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DRUG DELIVERY
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I

Multigram drug depot systems for extended drug release could transform our capacity to effectively treat pa-
tients across a myriad of diseases. For example, tuberculosis (TB) requires multimonth courses of daily multigram
doses for treatment. To address the challenge of prolonged dosing for regimens requiring multigram drug dosing,
we developed a gastric resident system delivered through the nasogastric route that was capable of safely encap-
sulating and releasing grams of antibiotics over a period of weeks. Initial preclinical safety and drug release were
demonstrated in a swine model with a panel of TB antibiotics. We anticipate multiple applications in the field of
infectious diseases, as well as for other indications where multigram depots could impart meaningful benefits to
patients, helping maximize adherence to their medication.

INTRODUCTION cause of treatment failure and contributes to the emergence of drug-

Lack of medication adherence is a worldwide problem. As many as
50% of patients experience difficulty following treatment recom-
mendations (1). Whereas adherence is driven by many factors includ-
ing the socioeconomic status of a patient and the quality of the health
care team, drug regimen complexity also affects treatment outcomes
(1). For example, adherence decreases as the number of pills per dose
and the number of doses per day increases (1). For diseases where
potent medications are available, depot formulations provide sus-
tained drug release to simplify dosing. For diseases lacking potent
compounds for treatment, there remains an unmet need for depot
systems that could transform medication adherence (2).
Tuberculosis (TB) is one such disease with a high pill burden,
where poor patient adherence to the treatment regimen is a major

resistant TB strains (1). For example, an average 60-kg patient with
TB needs to take 3.3 g of antibiotics per day, which is a dose that
exceeds the largest swallowable capsule and current depot systems
(3-6). According to the World Health Organization (WHO), 10 million
people developed TB in 2017 with a global economic burden amount-
ing to $12 billion annually (7, 8). Furthermore, TB is the most serious
pathogen in the global antimicrobial resistance crisis (9). Unless radi-
cal action is taken, drug-resistant strains of TB will account for 25%
of antimicrobial resistance-related deaths and will cost the global
economy $16.7 trillion by the year 2050 (9, 10).

There are multiple factors that influence adherence among people
living with TB (11). These include a provider-focused system of care
delivery, high pill burden, transport difficulties, and other competing
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daily priorities. In 1994, the WHO endorsed the directly observed
treatment short course (DOTS) strategy, which is now accepted world-
wide (12). DOTS involves administration of oral fixed-dose combi-
nation formulations of TB drugs at a designated clinic in the presence
of a health care provider either daily or three times per week (3, 13).
Although some studies have shown DOTS to be effective, it requires
substantial infrastructure with adequately staffed health care per-
sonnel to achieve desired results (11, 14-20). Furthermore, a recent
study found that patients who fully adhered to a dosing regimen 7
of 7 days per week had more favorable outcomes compared to pa-
tients who were fully adherent to a dosing regimen 6 of 7 days per
week (21). Full adherence may not be easily achieved in resource-
constrained environments, where DOTS is costly to provide and time
consuming for both patients and caregivers (22, 23).

The WHO End TB strategy has patient-centered care as a central
pillar, and achieving such care requires innovative methods of treat-
ment support and drug delivery (24-26). Shorter and simplified
regimens, electronic reminder systems, and incentive programs are
being implemented to improve adherence (27-29). Yet, additional
interventions will be necessary to eliminate TB. Technologies that
enable extended drug release of medication have the potential to
help patients adhere to long and frequent dosing regimens. For ex-
ample, ingestible gastric resident devices for controlled release drug
delivery of antimalarials and antiretrovirals have been demonstrated
in large animal models (30, 31). Although easy to administer and ca-
pable of tunable drug release profiles, these systems have capacities
limited to approximately <500 mg of drug, which is a fraction of
the daily dose of treatment for a patient with TB (3).

The challenge with designing drug depot systems for diseases
such as TB is to balance the ease and safety of administration with
the accommodation of multigram-level quantities of drugs. During
the intensive phase of treatment, a 60-kg patient with TB swallows
almost 100 g of antibiotics in 1 month (3). Inspired by the recognized
capacity of the stomach to hold large objects including bariatric bal-
loons and bezoars, we reasoned that a gastric resident system (GRS)
capable of prolonged gram-level dosing could help patients adhere
to TB treatment (32, 33). Drug delivery via the gastrointestinal (GI)
tract offers multiple advantages, including ease of administration,
immunotolerance to a broad range of materials, and the ability to
accommodate gram-level dosing in line with current regimens for
TB. Here, we describe a proof-of-concept study demonstrating the
capacity of a device to be administered through the nasogastric (NG)
route, to safely reside in the gastric cavity of a large mammal, to hold
a multigram drugload, to provide controlled release of the drug over
several weeks, and to be retrieved via an NG tube. We investigated
the potential for patient and practitioner acceptability using a field
questionnaire distributed in TB clinics in India and demonstrated
the potential economic advantages associated with the implementa-
tion of a GRS intervention.

RESULTS

Design of a GRS for multigram dosing

A large-dose GRS for long-term treatment should (i) have a size and
shape that can fit through the esophagus of a patient to non-surgically
access the stomach, (ii) have the ability to adopt an alternative con-
formation in the stomach that prevents passage through the pylorus,
(iii) achieve high concentrations of drug loading, (iv) be composed
of biocompatible materials that are stable for an extended duration
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in the acidic gastric environment, (v) have no potential for gastro-
intestinal obstruction or perforation, and (vi) either be able to de-
grade into forms that can safely pass or be retrieved after the
drug has been released from the device (30). Inspired by the rapid
deployment of a gastric balloon through similar means, we set out
to design a GRS that could be administered through an NG tube,
which is inserted via the nose to access the stomach (34). After
reaching the stomach, the GRS forms a cylindrical coil and con-
tinually releases grams of drug over the course of weeks, where-
upon the device is retrieved back through an NG tube (Fig. 1A).
The assembled GRS consists of a superelastic nitinol wire as the
retention frame upon which drug pills are strung with a retainer
and tubing at the ends of the device (Fig. 1B) (35). To tailor the
drug loading and duration of therapy, the length of the GRS and
formulation of drug pills can be modified (fig. S1).

We deployed a coiled nitinol wire inside tubing to the gastric cav-
ity of 30- to 75-kg Yorkshire pigs to demonstrate transesophageal
administration and safe gastric retention in vivo. Yorkshire pigs have
similar gastric anatomy to humans and have been previously used
to evaluate long-acting drug delivery platforms (30, 36). Represent-
ative serial abdominal radiographs during device deployment and
month-long residence revealed the feasibility of the GRS to pass
through the esophagus and form a coil in the stomach within 50 s
(Fig. 1C). The GRS was able to curl back into its original coil shape
in the gastric cavity after passing through the esophagus because of
the superelasticity of nitinol (37). Safe long-term gastric residence
was evaluated by serial radiographs obtained over the course of
1 month and through endoscopic evaluation (Fig. 1C and fig. S2).
Even after prolonged gastric residence of these large devices, mucosal
surfaces of the animals’ stomachs did not show injury, erosions, or
ulcerations; in addition, the animals did not show any weight loss,
evidence of GI obstruction, or limitation in the passage of food or
liquid (fig. S3).

We designed the GRS to be retrieved through an NG tube after
the release of the drug payload in the gastric cavity. The retrieval de-
vice consists of a Hall effect sensor to determine the distance between
amagnet on the end of the GRS and a magnet at the end of retrieval
device (Fig. 1D) (38). To ensure the stability of the Hall effect sensor in
alow pH environment, we placed it in simulated gastric fluid (SGF)
for 90 min; the measured voltage was comparable to the voltage mea-
sured in air before immersion in SGF (fig. S4A). A three-dimensional
(3D) printed in vitro human stomach model was constructed to test
the feasibility of the retrieval procedure (fig. S4B and data file S1). A
magnet was placed on each end of the GRS to maximize likelihood
of retrieval. In vivo demonstration of GRS retrieval was successful, as
demonstrated by representative serial radiographs (Fig. 1D). Thus,
we demonstrated the potential of the GRS to be safely administered,
to reside safely in the gastric cavity for 1 month, and to be retrieved
through the esophagus.

Controlled drug release with coated drug-matrix pills

We fabricated pills of a single drug mixed inside a silicone matrix
and encapsulated each pill in a polymer coating to enable tailored
dosing of each drug (Fig. 2A). Vinylpolysiloxane (VPS) was selected
as a drug release matrix because of its flexibility, rapid curing time,
and low-temperature mixing process with drug. Because of their
mechanical and chemical properties, polysiloxanes have been exten-
sively used for controlled drug delivery applications (39-42). We spray-
coated a 300-um-thick Eudragit RS 100 polymer coating to prevent
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Fig. 1. Design and in vivo evaluation of a large-dose GRS for drug delivery. (A) (i-ii) An NG tube is first placed as a conduit for the large-dose GRS to be non-surgically
administered, and then the NG tube is removed from the patient. (iii-iv) The GRS resides in the gastric cavity while releasing drugs. (v-vi) An NG tube is again placed in the
patient for deployment of a retrieval device to attach and remove the GRS from the gastric cavity. Black arrows indicate direction of movement of the NG tube and retrieval
device, and red arrows indicate drug release. (B) The GRS consists of a series of drug pills on a coiled superelastic nitinol wire; the ends are protected with a retainer and
tubing. (C) Representative radiographs of the GRS immediately after deployment and on day 28 in a swine model. Dashed circles indicate GRS location. (D) The retrieval
device consists of a Hall effect sensor and a magnet that can detect and attach to the magnets on either end of the GRS. Representative stepwise radiographs of the
retrieval process executed in a swine model are shown below. Dashed circles indicate coupling of retrieval device with GRS. The components of both ends of the GRS
[glue, a retainer, and a poly(E-caprolactone) (PCL) plug] are also shown.
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Fig. 2. Fabrication and in vitro release of TB antibiotics from individual drug pills. (A) Coated drug pills are made by mixing drug with silicones and extracting indi-

vidual pills from the homogeneous matrix using a biopsy punch before spray-coa

ting pills in a pan coater. A schematic visualization and a cross-sectional image of the

Eudragit RS 100-coated doxycycline hyclate pill are shown. (B) In vitro release of doxycycline hyclate from a drug pill in SGF with formulations including different concen-
trations of PEG and Eudragit RS 100 coatings. (C) In vitro release of isoniazid from a drug pill in water. (D) In vitro release of ethambutol from a drug pill in SGF. (E) In vitro

release of pyrazinamide from a drug pill in SGF. (F) In vitro release of moxifloxacin

from a drug pill in SGF. (G) In vitro release of rifampicin in water from devices with 2 g

of drug and 0% PEG. Inset: Image of the rifampicin-loaded device. Error bars represent SD for n = 3 samples in each group.

the burst release of drug from the surface of the matrix (43-46). Each
pill had a height and diameter of 4 mm with a 0.5-mm hole in the
center through which to pass the nitinol wire and contribute to the
assembled GRS (Fig. 2A).

We assembled drug-VPS pills for multiple antibiotics used for
TB treatment including doxycycline hyclate, isoniazid, ethambutol,
pyrazinamide, moxifloxacin, and rifampicin (3, 47, 48). As demon-
strated with doxycycline hyclate, the drug release rate from the VPS
matrix in SGF can be tuned by varying the amount of a hydrophilic
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polymer, poly(ethylene glycol) (PEG), mixed within the VPS (Fig. 2B).
The PEG domains act as channels inside the hydrophobic VPS
matrix that can dissolve and form pores for the doxycycline hyclate to
release. Furthermore, formulations that were coated with Eudragit
RS 100 showed a linear kinetic profile with limited burst release of
doxycycline hyclate (Fig. 2B). The drug-VPS pills were also able to
release isoniazid, ethambutol, pyrazinamide, moxifloxacin, and rif-
ampicin in vitro, indicating that the VPS matrix is compatible with a
wide variety of TB drugs (Fig. 2, C to G).

40f8

6T0Z ‘62 1aqwanoN uo 1sanb Ag /610 Hewaduslds wis//:dny woly papeojumoqd


http://stm.sciencemag.org/

SCIENCE TRANSLATIONAL MEDICINE | REPORT

In vivo sustained delivery of antibiotic for 4 weeks

Having demonstrated controlled release with coated drug-matrix
pills in vitro for 1 month, we prepared the GRSs loaded with 10 g of
doxycycline hyclate as a model drug (Fig. 3A) and administered
them in swine. The GRS was assembled to contain 600 pills using
four different formulations—two each with Eudragit RS 100 or PCL
coatings—which released drug simultaneously (fig. S5) (49-51). Af-
ter 28 days of gastric residence in vivo, the GRS was safely retrieved
(Fig. 3B). The serum concentration profile of a 100-mg single dose
is shown in Fig. 3C. The drug was absorbed rapidly, and detectable
concentrations were observed within 15 min. No drug was detect-
able after 3 days with the single-dose formulation. In contrast, drug
was detectable for at least 28 days when doxycycline hyclate was
dosed in the GRS. We also incorporated rifampicin into the GRS
and achieved detectable serum concentrations for a week in vivo

(fig. S6).

A
Gastric resident system before
deployment in vivo

Gastric resident system retrieved
after 28 days in vivo

Single dose
of doxycyline hyclate in vivo

Gastric resident system
with doxycyline hyclate in vivo

1000

100

10

Limit of detection
<5 efDecccccccccscsccccccccce

Serum concentration (ng/ml)

0 5 10 15 20 25 30 0 5 10 15 20 25 30
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D
Formulation inc-tl;?;lrgt":g (9) (nglr::Ichday) relljel;rsaeh?;a;:)
Single dose 0.1 1019 + 203 3
GRS 10 7118 £ 3170 >28

Fig. 3. In vivo release of doxycycline hyclate from the GRS in a swine model.
(A) Representative photograph of a GRS after assembly of drug pills along a nitinol
wire before deployment in vivo. (B) Representative photo of a retrieved GRS after
28 days in vivo in a swine model. (C) Left: Concentration-time profiles of doxycy-
cline hyclate in serum after administering a single dose of 100 mg (n = 3). Right:
Concentration-time profiles of doxycycline hyclate in serum after administering
the GRS, which had 10 g of drug across four formulations (n = 3; fig. S5). (D) Area
under the curve (AUC) and the duration of drug release for a single dose compared
to the formulations of the GRS administered in vivo, with the mean value and SD
reported for n = 3 samples in each group.
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Preliminary end-user assessment and economic impact

of the GRS

We surveyed 111 TB health care providers and 300 patients with TB
at DOTS clinics in India and learned that a long-term drug delivery
device administered through an NG tube was acceptable and feasi-
ble in the field (figs. S7 and S8, tables S1 and S2, and data file S2). An
established model was used to evaluate the potential impact of a
GRS on patients with TB, with savings estimated at more than
$8000 per patient in New Delhi, India (table S3 and data file S3)
(52, 53).

DISCUSSION

Here, we report the development of a GRS capable of multigram-
level dosing of a TB antibiotic over the course of 4 weeks. The GRS
drug pills are compatible with all first-line TB antibiotics, and we
anticipate that further formulation development and large-scale
manufacturing with an array of polymer matrices and coatings will
optimize a linear drug release profile in the gastric cavity to reduce
variability in serum concentrations and match drug release kinetics
across drugs. These macrodevices showed no evidence of GI ob-
struction or injury during gastric residence and retrieval, as sup-
ported by radiographic, endoscopic, and histopathologic evaluation
in a swine model.

Adherence to TB treatment is challenging because of the long and
frequent dosing regimen, and additional patient-centered inter-
ventions are necessary to supplement DOTS in resource-constrained
environments (I, 20, 22). Technologies such as the GRS described
here can improve the effectiveness of DOTS by ensuring that patients
receive their medication over the course of extended periods of time,
thereby reducing the frequency of clinic visits. Less frequent dosing
visits would reduce the potential impact on daily life, specifically on
productivity of individuals receiving treatment for TB (11). The ability
of the GRS to contain and serve as a multigram drug depot in the gastric
cavity supports further development of prolonged drug depots on
the order of weeks and even months, which could mitigate the effects
of poor adherence (54).

To establish a route for translation, we anticipate that the full
development of these devices will include preclinical evaluation in an
additional animal model such as the dog, which has gastric compressive
forces and transit times similar to humans (55). Optimizing drug re-
lease kinetics is a critical next step, such that serum concentrations
of the drug remain within the therapeutic window and do not increase
the likelihood of drug resistance. Different diet conditions will also need
to be tested to understand the effect on pharmacokinetic parameters
across a broad spectrum of drugs. Ultimately, safety and efficacy of
the GRS will need to be confirmed in humans.

In addition, we recognize the importance of amplifying training
of health care workers to deploy NG tubes safely, so that the GRS
can be implemented alongside DOTS interventions in the field
where trained personnel are generally present (56, 57). Because pa-
tients will be conscious during the NG tube procedure, they will be
able to speak to a health care worker to ensure correct placement of
the tube (58). The cost of this additional intervention as part of
DOTS will need to be assessed in further fieldwork.

To begin addressing the acceptability and feasibility of the NG
tube approach, we conducted a preliminary field questionnaire of
300 patients with TB and 111 TB health care workers in TB clinics
in India. Our survey results indicated that more than 90% of health
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care personnel have experience deploying NG tubes, and pa-
tients prefer the use of an NG tube for deployment of a month-long
TB treatment as opposed to swallowing many capsules or drink-
ing liters of water-drug mixture as potential alternative modes
of generating large drug depots. We further demonstrated the
potential impact of the implementation of our GRS to improve
adherence in terms of lives saved and economic savings for patients
suffering from TB.

One limitation of the field study is the incorporation of an NG
tube description versus physical NG tube insertion into the ques-
tionnaire subjects. Although this questionnaire was administered to
patients and health care providers with a comprehensive understand-
ing of TB, ultimately, the physical discomfort of NG tube placement
along with GRS retrieval requires further evaluation.

We believe that macrodevices consisting of multigram drug de-
pots could have an impact across a range of diseases in addition to
TB and could be coupled to other procedures such as endoscopy. For
broad implementation, a range of chemical therapeutics will need to
be studied and incorporated into the modular pill design of the GRS.
Formulations will need to be optimized to ensure high drug loading
efficiencies and controlled release profiles for efficacious treatment
and controlled drug release. The GRS has potential as a platform
technology for improving medication adherence and thereby also im-
prove outcomes for patients suffering from a myriad of diseases.

MATERIALS AND METHODS

Study design

We designed, fabricated, and tested devices for month-long drug
delivery in the gastric cavity. This GRS contains a series of drug pills
loaded onto a nitinol shape memory alloy wire. The device forms
a coil shape after reaching the stomach. A retrieval device compatible
with nasogastric administration uses a sensor and magnet to attach
to a magnet on the GRS. Approvals were obtained from the Commit-
tee on Animal Care at the Massachusetts Institute of Technology to
assess the safety and long-term drug release of the GRS, as well as
the feasibility of the retrieval device in a swine model. Radiographic,
endoscopic, and histopathologic evaluation were conducted.

We assessed the end-user acceptability and feasibility of NG tube
placement through a questionnaire of 111 TB health care providers
and 300 patients with TB at DOTS clinics in New Delhi, India. The
field questionnaire study was approved by the Massachusetts Insti-
tute of Technology Committee on the Use of Humans as Experi-
mental Subjects and all required ethical committees of the hospitals
in India. Sample sizes were determined on the basis of a conserva-
tive method with a 90% confidence interval and 8% margin of error
for the health care providers and 90% confidence interval and 5%
margin of error for the patients (59). All health care providers who
filled out more than 90% of the questionnaire were included in the
analysis. All 300 patients who provided consent for the study were
included in the analysis. We also applied an economic model to quan-
tify the impact of the GRS on the Indian government and patients
with TB. The data, assumptions, and economic calculations were
derived from a previous model, and we conducted sensitivity analysis
on several of our assumptions.

Statistical analysis
For all experimentation shown, the mean is plotted with error bars
representing the SD of n = 3. Individual subject-level data for Figs. 2
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(B to G) and 3 (Cand D) and figs. S3A, S4A, S5B, S6, S7 (B, C, E, and
F), and S8 are shown in table S4.

SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/11/483/eaau6267/DC1

Materials and Methods

Fig. S1. Physical parameters of the GRS as the drug weight increases.

Fig. S2. Serial radiographs of the GRS over 1 month in a swine model.

Fig. S3. Effect of the GRS on the weight and stomach tissue of swine.

Fig. S4. Hall effect sensor acid stability and retrieval using an in vitro stomach model.

Fig. S5. In vivo formulations and their corresponding 4-week in vitro drug release profiles of
doxycycline hyclate-silicone pills of the 10 g GRS.

Fig. S6. In vivo release of rifampicin from the GRS in a swine model.

Fig. S7. Field questionnaire results at TB clinics in New Delhi, India.

Fig. S8. Field questionnaire results on NG tube deployment at TB clinics in New Delhi, India.
Table S1. Demographics of 111 TB health care providers who responded to the questionnaire
study across TB clinics in New Delhi, India.

Table S2. Demographics of 300 patients with TB who responded to the questionnaire study
across TB clinics in New Delhi, India.

Table S3. Modeled impact of TB treatment interruptions on health and economic costs in
New Delhi, India annually.
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Dependable drug delivery

Although Mycobacterium tuberculosis (TB) infections are effectively treated with antibiotics, treatment
requiring multigram dosing can pose considerable challenges for patients in resource-constrained environments.
Here, Verma et al. developed a drug delivery system that is compatible with nasogastric administration consisting
of bead-like drug pills on a shape memory wire that resides in the stomach for long-term, multigram dosing. The
device was administered to healthy pigs where it demonstrated safe, sustained antibiotic release within the
stomach over weeks; it was also easily retrieved from the stomach when drug delivery was complete. The authors
suggest that this device could improve patients' adherence to treatment regimens.
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