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Ultrasound-mediated gastrointestinal drug delivery

Carl M. Schoellhammer,’? Avi Schroeder,"*? Ruby Maa,' Gregory Yves Lauwers,*
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There is a significant clinical need for rapid and efficient delivery of drugs directly to the site of diseased tissues for
the treatment of gastrointestinal (Gl) pathologies, in particular, Crohn’s and ulcerative colitis. However, complex
therapeutic molecules cannot easily be delivered through the Gl tract because of physiologic and structural
barriers. We report the use of ultrasound as a modality for enhanced drug delivery to the Gl tract, with an em-
phasis on rectal delivery. Ultrasound increased the absorption of model therapeutics inulin, hydrocortisone, and
mesalamine two- to tenfold in ex vivo tissue, depending on location in the Gl tract. In pigs, ultrasound induced
transient cavitation with negligible heating, leading to an order of magnitude enhancement in the delivery of
mesalamine, as well as successful systemic delivery of a macromolecule, insulin, with the expected hypoglycemic
response. In a rodent model of chemically induced acute colitis, the addition of ultrasound to a daily mesalamine
enema (compared to enema alone) resulted in superior clinical and histological scores of disease activity. In both
animal models, ultrasound treatment was well tolerated and resulted in minimal tissue disruption, and in mice,
there was no significant effect on histology, fecal score, or tissue inflammatory cytokine levels. The use of
ultrasound to enhance Gl drug delivery is safe in animals and could augment the efficacy of Gl therapies and
broaden the scope of agents that could be delivered locally and systemically through the Gl tract for chronic

conditions such as inflammatory bowel disease.

INTRODUCTION

Delivering drugs through the gastrointestinal (GI) tract is highly desir-
able because of its potential to be minimally invasive and enable supe-
rior kinetics of administration; yet, GI delivery is generally limited to
small molecules (1). Even the delivery of small molecules can be
challenging, with drugs often requiring specialized formulations to sta-
bilize the compound and provide optimal absorption. Moreover, during
certain pathophysiologic states such as diarrhea, small molecules may
have limited opportunity for absorption due to rapid transit in the GI
tract. Additionally, there are many macromolecular drugs that would
benefit from GI delivery, including nucleic acids, peptides, and mono-
clonal antibodies. Therefore, a platform that enables the delivery of a
broad range of therapeutics without the need for time-consuming
and costly reformulation could present a paradigm shift in delivery sci-
ence and have wide clinical impact. We hypothesized that a physical
force, ultrasound, would be capable of enhancing the delivery of macro-
molecules across GI barriers while circumventing the need for extensive
formulation development.

Ultrasound is a longitudinal pressure wave with frequencies above
the audible range (>20 kHz). Clinically, ultrasound is applied in a variety
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of settings, including ultrasonography, tumor ablation, and lithotripsy
(2, 3), which mainly use high frequencies (>1 MHz). At low frequencies
(<100 kHz), ultrasound has unique properties including the ability to
transiently permeabilize and propel therapeutic substances into tissue
by a phenomenon known as transient cavitation (4). Transient cavita-
tion can be induced using several ultrasound probe configurations, in-
cluding axial and radial emission. Furthermore, the optimal ultrasound
configuration can be adjusted depending on the condition being treated,
maximizing the potential generalizability of this modality.

Using a physical delivery modality such as ultrasound to maximize
drug delivery to the GI tract could have broad clinical utility. Patients
with inflammatory bowel disease (IBD), for example, are faced with a
dearth of effective treatment options. These patients have high morbid-
ity and compromised quality of life (5). First-line therapy for the most
common IBD subtype, ulcerative colitis, includes aminosalicylates
administered orally or rectally, with the latter being recognized as more
efficacious, particularly in patients with mild to moderate disease activ-
ity (5, 6). However, rectal (enema) treatment efficacy is directly
dependent on retention time and tissue absorption of the drug (6, 7),
which is challenging for patients suffering from diarrhea with frequent
bowel movements. Higher mucosal concentrations of these agents have
been shown to correlate with decreased disease activity (6). Therefore, the
use of ultrasound to maximize local mucosal concentrations of aminosa-
licylates in the rectum while reducing the necessary retention time of the
enema could be one potential application of this technology with major
clinical impact and benefit for patients who must currently self-administer
medicated enemas.

In addition to therapeutic delivery to the rectum locally, a physical
delivery modality could allow for the systemic delivery of a wide range
of compounds, shifting the way in which diseases are targeted and treated.
Here, we evaluated the delivery of model therapeutics with a broad range
of molecular weights in the GI tract ex vivo and in vivo in both small and
large animal models, thereby demonstrating adaptability to various
clinical and research scenarios.
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RESULTS

Ultrasound enhances drug delivery ex vivo

To understand whether ultrasound could safely permeabilize GI
tissue and identify optimal conditions for ultrasound-mediated GI
delivery (UMGID), we developed an ex vivo platform comprising
fresh porcine GI tissue mounted in Franz diffusion cells (Fig. 1A).
We focused on the use of low-frequency (<100 kHz) ultrasound, giv-
en previous data supporting increased cavitational activity at typical
intensities compared to high-frequency (>1 MHz) ultrasound at the
same intensities (8). First, we compared the transport of tritiated glu-
cose as a model permeant across all major segments of the GI tract
using 20-kHz ultrasound at an intensity of 7.5 W/cm®. We found

that the mass of glucose delivered to the GI tissue was enhanced
by as much as an order of magnitude when delivery was combined
with 1 min of ultrasound treatment (Fig. 1, B and C).

To identify the optimal parameters of UMGID, we tested glucose
delivery using three distinct frequencies—20, 40, and 60 kHz—at three
separate intensities for each frequency in the GI tract. Because transient
cavitation was hypothesized to be the dominant mechanism, these fre-
quencies were chosen to ensure that the cavitation threshold could be
exceeded. To assess the effect of analyte molecular weight and because
glucose is actively absorbed across the GI tract by glucose transporters,
we carried out this study using inulin (5000 daltons), which is not ac-
tively absorbed by the GI epithelium (9). Transport of these molecules
was enhanced at ultrasound frequencies of 20 and 40 kHz compared to
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Fig. 1. Ex vivo characterization of UMGID. (A) Ex vivo experimental
setup, the Franz diffusion cell. A section of fresh Gl tissue is shown positioned
between a donor and receiver chamber. US, ultrasound. (B) Comparison
of the amount of glucose delivered to various tissues of the Gl tract with
20-kHz ultrasound at 7.5 W/cm? and without ultrasound (control) for 2
min with the horn set to pulse (50% duty cycle of 5-s on and 5-s off, re-
sulting in 1 min of ultrasound exposure). (C to E) Survey of glucose (C),
inulin (5 kD) (D), hydrocortisone (E), and mesalamine (E) delivery—all at
1 mg/ml—to porcine intestine and colon ex vivo using 20- and 40-kHz
ultrasound at the lowest intensity considered for each frequency. Treat-

ment duration was 1 min of ultrasound at a 50% duty cycle, as described
in (B). (F) Multiphoton microscopy of cross sections of colonic tissue ex-
posed to dextrans labeled with Texas red with and without 20-kHz
ultrasound. The red channel and second harmonic (to show structural
elements of the tissue) are shown. Scale bars, 500 um. Data in (B) to (E)
are averages + 1 SD. Sample sizes indicated are biological replicates. Each
experiment was performed once. Because not all experiments could be
performed from one organ, controls were run for each additional organ
procured to account for potential intertissue variability. P values in (C) to
(E) were determined by two-tailed Student’s t tests.
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60 kHz (Fig. 1, C and D, and fig. S1). Delivery was relatively insensitive
to the intensity at all frequencies.

Having shown that ultrasound enhances drug delivery in the GI
tract, we focused on the delivery of topical therapeutics currently used for
the management of IBD. Radiolabeled mesalamine (5-aminosalicylic
acid) and hydrocortisone were administered with UMGID ex vivo using
20- and 40-kHz axial emissions. Mesalamine was evaluated in the small
and large intestine, and hydrocortisone was evaluated throughout the
GI tract, in keeping with their respective clinical applications. All treat-
ment times were 1 min, ensuring a treatment regimen that would be
compatible with clinical endoscopy as well as patient self-administration.
Mesalamine delivery to the intestine and colon was maximal at 20 kHz
(Fig. 1E), with about threefold more drug delivered than control (no
ultrasound). Hydrocortisone delivery was enhanced two- to fivefold
throughout the GI tract using both 20- and 40-kHz ultrasound (Fig.
1E and fig. S1).

To characterize the tissue distribution of permeants delivered using
ultrasound, we used fluorescently labeled dextran (3 and 70 kD). With-
out ultrasound, there was no visible permeation of either dextran into co-
lonic tissue (Fig. 1F), whereas with 20-kHz ultrasound, both 3- and 70-kD
dextran penetrated throughout the tissue ex vivo. This was also ob-
served in the radiometric experiments, which showed significantly more
permeant in the tissue than in the receiver chamber (fig. S2).

UMGID enhances drug delivery through transient cavitation
On the basis of previous studies of ultrasound transmission through lig-
uids, we postulated that three mechanisms could be contributing to the ob-
served enhancement in tissue drug delivery with ultrasound: (i) heating,
(ii) acoustic streaming, and (iii) transient cavitation (8, 10, 11). To eluci-
date the dominant mechanism, we delivered tritiated glucose to the
small intestine under the isolated effects of (i) heating the tissue, (ii) ag-
itation to mimic streaming, and (iii) sonication with 1-MHz ultrasound
below the cavitation threshold. These regimens were compared to de-
livery using 20- and 40-kHz ultrasound.

Ex vivo treatment of tissue mounted in Franz diffusion cells with
20-kHz ultrasound at 7.5 W/cm” raised the donor chamber tempera-
ture from 21.0° £ 1.2°C (n = 3) to 38.5° + 1.0°C (n = 3) immediately
after treatment ended. In a separate set of experiments, the tempera-
ture was monitored locally in pigs in vivo using a thermocouple in
the rectum and was found to increase only 1.04° + 0.66°C (n=3) asa
result of 20-kHz ultrasound treatment at the same intensity used in
the diffusion cells. The negligible rise in temperature supports the
hypothesis that thermal effects are not responsible for an increase
in drug delivery with ultrasound. Indeed, ex vivo non-ultrasound
heating of small intestine tissue to 40°C for 2 or 5 min provided
no enhancement in glucose delivery compared to the 20-kHz
ultrasound control (Fig. 2A). Similarly, acoustic streaming and agi-
tation (sonication at 1 MHz, matching energy of 40-kHz ultrasound
at 13.4 W/cm®) did not enhance glucose delivery (Fig. 2B). Although
stirring enhanced delivery by about twofold compared to passive de-
livery, this was still significantly less glucose than that delivered with
40-kHz ultrasound (Fig. 2B). Thus, thermal effects and acoustic stream-
ing do not appear to contribute significantly to enhancing drug delivery
using UMGID.

To confirm that the mechanism of enhanced drug delivery
through ultrasound is transient cavitation, we visualized pitting in
aluminum foil samples (12) and took acoustic measurements in vivo
in pigs. The number of pits generated with 20- and 40-kHz ultrasound

was found to be significantly greater than the number generated with
60-kHz ultrasound (Fig. 2, Cand D). Conversely, no pitting was visible
when 1-MHz ultrasound was applied. We then investigated the gen-
eration of transient cavitation in vivo in pigs. For a given driving fre-
quency (f), cavitation generates acoustic emissions at subharmonics
(f/n) and higher harmonics (nf) for integer values of n, with ampli-
tudes that vary on the basis of the excitation intensity and frequency.
Specifically, the f/2 subharmonic is commonly used as an indication
of the onset of cavitation (13). From in situ acoustic data on three
separate animals undergoing UMGID at 20 kHz, we observed the
characteristic f/2 cavitation subharmonic and 2f harmonic in all
measurements, confirming the generation of acoustic cavitation
(Fig. 2E). As expected, these characteristic signatures were not pres-
ent when the ultrasound was off (Fig. 2F). Although measurements
were only taken for periods of 32 ms, cavitation phenomena
occurred on the order of microseconds, making this sufficient for
detection (13). Together, these data suggest that 20 or 40 kHz would
provide optimal drug delivery results in vivo, enabling drug delivery
across the GI tissue barrier by transient cavitation.

We calculated the theoretical pore sizes generated in porcine small
intestine samples ex vivo using hindered transport theory as a result of
treatment with 20-kHz ultrasound, with radiolabeled glucose and inulin
as the model permeants (eqs. S1 to S4) (14). The permeability of glucose
and inulin was significantly greater when delivered with ultrasound (P <
0.008, two-tailed Student’s # test) (Fig. 2G, fig. S3, and table S1). Addi-
tionally, the upper limit of the calculated theoretical pore radii in un-
treated intestine was found to be 53 A, compared to an upper limit of
90 A in treated samples (Fig. 2G).

Axial UMGID significantly enhances drug delivery in swine

Given the efficacy of UMGID observed ex vivo, we hypothesized
that this technology would enable greater enhancement in vivo
(15). Two different configurations of UMGID were tested in vivo
in small and large animals: axial emission in swine (Fig. 3A) and
radial emission in mice. Both handheld devices were lightweight
with dimensions amenable to insertion into the rectum. In vivo
evaluation was first performed using axial emission of 20-kHz
ultrasound in Yorkshire pigs. The size of the probe tip that was
inserted was comparable to the size of a standard colonoscope.
The tolerability of a single treatment and that of repeated administra-
tion over a 2-week period were investigated using rectal tissue biop-
sies. Biopsies of colon tissue from the pigs demonstrated only
minor epithelial disruption in <5% of the treated area examined,
as determined by a clinical pathologist (Fig. 3B and fig. S4A). There
was minor cellular disarray in the control samples, which was
determined to be an artifact due to the fixation procedure. In the
samples treated with ultrasound, patchy saponification of the adi-
pose tissue was noted. Further, minimal congestion of intramucosal
capillary vessels located in the superficial submucosa was noted.
There was no evidence of epithelial damage, and mucosal integri-
ty was observed (Fig. 3B). Repeated daily administration over a
2-week period was clinically well tolerated, and histological exam-
ination of the rectum and abdominal organs showed normal
architecture of all abdominal organs (fig. S4). The rectal epithelium,
for example, showed intact mucosal wall, and the epithelium had
normal structure with the presence of crypts. All other internal or-
gans showed normal pathology with no signs of ultrasound-induced

injury.
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Fig. 2. Ex vivo and in vivo investigation of the mechanism of drug de-
livery enhancement with ultrasound. (A) Relative enhancement in glucose
delivery to small intestine as a result of 40°C heating for 2 or 5 min or 20-kHz
ultrasound at 7.5 W/cm? at a duty cycle of 50% for 2 min total. (B) Relative
enhancement in glucose delivery to small intestine as a result of treatment
with 1-MHz ultrasound set to 2 W/cm? (5.22 W actual) for 3.4 min, stirring of
the donor chamber, or 40-kHz ultrasound set to an intensity of 13.4 W/cm?.
(€) Number of pits generated in aluminum foil after treatment with 20-, 40-,
60-kHz, or 1-MHz ultrasound for 2 s at the highest intensity considered for
each frequency. In (A) to (C), data are averages + 1 SD; P values were

The efficacy of mesalamine delivery was then assessed in vivo. A
mesalamine enema at the concentration and volume used clinically
[Rowasa (mesalamine), 4 g in 60-ml suspension (16)] was instilled in
the swine rectum, immediately followed by a single application of 20-
kHz ultrasound at 7.5 W/cm?® for 1 min. Tissue biopsies taken imme-
diately after UMGID showed a significant ~22-fold increase in tissue
uptake of the drug using ultrasound compared to colonic tissue ex-
posed to the drug without ultrasound (Fig. 3C). One-half of the
non-ultrasound samples had a drug content below the limit of gas
chromatography-mass spectrometry detection (50 ng/g tissue). 'H
Nuclear magnetic resonance (NMR) spectroscopy confirmed the
chemical stability of mesalamine after treatment with ultrasound (fig. S5).

determined by one-way analysis of variance (ANOVA) with multiple compar-
isons. (D) Representative images of pitted aluminum foil samples treated
with either 20-, 40-, or 60-kHz ultrasound. Scale bar, 3 mm. (E and F) Aver-
aged Gaussian filtered amplitude spectrum of six fast Fourier transforms
(FFTs) taken on in situ acoustic data collected externally in vivo in pigs during
f =20 kHz UMGID along with a representative amplitude spectrum for each
repeat (E) and a control when ultrasound was not on (F). (G) Estimation of
pore size radii created in porcine small intestine tissue and permeability
(averages + 1 SD) of glucose and inulin as a result of ultrasound exposure
using the aqueous porous pathway model.

The delivery of insulin, a model biologic, was also evaluated to de-
termine the potential of UMGID to deliver larger, biologically active
molecules. The same 1-min ultrasound treatment with an insulin en-
ema resulted in a robust hypoglycemic response (Fig. 3D). Forty
minutes after UMGID, control animals experienced no drop in blood
glucose (109 + 9% of initial levels), whereas ultrasound-treated animals
were at a significantly lower level on average (83 £ 9%) (P = 0.02, two-
tailed Student’s ¢ test), indicating the ability of ultrasound to drive in-
sulin across the colon tissue barrier. Sonication of insulin was similarly
found to have no impact on its active protein structure (fig. S6). Suc-
cessful delivery of drugs varying in molecular weight by an order of
magnitude supports the likely broad applicability of UMGID.
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Fig. 3. In vivo axial UMGID in pigs. (A) Ex-
perimental setup showing placement of a
medicated enema and insertion of the 20-kHz
ultrasound probe in the rectum of a pig. (B)
Representative macroscopic (top) and histo-
logical (bottom) views of the rectum not
treated with ultrasound (control) or a single
administration of 20-kHz ultrasound. The
outlined area indicates minor localized sapo-
nification of the muscularis in <5% of the
treated area examined. Scale bars, 100 um.
(€) Mesalamine drug content in colon tissue
biopsies normalized by the mass of the
tissue biopsy without (control) and with
(treated) a single administration of 20-kHz
ultrasound. Each point represents one bio-
logical replicate. P value determined by two-
tailed Student’s t test. (D) Animals’ blood
glucose normalized to its initial value as a
result of the placement of an enema con-
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Radial UMGID is safe and resolves acute colitis activity in mice
The clinical relevance of the enhancement in mesalamine delivery was
analyzed in a murine model of dextran sodium sulfate (DSS)-induced
acute colitis. This murine model was chosen because it is recognized to
not benefit from topical mesalamine administration (17). Therefore,
improvement in disease indices in this model as a result of ultrasound
treatment would underscore the impact of UMGID. Radial UMGID
was used given the colonic anatomy and the often circumferential
nature of colitis involvement.

The tolerability of daily probe insertion and probe insertion
followed by sonication was first tested in healthy animals in the ab-
sence of colitis. Ultrasound was administered daily (Fig. 4A) using a
custom-designed ultrasound probe with dimensions amenable to
insertion directly into the mouse colon (probe diameter, <3 mm)
(Fig. 4B). Histological examination at day 14 was selected to assess
the effect of repeated dosing and to allow for comparison to results
from animals with induced disease receiving a clinically utilized 14-day
course of treatment. Treatment was well tolerated, and all animals
were free of clinical signs of distress over the 14-day period. Addi-
tionally, there was no statistical difference in the animals’ hematocrit
or hemoglobin as a result of ultrasound treatment compared to
controls, suggesting that the device does not induce gross bleeding
(Fig. 4C).

After the 14-day course of treatment, colonic tissue was scored his-
tologically for degree of inflammation and architectural distortion (Fig.
4D). The scores for these animals were comparable to those of untreated
(control) animals and were significantly lower than the scores of
animals with induced disease, suggesting that ultrasound treatment

15

20 25 30 35 40

Time after insulin administration (min)

in healthy animals is well tolerated. In addition, surrounding organs in
the body cavity were examined to assess the potential of longer-range
adverse effects. On gross examination, the liver, spleen, pancreas, kid-
ney, and small intestine appeared normal without any ecchymoses not-
ed on the organs after treatment (fig. S4B). Additionally, blinded
evaluation of these organs histologically by a clinical pathologist
determined the tissue to be of normal architecture with no histological
abnormalities in both the control and sonication groups. Clinically,
these animals were free from diarrhea and occult bleeding (total fecal
score, Fig. 4E). Finally, no statistical difference was found in the expres-
sion levels of the proinflammatory cytokines including tumor necrosis
factor-a (TNF-a), interferon-y (IFN-y), interleukin-6 (IL-6), or IL-17
between treatment groups (P > 0.05, one-way ANOVA with multiple
comparisons) (Fig. 4F). Together, these data in mice support the safety
of this drug delivery modality in the GI tract.

Colitis was induced in mice with DSS given ad libitum for 7 days
with concurrent mesalamine enema/ultrasound treatment starting
on day 2 (Fig. 5A). The administration of mesalamine in combina-
tion with ultrasound given daily (QD) as well as every other day (QOD)
enabled significantly faster recovery from clinical signs of colitis com-
pared to daily administration of mesalamine enema alone (the current
standard of care), as assessed by the total fecal score (Fig. 5B). For both
ultrasound treatment groups, total fecal scores were <4 on day 14, al-
though QD ultrasound worked more quickly and reduced colitis faster
than QOD.

In addition to the total fecal score, colonic tissue histology was eval-
uated at the end of the trial in a blinded fashion (Fig. 5, C and D). The
ultrasound treatment QD group had a statistically lower histology score
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Fig. 4. Effect of rectal ultrasound on blood markers, histology, fecal score, and cytokine expression.
(A) Daily ultrasound treatment schedule in healthy pigs in the absence of colitis. (B) The custom-designed
ultrasound probe tip with a shaft diameter of 2 mm. The two bumps shown have a diameter of 3 mm and
enhance radial ultrasound emission. (C) Hematocrit and hemoglobin normalized to day 1 for healthy
animals (control), healthy animals receiving daily probe insertion (probe insertion), and healthy animals
receiving daily 40-kHz ultrasound treatment (US). Although five animals were used in each group, some
blood samples from days 1 and 14 clotted, resulting in fewer than five values for some groups. (D) His-
tology scores of tissue sections at day 14. The median, 25th, and 75th percentiles are shown. The whiskers
indicate the most extreme data points. (E) Total fecal score for all three groups over the 14-day period. (F)
Cytokine mRNA levels in colonic tissue samples (n = 4 biological repeats for all groups). Counts were as-
sessed using the Mouse Inflammatory Panel (NanoString Technologies). Data are normalized across
samples using internal positive spike-in controls. Data in (C), (E), and (F) are averages + 1 SD. Sample sizes

than any other group with induced dis-
ease, in agreement with the improved fecal
scores. The tissue in the ultrasound treat-
ment QD group appeared to have less ero-
sion of the epithelium and only minor
shortening of the crypts when compared
to the other colitis groups (Fig. 4C).

DISCUSSION

Here, we present the preclinical use of
ultrasound as an active drug delivery mo-
dality throughout the GI tract. We found
that ultrasound was able to enhance the
delivery of model drug compounds with
a wide range of molecular weights in all
parts of the GI tract ex vivo; more sur-
prising was the relatively short treatment
time required for this: 1 min of total ultra-
sound exposure. We tested two configura-
tions in vivo: axial emission in pigs and
radial emission in mice. Ultrasound in
combination with a medicated enema
was found to significantly improve disease
indices and also have the capacity for ma-
cromolecule delivery: mesalamine de-
livered to rodents reduced the severity
and duration of colitis compared with
the standard of care (free drug enema),
and insulin delivered to pigs reduced
blood glucose. The trend toward im-
proved clinical outcome in rodents treated
every other day suggests that such a regimen
may be useful in less severe cases of colitis
and in patients with suboptimal adher-
ence to medication, a significant issue in
the clinic today (18). A mechanistic inves-
tigation confirmed the generation of cav-
itation in vivo, and further tests showed
thermal effects and acoustic streaming to
play a minimal role in enhancing drug de-
livery. The superior disease outcomes,
both clinically and histologically, of daily
ultrasound treatment compared to the
current standard of care are exciting and
suggest that UMGID could enable remis-
sion to be achieved with shorter treatment
regimens. Moreover, it provides a solution
for accelerated drug delivery in clinical
settings where rapid disease-associated
GI transit time limits the absorption of
therapeutics (19). As a result, our technol-
ogy may eliminate the need for extended
enema retention.

Axial emission in swine was demon-
strated to be safe on the basis of histo-
logical examination of the tissue and
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Fig. 5. In vivo radial UMGID of mesalamine in a rodent colitis model. (A) Colitis induction and
treatment schedule. DSS was given daily for 7 days to induce acute colitis in mice. Starting on day 2,
animals receiving treatment were administered either a mesalamine enema daily (QD), mesalamine with
40-kHz ultrasound QD, or mesalamine with 40-kHz ultrasound every other day (QOD) for 2 weeks. (B)
Total fecal score for healthy animals (control) and animals with DSS-induced colitis: receiving no treat-
ment (disease), receiving mesalamine enema daily (drug enema QD), receiving mesalamine enema
with ultrasound treatment daily (US treatment QD), and receiving mesalamine enema with ultrasound
treatment every other day (US treatment QOD). Data are averages + 1 SD (n =5 animals). P values given are
for the indicated group receiving ultrasound compared to the disease and drug enema groups (one-way
ANOVA with multiple comparisons). (C) Histology scores of colonic tissue sections on day 14 (n = 5
animals per treatment group). The median, 25th, and 75th percentiles are shown. The whiskers indicate
the most extreme data points. The P value is for US treatment QD compared to all other disease groups
(determined by one-way ANOVA with multiple comparisons). (D) Histological images of colonic tissue at
day 14. Representative images of tissue scored 0 (healthy) to 4.

clinical monitoring of the animal. Al-
though tissue biopsies taken immediately
after treatment showed minor disruption
to the tissue, these findings were not pres-
ent in tissue biopsies taken after repeated
treatment, suggesting that the tissue can
recover fully from the treatment, high-
lighting its tolerability. The order of magni-
tude enhancement observed in mesalamine
delivery is indicative of the potential pow-
er of UMGID. Further, the delivery of in-
sulin as a model biologic highlights the
ability of axial emission to achieve system-
ic delivery of larger molecules through the
rectum and potentially through the vary-
ing segments of the GI tract while retaining
their function. Local delivery of biologics
has the potential to be useful in a variety
of diseases. For ulcerative colitis, for exam-
ple, the local delivery of monoclonal anti-
bodies targeting TNF could be beneficial to
down-regulate proinflammatory processes
(20). This technology in its present form
could also be beneficial in the local delivery
of chemotherapeutics and biologics in the
rectum for the treatment of colorectal
cancer (21). Indeed, current strategies to
achieve local delivery of these agents largely
rely on formulation techniques, which suf-
fer from low loading efficiencies and lack
broad applicability to deliver many drugs
(22, 23).

In addition to axial emission, radial
emission was tested in a clinically relevant
murine colitis model. The most efficacious
treatment of mild to moderate colitis is
rectal administration (5, 24). However,
active disease can make retention of the
medication difficult. For example, the cur-
rent procedure for the rectal administra-
tion of mesalamine for the treatment of
IBD requires patients to first empty their
bowels. They are then instructed to lie on
their left side. The patient must insert an
applicator tip into the rectum and gently
infuse the drug. Patients are instructed to
remain in this position for at least 30 min
and to retain the enema overnight (25).
This creates a precarious and uncom-
fortable experience that must be endured
nightly. This is particularly challenging
for patients with active colitis who are
experiencing urgency with frequent bow-
el movements. Even when this regimen is
strictly adhered to, disease relapse rates
are high (26). To test whether UMGID
has the capacity to promote rapid deliv-
ery of mesalamine and thereby enhance
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treatment efficacy, an ultrasound probe with radial emission was used
for its ability to permeabilize a larger area of tissue. The use of a custom-
designed ultrasound probe with a shaft diameter <3 mm is indicative
of the ability to significantly miniaturize this technology. With addi-
tional study, we believe this could be miniaturized further to enable
other form factors, such as ingestible capsules. Translating UMGID
into the clinic for the treatment of IBD will involve further optimi-
zation of the radially emitting probes to maximize radial acoustic
emission in the human rectum. This development will require large
animal model testing under good laboratory practices ensuring safety
and efficacy to inform an Investigational Device Exemption appli-
cation to the U.S. Food and Drug Administration.

UMGID has many potential applications ranging from localized
site-specific treatment with anti-inflammatories to the broader de-
livery of macromolecules. The current format of administration lim-
its application of the technology somewhat to diseases requiring
delivery through the rectum. However, the ability to generate
ultrasound in multiple configurations in small, portable form factors
amenable to at-home self-administration supports the generalizabil-
ity of UMGID and its tunability. Such ease of use is paramount for
broad clinical and research applicability. In the immediate-use case
of rectal delivery for diseases such as IBD where enemas are already
established as the standard of care, patients may use a small,
handheld device that emits ultrasound radially to achieve a high de-
gree of circumferential tissue permeability, increasing drug delivery.
Continued improvement in ultrasound miniaturization could allow
for a variety of different operating formats to enable convenient
ultrasound exposure to all parts of the GI tract, including ingestible
ultrasound-emitting capsules to facilitate systemic delivery in a con-
venient manner (27).

Our technology could be miniaturized to dimensions compatible
with ingestion, allowing for ingestible ultrasound-emitting capsules
for systemic delivery. On the basis of the studies described here,
ultrasound technology has the potential to deliver substances such as
nanoparticles, monoclonal antibodies, or vaccines to modulate mucosal
immune responses (28, 29). Additionally, ultrasound could potentially
enable the delivery of new classes of therapeutics such as DNA- and
RNA-based therapeutics, where delivery requires overcoming several
biological barriers (30). With further study, this technology could prove
invaluable in both clinical and research settings, enabling improved
therapies and expansion of research techniques applied to the GI tract
as well as new medical devices to enable local rectal delivery and, even-
tually, oral administration using ingestible electronic devices.

MATERIALS AND METHODS

Study design

The purpose of this study was to investigate the safety, tolerability, and util-
ity of ultrasound-mediated drug delivery in the GI tract in tissue ex vivo
as well as in vivo in Yorkshire pigs and mice. Low-frequency (<100 kHz)
ultrasound was used and administered directly to GI tissue. This treat-
ment was compared to controls consisting of untreated tissue. The treat-
ment time used was 1 min. Fresh, porcine GI tissue was mounted in
Franz diffusion cells and randomly selected to receive either ultrasound
treatment or no treatment. Ex vivo delivery efficacy was assessed by
quantifying the delivery of radiolabeled permeants into and through
tissue.

Rectal delivery in pigs and in mice was tested using 20- and 40-kHz
ultrasound compared to delivery without ultrasound. The 20-kHz
ultrasound was chosen because it maximizes cavitational activity
and is above the human range of hearing. In mice, 40 kHz was used
because of technical limitations preventing a device amenable to rectal
administration in rodents having a lower frequency. Animals were
randomly assigned to receive a particular treatment, consisting of a
combination of mesalamine enema and ultrasound administration.
In pigs, delivery of mesalamine was quantified from collected tissue
biopsies, and delivery of insulin was measured by blood glucose re-
sponse over 40 min. For mice with DSS-induced acute colitis, the effect
of rectal ultrasound was determined by blood markers, fecal score, and
cytokine levels. For both pigs and mice, histological evaluation was
performed in a blinded fashion by a clinical pathologist to assess the
safety of ultrasound treatment.

The sample sizes, determined before study initiation, were based
on published reports of mesalamine quantification from biopsies in
humans as well as our preliminary ex vivo data (6). Power calculations
were carried out on the basis of the enhancement in delivery observed
in the pig studies using ultrasound as well as previously published re-
ports examining fecal scores (7). No samples were excluded from anal-
ysis in this study.

Tissue preparation

The Massachusetts Institute of Technology Committee on Animal
Care approved all animal-related research aspects of this study. GI
tissue from Yorkshire pigs was procured within 20 min of sacrifice,
stored at 4°C, and used within 6 hours of euthanization. The tissues
were obtained from Research 87 Inc. The tissues were washed with
phosphate-buffered saline (PBS), and excess fat was dissected away.
With the exception of the tongue, all tissues were used as received.
The tissues were then sectioned and mounted in Franz diffusion cells
(15 mm diameter, PermeGear) with the luminal side facing the do-
nor chamber (Fig. 1A). Because of significant variability in tongue
tissue thickness, the top surface was isolated with an electric derma-
tome (Zimmer Orthopedic Surgical Products) to a thickness of 700 um
and mounted. After all tissues had been dissected and mounted in Franz
diffusion cells, the cells were randomly assigned to the various experi-
mental groups.

Ultrasound treatment
Ultrasound intensities were calibrated by calorimetry using an unlined
dewar. Calorimetry was used because this specific method is commonly
used in the literature to estimate ultrasonic power (31). The three
powers at 20 kHz were 2.5, 5, and 7.5 W/cm®. At 40 kHz, they were
7.3, 10.5, and 13.4 W/cm®. At 60 kHz, the powers were 9.6, 11.5, and
12.4 W/cm?®, The difference in powers tested at each frequency was due
to the sensitivities and efficiency of each ultrasound generator. Regard-
less of frequency or power, all treatments lasted for a total of 1 min of
ultrasound exposure using a 50% duty cycle (5 s on and 5 s off) with the
ultrasound horn tip 3 mm away from the surface of the tissue.
Immediately before ultrasound treatment, a solution (1 mg/ml)
containing radiolabeled material was added to the donor chamber. Ul-
trasonic frequencies of 20, 40, and 60 kHz were generated using three sep-
arate ultrasound generators (Sonics and Materials Inc.), the VCX 500,
VCX 130, and a custom order probe, respectively. The probes pro-
vide axial emission of ultrasound. Each probe has a 13-mm diameter
tip. The three separate powers at each frequency were tested. Treatment
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lasted for 1 min of ultrasound exposure using a 50% duty cycle. Perme-
ant delivery was then quantified as described in Supplementary
Methods.

Mixing, temperature, and high-frequency ultrasound studies
Tissue samples were mounted in Franz diffusion cells and exposed to
stirring, increased temperature, or 1-MHz ultrasound to determine the
role in glucose uptake, as described in Supplementary Methods.

Effect of sonication on therapeutic compound structure
The impact of sonication with 20-kHz ultrasound on chemical struc-
ture was investigated using mesalamine, hydrocortisone, and insulin,
as detailed in Supplementary Methods.

Porcine model

Both female and male Yorkshire pigs between 45 and 80 kg in weight were
used for this study on the basis of the availability of sex from the vendor.
Before every experiment, the animal was fasted overnight. The animals
were sedated, and the rectum was cleared with a tap water enema, as
detailed in Supplementary Methods. The drug of interest (mesalamine
or insulin) was then instilled in the rectum, ultrasound was administered,
and drug delivery was quantified (see Supplementary Methods).

In vivo cavitation detection

Rectal UMGID at 20 kHz was performed on three sedated animals, and an
omnidirectional hydrophone (Teledyne Reson TC4013, 1 Hz to 170 kHz
sensitivity range) was coupled to the lower anterior abdominal skin with
ultrasound gel. The hydrophone output was collected over a 32-ms in-
terval at a sampling rate of 250 kHz on an oscilloscope (Rigol DS1204B),
and data were postprocessed in MATLAB R2014a (MathWorks). Con-
trol (ultrasound off) traces were similarly collected from three sedated
animals following the above methods. Data were processed as follows:
an FFT was taken on each time series signal, a Gaussian filter was ap-
plied to reduce noise, and then all FFT's were averaged. Because of the
sampling rate of 250 kHz on the oscilloscope, the FFT is limited to de-
tecting acoustic signatures over the range of ultrasonic frequencies 0 to
125 kHz. This, however, is sufficient, given the fact that acoustic detec-
tion at f/2 is commonly used to determine the generation of cavitation
particularly in medical applications and would be captured in this range
for f=20 kHz (13).

Insulin delivery in pigs

In addition to sedation (Supplementary Methods), a central venous
catheter was placed in the femoral vein using the Seldinger technique
to allow for frequent blood sampling. Blood samples were drawn to assess
the animal’s baseline blood glucose level, and then insulin and ultrasound
were administered as described further in Supplementary Methods.

Chemically induced murine colitis model and treatment
Fifteen-week-old female C57BL/6 mice were purchased from
Charles River Laboratories for the induction and treatment of
DSS-induced colitis. Five animals were used per group. Acute colitis
was then induced by administering DSS in the drinking water, and
treatment was administered as described in Supplementary Methods.
Acute colitis severity was determined through histological evaluation
of the colon. Fecal consistency and the presence of blood were scored
on the basis of published protocols with slight modifications as detailed
in Supplementary Methods (7, 32).

UMGID treatment was administered to DSS mice starting on day 2.
Treatment consisted of either a mesalamine enema alone or in combina-
tion with ultrasound. The enema consisted of mesalamine (66.6 mg/ml)
in a 0.5% w/w carboxymethyl cellulose (Sigma-Aldrich) solution in
PBS. Here, a custom-designed 40-kHz probe was fabricated to allow
for insertion into the colon (Sonics and Materials Inc.). The shaft was
2 mm in diameter and contained two protrusions 3 mm in diameter at
half-wavelength intervals to achieve radial ultrasound emission. The
power of ultrasound treatment was calibrated to 4.0 W by calorimetry.
The probe was inserted into the rectum and turned on for 0.5 s. The
animals were monitored daily for weight, fecal consistency, and the presence
of fecal occult blood using Hemoccult cards (Beckman Coulter).

Safety and tolerability of the ultrasound probe

A separate cohort of animals with no induced disease was used to
test the safety and tolerability of ultrasound in the rectum, as described
in Supplementary Methods.

Statistical analysis

Statistical analysis for the ex vivo and in vivo porcine work was per-
formed using two-tailed Student’s ¢ tests to determine statistical signif-
icance. Statistical analysis for the in vivo mouse work was performed
using one-way ANOVA tests with multiple comparisons. Confidence in-
tervals for regression slopes were constructed using normal-based 95%
confidence intervals. Statistical significance was defined throughout as
P <0.05. All calculations were performed in MATLAB R2014a (MathWorks).

SUPPLEMENTARY MATERIALS

www.sciencetranslationalmedicine.org/cgi/content/full/7/310/310ra168/DC1

Supplementary Methods

Fig. S1. Glucose, inulin, and hydrocortisone uptake in Gl tissues ex vivo.

Fig. S2. Distribution of permeants between porcine colonic tissue and the receiver chamber
ex vivo.

Fig. S3. Permeability of the porcine small intestine to glucose and inulin.

Fig. S4. Tolerability of rectal ultrasound in healthy mouse and pig models.

Fig. S5. Representative NMR spectra of mesalamine and hydrocortisone before and after sonication.
Fig. S6. Impact of sonication on insulin activity.

Table S1. Sample size, regression slope, and R? values for tissue permeability tests.
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Editor's Summary

Drugsride the wave acrosstissue barriers

Macromolecular drugs traveling through the gastrointestinal tract are met by hard-to-breach tissue
barriers that limit uptake and, in turn, dilute or prevent the drugs' effects. Schoellhammer and colleagues
repurposed a common technology in the clinic (ultrasound) to temporarily disrupt structural and
physiological tissue barriers, allowing drugs to pass through. Theinitial application of a handheld
ultrasonic probe was for rectal delivery of drugs, with afocus on treating a form of inflammatory bowel
disease (IBD), called ulcerative colitis (UC). Patients with UC have few efficacious therapies, but drug
enemas seem to work the best, aslong as the patient isn't suffering from diarrhea and the drug is
absorbed quickly. The authors found that ultrasonic waves drove insulin and mesalamine into pig
colonic tissue faster than natural absorption, without any physical or thermal damage to tissue.
Ultrasound was also instrumental in encouraging mesalamine into mouse colonic tissues, leading to the
resolution of acute calitis. Ultrasound-mediated drug delivery could be used for other drugs, such as
hydrocortisone, and even macromolecules, such asinsulin, as demonstrated by the authors, thus serving
asasimple physical solution to the barrier challenge in gastrointestinal drug delivery.
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