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A B S T R A C T

In situ forming implants (ISFIs) allow for a high initial intratumoral concentration and sustained release of the chemotherapeutic. However, clinical translation is
impeded primarily due to limited drug penetration from the tumor/boundary interface and poor intratumoral drug retention. Therapeutic ultrasound (TUS) has
become a popular approach for improving drug penetration of transdermal devices and increasing cellular uptake of nanoparticles. These effects are driven by the
mechanical and thermal bioeffects associated with TUS. In this study, we characterize the released drug penetration, retention, and overall therapeutic response
when exposing ISFI to the combination of the mechanical and thermal effects of TUS (C-TUS). ISFIs were intratumorally injected into subcutaneous murine tumors
then exposed to C-TUS (exposure: 5 min, duty factor: 0.33, frequency: 3 MHz, intensity: 2.2 W/cm2, pulse duration: 2 ms, pulse repetition frequency: 165 Hz,
effective radiating area: 5 cm2, energy delivered: 896 J, time average intensity: 0.88 W/cm2). Tumors treated with the combination of ISFI + C-TUS demonstrated a
2.5-fold increase in maximum drug penetration and a 3-fold increase in drug retention at 5- and 8-days post-injection, respectively, compared to ISFIs without TUS
exposure. These improvements in drug penetration and retention translated into an enhanced therapeutic response. Mice treated with ISFI + C-TUS showed a 62.6%
reduction in tumor progression, a 50.0% increase in median survival time, and a 26.6% increase in necrotic percentage compared to ISFIs without TUS exposure.
Combining intratumoral ISFIs with TUS may be beneficial for addressing some long-standing challenges with local drug delivery in cancer treatment and may serve as
a viable noninvasive method to improve the poor clinical success of local drug delivery systems.

1. Introduction

Systemic drug delivery systems (SDDS) have had limited clinical
success as a neoadjuvant, standard, or adjuvant treatments for several
types of cancers, such as breast, pancreatic, colorectal, and non-small
cell lung cancers [1–4]. This is attributed to the mononuclear phago-
cytic system, off-target toxicity leading to unpredictable side effects,
and low intratumoral drug levels [5–8]. To combat these issues, local
drug delivery systems (LDDS) allow for high initial drug levels at the
tumor site without the associated toxicities seen with SDDS [9,10].
These systems have been used in treatments such as adjuvant che-
motherapy following brain tumor resection [11], transarterial che-
moembolization of liver cancer [12–14], intraperitoneally injected
microparticles of abdominal cancers [10], and intratumoral im-
munotherapy [15]. Promising preclinical research has not translated
into successful clinical trials mainly due to poor drug penetration from
the implant-tumor boundary and limited intratumoral drug retention
[11,16–22]. The Gliadel® wafer, which is used as an adjuvant che-
motherapy following brain tumor resection, and OncoGel™, which de-
livers paclitaxel locally to esophageal cancer, have both been shown to
reach therapeutic drug levels ~2 mm away from the implant/tumor

interface [11,17,23,24]. Preclinical research has shown local delivery
systems used in brain and breast cancer result in limited drug retention
(<10% after 2 weeks) [17,19]. Poor retention has been attributed to
increased cellular drug metabolism, overexpression of drug efflux
transporters, and removal of the drug through intratumoral vessels
[8,16,20,25,26]. Overall, intratumoral implants have been overlooked
as a treatment for solid tumors due to the lack of clinical success at-
tributed to poor drug penetration and retention.

To overcome these challenges, this study characterized the effects of
released drug penetration, retention, and overall therapeutic response
when exposing an LDDS to therapeutic ultrasound (TUS). Pressure
waves generated by TUS are known to induce several mechanical and
thermal bioeffects [27–32] including enhanced drug uptake through
cavitation [33,34], increased drug penetration via disruption of cellular
junctions in transdermal drug delivery systems [35,36], and higher
drug retention through inhibition of drug efflux transporters [37,38].
Moreover, the Acoustic Radiation Force (ARF) and the associated sec-
ondary waves, generated from the interaction of the TUS primary waves
and ISFIs, may be coupled with an increase in tissue temperature due to
the absorption of the waves. Here, we examined the mechanical and
thermal bioeffects combined and separately to investigate their effect

https://doi.org/10.1016/j.jconrel.2020.05.003
Received 26 November 2019; Received in revised form 29 April 2020; Accepted 2 May 2020

⁎ Corresponding author at: Department of Radiology, Case Western Reserve University, 10900 Euclid Ave, Cleveland, OH 44106, Canada.
E-mail address: agata.exner@case.edu (A.A. Exner).

Journal of Controlled Release 324 (2020) 146–155

Available online 07 May 2020
0168-3659/ © 2020 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/01683659
https://www.elsevier.com/locate/jconrel
https://doi.org/10.1016/j.jconrel.2020.05.003
https://doi.org/10.1016/j.jconrel.2020.05.003
mailto:agata.exner@case.edu
https://doi.org/10.1016/j.jconrel.2020.05.003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jconrel.2020.05.003&domain=pdf


on drug distribution and retention released from the LDDS. To achieve
this, we used a low duty cycle/ high exposure time TUS to produce
predominately mechanical bioeffects (ISFI + M-TUS) and a hot pack to
produce only thermal bioeffects (ISFI + HT). A high duty cycle/ low
exposure time TUS was used to produce a combination of mechanical
and thermal bioeffects (ISFI + C-TUS).

The LDDS used in this study is a phase-sensitive in situ forming
implant (ISFI). In ISFI systems, the drug is dissolved in a biocompatible
polymer – organic solvent solution. Once injected into an aqueous en-
vironment, the solution forms a solid drug depot via phase inversion
(slow precipitation of insoluble polymer due to solvent exchange with
surrounding water) allowing sustained release of the drug for months
[39–46]. ISFIs offer several advantages including a minimally invasive
injection (e.g. no surgical implantation at the tumor site), complete in
situ degradation, and ease of manufacturing. Clinically used ISFIs are
primarily SDDS such as Lupron Depot® used for palliative treatment of
prostate cancer, Zoladex® used for the treatment of breast cancer, and
Somatuline® used for acromegaly [47]. Since the goal of these for-
mulations is sustained delivery, they do not possess the drug penetra-
tion limitation discussed above. An example of an LDDS ISFI is On-
coGel™ that delivers paclitaxel locally to esophageal cancer. The phase
II trial that used OncoGel™ was terminated since it did not show any
impact on overall tumor response [47]. This has been attributed, in
part, to poor drug distribution [17,23].

The objective of this work was to use TUS to overcome this critical
limitation of ISFIs. The ISFI used in this study is composed of poly
(lactic-co-glycolic) acid (PLGA), a hydrolytically biodegradable
polymer, and Doxorubicin (Dox), a commonly used chemotherapeutic,
co-dissolved in 1-methyl-2-pyrrolidinone (NMP), a water-miscible or-
ganic solvent [48–51]. Here, we exposed the ISFI to TUS and in-
vestigated the drug release, distribution, retention, and the corre-
sponding therapeutic response in a subcutaneous murine tumor model.

2. Materials and methods

2.1. Materials

1-N-methyl-2-pyrrolidinone (NMP) obtained from Sigma–Aldrich
(St. Louis, MO). Doxorubicin HCl (Dox) was obtained from LC
Laboratories (Woburn, MA). Poly(DL-lactic-co-glycolic) (PLGA, acid
capped, 75:25, MW 28.8 kDa, inherent viscosity 0.28 dL/g) was ob-
tained from Evonik Corp (Parsippany, NJ). A commercially available
physical therapy TUS unit, Omnisound® 3000, was obtained from
Accelerated Care Plus (Reno, NV). Thermocouples, with type K cali-
bration 36-gauge wire, were obtained from Evolution Sensors and
Controls, LLC (West Deptford, NJ). All materials were used as received.

2.2. ISFI solution preparation

ISFI solutions were composed of PLGA and Dox co-dissolved in
NMP. Solutions of 39 wt% PLGA and 1 wt% Dox were added to 60 wt%
NMP in 4 mL glass scintillation vials. The components of the ISFI so-
lution were mixed overnight inside an incubator shaker at 37 °C. ISFI
solutions were used within one day of mixing [48,52–54,55,56].

2.3. In vitro Dox release

ISFIs (45–50 mg) were injected into 70 mL of phosphate buffered
saline (PBS). Implant weight was collected at the initiation of the ex-
periment. The temperature of the PBS was recorded with a thermo-
couple for the duration of the experiment. Immediately after injection,
the ISFI was exposed to TUS, which was placed 0.5 cm above the ISFI. A
schematic of the experimental setup is shown in Supplemental Fig. S1.
Parameters for C-TUS were chosen based on prior experiments, which
examined the effects of TUS on the distribution of dyes released from
ISFIs injected into hydrogels and subcutaneously in mice [51,57].

Parameters for M-TUS were chosen to investigate the mechanical
bioeffects seen with C-TUS. Details of these TUS exposures are seen in
Supplemental Table S1. Control implants received a sham TUS, where
the TUS was placed above the ISFI but not turned on. 1 mL of bath side
solutions were collected at 2 h, 5 h, and 2 days post-TUS exposure and
replaced with 1 mL of fresh PBS. After 2 days, ISFIs were transferred
into glass scintillation vials containing 10 mL of PBS. At 2, 3, 5, 7, 11,
17, and 21 days, 1 mL of the bath side solution was collected and the
rest of the bath side solution was aspirated and replaced with 10 mL of
fresh PBS. Fluorescence intensity of collected samples was measured
using a plate reader at an excitation/emission wavelength of 495/
595 nm (Tecan Ltd., Infinite 200 series) to measure Dox released from
the ISFI. Intensity values were compared to a standard curve of Dox in
PBS to obtain the amount of Dox within a collected sample. These va-
lues were normalized to the actual Dox loading obtained from initial
implant mass measurements to obtain a cumulative release [50,51,54].

2.4. Tumor cells

Human colorectal carcinoma, HCT-15 cells were obtained from
American Type Culture Collection (ATCC, Rockville, MD). The cells
were maintained in RPMI-1640 media supplemented with 10% fetal
bovine serum and 1% penicillin-streptomycin in an atmosphere of 5%
CO2 at 37 °C. It is important to note that the HCT-15 cells overexpressed
P-glycoprotein (Pgp), a drug efflux transporter, as documented by the
National Cancer Insitutute [58].

2.5. Subcutaneous HCT-15 mouse tumor inoculation

All experiments involving mice were approved by the Case Western
Reserve University Institutional Animal Care and Use Committee. 4-
week-old BALB/c nude mice (n = 5/group) were purchased from the
Athymic Animal & Xenograft Core facility at CWRU. All animal ex-
periments were performed in accordance with relevant guidelines and
regulations of Case Western Reserve University Institutional Animal
Care and Use Committee. Before the start of experiments, mice were
kept in an aseptic environment for 7 days to acclimate to the new en-
vironment. To inoculate tumors, HCT-15 cells suspended in 100 μL of
1× PBS were subcutaneously injected into the dorsal right flank of each
mouse at a concentration of 5 × 106 cells/mL. Tumors were allowed to
grow for 10 days. ISFI solutions (45–50 mg) were injected directly into
the tumor via a 21-gauge needle (Fig. 1A). The syringe and needle
containing the ISFI solutions were measured before and after each in-
jection to ensure equivalent amounts of ISFI were delivered for each
treatment. Diagnostic US images (Siemens S3000, frequency: 17 MHz,
gain: 3 dB, dynamic range: 60, mechanical index: 1.1) were taken post-
injection to ensure injections were at the center of the tumor (Fig. 1B).
ISFIs not centrally injected were excluded from the study, which can be
seen in Supplemental Fig. S3.

2.6. Intratumoral Dox release

After injection, the mice were divided randomly into four treatment
groups: 1) no treatment control, 2) C-TUS 3) M-TUS or 4) 5 min of
hyperthermia (HT). Each treatment was applied once at the beginning
of the study. HT was applied using a nylon bag filled with ~70 g of
jasmine rice, then placed on the tumor for 5 min. The bag was placed in
a microwave and heated to approximately 60 °C. This temperature was
chosen to mimic a similar thermal profile rise seen with ISFI + C-TUS.
Tumor temperatures were measured by a thermocouple inserted un-
derneath the tumor for the duration of the treatment. To investigate the
effects of each treatment on the release of Dox, ISFIs were removed
from the tumor 1- and 8-days post-injection (n = 3/group/time point).
ISFIs were dissolved in 10 mL of NMP overnight. The fluorescence of
Dox was read on a fluorescent microplate reader (Tecan Ltd., Infinite
200 series) at an excitation/emission wavelength of 495/595 nm. The
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fluorescent intensities were then compared to a standard curve of
known Dox concentrations dissolved in NMP. The amount of Dox re-
leased was calculated from the actual loading of Dox during the in-
jection. The standard curve for Dox in NMP can be seen in Fig. S5.

2.7. Intratumoral Dox distribution

Fluorescent images of the tumors were taken on a fluorescent op-
tical imaging system (CRI Maestro, Caliper Life Science) with a blue
excitation (445–490 nm)/green emission (long pass 580 nm) filter ex-
posed at 100 ms. Images were acquired immediately post-ISFI injection,
1, 2, 3, 5, and 8 days after treatment. Group sizes are as followed: ISFI
(n = 10), ISFI + C-TUS (n = 7), ISFI + HT (n = 8), and ISFI + M-TUS
(n = 9). Images were analyzed in MATLAB (Mathworks) and ImageJ
(NIH) to determine the total intratumoral Dox intensity, radial Dox
distribution, and maximum Dox penetration. Images were exported into
MATLAB and the background fluorescence, which was acquired from
mice tumors with no ISFI injections, was removed. These images were
exported to ImageJ were a line intensity profile was used to determine
the radial distribution from the center of the ISFI, where maximum Dox
penetration was determined [50,57]. Radial distributions were nor-
malized to the intensity at the center of the ISFI obtained directly after
post-injection (time = 0 h). Values below 0.1 normalized intensity in
these radial distributions were disregarded due to poor signal to noise
ratio. This is shown with a black line placed at the 0.1 value on the
graphs seen in Fig. 7. Penetration distances were determined from these
radial distribution curves where the normalized Dox signal intensity
reaches 0.1. Total intratumoral Dox intensity was determined by sum-
ming each intensity value in the radial distribution profiles. Total Dox
intensity was normalized to the total intensity value obtained directly
after ISFI injection (time = 0 h). It is important to note that Dox

distributes in all 3 dimensions from the ISFI. Accordingly, the 2D
fluorescent images are obtained by compressing the z-plane Dox in-
tensities (the Dox that distributes above and below the ISFI) along with
the residual Dox in the ISFIs (Fig. 1C). A representative 2D overlaid
fluorescent image can be seen in Fig. 1D.

2.8. Therapeutic efficacy

Mouse tumor progression was measured using calipers and the vo-
lume was calculated using the formula: = ×V W L( )

2
2

where, V = tumor
volume in mm3, L = tumor length in mm and W = tumor width in mm.
Group sizes are as follows: ISFI + C-TUS (n = 9), ISFI alone (n = 8),
ISFI + M-TUS (n = 7), ISFI + HT (n = 5), Blank ISFI + C-TUS (n = 4),
C-TUS alone (n = 5), HT alone (n = 5). Tumor volumes were measured
every other day after ISFI injection. For treatment groups where the
tumor ulcerated, an adjusted tumor volume equation was used. Here,
the tumor volume was calculated as the difference in the total tumor
volume minus the volume of the ulcerated region. The ulcerated region,
or necrotic tissue, was determined using calipers and calculated using
the same volume formula described above. The survival of each mouse
was evaluated over the course of 60 days after the ISFI injection. The
endpoint for survival was chosen by a tumor volume cutoff of
2500 mm3 and a tumor burden score determined by the Institutional
Animal Care and Use Committee (IACUC) at Case Western Reserve
University. This score considers the appearance and well-being of the
rodent, where above a certain score the mouse will be euthanized.

2.9. Histology

Tumors at the endpoint where harvested, fixed in paraformalde-
hyde, then frozen in OCT. Tumors were sliced at 10 μm thickness and

Fig. 1. (A) Schematic of intratumoral ISFI injection then exposure to US treatment. (B) Diagnostic US image of the tumor after intratumoral ISFI injection to ensure
central injection location. (C) Schematic of 3D distribution of ISFI becoming compressed into a 2D image for analysis. (D) Representative overlaid fluorescent image
of intratumoral ISFI injection.
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stained with hematoxylin and eosin (n = 4/group). Slices were imaged
using a slide scanner (Olympus vs120). Images were exported into
ImageJ, where the percentage of necrosis was calculated by dividing
the area of necrosis by the total area of the slice.

2.10. Statistical analysis

Statistical analysis was performed using either a one-way or two-
way ANOVA, assuming unequal variances between the two data sets in
Prism 8. Significant differences among means of groups were evaluated
using a Tukey multiple comparison test. The median survival for each
animal was calculated from Prism. All data are reported as
mean ± standard deviation except for survival data, where a single
median survival number is shown.

3. Results

3.1. In vitro Dox release

The effects of TUS exposure were investigated on the modulation of
Dox release in a PBS dissolution study over the course of 21 days. ISFI
+ C-TUS showed a 3.9 ± 0.1 °C increase in temperature from baseline
(21.5 ± 0.2 °C) after 5 min and ISFI + M-TUS showed a 2.4 ± 0.3 °C
increase in temperature from baseline (21.9 ± 0.1 °C) after 30 min
(Fig. 2A). ISFI, ISFI + C-TUS, and ISFI + M-TUS showed a Dox release
of 37.5 ± 4.3%, 46.0 ± 3.0%, and 34.8 ± 2.0%, respectively, after
2 days. The average release after 21 days for ISFI, ISFI + C-TUS, and
ISFI + M-TUS were 53.4 ± 5.3%, 80.9 ± 5.3%, and 56.5 ± 3.7%,
respectively (Fig. 2B). ISFI + C-TUS showed a significant (p < .05)
increase in the release of Dox compared to ISFI + M-TUS at every time
point over the 21 days.

3.2. Intratumoral Dox release

Dox release from the ISFI was evaluated at 1- and 8-day post-in-
tratumoral injection as shown in Fig. 3. Dox release from ISFI alone
follows previously reported trends [59]. On day 1, there were no sig-
nificant differences between any treatment groups compared to the ISFI
alone. After 8 days, ISFI + HT and ISFI + M-TUS showed a non-sig-
nificant decrease in the release of Dox compared to ISFI alone. At
8 days, ISFI + C-TUS showed a significant release of Dox compared to
ISFI alone (96.3 ± 3.6% vs 67.2 ± 4.7%, respectively).

3.3. Tumor temperatures

Temperature changes from the various in vivo treatments are shown

in Fig. 4. All groups, except ISFI + M-TUS, showed equivalent final
intratumoral temperatures after treatment. The change from the base-
line temperature of the mice is shown in Table 1. Treatments with C-
TUS showed greater changes in temperatures from baseline compared
to HT treatment. This is due to a cold US gel being placed on the tumor
prior to treatment, resulting in a reduced baseline temperature. As ex-
pected, ISFI + M-TUS showed the smallest change in intratumoral

Fig. 2. (A) PBS temperature changes due to TUS exposure of ISFI. (B) In vitro release of Dox with the application of US. ISFI + C-TUS showed an increased release of
Dox over 21 days. N = 7 for ISFI, n = 4 for ISFI + C-TUS, and n = 4 for ISFI + M-TUS. Error bars represent standard deviation * p < .05.

Fig. 3. Intratumoral ISFI Dox release over 8 days. ISFI + C-TUS showed a
significant increase in Dox release after 8 days. * p < .05.

Fig. 4. Intratumoral temperatures for all treatment groups. All groups except
ISFI + M-TUS showed a final intratumoral temperature slightly above mild HT.
The final temperature of ISFI + M-TUS was significantly below mild hy-
perthermia temperature (<43 °C). C-TUS only and HT only are treatments done
without ISFIs in the tumor.
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temperature with a final intratumoral temperature of 35.4 ± 1.2 °C.

3.4. Intratumoral Dox distribution

Effects of TUS and HT exposure on the intratumoral Dox distribu-
tion were investigated through optical imaging. Representative fluor-
escent images and gross tumor images at 8 days are shown in Fig. 5. At
8 days, ISFI + C-TUS showed tumor ulcerations. ISFI + C-TUS showed
a significantly (p < .05) greater total Dox intratumoral intensity over
8 days compared to all other groups as seen in Fig. 6. The greatest
difference can be seen at 8 days with the ISFI + C-TUS having a nor-
malized total intensity of 1.0 ± 0.4. ISFI alone, ISFI + HT, and ISFI +
M-TUS showed a normalized total intensity of 0.3 ± 0.2, 0.4 ± 0.2, and
0.4 ± 0.2, respectively. Radial Dox distribution can be seen in Fig. 7,
where an equivalent distribution of Dox can be seen post-injection. ISFI
+ C-TUS showed an increased Dox distribution at 5 and 8 days leading

to a significantly (p < .05) greater maximum Dox penetration com-
pared to ISFI alone (Fig. 8). The greatest difference can be seen at
5 days, where ISFI + C-TUS showed a 2.5-fold increase in the max-
imum Dox penetration compared to ISFI alone.

3.5. Tumor growth

Tumor growth rates for each individual treatment group over the
course of 20 days can be seen in Fig. 9A. In Fig. 9B, the tumor volume at
the 20-day time point is plotted to better visualize the differences be-
tween groups. The ISFI + C-TUS exposure showed the greatest

Table 1
Change in overall temperature from the baseline temperature
from time = 0 to the end of the exposure.

Treatment group ∆T from time = 0

ISFI + C-TUS 18.0 ± 3.2
ISFI + HT 11.9 ± 1.0
ISFI + M-TUS 5.9 ± 1.1
Blank ISFI + C-TUS 18.8 ± 1.5
C-TUS 14.6 ± 2.4
HT 10.7 ± 2.0

Fig. 5. (A) Representative optical fluorescent images of intratumorally injected ISFIs over 8 days. ISFI + C-TUS shows significantly greater retention and maximum
penetration of Dox over time. Total intensity and maximum penetration can be seen in the following three figures. (B) Gross representative images of tumors at
8 days. Tumor ulcerations can be seen with the ISFI + C-TUS treatment suggesting greater therapeutic response. Scale bar = 0.5 cm. The fluorescent intensity scale is
in arbitrary units.

Fig. 6. Total intratumoral Dox intensity over time. ISFI + C-TUS showed sig-
nificant retention in the total Dox intensity over time compared to all other
groups. * p < .05.
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inhibition of tumor growth, where after 20 days the final tumor volume
was 485.2 ± 336.1 mm3. This was significantly smaller than all other
treatment groups. Interestingly, the HT alone treatment group did not
reach 20 days, and the ISFI + HT had the greatest increase in tumor
volume, 2256.2 ± 229.4 mm3, over the 20 days.

3.6. Survival

Each treatment group was evaluated over the course of 60 days, at
which point the study was terminated. The survival curves can be seen

Fig. 7. Radial Dox distribution from the center of intratumorally injected ISFI. ISFI + C-TUS showed an increase in maximum Dox penetration shown in Fig. 7 at 5-
and 8- days. Black lines were placed at 0.1 normalized intensity to ensure sufficient signal to noise ratio. The maximum penetration values were determined from this
black line. The dashed gray line represents the edge of the intratumoral ISFI.

Fig. 8. Maximum intratumoral Dox penetrations at 5- and 8-days post-injection.
ISFI + C-TUS showed a significant increase in penetration compared to ISFI
alone. * p < .05.

Fig. 9. (A) Tumor growth curves for each treatment group over the course of 20 days. (B) End-point tumor volumes for each treatment group. ISFI + C-TUS
demonstrated a significant (p < .05) inhibition of tumor growth compared to every other group at 20 days.

Fig. 10. Survival curves of all treatment groups. ISFI + C-TUS showed ex-
tended survival compared to all other groups.

Table 2
Median survival of all groups. ISFI + C-TUS showed an increase in
median survival compared to all other groups.

Treatment group Median survival (days)

ISFI + HT 13
HT 18
ISFI + M-TUS 23
C-TUS 25
Blank ISFI + C-TUS 26
ISFI 34
ISFI + C-TUS 51
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in Fig. 10 for each treatment group and the median survival for each
group in Table 2. ISFI + C-TUS showed the greatest median survival of
51 days, which was larger than all other treatment groups. Interest-
ingly, all other treatment groups showed a reduction in the median
survival compared to ISFI alone. The HT alone and ISFI + HT treat-
ments showed the smallest median survival compared to all other
groups.

3.7. Histology

Representative H&E stains are shown in Fig. 11 A-G. The percentage
of necrosis was measured to determine if there were any correlations
between survival/tumor growth patterns to the amount of necrosis , as
shown in Fig. 11 H. ISFI + C-TUS showed a significantly (p < .05)
greater necrosis percentage compared to all other groups
(73.5 ± 10.0%). No significant differences were seen between any of
the other treatment groups.

4. Discussion

ISFIs, an LDDS, may alleviate toxicities associated with SDDS,
however, they struggle with intratumoral drug penetration and reten-
tion [60,61]. To overcome these challenges, this study investigated the
exposure of TUS onto intratumorally injected ISFIs. A large body of
scientific evidence supports that TUS exposure can improve tumor drug
distribution [54], increase intracellular drug uptake in nanoparticle-
based delivery systems [6], enhance drug penetration with transdermal
delivery systems [35,36], and increase drug retention by overcoming
drug efflux transporters [37,38], translating into a better therapeutic
efficacy. These effects listed above are mainly due to either mechanical
or thermal bioeffects produced by the US, such as heating, acoustic
cavitation, microstreaming, and others [63]. Additionally, the genera-
tion of ARF can produce transverse (shear) waves which may poten-
tially be another mechanism of drug transport [64,65]. We

hypothesized that the combination of both mechanical and thermal
bioeffects produced by the TUS (C-TUS group) will directly address the
limitations of ISFIs. In this study, we examined the mechanical and
thermal bioeffects separately and combined to investigate which un-
derlying mechanism is responsible for the enhanced therapeutic effi-
cacy.

In vitro, a significant increase in Dox release was observed within
the first 2 h when the ISFI was exposed to C-TUS (Fig. 2) compared to
the group without TUS. However, Dox release was reduced when the
ISFI was exposed to M-TUS, although the difference was not significant
(Fig. 2). TUS has been shown to alter the conformation of polymer
chains and increase crystallinity in sisal fibers and acrylamide gels
[66,67]. Although these groups used higher intensity ultrasound, si-
milar effects could be present in our study. The increase in crystallinity
could reduce the release of Dox from the ISFI. These effects should also
be present in the group exposed to ISFI + C-TUS. However, the increase
in temperature with C-TUS may be a stronger driving force in in-
creasing the release of Dox. After 17 days, a significant increase in Dox
release was seen in the ISFI + C-TUS group compared to ISFI without
ultrasound exposure (Fig. 2). TUS has been shown to enhance the de-
gradation and erosion of PLGA based systems due to increasing the
energy state of the ester bonds, making it more susceptible to hydrolysis
[51,68,69]. This increase in degradation/erosion rate could lead to an
enhanced release of Dox, which was observed both in vitro (Fig. 2) and
in vivo (Fig. 3) in our experiments.

Optical fluorescent images of intratumorally injected implants
showed a greater total Dox intensity with the ISFI + C-TUS treatment
group over the 8-day period (Fig. 5). Quantitative analysis of these
images showed a significantly elevated total intratumoral Dox intensity
(Fig. 6) and maximum Dox penetration with the ISFI + C-TUS com-
pared to ISFI alone (Figs. 7 and 8). This enhancement can be attributed
to changes in the Dox release profile and effects of the TUS on the
tumor. Interestingly, both mechanical and thermal bioeffects alone
have a slight increase in maximum Dox penetration at 8 days without

Fig. 11. Representative H&E slices of each treatment group. (A) ISFI + C-TUS (B) ISFI + HT (C) ISFI + M-TUS (D) ISFI alone (E) Blank ISFI + C-TUS (F) HT (G) C-
TUS. (H) Percentage of tumor necrosis for each treatment group. ISFI + C-TUS showed a significant increase in the necrosis percentage compared to all other groups.
N = 4 per treatment group.
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an increase in the release of the drug. This led us to speculate that there
were other intratumoral transport mechanisms involved which led to an
increase in maximum penetration. The transport of intratumoral Dox is
governed by the following first-order transport equation:

= D C r t C r t( , ) ( , )C r t
t

( , ) 2 , where D is the drug diffusivity, t is the
time, C(r,t) is the tissue drug concentration, γ is the drug elimination,
and ∇ is the gradient operator. To improve drug transport, one must
increase the drug diffusivity (D) value and decrease the drug elimina-
tion (γ) value. Possible routes within the tumor that affect these values
are: 1) through the extracellular space (ECS) due to a concentration
gradient, 2) convective movement in the interstitial fluid (IF), 3) in-
ternalization by the cell, 4) metabolism within the cell, and 5) diffusion
in the capillaries/blood vessel with subsequent elimination [16,70].
Studies have shown that the application of HT increases the drug dif-
fusivity value in tissues through the decreased interstitial fluid pressure
[71–75]. HT also causes damage to intratumoral blood vessels, reducing
the excretion of the drug from the tumor [27,28,73–75] , thus, de-
creasing the drug elimination term. Mechanical effects of TUS have
demonstrated transient intercellular space widening [76], which in-
creases the drug diffusivity value. Additionally, the injection of ISFI is
likely to have introduced air bubbles into the tumors. Hyperechoic re-
gions dispersed throughout the ISFI solution can be seen in Supple-
mental Fig. S4. These are likely to result from trapped air in the
polymer solution. Under TUS insonation, cavitation of these air bubbles
could allow for greater damage to the endothelial cells, thereby de-
creasing the drug elimination term [77,78].

Interestingly, the ISFI + M-TUS showed an increase in the total
intratumoral Dox at 3 and 5 days (Fig. 6). This could be due to the
overexpression of P-glycoprotein (Pgp), a transmembrane drug efflux
transporter, found in the HCT-15 cell line used in this study. Pgp can
remove the intracellular drug into the extracellular space, thus, elim-
inating it from the system. Different reports have shown that US has the
capability of reversing the expression of Pgp, allowing for greater re-
tention of Dox within the cell over time [37,79,80].

Therapeutic efficacy was evaluated for all treatment groups in terms
of tumor growth, survival, and tumor necrosis percentage. ISFI + C-
TUS showed the greatest response in these three categories, where it
inhibited tumor growth over 20 days (Fig. 9), allowed for a 51-day
median survival (Fig. 10), and showed significantly greater tumor ne-
crosis compared to all other groups (Fig. 11). Interestingly, ISFI alone
showed the second-best treatment response in terms of tumor growth
inhibition, median survival, and necrosis percentage. All other groups,
except for ISFI + C-TUS and ISFI alone, had a lower therapeutic effi-
cacy. This might suggest that a small, non-lethal exposure to either
mechanical or thermal treatments induces a tumor shock that allows it
to upregulate resistant pathways. We speculate these pathways might
involve heat shock proteins (HSPs), an endogenous chaperone involved
in protein folding, that is upregulated to promote cell proliferation
under stressful environmental exposure, such as heat, cold, UV, and
others [81–83]. Upregulation of HSPs due to our treatment exposures
could be a possible mechanism into why several of the milder exposure
regimens had treatment responses that were worse than the ISFI con-
trol, but this must be further investigated in the future.

The combination of TUS with the ISFI used in this manuscript has
the potential to improve the therapeutic efficacy of several different
solid tumors due to the minimally invasive approach. However, future
studies will investigate the use of ISFI for intermediate-stage hepato-
cellular carcinoma (IS-HCC). IS-HCC is characterized as a large, mul-
tinodular liver mass that is not responsive to most systemic che-
motherapies. The current clinical treatment for IS-HCC is image-guided
transarterial chemoembolization (TACE) [84]. This procedure delivers
and occludes the tumor vasculature with an embolic agent (typically
beads or Lipiodol [85–87]) placed directly into the tumors using
fluoroscopy. However, this treatment results in an overall survival of
10–20 months [87–89]. The poor treatment outcome is attributed, in

part, to the poor drug distribution [90]. Injecting the ISFI into these
tumors that have not metastasized and exposing it to TUS may allow for
greater distribution of the drug leading to a potentially larger reduction
in tumor size. The goal would be to downstage the tumor so the patient
can receive either surgical resection of the tumor or liver transplanta-
tion (treatments for early-stage HCC), where overall survival is greater
than 5 years [91,92].

The following are limitations of this study and possible future di-
rections to address them. First, there was a single exposure of ISFI and
US or HT at the beginning of the study. Since about 50% of the drug is
released within 10 days and another 10% within the following 2 weeks,
performing multiple injections and applying repeated TUS exposures
throughout the study may elicit greater differences. Second, an un-
focused transducer with a large surface area was used to sonicate the
ISFIs. The unfocused nature of this probe could account for the high
degree of variability shown in the treatments. A focused transducer will
be used in future studies to minimize variability and concentrate the
acoustic effects on the ISFI system to further decouple implant and
tissue effects. Third, the thermal only bioeffect group likely had a dif-
ferent intratumoral temperature distribution and heating profile com-
pared to the C-TUS group. This is because the heated bag superficially
heated the tumor (conductive heating) while the US deposits energy
throughout the entire tumor and heats in depth. Additionally, the use of
the cold gel prior to the TUS group dropped the temperature of the
tumor before treatment, which results in a different thermal dose be-
tween the ISFI + HT versus ISFI + C-TUS treatments. Although the ISFI
+ HT group had a greater thermal dose (106 equivalent minutes at
43 °C (CEM43)) compared to ISFI + C-TUS (53 equivalent minutes at
43 °C (CEM43)), it did not result in as large a Dox distribution/reten-
tion. This suggests both mechanical and thermal bioeffects are neces-
sary to produce the results seen with ISFI + C-TUS. Fourth, variability
in the drug distribution was introduced when injecting an ISFI into
tumors, as the shape and surface area to volume ratio are difficult to
control. Injecting pre-formed implants could be an alternative system
that can eliminate this variability.

5. Conclusion

Local drug delivery systems, such as the ISFI, have been shown to
alleviate off-target toxicity issues associated with systemic che-
motherapy. The penetration and retention of intratumorally released
drug from ISFIs still remain barriers to clinical application. In this
study, we investigated both the mechanical and thermal properties of
the TUS on ISFI drug penetration and retention. A C-TUS exposure on
the ISFI showed greater drug penetration and retention compared to
other exposure regimens. This translated into an improved treatment
response, where the ISFI + C-TUS exposure inhibited tumor growth,
improved survival, and increased tumor necrosis compared to all other
groups. Overall, exposing ISFIs to TUS serves as an excellent, non-in-
vasive method to improve the poor clinical success of local drug de-
livery systems.
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