted by ),(ˆ)( AT txcxF   .  190 

 We note that the acoustic radiation pressure may also potentially influence particle 191 

motion. However, the radiation force is proportional to the particle volume (King, 1934) whereas 192 

the Stokes drag is proportional to particle diameter d. The ratio of the radiation force to the 193 

Stokes drag is proportional to 2d , indicating that the radiation force becomes negligible for 194 

sufficiently small particle diameters. An analysis (and experimental validation) of the effect of 195 
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acoustic radiation force versus acoustic streaming on suspended particles was given by Barnkob 196 

et al. (2012), who found that the particle acoustic streaming velocity stru  was approximately 197 

equal to the velocity radu  induced by acoustic radiation force for particles of diameter 198 

4.1critd m in water. The largest particles used in the current experiments have diameter of 199 

100 nm, for which case we would expect the ratio 005.0/ strrad uu . While the above estimate 200 

was made for particles in water, it should be reasonably valid for nanoparticles that are 201 

sufficiently small to move in the aqueous solution within the pore space of the agarose hydrogel.   202 

As a final confirmation that radiation force is negligible in our experiments, we note that our 203 

measured results for particle velocity u are nearly independent of particle size, which does not fit 204 

the hypothesis that acoustic radiation pressure plays a significant role in the particle motion. By 205 

contrast, the acoustic streaming velocity is independent of particle diameter, so the hypothesis 206 

that particles are advected with the acoustic streaming velocity is in good agreement with our 207 

findings.  208 

 It is convenient to define dimensionless variables Lxx /  and Ttt / , where the 209 

length scale L is set equal to the measurement depth in the film and the time scale T is set equal 210 

to ft  in the molecular diffusion problem (3) and to the ultrasound exposure time At  for the 211 

acoustic diffusion problem (4). The diffusion problem is solved on the interval 12  x  with 212 

a Dirichlet boundary condition 1),2(ˆ  tc  on the left-hand side and the Neumann boundary 213 

condition 0),1(/ˆ  txc  on the right-hand side. The resulting dimensionless problem for 214 

molecular diffusion on the control samples is given by 215 

 216 
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 for 10  t  and 12  x  (5) 217 
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 218 

with initial condition )(1)0,(ˆ xUxc  . The dimensionless problem for acoustic diffusion on 219 

the treated samples is given by 220 

 221 

 
2

2 ˆˆˆ

x

c
D

x

c
u

t

c
A 








 for 10  t  and 12  x . (6) 222 

 223 

The dimensionless acoustic streaming velocity u  and diffusion coefficient D  are defined by 224 

 225 

 LuTu / , 2/ LDTD  . (7) 226 

  227 

Numerical solution of (5) and (6) was performed using the Crank-Nicholson method for the 228 

diffusion terms and second-order upwind differencing for the advection term. Computations are 229 

performed with time and spatial steps sizes  001.0t  and 01.0x .  230 

 The experimental data for the control and treated normalized concentration fields 231 

measured at imaging time ft  are denoted by )(ˆ xeC  and )(ˆ xeT , respectively. For the control 232 

samples, a least-square error measure CE  was defined by the integral over the domain 10  x  233 

of the square of the difference between the experimental data for the control samples and the 234 

result )1,(ˆ)( xcxFC   of the numerical solution of (5), giving 235 

 236 

 xdxFxeE CCC   2
1

0

)]()(ˆ[ , (8) 237 

 238 
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The numerical computation of (5) was repeated for a range of values of MD  and the error CE  for 239 

each case was tabulated. The optimal value of MD  was selected as that which yields a minimal 240 

value of CE .  241 

 For the treated samples, a similar least-square error measure was defined by   242 

 243 

 xdxFxeE TTT   2
1

0

)]()(ˆ[ , (9) 244 

 245 

where )1,(ˆ)( xcxFT   is the numerical solution of (6). The numerical computation of (6) was 246 

repeated for a range of values of both u  and AD , and the error TE  for each case was tabulated. 247 

Optimal values of u  and AD  were selected as those which yielded a minimal value of TE .  248 

  249 

4. Results and Discussion 250 

 A summary of the parameter values for the different experimental runs conducted is 251 

given in Table 1. Experiments for particle diffusion were performed with particles of diameter 252 

20nm and 100nm. No diffusion was observed in experiments conducted with even larger 253 

particles, with 200nm diameter, from which we deduce that the pore size of the hydrogel must be 254 

between 100-200nm. In Table 1, the length scale L indicates the depth that imaging is performed 255 

into the hydrogel below the interface ( 0x ) separating the layer initially seeded with 256 

fluorescent particles from the unseeded layer. Each experiment is denoted as either molecular 257 

(for control samples with no ultrasound exposure) or acoustic (for treated samples with 258 

ultrasound exposure). For molecular experiments, the time scale T denotes the time period ft   at 259 

which imaging is performed following initial formation of the hydrogel. For the acoustic 260 
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experiments, the time scale T denotes the length of the time interval At  that the hydrogel is 261 

exposed to ultrasound. 262 

 263 

Table 1. List of experimental cases examined and relevant parameters. 264 

Case Particle 
diameter 
(nm) 

Length 
scale L 
(m) 

Exposure 
time T 
(min) 

Acoustic 
or 
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 

Set 3.1 100 393.75 70 Molecular 

Set 3.2 100 393.75 10 Acoustic 

 265 

 A set of experiments (Set 1.1-1.3) was first conducted with 20 nm diameter particles to 266 

examine time variation of the molecular diffusion results, in order to confirm that the observed 267 

phenomenon is adequately described by the diffusion equation. Imaging results for particle 268 

fluorescence were taken at intervals of 15 min, 30 min and 45 min following hydrogel formation. 269 

The experimental results for concentration profile are compared in Figure 3 with predictions 270 

from numerical solution of (5) starting with a step function initial condition, indicated by lines at 271 

the three different times. For this experiment, the best-fit molecular diffusion coefficient is given 272 

by 0.54MD  m2/s, which is used for all three prediction curves in Figure 3 and is observed to 273 

provide a good fit to the experimental data.   274 
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 275 

Figure 3. Comparison of experimental data and prediction from solution of the diffusion equation 276 

for 20 nm diameter particles with molecular diffusion (no ultrasound) at three different imaging 277 

times. Experimental data are shown at times ft  after hydrogel formation of 15 minutes (square 278 

symbols), 30 minutes (delta symbols), and 45 minutes (circular symbols). Predictions are shown 279 

for a best-fit molecular diffusion coefficient of 54MD  m2/s, starting from a step function 280 

initial condition, at times 15 min (red line), 30 min (blue line) and 45 min (green line). (Color 281 

online) 282 

 283 

 For the experiments with acoustically-enhanced diffusion, three different sets of 284 

experiments were performed using three different hydrogels on different days for each case 285 

examined. One case was also repeated a total of 10 times in order to verify that the uncertainty 286 

does not change significantly with increase in sample size. The first set of experiments (Set 2.1-287 

2.2) was performed for 20nm diameter particles, and the second set of experiments (Set 3.1-3.2) 288 

was performed for 100nm diameter particles. Best-fit values for the diffusion coefficient and 289 
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(when applicable) for the acoustic streaming velocity from these experiments are recorded in 290 

Table 2, including both dimensionless and dimensional values. 291 

 292 

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

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

Case Streaming 
Velocity, u  
(dimensionless) 

Molecular 
Diffusion 
Coefficient, MD   
(dimensionless) 

Acoustic 
Diffusion 
Coefficient, AD  
(dimensionless) 

Streaming 
Velocity, u 
(m/s) 

Molecular 
Diffusion 
Coefficient, 

MD  (m2/s) 

Acoustic 
Diffusion 
Coefficient, 

AD   (m2/s) 

Set 1.1 - 0.0865 - - 54.0 - 

Set 1.2 - 0.173 - - 54.0 - 

Set 1.3 - 0.258 - - 54.0 - 

Set 2.1 - 0.232 - - 40.0 - 

Set 2.2 0.12 - 0.134 0.157 - 69.4 

Set 3.1 - 0.103 - - 3.80 - 

Set 3.2 0.20 - 0.0342 0.131 - 8.84 

 295 

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

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

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

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

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

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

diffusion coefficient for Set 2.1 is about 25% lower than the molecular diffusion coefficient 302 
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obtained from the results in Set 1.1-1.3, which is likely attributable to variation in the hydrogel 303 

structure from one experiment to another. 304 

 305 

Figure 4. Comparison of data and prediction for 20 nm particles. Data is shown for the control 306 

group (deltas) and the treated group (circles) after 10 minutes ultrasound exposure. The 307 

measurement was made 70 minutes after the experiment onset. The lower solid line (red color 308 

online) indicates the prediction for a molecular diffusion coefficient 0.40MD  m2/s, starting 309 

from a step function initial condition. The upper solid line (blue color online) represents the 310 

prediction for an acoustic diffusion coefficient 4.69AD  m2/s and an acoustic streaming 311 

velocity of 157.0u  m/s, with the control group data as an initial condition. Error bars 312 

represent root-mean-square of experimental data. 313 

 314 

 A plot showing the control data (deltas, Set 3.1) and the treated data (circles, Set 3.2) for 315 

the experiments with 100nm diameter particles is given in Figure 5. The best prediction from 316 

numerical solution of (5) for the molecular diffusion is indicated by the red line. The best 317 

prediction from numerical solution of (6) for acoustic-enhanced diffusion is indicated by the blue 318 
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line in Figure 5, which was obtained using the experimental data for the control sample as an 319 

initial value. The measured acoustic diffusion coefficient for 100nm diameter particles is 2.3 320 

times larger than the molecular diffusion coefficient for the given ultrasound conditions used for 321 

this experiment. It is noted that the diffusion coefficients for the 20nm particles are nearly an 322 

order of magnitude larger than those for the 100nm diameter particles, whereas the best-fit 323 

acoustic streaming velocity differs only by about 20% between the two sets of particles. This 324 

difference in acoustic streaming velocity could easily be accounted for by experimental 325 

uncertainty or differences in the hydrogel samples that were tested for the two experimental sets.  326 

 327 

 328 

Figure 5. Comparison of data and prediction for 100 nm particles. Data is shown for the control 329 

group (deltas) and the treated group (circles) after 10 minutes ultrasound exposure. The 330 

measurement was made 70 minutes after the experiment onset. The lower solid line (red color 331 

online) indicates the prediction for a molecular diffusion coefficient 80.3MD  m2/s, starting 332 

from a step function initial condition. The upper solid line (blue color online) represents the 333 

prediction for an acoustic diffusion coefficient 84.8AD  m2/s and an acoustic streaming 334 
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velocity of 131.0u  m/s, with the control group data as an initial condition. Error bars 335 

represent root-mean-square of experimental data. 336 

 337 

  338 

 The measured values of acoustic streaming velocity of the particles can be compared to 339 

the theoretical expression  340 

 
c

I
U SATAVF


 2

0  . (10) 341 

obtained by Green et al. (2016) via a scaling estimate. Here, F  is the acoustic attenuation 342 

coefficient, V  is a characteristic length scale for viscous dissipation of the fluid flow, SATAI  is 343 

the spatial-average and temporal-average acoustic intensity,   is the fluid viscosity, and c is the 344 

speed of sound. The attenuation coefficient for agarose hydrogels varies with agar dosage and 345 

ultrasound frequency. A study using an agarose gel similar to that examined in the current study, 346 

and at the same ultrasound frequency 1f MHz, was reported by Menikou and Damianou 347 

(2017) for a hydrogel used as a muscle simulant. This study gave the acoustic attenuation 348 

coefficient and speed of sound in the hydrogel as 05.0F  Np/m and 1529c m/s. This 349 

attenuation coefficient is about 2.5 times that of pure water. The viscosity of hydrogels also 350 

varies widely, with cited values ranging from 0.1-1000 Pas; however, a typical value is 10  351 

Pas (Paquet-Mercier et al., 2016). The viscous dissipation length scale V  is assumed to be on 352 

the order of the hydrogel film thickness, about 1V mm. Substituting these values into (10) 353 

gives an estimate for the order of magnitude of the acoustic streaming velocity as 354 

0U O(0.1m), which is consistent with the measured values shown in Table 2.   355 
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  The stochastic model of Marshall (2016) assumes that the nanoparticles move via a series 356 

of discrete time steps t  with an oscillation velocity amplitude A. At each time step, there is a 357 

probability   that retention will occur and the particle will not move during that time step. 358 

Marshall (2016) showed that in the limit of many time steps, the stochastic process reduces to the 359 

solution of a diffusion equation, where the effective acoustic diffusion coefficient AD  is related 360 

to the parameters of the stochastic model by 361 

 362 

 tADA  2

4


 . (11) 363 

 364 

The time step t  in (11) represents the time interval at which retention decisions occur within 365 

the porous medium. Setting t  equal to the time interval required for the particle to move a 366 

distance of one pore size a of the porous matrix gives )/( AaOt  . Substituting this estimate 367 

into (11) yields the acoustic diffusion coefficient as )( AaODA  . The particle velocity 368 

amplitude A in a pure fluid is related to the acoustic intensity amplitude 0I  by   2/1
0 /2 cIA  . 369 

A pore size for the current study is estimated as 200a nm, based on our observation that 370 

200nm diameter particles did not diffusion in the hydrogel. Using the above estimate for A gives 371 

17.0A m/s for our experiments, which results in )s/m10( 24   ODA . A retention 372 

probability   of about 0.1-1% gives values for acoustic diffusion coefficient in the range of the 373 

observed values. It is likely that the particle velocity amplitude A would be lower in a porous 374 

medium due to the effect of the pore walls on impeding particle motion. As noted in the review 375 

by Wham et al. (1996) for the problem of a spherical particle in a tube, the presence of the 376 
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confining walls of the tube can increase drag on the particle by up to 1-2 orders of magnitude 377 

depending on the ratio of the particle radius to the tube radius.   378 

 379 

5. Conclusions 380 

 An experimental study was conducted to measure the effect of ultrasound excitation on 381 

diffusion of nanoparticles in a hydrogel. The experiments were conducted with 20nm and 100nm 382 

particles in an agarose hydrogel film of about 1mm thick, using a 1 MHz ultrasound source. 383 

Measurements of the molecular diffusion coefficient were obtained with no acoustic excitation, 384 

and then measurements were conducted using the same hydrogel of acoustic streaming velocity 385 

and acoustic diffusion coefficient in the presence of ultrasound excitation. The diffusion 386 

coefficients and streaming velocity were estimated by selecting a best fit between experimental 387 

measurements of the film fluorescence intensity profile and numerical predictions from solution 388 

of the advection-diffusion equation. The order of magnitude of the measured values of the 389 

streaming velocity and acoustic diffusion coefficient were found to compare reasonably well 390 

with theoretical estimates using parameter values typical of the agarose hydrogel. 391 

 The current detailed experimental study confirms the hypothesis proposed by Ma et al. 392 

(2015) that ultrasonic excitation can significantly enhance nanoparticle diffusion in a hydrogel. 393 

The mechanism for this enhancement proposed by Marshall (2016) is also in reasonable 394 

agreement with our measured results. This finding has potential significance for injecting 395 

material into biofilms, such as injection of lipid shells containing antibiotics for biofilm 396 

mitigation or injection of nutrients to promote biofilm growth. The observation that ultrasound 397 

emission enhances nanoparticle diffusion is also relevant to issues involving nanoparticle 398 

transport in tissues, for which ultrasound excitation of drug-encapsulated liposomes and 399 
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nanoparticles are sometimes used for targeted drug delivery (Tiukinhoy-Laing et al., 2006; Paul 400 

et al., 2014; Schroeder et al., 2009; Huang, 2008; Wu et al., 2006). 401 
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Figure Captions 523 

Figure 1. Experimental set-up for measuring ultrasound-enhanced diffusion of nanoparticles. 524 

 525 

Figure 2. Plots showing an example of the fluorescent imaging of the hydrogel. (a) Image of 526 

fluorescent gel showing two layers and imaging plane. (b) Example showing fluorescence 527 

intensity variation with distance on the imaging plane. (Color online) 528 

 529 

Figure 3. Comparison of data and prediction for 20 nm particles with molecular diffusion (no 530 

ultrasound) at three different imaging times: 15 minutes (squares), 30 minutes (deltas), and 45 531 

minutes (circles). Predictions are shown for a best-fit molecular diffusion coefficient of 532 

54MD  m2/s, starting from a step function initial condition, at times 15 min (red line), 30 min 533 

(blue line) and 45 min (green line). (Color online) 534 

 535 

Figure 4. Comparison of data and prediction for 20 nm particles. Data is shown for the control 536 

group (deltas) and the treated group (circles) after 10 minutes ultrasound exposure. The 537 

measurement was made 70 minutes after the experiment onset. The lower solid line (red color 538 

online) indicates the prediction for a molecular diffusion coefficient 0.40MD  m2/s, starting 539 

from a step function initial condition. The upper solid line (blue color online) represents the 540 

prediction for an acoustic diffusion coefficient 4.69AD  m2/s and an acoustic streaming 541 

velocity of 157.0u  m/s, with the control group data as an initial condition. Error bars 542 

represent root-mean-square of experimental data. 543 

 544 
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Figure 5. Comparison of data and prediction for 100 nm particles. Data is shown for the control 545 

group (deltas) and the treated group (circles) after 10 minutes ultrasound exposure. The 546 

measurement was made 70 minutes after the experiment onset. The lower solid line (red color 547 

online) indicates the prediction for a molecular diffusion coefficient 80.3MD  m2/s, starting 548 

from a step function initial condition. The upper solid line (blue color online) represents the 549 

prediction for an acoustic diffusion coefficient 84.8AD  m2/s and an acoustic streaming 550 

velocity of 131.0u  m/s, with the control group data as an initial condition. Error bars 551 

represent root-mean-square of experimental data. 552 
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