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Therapeutic ultrasound can be used to trigger the on-demand release of chemotherapeutic drugs from
gold nanoparticles (GNPs). In the previous work, our group achieved doxorubicin (DOX) release from
the surface of GNPS under low-intensity pulsed ultrasound (LIPUS) exposure. However, the specific
release kinetics of ultrasound-triggered DOX release from GNPs is not known. Here, we present a
release kinetics study of DOX from GNPs under ultrasound exposure for the first time. A novel dialysis
membrane setup was designed to quantify DOX release from LIPUS-activated GNPs at 37.0 °C and
43.4 °C (hyperthermia temperature range). Contributions of thermal and non-thermal mechanisms of
LIPUS-triggered DOX release were also quantified. Non-thermal mechanisms accounted for 40 + 7%
and 34 + 5% of DOX release for 37.0 °C and 43.4 °C trials, respectively. DOX release under LIPUS
exposure was found to follow Korsmeyer—Peppas (K-P) kinetics, suggesting a shift from a Fickian
(static) to a non-Fickian (dynamic) release profile with the addition of non-thermal interactions. DOX
release was attributed to an anomalous diffusion release mechanism from the GNP surface. A finite
element model was also developed to quantify the acoustic radiation force, believed to be the driving
force of non-thermal DOX release inside the dialysis bag.

In conventional chemotherapy, the non-specific nature of chemotherapeutic drugs can lead to side effects impair-
ing quality of life and, in some cases, even lasting years after treatment’. To overcome the toxicity issues present
with conventional chemotherapy, chemotherapeutic drugs can be coupled with nanoparticle drug carriers to
improve trial efficacy and safety, as nanoparticle drug carriers allow for protection from premature drug activa-
tion and accumulation at the tumour site via the enhanced permeability and retention effect®?. Furthermore,
external stimuli, such as ultrasound waves, can trigger chemotherapeutic drug release from nanoparticle drug
carriers at the tumour site while sparing surrounding healthy tissue and organs at risk®~.

Many nanoparticle drug carriers are available for chemotherapeutic drugs; however, gold nanoparticle (GNP)
drug carriers, in particular, have been proven advantageous due to their customizable size and shape, inert-
ness, and low toxicity’. GNPs can be easily synthesized in the <10 nm range and functionalized with various
anticancer drugs®®. As a result, GNPs already have FDA approval as anticancer drug carriers in clinical trials'’.
GNPs have also shown stand-alone anticancer properties by enhancing apoptosis in leukemia cells and inhibit-
ing proliferation in various cancer cell lines'"2. GNP cytotoxicity appears highly dependent on particle size'’;
however, GNPs could provide a synergistic anticancer effect when combined with chemotherapeutic drugs as
drug delivery vehicles. GNPs have also shown potential as sonosensitization agents under therapeutic ultrasound
exposure. In a study by Beik et al.', the sonosensitizer properties of GNPs were demonstrated in an in vivo ani-
mal study of colorectal tumour-beating mice. Here, the mice were intraperitoneally injected with GNPs before
being subjected to therapeutic ultrasound exposure, which saw a significant reduction in tumour volume'.
Further support for GNPs as sonosensitizers has also been presented by Shanei et al.'® in an in vitro model of
HeLa cervical cancer cells, where therapeutic ultrasound and radiation therapy were used in combination with
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GNPs to observe a synergistic anticancer effect. Overall, GNPs are an attractive option for ultrasound-triggered
nanoparticle chemotherapeutic drug delivery.

Previous studies have reported that when delivering drug-loaded GNPs intravenously, > 90% of GNPs may
remain in the blood circulation for 7 days or more, before accumulating primarily in the liver, kidney and
spleen'®'”. Small GNPs (< 5-8 nm in diameter) are believed to undergo rapid renal clearance, while excretion of
larger GNPs is primarily done by a combination of complex processes in the liver, thus avoiding long-term GNP
accumulation-associated toxicity'®-2°. GNPs in the size range of 10-250 nm can be cleared from the body, pre-
venting accumulation-associated toxicity»*'. This is believed to be achieved through the hepatobiliary system?**
by a complex combination of processes, which include the cellular exocytosis of the nanoparticles internalized
in healthy tissue cells and the mononuclear phagocytic system of the liver®. In in vivo GNP toxicity studies,
GNPs were found to accumulate in tissue proportionally with dose, and even after repeated administration, did
not produce any mortality or any indication of toxicity'.

When designing nanoparticle drug delivery systems, the general workflow is as follows: (1) formulation of
nanoparticle drug carrier and chemotherapeutic drug design, (2) conducting drug release trials, (3) mathemati-
cal analysis of drug release measurements, and (4) formulation of specific release kinetics**. The mathematical
analysis of drug release and specific release kinetics is important in this process as it provides insight into the
complex dynamics of drug release profiles and mechanisms of release?*~2® and allows for optimization of the
drug delivery system before being utilized in an in vivo model?. Several mathematical models are available to
depict drug release kinetics; the zero-order, first-order, Higuchi, and Korsmeyer-Peppas (K-P) are the most
common®>?%?%%°_ Additionally, kinetics models can be combined and modified for more complicated drug release
profiles, as seen with biodegradable nanoparticle drug carriers®. These models can be fitted to drug release
data, and the degree of agreement of the fit with each model can be used to make conclusions on drug release
mechanisms and quantify release constants®.

England et al.’! found that cisplatin and paclitaxel release from layered GNPs in a dialysis membrane experi-
ment best agreed with the Higuchi and K-P kinetics models. Since both models describe drug release from
degrading matrix and polymer systems, they concluded that the multi-layered GNPs could be modeled similarly
to a system which undergoes degradation®'. In work by Thambiraj et al.*, docetaxel release from citrate-capped
GNPs inside a dialysis membrane was also studied and found to show good agreement with Higuchi kinetics.
Here, docetaxel release from GNPs was observed following an initial burst release phase, a second sustained
release phase due to Fickian diffusion across the dialysis membrane, and a third slow constant release phase due
to continued release from the GNPs*. Based on the agreement with Higuchi kinetics, it was concluded that the
docetaxel release was attributed to diffusion and erosion mechanisms®. In ultrasound-triggered nanoparticle
drug delivery systems, kinetic modelling has also been explored for liposome drug carriers®**. Typically, these
studies have found some degree of success with fitting the K-P kinetics model; however, to the best of our knowl-
edge, there has been no proposed kinetic modelling of ultrasound-triggered drug release from GNP drug carriers.

In the previous works by our group®*%, we have developed and tested an ultrasound mediated GNP drug
delivery system, with a patented low-intensity pulsed ultrasound (LIPUS) prototype device?’, for use with a
conventional chemotherapeutic drug, doxorubicin (DOX). This drug delivery system achieved LIPUS-induced
DOX release in an ex vivo tissue model for a fixed 5-minute LIPUS trial. Here LIPUS exposure was sufficient to
heat the region of interest to the therapeutic hyperthermia temperature regime (temperature range of 41-45 °C),
which has been shown to improve drug uptake into solid tumours by increasing blood flow, perfusion rate, and
spacing in endothelial junctions®. The LIPUS-induced thermal and non-thermal (mechanical) contributions
to DOX release were also isolated and quantified in the ex vivo model®*. It was found that non-thermal LIPUS
contributions to DOX release were significant and driven by the acoustic radiation force (ARF) of the LIPUS
field®. However, DOX release kinetics from GNPs under LIPUS exposure are still not well understood.

In the current work, DOX release kinetics from GNP drug carriers were evaluated using a dialysis membrane
method commonly used for determining drug release kinetics from nanocarrier systems. This work marks the
first drug release kinetics study for GNPs under ultrasound exposure. Released DOX was collected from the
sink receiver compartment for two different trials, including (1) water bath heating trials, where DOX release is
attributed to thermal interactions only, and (2) LIPUS trials, where DOX release is attributed to a combination
of both thermal and non-thermal interactions. The two LIPUS trials were designed to mimic the fixed 5-min
exposure available with our prototype LIPUS device. DOX release for both trials was compared to quantify the
contributions of LIPUS thermal and non-thermal drug release mechanisms using weighting factor calculations
established in our previous ex vivo model®. DOX release was measured as a function of time for all trials, and the
data was fitted with zero-order, first-order, Higuchi and K-P common kinetic models. This study explored the
mechanisms responsible for DOX release from the GNP surface under LIPUS exposure. Lastly, a finite element
model was developed to quantify LIPUS ARF inside the dialysis bag, as ARF is believed to be a driving force in
LIPUS-induced drug release from GNPs®.

Methods

Synthesis of DOX-loaded GNPs

All DOX-loaded GNPs were synthesized using a modified green synthesis method based on Jakhmola et al.*.
Briefly, 0.5 mL of trisodium citrate solution (38.8 mM) and 20 pL of aqueous 10mM DOX were mixed in a
1.5 mL centrifuge tube and sonicated (1510 Ultrasonic Cleaner, Branson Ultrasonics, Brookfield, CT) to yield a
homogenous, orange-colored solution. This was followed by the addition of a 0.5 mL solution of chloroauric acid
(4 mM). The final concentrations of reactants in the reaction mixture were chloroauric acid (2.0 mM), trisodium
citrate (19.4 mM) and DOX (0.2 mM). Gold ions were then reduced slowly by citrate at room temperature until
ared colloidal sol of spherical GNPs formed in under an hour. This yields 7.4 + 0.5 nm diameter spherical GNPS
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with trisodium citrate and DOX bound noncovalently to the surface?. Lastly, the solution was centrifuged and
resuspended in MilliQ® water to remove any unreacted reactants. The amount of DOX-loaded onto the GNPs was
determined indirectly by measuring un-bound DOX fluorescence in the supernatant. It was observed that the
supernatant was colorless and displayed negligible fluorescence compared to the fluorescence of the initial DOX
concentration of 0.2 mM. Therefore, we concluded that the concentration of the loaded DOX was 0.2 mM. More
details of the synthesis method, mechanism and GNP characterization are provided in®*?’. Gold(I1I) chloride
trihydrate (99.9%) and trisodium citrate dihydrate were purchased from Sigma Aldrich (St. Louis, MO, USA).
DOX hydrochloride salt (>99%) was purchased from LC Laboratories (Woburn, MA, USA). MilliQ® water was
used in all the synthesis and dialysis experiments (Milli-Q® Integral water purification system, Sigma Aldrich).
Structural characterization of the DOX-loaded GNPs was performed with a transmission electron microscope
(Hitachi HT7800) operating at 300 kV. Additional characterization of the DOX-loaded GNPs before and after
LIPUS exposure is available in our previous works®?".

DOX release trials

The dialysis membrane setup is shown in Fig. 1A. For all DOX release experiments, a 1.7 mL solution of DOX-
loaded GNPs was pipetted into a 5.4 cm length and 6.4 mm diameter 12-14 kD molecular weight cutoff dialysis
bag (Spectra/Por 2 Dialysis Trial Kit, Spectrum Laboratories, Rancho Dominguez, CA). This dialysis bag was
selected because it is permeable to DOX and not GNPs*'*2. A custom-made cylindrical 7.4 cm diameter acrylic
dialysis chamber was constructed to suspend the dialysis bag in an enclosed 150 mL of purified water. An acoustic
absorber was positioned at the bottom of the dialysis chamber and attached via a 0.1 mm thick ultrasound trans-
parent film. The dialysis chamber was then fixed to a variable temperature water tank, with the dialysis chamber
volume kept isolated from the outside tank volume. The dialysis chamber was designed to be removed from the
variable water tank, while keeping the 150 mL water volume and dialysis membrane isolated and contained. A
prototype handheld LIPUS transducer with 8.4 W power, 50% duty cycle, 1 kHz pulse repetition frequency and
a fixed insonation time of 5 min was then attached to the top of the dialysis chamber. A Haake™ water heater
(Haake DC 10 Thermo Controller 003-2859, ThermoFisher Scientific, Waltham, MA, USA) was used to control
the water tank’s temperature with a built-in temperature controller. The temperature inside the dialysis chamber
was monitored throughout all experiments using an Omega™ thermometer (HH309A Four-Channel Data Log-
ger, Omega Engineering, Norwalk, CT).

The dialysis bag containing the DOX-loaded GNP sample was suspended in the dialysis chamber. Five-minute
DOX release trials were performed as follows: (1) the dialysis chamber was placed in the variable temperature
water tank without LIPUS exposure (thermal release), and (2) the dialysis chamber was placed in the variable
temperature water tank with LIPUS exposure at 8.4 W and 50% duty cycle (thermal and non-thermal release).
The LIPUS settings used to trigger DOX release from the surface of GNPs were determined in previous paramet-
ric studies performed by our group in®?. Both release trials were performed for variable water bath temperatures
of 37.0 °C and 43.4 °C, yielding four trials in total. A diagram of the DOX release procedure is provided in Fig. 1B,
and a schematic of the dialysis chamber is provided in Fig. 1C. A trial temperature of 37.0 °C was selected as a
clinically relevant temperature, and 43.4 °C was selected as a typical hyperthermia temperature that the LIPUS
transducer can heat ex vivo tissue. After each 5-min release trial, the entire dialysis chamber (Fig. 1C) was
removed from the water bath and placed in a second fixed 37.0 °C water bath (Neslab GP-100, Neslab Instru-
ments, Newington, NH) for 55 min to allow transport of DOX across the dialysis membrane. A 1.5 mL sample
was extracted from the dialysis chamber volume immediately after the 5-min trial, and 1.5 mL of purified water
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Figure 1. (A) A picture of the dialysis membrane DOX release setup. (B) A schematic of the with LIPUS and
without LIPUS DOX release procedures. Here, the dialysis chamber is submerged in a 37.0 °C or 43.4 °C water
bath with or without LIPUS for five minutes, followed by 55 min in a fixed 37 °C water bath. (C) A schematic
of the dialysis chamber and the dialysis membrane containing DOX-loaded GNPs. The dialysis membrane is

submerged in the isolated water chamber volume for all release trials.
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was added to keep the volume constant. This was repeated in 10-min intervals for the remainder of each trial in
the secondary water bath. To monitor the temperature profile inside the dialysis membrane during DOX release,
experiments were also performed for thermal release (no LIPUS) at 37.0 °C and 43.4 °C with a thermocouple
secured to the surface of the dialysis bag. All DOX release trials were repeated six times (N =6).

To quantify DOX release, the fluorescence of the extracted samples was measured using a spectrofluoropho-
tometer (RF-5301 spectrofluorophotometer, Shimadzu, Kyoto, Kyoto, Japan). Cumulative DOX release (Q;) was
then calculated as a percent value as follows*:

I[ —1 0
Qi (%) = ——% % 100% 1)
Imax — 10

Here I; is DOX fluorescence intensity at time t, Iy is the baseline fluorescence intensity, and I is the maximum
fluorescence intensity. In this work, the baseline intensity was set to the first measurement in the no LIPUS at
37.0 °C trial (the lowest measured DOX release value), and I,,,,¢ was set to the final measurement with LIPUS at
43.4 °C trial (the highest measured DOX release value). The calculated Q; value was used to represent cumulative
percent DOX release when fitting zero-order, Higuchi, and K-P kinetics models. When using the first-order
kinetics model, the percent remaining DOX (Qg) was calculated as follows:

Qr(%) =100 — Q¢ 2)

Kinetic modelling of DOX release
To study release kinetics, DOX release for all four trials was evaluated with zero-order (Eq. 3), first-order (Eq. 4),
Higuchi (Eq. 5), and K-P (Eq. 6) kinetics models as follows**:

Qr = Kot (3)
Kyt
log(Qr) = log(Qo) — 3303 (4)
Q = Kuv/t (5)
Q; = Kgpt" (6)

where Q; is the amount of DOX released at time ¢, Qp is the amount of initial DOX in the dialysis chamber, 7 is
the release exponent, and Ko, K;, Ky and Kip are the zero-order, first-order, Higuchi, and K-P release constants,
respectively.

To evaluate the zero-order kinetics, cumulative DOX release vs. time was plotted, and a linear fit was applied
with Ky as the slope. First-order kinetics were evaluated by plotting the log of remaining DOX vs. time and apply-
ing a linear fit with — K1/2.303 as the slope. Higuchi kinetics was evaluated by plotting cumulative DOX release
vs. the square root of time and applying a linear fit with Ky as the slope. Lastly, K-P kinetics were evaluated by
plotting the log of cumulative DOX release versus the log of time and applying a linear fit with n as the slope and
log (Kkp) as the y-intercept®. All linear fitting was performed using the MATLAB R2023a (MathWorks, Natick,
MA, USA) curve fitting tool with a 1st order polynomial least absolute residuals robust fit. Common metrics for
agreement of fit with each kinetics model were then calculated, including the adjusted coefficient of determina-
tion (Rﬁ), root mean square error (RMSE) and sum of square errors (SSE)*142.

Quantifying thermal and non-thermal release contributions

To quantify the contribution of thermal and non-thermal mechanisms of LIPUS-induced DOX release in this
study, thermal (wr) and non-thermal (wnr) weighting factors were calculated using the equations presented in®
for all 37.0 °C and 43.4 °C trials as follows:

Inax(No LIPUS
wr (%) = imax(NOLIPUS) _ -\, 7)
Inax (LIPUS)
Inax(LIPUS) — Ly (No LIPUS
onr(0) = 1 I ) (LIr;’agf;) : 100 (8)
max

where Iax (No LIPUS) and I,;,4x (LIPUS) are the maximum fluorescence intensity of released DOX for trials
without and with LIPUS, respectively.

Development of an acoustics simulation model

To visualize the LIPUS acoustic field inside the dialysis membrane and quantify the ARF of the ultrasound field,
the dialysis membrane setup was simulated using a 2D axisymmetric geometry on COMSOL 6.0 (COMSOL
Multiphysics Modeling Software, Stockholm, Sweden). A 3 mm wide perfectly matched layer (PML) was applied
to the boundaries of the computational domain to prevent LIPUS beam reflection. A free triangular mesh was
generated throughout the geometry with a maximum mesh size of 1/60th the LIPUS wavelength. Note that a
fine mesh size was selected as computing time was not a limitation in this study. A diagram of the COMSOL
geometry is provided in Fig. 2, and the main COMSOL parameters are presented in Table 1.
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Figure 2. The 2D axisymmetric geometry used for COMSOL simulation in this study. The LIPUS piston
transducer is defined as a flat line, while the water, dialysis membrane, nylon clip, and acrylic holder domains
are labelled for reference. The bottom of the dialysis chamber setup is an acoustic absorber and defined as a
PML. PMLs are also set on the outside of the dialysis chamber walls, as no significant reflection from outside the
chamber is considered.
Domain Parameter Value | Unit
Frequency 1.0 MHz
Acoustic Power 8.4 w
LIPUS Transducer
Duty Cycle 50% -
Transducer Diameter 24 mm
Attenuation Coefficient | 0.0022 | dB/(cm MHz?)
Density 994.23 | kg/m?
Water
Speed of Sound 1520.6 | m/s
Absorption Coefficient | 0.0253 | Np/m
Density 1190 kg/m?
Acrylic Holder Young’s Modulus 3.2 GPa
Poisson’s Ratio 0.35 -
Density 1150 kg/m?
Nylon Clips Young’s Modulus 2.0 GPa
Poisson’s Ratio 0.4 -
Table 1. Main material and LIPUS parameters used in the COMSOL simulation. Material parameters were
taken from®”,

To generate the LIPUS pressure and intensity fields, the axisymmetric Helmholtz equation was solved using
COMSOLs pressure acoustics module in the frequency domain, with an inward displacement applied to the
LIPUS transducer face?. The acrylic holder and nylon clip domains were simulated using COMSOLs solid
mechanics module, with the water domain boundary defined using acoustic-structure interaction multiphys-
ics. Both the ARF and mechanical index (MI) were then calculated inside the dialysis membrane as follows**:

201
ARF = — )
c
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pP_
Ml = —
Vi o

where « is the absorption coefficient of water (Np/m), I is time-averaged intensity in the dialysis bag (W/cm?),
c is the speed of sound in water (m/s), P_ is the negative peak pressure in the dialysis bag (MPa), and f is the
center frequency of the LIPUS device (MHz).

Results

Synthesis of DOX-loaded GNPs

High-resolution transmission electron microscopy micrographs of the DOX-loaded GNPs recorded spherical
particles with a size range of 7-9 nm (Fig. 3). The images displayed multiple crystalline domains in the GNPs
with a lattice fringe spacing of about 2.4 A. The GNPs were polycrystalline, with a high concentration of defects,
dislocations and stacking faults, and contained many ultrafine crystalline Au grains with disordered areas sur-
rounding them**. Here, DOX acts as the shape-directing molecule, as in the absence of DOX, a black-colored
colloidal solution is formed with a nanowire network morphology*.

DOX release studies

Measured DOX release for both 37.0 °C trials is provided in Fig. 4A, while DOX release for both 43.4 °C trials is
provided in Fig. 4B. Measured temperature profiles at the surface of the dialysis membrane are provided in Fig. 5.
The DOX-loaded GNP insertion into the dialysis membrane was performed at room temperature (23.1 °C) for all
DOX release experiments (37.0 °C and 43.4 °C with and without LIPUS). The assumption was that the average
temperature inside the dialysis membrane was approximately equal to the surface temperature. Additionally, no
change in the temperature profile due to LIPUS absorption was considered due to the low attenuation coefficient
of water and low time-averaged intensity of the LIPUS beam*’. In the 37.0 °C trials (Fig. 5A), the dialysis bag
temperature reached 37.0 °C 2.83 min after the start of the trial and remained constant for the duration of the
trial. In the 43.4 °C trials (Fig. 5B), the dialysis bag temperature reached 43.4 °C 3.5 min after the start of trial,
then cooled to 37.0 °C 13 min post-exposure after being placed in the secondary 37 °C water bath. The dialysis
membrane temperature profile seen in the 43.4 °C trial is comparable to that planned for in an in vivo application.
The 5-min LIPUS exposure would first heat the GNPs to the hyperthermia temperature regime, then the LIPUS
transducer would be turned off, and the GNPs would be allowed to cool to the background 37 °C temperature.

Kinetic modelling of DOX release

Zero-order, first-order, Higuchi, and K-P kinetics models were fitted to the measured DOX release data presented
in Fig. 4. The Higuchi, K-P, and First-order kinetic models agreed well with the thermal release trials (no LIPUS).
However, the Higuchi kinetics model showed the best agreement with thermal release overall. Both the K-P and
First-order kinetic models showed high agreement with LIPUS release trials. However, the K-P kinetic model
showed the best agreement. Calculated Ri, RMSE, SSE and release coeflicients for all kinetic fits are provided in
Table 2. Fit agreement for trials with and without LIPUS was quantified by averaging R2 over both temperatures
tested and not considering fits with high RMSE or SSE.

Figure 3. High-resolution transmission electron microscopy micrographs of the DOX-loaded GNPs. GNPs in
the size range of 7-9 nm are visible, with the 2. 4 A lattice fringe spacing marked in the inlet for reference.
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Figure 4. (A) Measured DOX release for trials with and without LIPUS at 37.0 °C. (B) Measured DOX release
for trials with and without LIPUS at 43.4 °C. All DOX release values are averaged over six repeated experiments
(N'=6), with uncertainty as the standard error.
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Figure 5. Dialysis membrane surface temperature for (A) trials without LIPUS at 37.0 °C, and (B) trials without
LIPUS at 43.4 °C. All temperature values are averaged over six repeated experiments (N =6), with uncertainty
taken as the average standard error. For both temperatures, an inset depicting the temperature profile for the
first 5-min is provided.

The Higuchi kinetics fits for thermal release trials, and the K-P kinetics fits for LIPUS release trials, are shown
in Fig. 6A-D. The release constant and release exponent for the K-P fits were extracted from Fig. 6B,D, with the
linear fit slope taken as n, and the y-intercept taken as log(Kkp). The K-P release equation for LIPUS trials at
both temperatures tested are provided below:

Q:(37.0°C) = (7.00)¢0550

(11)
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Trial Zero-order First-order Higuchi K-P
No LIPUS Ko = 0.725 Ky =0.021 Ky = 7.498 Kkp = 1.13
(37.0°C) RMSE = 2.342 | RMSE =0.016 | RMSE = 0.536 | RMSE = 0.074
: SSE = 27.41 SSE = 0.001 SSE = 1.436 SSE = 0.022
No LIPUS Ko = 0.872 Ki =0.037 Ky = 8.927 Kkp = 7.69
(43.4°C) RMSE = 4.154 | RMSE = 0.037 | RMSE = 1.432 | RMSE = 0.031
: SSE = 86.27 SSE = 0.007 SSE =10.25 SSE = 0.005
No LIPUS — — — —
(3(;0 ga34°C) | R =0.962 RZ =0.991 R2 =0.997 RZ =0.991
. Ko = 0.880 K; =0.038 Ky =8.931 Kgp =7.00
g,;tg l“(I:P)US RMSE = 31.71 | RMSE = 0.057 | RMSE = 2.564 | RMSE = 0.051
: SSE = 2.518 SSE = 0.016 SSE = 32.86 SSE =0.013
. Ko =0.735 K; =0.120 Ky =7.692 Kgp = 33.3
?X;tz‘ }(I:P)US RMSE =5.634 | RMSE =0.218 | RMSE =1.826 | RMSE =0.018
. SSE = 158.7 SSE = 0.191 SSE = 16.67 SSE = 0.002
With LIPUS =3 = = —
(3;.0 &434°C) | K2 = 0936 2 = 0.953 RZ =0.985 R% =0.992

Table 2. Calculated release constants, RMSE, SSE and average adjusted R-squared values for each kinetic
model fitted to the DOX release data. Significant values are in bold.
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Figure 6. The highest agreement release kinetics linear fit for (A) no LIPUS at 37.0 °C, (B) with LIPUS at
37.0 °C, (C) no LIPUS at 43.4 °C, and (D) with LIPUS at 43.4 °C trials. All time values are in units of minutes.
(E) DOX release for LIPUS 37.0 °C and 43.4 °C trials with their respective K-P fits.

Q:(43.4°C) = (33.3)1*2%% (12)
Here Q;(37.0°C) and Q;(37.0°C) are unitless percent cumulative DOX release values. Equations (11) and (12)
were fitted to the LIPUS release data for both temperatures and are presented in Fig. 6E.

Quantifying thermal and non-thermal release contributions

To quantify the contributions of thermal and non-thermal mechanisms of LIPUS-induced DOX release, wr and
wnT were calculated for the 37.0 °C and 43.4 °C trials using Eqgs. (7) and (8). For 37.0 °C trials, thermal mecha-
nisms account for 60 + 5% of release, while non-thermal mechanisms account for 40 + 7%. For 43.4 °C trials,
thermal mechanisms account for 66 +4% of the release, while non-thermal mechanisms account for 34 +5%.
Calculated weighting factors are presented in Table 3.

Variable water bath temperature DOX release contributions Value (%)
Thermal (wr) 60+5
37.0°C
Non-thermal (wnT) 40+7
Thermal (wr) 66+4
43.4°C
Non-thermal (wnT) 34+5

Table 3. Calculated thermal and non-thermal weighting factors for 37.0 °C and 43.4 °C trials. All values are
averaged over six experiments with uncertainty taken as the standard error.
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LIPUS acoustic field simulation

The COMSOL pressure acoustics simulation produced 2D axisymmetric pressure and intensity fields inside the
dialysis chamber, as seen in Fig. 7A,B. The axial ARF profile through the center of the dialysis membrane was
calculated using Eq. (9), as seen in Fig. 7C. A maximum ARF value of 15.2 x 10~° kg/s’cm? and an average ARF
value of 12.0 x 10~° kg/s>*cm? were calculated inside the dialysis bag. The maximum time-averaged intensity inside
the dialysis membrane was 3.8 W/cm?, while an acoustic pressure range of — 0.4 MPa to 0.4 MPa was calculated.
Given a maximum negative pressure of -0.4 MPa and a center frequency of 1 MHz, the MI was calculated as 0.4
using Eq. (10).

Discussion

Overall, this work serves as the first drug release kinetics study for ultrasound-triggered drug release from GNP
drug carriers. DOX release was successfully achieved from the surface of GNP drug carriers for thermal release
only (no LIPUS) and LIPUS release (thermal and non-thermal release) trials at two different temperatures. The
37.0 °C LIPUS trial (Fig. 4A) could be considered an approximation of a non-thermal-only release trial. There
is no significant heating of the GNPs above the clinical background temperature (37.0 °C), and any difference
between the LIPUS and thermal release trials is due to the addition of non-thermal LIPUS-GNP interactions
triggering DOX release. This is a good representation of how non-thermal LIPUS interactions trigger DOX
release even without added hyperthermia effects. In the 43.4 °C LIPUS trial (Fig. 4B), the GNPs are heated to the
hyperthermia temperature range, increasing DOX release due to the combination of thermal and non-thermal
release mechanisms. In this trial the temperature in the dialysis membrane follows a similar temperature profile
to what would be seen in clinical use (Fig. 5B). The GNPs are heated to the hyperthermia temperature regime
and reach 43.4 °C 3.5 min after the start of the trial, then gradually cool to 37.0 °C 13 min after the 5-min LIPUS
exposure. Any DOX release triggered in this trial is indicative of what would be seen in our previous ex vivo
studies of LIPUS-triggered DOX release®, as well as what would be expected in future in vivo applications of our
established 5-min 8.4 W 50% duty cycle LIPUS drug delivery system.

By comparing thermal and LIPUS release trials, thermal and non-thermal weighting factors for LIPUS release
were calculated (Table 3). The significant contribution of non-thermal mechanisms to DOX release could account
for the change in release rate trends between the thermal (no LIPUS) and LIPUS release trials. Furthermore, the
sizeable non-thermal weighting factors suggest that non-thermal mechanisms play an important role in DOX
release under LIPUS exposure, supporting our previous studies®. To study these non-thermal contributions, the
finite element simulation of the LIPUS acoustic field was used. A 3.8 W/cm? maximum in LIPUS acoustic inten-
sity was found at the center of the dialysis bag. The calculated MI value of 0.40 was far below the 1.9 threshold for
diagnostic imaging, suggesting that cavitation is not a dominant non-thermal effect in this style of drug delivery*.
Therefore, ARF is expected to be the driving mechanism of non-thermal DOX release. An average ARF value of
12.0 x 107 kg/s*cm? was calculated along the axial profile of the dialysis bag, which was slightly higher than the
average value found in our previous ex vivo trials®. However, this could be due to the low absorption coefficient of
the water domain traversed by the LIPUS beam before reaching the DOX-loaded GNPs in the dialysis membrane
setup. Acoustic streaming is also an important non-thermal interaction to consider, as it could heavily influence
circulation of released DOX from the dialysis membrane into the surrounding water domain.
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Figure 7. COMSOL simulated 2D (A) pressure and (B) time-averaged intensity fields inside the dialysis
chamber. The LIPUS element, dialysis membrane, acrylic chamber walls, and nylon closure clips are marked for
reference. (C) The ARF axial profile through the center of the dialysis membrane.
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As seen in the thermal release trials (no LIPUS), DOX release from the surface of GNPs followed a single
phase of exponential release. With the addition of non-thermal release mechanisms in the LIPUS trials, DOX
release kinetics appear to change to follow a multi-phase release trend. In both LIPUS trials, there was an initial
phase of significant burst release. 51% and 17% of all DOX release was achieved at the end of the 5-min LIPUS
exposure in the 43.4 °C and 37.0 °C trials, respectively. Burst release continued until approximately 20 min,
with 38% release in the 37.0 °C and 78% release in the 43.4 °C trials achieved at that time. This was followed by
constant release between 20 and 30 min and a higher rate release from 30 to 60 min.

When fitting release kinetic models to the DOX release data, the thermal release (no LIPUS) trials showed the
highest agreement with the Higuchi model, which is consistent with the established literature®*2. High agree-
ment with the Higuchi model suggests Fickian diffusion as the mechanism of DOX release, where release from
the citrate surface layer occurs along the concentration gradient with a constant release rate over time>*-0,
However, with the addition of non-thermal release mechanisms in LIPUS-triggered DOX release trials, the
release kinetics shifts from a Higuchi to a K-P best fit. A K-P release exponent of n = 0.550 was extracted
using only DOX release data in the 37.0 °C LIPUS trial, as a majority of the measured values meet the suggested
Q; < 60% criteria®®. A release exponent within 0.45<n<0.85 is indicative of anomalous (non-Fickian) diffu-
sion, a dynamic process characterized by changing diffusion patterns over time®'. Non-Fickian diffusion implies
competing unknown release mechanisms beyond simple diffusion driving drug release, and typically includes
a burst release phase followed by constant release”. The dynamic release phases can be attributed to alterations
in pressure, temperature, and mechanical stress®, all of which are present in our LIPUS trials. The mechanisms
of K-P drug release can be attributed to complex processes such as swelling, erosion or desorption of the citrate
surface layer, which competes with diffusion to result in dynamic drug release profiles that deviate from typical
Fickian diffusion. The K-P kinetic model is commonly used to model release from polymeric systems; however,
the strong correlation with our LIPUS trials suggests that the release of DOX from the citrate layer on the GNP
surface could be modeled similarly to a matrix or polymeric nanoparticle which undergoes degradation®. A
similar conclusion was reached by England et al.’!, who studied the release kinetics of citrate-capped GNPs.

Anomalous diffusion of the citrate surface layer under LIPUS exposure could explain the rapid burst release
phase seen in the LIPUS release trials (Fig. 4). However, the exact mechanism of ultrasound-triggered drug
release is complex and difficult to attribute to a single factor. In our green synthesis, the GNPs are coated
with several layers of citrate and DOX. It is well known that citrate binds weakly on GNPs*, and the outmost
layers are more loosely bound than the inner layers. This is primarily due to the contributions of steric repul-
sion between citrate layers®. In our case, both citrate and DOX adhere to GNPs by non-covalent electrostatic
interactions®*”*>, with DOX mostly adhered to GNPs by hydrophobic functional groups®. Thus, we believe that
when the GNPs are subjected to ultrasound waves, the thermal and non-thermal effects induced by LIPUS can
remove the outermost loosely bound DOX and citrate layers, contributing to burst release. As determined in
our previous work?, the citrate surface layer is critical to maintaining colloidal stability, so any damage to the
surface layer will lead to rapid DOX release and GNP aggregation. Furthermore, ARF and acoustic streaming are
expected to contribute to rapid clearance of released DOX from the dialysis bag under LIPUS exposure during
the first 5-min of the LIPUS release trial. This further contributes to the measured burst release of DOX in the
surrounding water domain. Burst release is also compounded by simple degradation and disruption of inner
layer non-covalent bonds between the DOX and trisodium citrate on the GNP surface due to water bath heating,
which further releases the DOX payload®”. Burst release of chemotherapeutic drugs from GNPs has also been
observed by Thambiraj et al.*> and England et al.’!, who contributed burst release to the degradation of citrate
non-covalent bonds. In our work, burst release is followed by dynamic diffusion driven by thermal mechanisms
of release in the second and third release phases®’. The rapid release of DOX in the initial burst phase under
LIPUS exposure suggests that we can rapidly release our chemotherapeutic drug on-demand at the target site.
This can prove advantageous in many chemotherapeutic drug delivery applications®. Overall, we contribute
the mechanism of DOX release from the surface of the GNPs under LIPUS exposure may to a combination of
desorption of the surface-bound DOX, erosion or swelling of the citrate surface layer and constant non-Fickian
diffusion (anomalous diffusion) mechanisms.

Since the 43.4 °C LIPUS trial (Fig. 6E) follows a realistic temperature profile at the GNP surface, we propose
that Eq. (12) could be applied to predict DOX release from the surface of GNPs as a function of time for our
established 5-min LIPUS drug delivery system®?”3>. In future work, the fitted K-P model could be coupled
with drug transport equations to simulate the more complex dynamics of DOX transport after LIPUS-triggered
release in a solid tumour geometry, as there is a gap in knowledge of drug release parameters in such models®.

It is important to note that this study’s fitted release kinetics model only applies to citrate-layered GNPs and
an unfocused LIPUS beam at 8.4 W (50% duty cycle). If other total acoustic powers or other therapeutic ultra-
sound transducers, such as focused ultrasound, are to be used to trigger drug release, DOX release kinetics could
change due to the difference in the ARF and cavitation dominance. Furthermore, if the ultrasound exposure time
is changed from the fixed 5-min LIPUS exposure time, a new kinetic study will need to be performed for DOX
release under the set ultrasound exposure. Furthermore, including the finite element model allows us to study
the effect of the dialysis membrane plastic clips and the dialysis chamber on the acoustic field. One limitation of
our experimental method is that there is an unavoidable reflection of the LIPUS acoustic waves from the sides
of the dialysis chamber. In a more realistic in vivo setup, we would not expect to see this reflection, and therefore
the acoustic intensity driving ARF could potentially change. Lastly, hydrophobic anticancer drugs could be tested
to determine if hydrophobic drugs affect GNP release kinetics under ultrasound exposure.
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Conclusion

This work studied DOX release kinetics from the surface of GNP drug carriers in a dialysis membrane setup. Four
DOX release trials were performed with and without LIPUS exposure at 37.0 °C and 43.4 °C. Weighting factors
were calculated for the contributions of thermal and non-thermal mechanisms of LIPUS-induced DOX release,
with non-thermal mechanisms accounting for 40 +7% and 34 + 5% of DOX release in the 37.0 °C and 43.4 °C
trials, respectively. DOX release in LIPUS trials followed a multi-phase release temporal profile. An initial burst
release phase was observed, followed by two release stages that we hypothesized could be due to non-Fickian
diffusion across the dialysis membrane and constant thermal release. DOX release kinetics were then studied
using zero-order, first-order, Higuchi, and K-P models for all four trials. DOX release in thermal-only trials (no
LIPUS) was found to show the best agreement with Higuchi kinetics for both temperatures tested. In contrast,
LIPUS trials showed a shift towards K-P kinetics. The LIPUS-induced DOX release trials at 43.4 °C were con-
sidered a realistic kinetic model of our established 5-min LIPUS drug delivery system and fitted with the K-P
release kinetics model. Here, a release exponent of n = 0.550 was found with a release constant of Kxp = 7.00.
DOX release from the surface of the GNPs may be attributed to anomalous diffusion of the DOX and trisodium
citrate surface layer and degradation of the DOX-citrate non-covalent bonds under LIPUS exposure. In summary,
the introduction of LIPUS non-thermal interactions shifts the mechanism of DOX release from a Fickian (static)
to a non-Fickian (dynamic) release profile, highlighting the complexity of the interplay between ultrasound
and drug release from gold nanoparticle drug carriers. Lastly, the LIPUS time-averaged intensity was simulated
inside the dialysis membrane to quantify the MI and ARF in the dialysis bag. It was concluded that ARF could
be a driving mechanism of LIPUS-induced non-thermal DOX release.

Data availability
Data can be obtained from the corresponding author Jahan Tavakkoli upon reasonable request.

Received: 29 May 2023; Accepted: 22 November 2023
Published online: 02 December 2023

References
1. Nurgali, K., Jagoe, R. T. & Abalo, R. Editorial: Adverse effects of cancer chemotherapy: Anything new to improve tolerance and
reduce sequelae?. Front. Pharmacol. 9, 245 (2018).
2. Matsumura, Y. & Maeda, H. A new concept for macromolecular therapeutics in cancer chemotherapy: Mechanism of tumoritropic
accumulation of proteins and the antitumor agent Smancsl1. Cancer Res. 46, 6387-6392 (1986).
3. Dadwal, A., Baldi, A. & Kumar Narang, R. Nanoparticles as carriers for drug delivery in cancer. Artif. Cells Nanomed. Biotechnol.
46, 295-305 (2018).
4. Moradi Kashkooli, E, Souri, M., Tavakkoli, J. J. & Kolios, M. C. A spatiotemporal computational model of focused ultrasound
heat-induced nano-sized drug delivery system in solid tumors. Drug Deliv. 30, 2219871 (2023).
5. Kashkooli, E. M. et al. Integrating therapeutic ultrasound with nano-sized drug delivery systems in the battle against cancer. Technol.
Cancer Res. Treat. https://doi.org/10.1177/15330338231211472 (2023).
6. Moradi Kashkooli, E, Jakhmola, A., Hornsby, T. K., Tavakkoli, J. & Kolios, M. C. Ultrasound-mediated nano drug delivery for
treating cancer: Fundamental physics to future directions. J. Control. Release 355, 552-578 (2023).
7. Amina, S. J. & Guo, B. A review on the synthesis and functionalization of gold nanoparticles as a drug delivery vehicle. Int. J.
Nanomed. 15, 9823-9857 (2020).
8. Hornsby, T. K., Jakhmola, A., Kolios, M. C. & Tavakkoli, J. A quantitative study of thermal and non-thermal mechanisms in
ultrasound-induced nano-drug delivery. Ultrasound Med. Biol. 49, 1288-1298 (2023).
9. Celentano, M. et al. Diffusion limited green synthesis of ultra-small gold nanoparticles at room temperature. Colloids Surf. Phys-
icochem. Eng. Asp. 558, 548-557 (2018).
10. Libutti, S. K. et al. Phase I and pharmacokinetic studies of CYT-6091, a novel PEGylated colloidal gold-rhTNF nanomedicine.
Clin. Cancer Res. Off. ]. Am. Assoc. Cancer Res. 16, 6139-6149 (2010).
11. Arvizo, R. R. et al. Inhibition of tumor growth and metastasis by a self-therapeutic nanoparticle. Proc. Natl. Acad. Sci. 110,
6700-6705 (2013).
12. Mukherjee, P. ef al. Antiangiogenic properties of gold nanoparticles. Clin. Cancer Res. 11, 3530-3534 (2005).
13. Pan, Y. et al. Gold nanoparticles of diameter 1.4 nm trigger necrosis by oxidative stress and mitochondrial damage. Small Weinh.
Bergstr. Ger. 5,2067-2076 (2009).
14. Beik, J. et al. Gold nanoparticle-induced sonosensitization enhances the antitumor activity of ultrasound in colon tumor-bearing
mice. Med. Phys. 45, 4306-4314 (2018).
15. Shanei, A. & Akbari-Zadeh, H. Investigating the sonodynamic-radiosensitivity effect of gold nanoparticles on HeLa cervical cancer
cells. J. Korean Med. Sci. 34, €243 (2019).
16. Zhang, X. Gold nanoparticles: Recent advances in the biomedical applications. Cell Biochem. Biophys. 72, 771-775 (2015).
17. Lasagna-Reeves, C. et al. Bioaccumulation and toxicity of gold nanoparticles after repeated administration in mice. Biochem.
Biophys. Res. Commun. 393, 649-655 (2010).
18. Prasad, R. et al. A biodegradable fluorescent nanohybrid for photo-driven tumor diagnosis and tumor growth inhibition. Nanoscale
10, 19082-19091 (2018).
19. Yang, X,, Yang, M., Pang, B., Vara, M. & Xia, Y. Gold nanomaterials at work in biomedicine. Chem. Rev. 115, 10410-10488 (2015).
20. Brazzale, C. et al. Enhanced selective sonosensitizing efficacy of ultrasound-based anticancer treatment by targeted gold nanopar-
ticles. Nanomed. 11, 3053-3070 (2016).
21. Sadauskas, E. et al. Protracted elimination of gold nanoparticles from mouse liver. Nanomed. Nanotechnol. Biol. Med. 5, 162-169
(2009).
22. Longmire, M., Choyke, P. L. & Kobayashi, H. Clearance properties of nano-sized particles and molecules as imaging agents:
considerations and caveats. Nanomed. 3, 703-717 (2008).
23. Oh, N. & Park, J.-H. Endocytosis and exocytosis of nanoparticles in mammalian cells. Int. J. Nanomed. 9(Suppl 1), 51-63 (2014).
24. Moradi Kashkooli, F, Hornsby, T. K., Kolios, M. C. & Tavakkoli, J. J. Ultrasound-mediated nano-sized drug delivery systems for
cancer treatment: Multi-scale and multi-physics computational modeling. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. https://
doi.org/10.1002/wnan.1913 (2023).
25. Mathematical models of drug release. in Strategies to Modify the Drug Release from Pharmaceutical Systems (ed. Bruschi, M. L.)
63-86 (Woodhead Publishing, 2015).

Scientific Reports |

(2023) 13:21301 | https://doi.org/10.1038/s41598-023-48082-9 nature portfolio


https://doi.org/10.1177/15330338231211472
https://doi.org/10.1002/wnan.1913
https://doi.org/10.1002/wnan.1913

www.nature.com/scientificreports/

26. Dash, S., Murthy, P. N., Nath, L. & Chowdhury, P. Kinetic modeling on drug release from controlled drug delivery systems. Acta
Pol. Pharm. 67, 217-223 (2010).

27. Hornsby, T. K., Kashkooli, F. M., Jakhmola, A., Kolios, M. C. & Tavakkoli, J. J. Multiphysics modeling of low-intensity pulsed
ultrasound induced chemotherapeutic drug release from the surface of gold nanoparticles. Cancers 15, 523 (2023).

28. Higuchi, T. Mechanism of sustained-action medication. Theoretical analysis of rate of release of solid drugs dispersed in solid
matrices. J. Pharm. Sci. 52, 1145-1149 (1963).

29. Korsmeyer, R. W,, Gurny, R., Doelker, E., Buri, P. & Peppas, N. A. Mechanisms of solute release from porous hydrophilic polymers.
Int. J. Pharm. 15, 25-35 (1983).

30. Lucero-Acuiia, A., Gutiérrez-Valenzuela, C. A., Esquivel, R. & Guzman-Zamudio, R. Mathematical modeling and parametrical
analysis of the temperature dependency of control drug release from biodegradable nanoparticles. RSC Adv. 9, 8728-8739 (2019).

31. England, C. G, Miller, M. C,, Kuttan, A., Trent, ]. O. & Frieboes, H. B. Release kinetics of paclitaxel and cisplatin from two and
three layered gold nanoparticles. Eur. J. Pharm. Biopharm. Off. J. Arbeitsgemeinschaft Pharm. Verfahrenstechnik EV 92, 120-129
(2015).

32. Thambiraj, S., Vijayalakshmi, R. & Ravi Shankaran, D. An effective strategy for development of docetaxel encapsulated gold
nanoformulations for treatment of prostate cancer. Sci. Rep. 11, 2808 (2021).

33. AlSawaftah, N. M. et al. Transferrin-modified liposomes triggered with ultrasound to treat HeLa cells. Sci. Rep. 11, 11589 (2021).

34. AlMajed, Z., Salkho, N. M., Sulieman, H. & Husseini, G. A. Modeling of the in vitro release kinetics of sonosensitive targeted
liposomes. Biomedicines 10, 3139 (2022).

35. Jakhmola, A., Hornsby, T., Rod, K. & Tavakkoli, ]. A novel gold nanoparticles drug delivery system: Design and ex vivo tissue
testing. in 2020 IEEE International Ultrasonics Symposium (IUS) (2020). https://doi.org/10.1109/1US46767.2020.9251430.

36. Jakhmola, A., Tavakkoli, J. & Rod, K. Gold nano-delivery system for pain and cancer therapy. US20220040118A1 (2022).

37. Zereshkian, G. H., Tavakkoli, J. & Rod, K. Hand-held battery-operated therapeutic ultrasonic device. US20190184202A1 (2022).

38. May, J. P. & Li, S.-D. Hyperthermia-induced drug targeting. Expert Opin. Drug Deliv. 10, 511-527 (2013).

39. Hornsby, T., Jakhmola, A., Kolios, M. C. & Tavakkoli, J. J. Significance of non-thermal effects in LIPUS induced drug release from
gold nanoparticle drug carriers. in 2021 IEEE UFFC Latin America Ultrasonics Symposium (LAUS) 1-4 (IEEE, 2021).

40. Elamir, A. et al. Ultrasound-triggered herceptin liposomes for breast cancer therapy. Sci. Rep. 11, 7545 (2021).

41. Heredia, N. S. et al. Comparative statistical analysis of the release kinetics models for nanoprecipitated drug delivery systems based
on poly(lactic-co-glycolic acid). PLoS ONE 17, 0264825 (2022).

42. Askarizadeh, M., Esfandiari, N., Honarvar, B., Sajadian, S. A. & Azdarpour, A. Kinetic modeling to explain the release of medicine
from drug delivery systems. ChemBioEng Rev. https://doi.org/10.1002/cben.202300027 (2023).

43. Palmeri, M. L., Sharma, A. C., Bouchard, R. R, Nightingale, R. W. & Nightingale, K. R. A finite-element method model of soft
tissue response to impulsive acoustic radiation force. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 52, 1699-1712 (2005).

44. Afadzi, M. et al. Effect of acoustic radiation force on the distribution of nanoparticles in solid tumors. IEEE Trans. Ultrason. Fer-
roelectr. Freq. Control 68, 432-445 (2021).

45. Castillo-Lopez, D. & Pal, U. Green synthesis of Au nanoparticles using potato extract: Stability and growth mechanism. J. Nano-
particle Res. 16, 2571 (2014).

46. Jakhmola, A. et al. Self-assembly of gold nanowire networks into gold foams: Production, ultrastructure and applications. Inorg.
Chem. Front. 4,1033-1041 (2017).

47. Xin, Z., Lin, G., Lei, H., Lue, T. . & Guo, Y. Clinical applications of low-intensity pulsed ultrasound and its potential role in urol-
ogy. Transl. Androl. Urol. 5, 255-266 (2016).

48. Jain, A. & Jain, S. In vitro release kinetics model fitting of liposomes: An insight. Chem. Phys. Lipids 201, 28 (2016).

49. Moradi Kashkooli, E, Soltani, M. & Souri, M. Controlled anti-cancer drug release through advanced nano-drug delivery systems:
Static and dynamic targeting strategies. J. Control. Release 327, 316-349 (2020).

50. Arifin, D. Y, Lee, L. Y. & Wang, C.-H. Mathematical modeling and simulation of drug release from microspheres: Implications to
drug delivery systems. Adv. Drug Deliv. Rev. 58, 1274-1325 (2006).

51. Peppas, N. A. Analysis of Fickian and non-Fickian drug release from polymers. Pharm. Acta Helv. 60, 110-111 (1985).

52. De Kee, D,, Liu, Q. & Hinestroza, J. Viscoelastic (non-Fickian) diffusion. Can. J. Chem. Eng. 83, 913-929 (2005).

53. Al-Johani, H. et al. The structure and binding mode of citrate in the stabilization of gold nanoparticles. Nat. Chem. 9, 890-895
(2017).

54. Park, J.-W. & Shumaker-Parry, J. S. Structural study of citrate layers on gold nanoparticles: Role of intermolecular interactions in
stabilizing nanoparticles. . Am. Chem. Soc. 136, 1907-1921 (2014).

55. Curry, D. et al. Adsorption of doxorubicin on citrate-capped gold nanoparticles: insights into engineering potent chemotherapeutic
delivery systems. Nanoscale 7, 19611-19619 (2015).

56. He, X. et al. A cascade-responsive nanoplatform with tumor cell-specific drug burst release for chemotherapy. Acta Biomater. 162,
120-134 (2023).

57. Duck, E. A. Physical Properties of Tissues: A Comprehensive Reference Book (Academic Press, 2013).

58. Sumnu, S. G. & Sahin, S. Advances in Deep-Fat Frying of Foods (CRC Press, 2008).

Acknowledgements

The authors thank Kevin Rod, the medical director of Toronto Poly Clinic, for his scientific input and support in
this work. We thank Dr. Graham Ferrier and Kevin Liu from Toronto Metropolitan University for their techni-
cal help in the experimental design. Further support from iBEST, Li Ka Shing Knowledge Institute, and Unity
Health Toronto is also acknowledged. This research was funded by an NSERC Alliance grant (Number: ALLRP
556270-20) awarded to J. Tavakkoli and M. C. Kolios, and a research contract from Toronto Poly Clinic, Inc.,
(Number: 1-51-47966) awarded to J. Tavakkoli.

Author contributions

T.K.H., EM.K. and ].T. designed the experimental setup and methodology. T.K.H., EM.K. and A.J. collected all
experimental data. TK.H. analyzed all experimental data, performed all software analysis and wrote the original
manuscript draft. EM.K., A.J., M.C.K. and ].T. reviewed and edited the manuscript. M.C.K. and J.T. supervised
all work and funding acquisition. All authors have read and agreed to the published version of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to J.(.T.

Scientific Reports |

(2023) 13:21301 | https://doi.org/10.1038/s41598-023-48082-9 nature portfolio


https://doi.org/10.1109/IUS46767.2020.9251430
https://doi.org/10.1002/cben.202300027

www.nature.com/scientificreports/

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports|  (2023) 13:21301 | https://doi.org/10.1038/s41598-023-48082-9 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Kinetic modelling of ultrasound-triggered chemotherapeutic drug release from the surface of gold nanoparticles
	Methods
	Synthesis of DOX-loaded GNPs
	DOX release trials
	Kinetic modelling of DOX release
	Quantifying thermal and non-thermal release contributions
	Development of an acoustics simulation model

	Results
	Synthesis of DOX-loaded GNPs
	DOX release studies
	Kinetic modelling of DOX release
	Quantifying thermal and non-thermal release contributions
	LIPUS acoustic field simulation

	Discussion
	Conclusion
	References
	Acknowledgements


