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Abstract

Lack of medication adherence is a worldwide problem. As many as 50-70% of patients
have trouble following treatment recommendations. Whereas adherence is driven by many factors
including the socioeconomic status of a patient and the quality of the health care team, drug
regimen complexity also affects treatment outcomes. For example, adherence decreases as the
number of pills per dose and the number of doses per day increases. For diseases where potent
medications are available, depot formulations provide sustained 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.

Tuberculosis (TB) is one such disease with a high pill burden, where poor patient
adherence to the treatment regimen is a major cause of treatment failure and contributes to the
emergence of drug-resistant TB strains. 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. According to the World Health Organization (WHO), 10 million people
developed TB in 2017 with a global economic burden amounting to $12 billion annually.

This thesis presents a solution to the challenge of prolonged dosing for regimens such as
TB that require multigram drug dosing. First, a gastric resident system (GRS) compatible with
transesophageal administration was designed using biocompatible materials. The GRS consists
of a series of drug pills on a coiled superelastic nitinol wire; the ends are protected with a retainer
and tubing. Safe administration, gastric retention for 1 month, and retrieval of the GRS were
demonstrated in a swine model. Next, sustained release formulations for 6 TB antibiotics were
formulated into drug-polymer pills, and first-order drug release kinetics were achieved in vitro.
Then, the GRS was demonstrated to be capable of safely encapsulating and releasing 10 grams
of an antibiotic over the period of weeks in a swine model. Lastly, end-user assessment was
evaluated with a field questionnaire in India and an economic model to estimate the impact of the
GRS on the health care system. There are multiple applications of the GRS 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

Thesis Supervisor: Robert Samuel Langer
Title: Institute Professor, MIT
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Chapter 1: Introduction

1.1 Medication adherence

"Drugs don't work in patients who don't take them." - Charles Everett Koop, M.D.

1.1.1 Problem

Lack of medication adherence is a worldwide problem. As many as 50% of patients have

trouble following treatment recommendations (1). Participants at the World Health Organization

(WHO) Adherence meeting in June 2001 defined adherence as "the extent to which the patient

follows medical instructions (2)." However, they acknowledged that this was just a helpful starting

point, and the term "medical" may be too restrictive of the range of interventions used to treat

disease (2). The modified definition of adherence is more fitting: "the extent to which a person's

behavior - taking medication, following a diet, and/or executing lifestyle changes, corresponds

with agreed recommendations from a health care provider (1)."

The terms "compliance" and "adherence" are often used interchangeably, but they are not

synonyms. (3). The word "compliance" comes from the Latin word "complire", meaning to fill up

and hence to complete an action, transaction, or process and to fulfill a promise (4). The word

"adherence" comes from the Latin word "adhaerere", which means to cling to, keep close, or

remain constant (4). Therefore, "compliance" implies patient passivity, whereas "adherence"

presumes patient's agreement with recommendations and is more reflective of the tenacity

required to complete treatment regimen (3-5). For the remainder of this work, "adherence" will be

used to reflect the health care community's view of patient centeredness and activation (6).

Medication nonadherence has important health consequences, ranging from decreased

quality of life to even death (1). It has been estimated that better adherence to antihypertensive

treatment alone could prevent 89,000 premature deaths in the United States annually (7). Poor

health outcomes increase health care service utilization and overall health care costs (Figure 1.1)
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(6). Often, the financial pressure is passed to patients by payers through higher copayments or

via higher costs to employers for coverage (6). Increased patient costs further increase

nonadherence. Over $300 billion of avoidable health care costs have been attributed to

nonadherence in the United States annually, representing 10% of total health care costs (6).

Poor
dia imedication

adherence

Costs passed Poor health
on to patient outcomes

Increased Increased
health care service

costs utilization

Figure 1.1: Conceptual diagram displaying the consequences of medication
nonadherence.
Poor medication adherence results in poor health outcomes, which ultimately increases health
care costs for society and the patient, continuing nonadherence. Reproduced with permission
fro m (6).

Accurate assessment of adherence behavior ensures that changes in health outcomes

can be attributed to the recommended regimen, enabling effective and efficient treatment planning

(1). As early as the time of Hippocrates during 5th century BCE, adherence was monitored to

understand the effects of various potions using notations of whether the patient had taken them

(5, 8). Even today, patients' self-reports are the most common method for assessing adherence,

although they tend to overestimate adherence behavior (5, 9). Current methods measuring

adherence can be broken down into direct and indirect methods, with each having advantages

and disadvantages (Table 1.1) (5). No method is considered the "gold standard (1, 5)."
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Table 1.1: Methods of measuring adherence.
Reproduced with permission from (5), Copyright Massachusetts Medical Society.

Test

Direct methods

Directly observed therapy

Measurement of the level of medicine
or metabolite in blood

Measurement of the biologic marker
in blood

Indirect methods

Patient questionnaires, patient
self-reports

Pill counts

Rates of prescription refills

Assessment of the patient's clinical
response

Electronic medication monitors

Measurement of physiologic markers
(e.g., heart rate in patients taking
beta-blockers)

Patient diaries

When the patient is a child, question-
naire for caregiver or teacher

Advantages

Most accurate

Objective

Objective; in clinical trials, can also
be used to measure placebo

Simple; inexpensive; the most useful
method in the clinical setting

Objective, quantifiable, and easy to
perform

Objective; easy to obtain data

Simple; generally easy to perform

Precise; results are easily quantified;
tracks patterns of taking
medication

Often easy to perform

Help to correct for poor recall

Simple; objective

Disadvantages

Patients can hide pills in the mouth
and then discard them; impracti-
cal for routine use

Variations in metabolism and "white-
coat adherence" can give a false
impression of adherence; ex-
pensive

Requires expensive quantitative as-
says and collection of bodily fluids

Susceptible to error with increases in
time between visits; results are
easily distorted by the patient

Data easily altered by the patient
(e.g., pill dumping)

A prescription refill is not equivalent
to ingestion of medication; re-
quires a closed pharmacy system

Factors other than medication adher-
ence can affect clinical response

Expensive; requires return visits and
downloading data from medica-
tion vials

Marker may be absent for other rea-
sons (e.g., increased metabol-
ism, poor absorption, lack of
response)

Easily altered by the patient

Susceptible to distortion

1.1.2 Problem

Adherence is a multidimensional phenomenon determined by the interplay of five factors

or "dimensions": 1) social & economic, 2) health care system, 3) condition-related, 4) therapy-

related, and 5) patient-related (Figure 1.2) (1). Social and economic factors include poverty, level

of education, and cultural beliefs about medication. Health care system factors include insurance

plans and distribution networks for medicine. Condition-related factors include symptoms of the

disease itself. Therapy-related factors include complexity of the medication regimen and side

effects. Patient-related factors include impairments, knowledge about the disease, and

motivations to cure the disease.
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Diagram Outlining the Factors Related to Non-Adherence.

- Visual, hearing, cognitive Impairment
* Knowledge about disease
- Perceived risk/ susceptibility to

disease
* Perceived benefit of treatment
* Motivation and confidence

. Patient -
Related

- Complexity of the medication
regimen

- Duration of therapy
- Frequent changes
" Actual or perceived side effects

- Limited language proficiency
- Low health literacy
- Unstable living conditions/ homelessness
" Lack of health insurance
- Medication cost

Social &
Economic

1

5 Five
Dinensions

of Adherence

4

Therapy -
Related

- Patient-provider relationship
- Long wait times
" Lack of care continuity
- Restricted formularies

2 Health Care A
system

/
/

3

Condition -
Related

" Lack of symptoms
- Severtty of symptoms
- Depression
" Psychotic disorders

Figure 1.2: Five dimensions of adherence.
Medication adherence is influenced by many factors including: 1) social and economic, 2) health
care system, 3) condition-related, 4) therapy-related, and 5) patient-related. Reproduced with
permission from (10), Copyright Massachusetts Medical Society.

1.1.3 Interventions

Growing evidence suggests that "increasing the effectiveness of adherence interventions

may have a far greater impact on the health of the population than any improvement in specific

medical treatments (1)." Numerous factors contribute to nonadherence, and therefore combining

interventions that are tailored to address a patient will ultimately lead to successful health

outcomes (1, 11). Strategies to improve medication nonadherence can be seen as targeting the

patient, provider, and external factors (Table 1.2) (6).
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Table 1.2: Strategies for improving medication nonadherence.
Reproduced with permission from (6).

Strategies Examples

Patient

Education

Engage social
network

Reminders
Provider
Improve relationship
with patients

External factors
Simpler regimen
Auto-delivery
systems
EMR based
Team based care,
care coordination
Value based
insurance designs

Patient counseling by physicians or other health
care personnel"
Family members can provide reminders and
feedback. This is particularly helpful for patients
with psychiatric disease"
Automated alerts, telemonitoring!'

Training physicians to improve their communication
skills, patient activation by improving patient-
physician communication7

Medications with long half-life or extended release'
Eg, auto-injectors, pumps"'

Electronic prescribing'
Patient centered medical homes; case management;
engagement of nursing staff, pharmacists'
Lowering copayments can improve adherence34

Abbreviation: EMR. electronic medical records.

Often, it is difficult to change the patient and provider during the timeframe of treatment.

Scientists and engineers can impact adherence by designing solutions to enable simpler

regimens (12). Simple dosing helps to maximize adherence, as supported by numerous studies

and reviews (1, 5, 13-15). Claxton and colleagues analyzed 76 studies and found that adherence

was inversely proportional to frequency of dose (Figure 1.3) (5, 15). Patients taking medication

on a schedule of four times daily achieved average adherence rates of about 50 percent; patients

taking medication on a once daily schedule achieved average adherence rates of about 80

percent (15). Kishimoto and Maehara studied the data of 9,326 patients taking oral

bisphosphonates (BP) for treatment of osteoporosis (13). BP products include those for daily,
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weekly, and monthly oral dosing. Their study measured the persistence rate over time for all the

patients on each kind of oral BP. At each time point, persistence was calculated as the ratio of

patients receiving BP therapy to patients prescribed with BPs. The analysis indicated that a

monthly regimen had better adherence to treatment as compared with the weekly and daily

regimens.

100-

90-

80-

70-

60-

z50-

40-

30-

20-

10-

0
Once Twice Three times Four times
daily a day a day a day

Medication Schedule

Figure 1.3: Rate of adherence according to medication schedule.
Adherence rate increases when medication schedules are less frequent. Vertical lines represent
1 standard deviation (SD) on either side of the mean rate of adherence (horizontal bars).
Reproduced with permission from (5), Copyright Massachusetts Medical Society.
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Figure 1.4: Persistence rate over time for various dosing frequencies of oral
bisphosphonates (BPs).
A monthly regimen had higher persistence rates to treatment as compared with the weekly and
daily regimens. Reproduced with permission from (13).
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1.2 Controlled Release Drug Delivery Systems

The release of an active ingredient from a controlled release drug delivery system (DDS)

proceeds at a rate that it predictable kinetically and reproducible from one unit to another (16, 17).

To develop a controlled release DDS, one must understand the physicochemical properties of the

drug, which will then determine the type of delivery material and drug release mechanism.

Numerous parameters must be considered while designing in vitro release experiments followed

by in vivo pharmacokinetic studies (Figure 1.5) (16). The route of administration is also important,

as that will affect patient adherence and requirements for additional health care personnel (1, 17,

18). There are many advantages to developing a controlled release DDS: 1) improve patient

adherence by decreasing frequency of dosing, 2) reduce fluctuation in drug levels, 3) reducing

the total dose by enabling localized delivery of the drug to a particular body compartment (19,

20). On the other hand, several disadvantages include: 1) risk for dose dumping, which can cause

toxicity, 2) poor in vitro-in vivo correlation (IVIVC), and 3) the high cost of developing formulations

or devices (19).

Pep&ds ad rm

Rind MH*kpbakk cwmnk* WX dIdNA

Dulrt ate ica &
S'I Drug Dekv- Sy-m--R| .ane), |

The main components of DDS and processes are shown in bold face with a solid box, and
subsections of each component are shown in a dotted box. Reproduced with permission from
(16).
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Most drugs have an optimum range of concentrations within which the maximum

therapeutic benefit is derived (21). Drug concentrations above the range can result in toxicity, and

drug concentrations below the range may have no therapeutic effect. Conventional DDS from

tablets or injections typically have a concentration-time profile initially marked by a sharp increase

in concentration to a peak followed by a rapid decrease in concentration. Controlled release DDS

initially focused on development of sustained (or continuous) DDS over an extended period of

time (20, 22). These have concentration-time profiles initially marked by a rise to a concentration

in the therapeutic range that is steady over time (Figure 1.6) (22). In numerous cases, however,

sustained release profiles are not optimal for drugs such as hormones. Instead, pulsatile DDS are

ideal to release these drugs at specific time intervals (Figure 1.6B) (22-26). The next generation

of DDS are "smart" and responsive to stimuli. They can release drugs at the proper site at the

proper rate using either exogenous or endogenous triggers (Figure 1.7) (27, 28).

A B

Conventional
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"Controled" profile Sustained

(sustained release) release
Thraeutic rPulsatile

concentration release
range

-- ---- ----- ---------+

Figure 1.6: Release profiles from controlled release DDS.
(A) Representative concentration c vs. time t profiles for conventional and controlled release
DDS. (B) Representative release rate r vs. time t profiles for sustained release DDS and
pulsatile DDS. Reproduced with permission from (22).
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Figure 1.7: Schematic for "smart" DDS.
"Smart" DDS can be responsive to endogenous and exogenous triggers to deliver drug at the
correct site and time. Reproduced with permission from (28).

1.2.1 Sustained Drug Delivery Systems

Research in biomaterials research has contributed to the development and clinical

success of sustained DDS on both macroscopic and microscopic scales (29, 30). Controlled

diffusion through matrix, reservoir, and hydrogels has been extensively studied and applied to

both small and macromolecules (Figure 1.8) (17, 20, 29, 30). An example of a commercially

available polymeric devices for constant drug release is Norplant (now Jadelle) (31, 32). The

Norplant system was introduced in the 1980s to provide five years continuous release of

levonorgestrel for birth control. The levonorgestrel is incorporated into silicone capsules placed

under the skin in a clinic, and drug releases via diffusion through the silicone matrix. Because the

silicone does not degrade, the capsules must be retrieved after five years. Another example is

the Lupron@ Depot system, which uses poly(D,L-lactide-co-glycolide) microspheres to

encapsulate and deliver the hormone leuprolide for weeks to months for treatment of prostate

cancer (33).
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Figure 1.8: Examples of mechanisms of controlled release.
(A) The release of molecules via matrix tortuosity-controlled diffusion. (B) The release of
molecules through reservoirs with membrane-controlled diffusion. (C) The release of molecules
through hydrogels with control over mesh size and network swelling. Reproduced with permission
from (30).

1.2.2 Pulsatile Drug Delivery Systems

The use of pulsatile DDS should be considered for drugs that show

chronopharmacological behavior and a high first-pass effect or those that require night-time

dosing or site-specific absorption (23-25). In recent years, several systems have been developed

and commercialized, including the OROS' and PulsincapTM (23, 25). Pulsatile release systems

can be externally regulated (open-loop) or self-regulated (closed-loop) (22, 34). Farra and

colleagues have tested an implantable drug delivery device based on microchip reservoir

technology and demonstrated the ability to pulse microgram quantities of an anti-osteoporosis

drug once daily for up to 3 weeks (35). The pharmacokinetic profiles of the drug were similar

between implant-mediated release and multiple injections of the drug.
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1.3 Gastric Resident Systems

"Extended-release oral systems will revolutionize current clinical-care models and maximize

effective treatment for a wide range of diseases in a variety of clinical settings." - Dr. Robert

Langer and Dr. Giovanni Traverso

1.3.1 Gastrointestinal Tract

Oral drug delivery remains the most convenient and common for patient treatment,

although many of the new millennium drug candidates are becoming increasingly difficult to

formulate for good systemic absorption (36). The field of oral delivery therefore represents an

important area of innovation for both old and new drug candidates. In order to deliver an active

pharmaceutical ingredient accurately, one must understand the organization of the

gastrointestinal (GI) tract at the organ, tissue, and cell level. This section covers the GI tract on a

macroscopic level as well as some of the major factors underlying physiology and function.

The GI tract, a tube that extends from the mouth to the anus, is primarily designed for

absorption of nutrients, which are presented in a complex matrix comprising protein,

carbohydrate, fat, minerals, and vitamins in different proportions (Figure 1.9) (36, 37). The GI

tract is composed of multiple different organs and can be divided into the upper and lower GI tract.

The upper GI tract includes the mouth, esophagus, stomach duodenum, jejunum, and ileum; the

lower GI tract includes the colon, rectum, and anus. The esophagus propels ingested food from

the pharynx into the stomach via a wave of highly coordinated esophageal peristalsis. Once in

the stomach, the food bolus mixes with gastric acid and digestive enzymes and is broken down

to allow digested material, now called chyme, to pass through the pyloric sphincter into the

duodenum. Once in the small intestine (duodenum, jejunum, and finally ileum), the digestive

process breaks down proteins, fats, and carbohydrates to smaller components to allow for nutrient

absorption. Accessory organs that aid in the digestive process include the salivary glands,

pancreas, liver, and gallbladder. Once the luminal contents reach the large intestine, the contents
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are now called feces and expelled via the rectum and anal canal. The basic plan of the GI tract is

a long muscular tube supplied by arteries and drained by veins and a lymphatic trunk, all of which

are supported in a mesentery, which are folds of the peritoneum attached to the abdominal wall

(Figure 1.10). There is a hollow portion of the tube known as the lumen, a muscular layer in the

middle, and a layer of epithelial cells. These layers are responsible for maintaining the mucosal

integrity of the tract.
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Figure 1.9: Diagram of the human gastrointestinal (GI) tract.
The human GI tract is composed of a series of organs from the mouth to the anus with the
responsibility of absorbing nutrients. Reproduced with permission from (38).
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Figure 1.10: Plan of the GI tract with mucosa and muscular layers.
The human GI tract is composed of a series of organs from the mouth to the anus with the
responsibility of absorbing nutrients. Reproduced with permission from (36).

1.3.2 Mechanisms for Gastric Residence

Technologies that enable extended drug release through the GI tract can help improve

delivery of oral therapies (12). Observations of patients with bezoars and the use of bariatric

balloons for obesity treatment support the ability for the stomach to hold long-lasting medications,

also known as GRSs, for weeks or even months without significant adverse effects (12, 39-41).

Recently, GRSs for drug delivery have gained immense popularity in the field of oral delivery

recently (42-46). Several of these have been developed by the Traverso and Langer labs with

applications ranging from treating malaria to preventing HIV to veterinary health (47-52).

Design of such a GRS platform is constrained by the stomach's anatomy and physiology.

The stomach is a J-shaped, hollow, and elastic organ located in the upper left-hand portion of the

abdomen, just below the diaphragm (53, 54). Its main function is to store food temporarily, begin

digestion, and release the resulting chyme into the small intestine (43). The stomach has three

anatomical parts: 1) the fundus, which is the proximal part, 2) the body, which is a reservoir for

undigested material, and 3) the pylorus, which acts a pump for gastric emptying by propelling

actions (Figure 1.11) (53). The stomach is capable of dilating to accommodate more than a 1-L

meal without a significant increase in luminal pressure (54). After a typical meal, an average-sized

human stomach is about 10 cm wide at its widest point, and its greater curvature is about 30 cm

long (55). The stomach is always in a state of continuous motility with gastric emptying
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characterized by a cycle of electromechanical activity known as the interdigestive migrating

myoelectric complex (43). Factors affecting the gastric emptying and, hence the gastric retention

time of oral dosage forms include (43, 44):

" density, size, and shape of the dosage form

" concomitant ingestion of food and its nature, caloric content, and frequency of intake

* simultaneous administration of drugs acting as anticholinergic agents, opiates, and

prokinetic agents

* biological factors, such as gender, posture, age, sleep, body mass index, physical activity

and disease states

Esophageal Fundus
sphincter

Lesser curvature
of the stomach Body Greater curvature

of the stomach

Pytorus

Figure 1.11: Anatomy of the stomach.
The stomach is composed of 1) the fundus at the proximal end connected to the esophagus, 2)
the body as a reservoir for food, and 3) the pylorus to pump out food to the small intestine. Adapted
with permission from (53).

The pH gradients within the stomach can vary by at least a pH unit (Figure 1.12) (36).

The volume of the stomach swells by relaxation of the fundus to accommodate a meal and food

layers without significant mixing if the viscosity is high enough. The resting volume is very low -

around 50-100 mL but intake of food causes it to relax to accommodate between 1 and 1.5 L.

The maximum volumes recorded are around 4 L in man. Researchers have also studied forces

associated with GI motility and contractility using Hall array sensor technology on a magnetic pill

(56). These forces are important to understand as they inform the design of mechanical structures

for GRS platforms.
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Figure 1.12: Features of the stomach.
The stomach between the esophagus and duodenum varies with respect to pH reflective of the
amount of bicarbonate secretion across the mucus. Motility cycles through fasting and fed modes,
creating ranges of contraction forces. Reproduced with permission from (36).

Over the last few decades, several GRS approaches have been designed or developed

including the following: high density systems retained in the bottom of the stomach, low density

systems that float in gastric fluid, mucoadhesive systems that cause bioadhesion to the stomach

mucosa, unfoldable or swellable systems which withstand transit through the pylorus based on

their size, superporous hydrogel systems, and magnetic systems (44, 57, 58). The Traverso and

Langer labs have focused on achieving prolonged retention in the stomach using systems that

expand to greater than 2 cm in the stomach health (12, 47-52). This expansion avoids passage

through the pylorus, which can be as large as 1.3 cm in diameter (59). Size-increasing systems

potentially present the hazard of permanent retention and obstruction of the pylorus (43).

Consequently, these systems should consist of biodegradable materials or lose integrity after a

desired time period. A major advantage of size-increasing systems is the independence of their

performance on the filling state of the stomach (43).

One of the gastric resident vehicles that has been successful in large animal models and

now in humans is a star-shaped dosage form, which is being translated by Lyndra Therapeutics
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Inc. (Figure 1.13) (48, 49, 51, 60, 61). An oral, ultra-long acting capsule can be swallowed and

deployed as a star-shaped dosage form when reaching the stomach. The geometry of the dosage

form prevents passage through the pylorus, while allowing passage of food, enabling prolonged

gastric residence. To allow tunable and safe dissolution of the macrostructure, pH-dependent

linkers can be triggered so they system can dissociate into small pieces through the intestine.

Clinical, radiographic, and endoscopic evaluation of the star-shaped dosage forms in a swine

large animal model showed safety and 2-week long drug release.

A B

Thermoset [-11
Elastomer

Drug-loaded
polymer
Enteric linker

Capsule Stomach Smale.Un.
pH 1.5 pH 7.0

D Lnkers intact Linkers dissolved

Figure 1.13: Design of a star-shaped gastric resident dosage form.
(A) The ingestible capsule is swallowed and deploys into a star-shaped dosage form, which can
then be triggered to dissociate into smaller pieces to pass through the intestines. (B) Two
geometric arrangements of flexible and rigid arrangements can fit inside a capsule with pH-
dependent linkers. (C) Stress distribution of the central flexible component when it is folded into
a capsule as determined by finite element modeling. (D) Representative dosage form after
assembly and loading into a "00el" gelatin capsule. Linkers are yellow and black. Reproduced
with permission from (48).
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1.4 Tuberculosis: A Striking Example of Medication Nonadherence

1.4.1 Historical Background

TB, caused by Mycobacterium tuberculosis (MTB), has plagued humankind throughout

known history and prehistory and has killed more people than any other microbial pathogen

(Figure 1.14) (62-65). Skeletal abnormalities of TB have been found in Egyptian mummies and

documented more than 5000 years ago (62). Around 400 BCE, Hippocrates wrote about the

clinical symptoms of TB in Epidemics (66). Finally, in 1882, German physician and microbiologist

Robert Koch discovered that MTB causes TB. In 1905, he was awarded the Nobel Prize in

Physiology or Medicine.
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AtIcast I-case of XDR-TB in 70 countries

Figure 1.14: History of tuberculosis (TB).
TB has plagued humankind since 3700 BC and continues to be a global health emergency.
Reproduced with permission from (63).
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1.4.2 Pathophysiology

TB is generally caused by inhalation of droplet nuclei containing MTB that enter the respiratory

tract and infect the alveoli of the lungs (Figure 1.15) (67-69). During the first stage, alveolar

macrophages (AMs) recognize, engulf, and attempt to destroy the bacilli. The second stage of

symbiosis occurs when the bacilli grow logarithmically within infected AMs that are unable to stop

the bacilli from growing. Eventually, the infected areas transform into a granuloma, a hallmark of

TB characterized by a wall of macrophages and other inflammatory cells and severe chest pain.

This third stage of the disease results in a solid caseous center, where the bacteria can survive

for years. Most humans infected with TB do not exhibit progression of the disease, as it remains

in a latent state and cannot be transmitted to others. It is estimated that 1.7 billion people, or 23%

of the world's population, have latent TB (70). However, some infected individuals progress to the

fourth and final stage of the disease, where the caseous center liquefies and cavitates to fill the

lungs with free-floating bacteria, causing pulmonary TB. These bacteria can disseminate to more

distant tissues and organs via the lymphatic system or bloodstream to result in extra-pulmonary

TB. The cycle is complete when a person who is sick with TB coughs, sneezes, speaks, or sings

to release highly transmissible infectious droplet nuclei into the air for a susceptible individual to

inhale.
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1.4.3 Global Burden

TB, which claims the lives of over 3,500 people every day, is the world's leading killer

among infectious diseases (71). According to the WHO, 10 million people developed TB in 2017

with a global economic burden amounting to $12 billion annually (71, 72). The burden of TB is

concentrated in Asian and African countries, while only 6% of global cases are in the WHO

European Region and WHO Region of the Americas (Figure 1.16A) (71, 73). Furthermore, TB is

the most significant pathogen in the global antimicrobial resistance (AMR) crisis (74). Unless

radical action is taken, drug resistant strains of TB will account for 25% of the AMR-related deaths

and cost the global economy $16.7 trillion by the year 2050 (74, 75). Currently, drug-susceptible

TB strains comprise most cases, but as MTB evolves resistance to current antibiotics, drug-

resistant cases are predicted to rise (Figure 1.16B) (73, 76). Temporal trends of mortality show

that although the overall number of deaths is declining, the gap between deaths in high socio-

demographic index (SDI) countries and low SDI countries remains significant (Figure 1.16C) (73).

Unfortunately, clinical trials for TB are also lagging compared to conditions such as cancer and

cardiovascular diseases (Figure 1.17) (77). Hence, there is an urgent need to identify practical

and impactful strategies that enable better diagnosis and treatment of TB.
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Figure 1.16: Global burden of TB.
A) Deaths of tuberculosis on global map. (B) Distribution of TB deaths by susceptible and drug-
resistant cases. (C) Trend of TB deaths from 1990-2017 in low and high SDI countries (73).
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Figure 1.17: Clinical trials for TB, cardiovascular diseases, and cancer.
Number of clinical trials in early Phase 1, Phase 1, Phase 2, Phase 3, and Phase 4 (77).

1.4.4 Diagnosis

With timely diagnosis and adherence to the prescribed course of treatment, most TB is

treatable and curable (78). Sputum smear microscopy, in which bacteria from sputum samples
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are examined under a microscope, is the most common method for diagnosing TB worldwide

(79). However, this test can miss almost half of all people with infectious TB. Currently, TB culture

laboratories in resource-poor countries often lack adequate infrastructure and have inadequate

or outdated equipment and poor biosafety measures due to a scarcity of human and financial

resources (80). Developments in TB diagnostics in the last few years have resulted in more

sensitive and rapid molecular tests, but most of these cannot be routinely implemented at the

point of treatment. If effective treatment is not given, the death rate of TB is extremely high. During

the pre-chemotherapy era, 70% of people with sputum smear-positive TB died within 10 years

(81).

1.4.5 Current Treatment

The goals of antibiotic chemotherapy are to ensure cure without relapse, impede

transmission, and to prevent the emergence of drug resistance (82). Treatment of TB started in

1946 with the introduction of streptomycin (83). During the following two decades, a rapid

succession of anti-TB drugs appeared. This was important because resistant mutants to

streptomycin were emerging, indicating that monotherapy was not effective against TB (83).

Rather, a combination of drugs was necessary for maximizing success of treating TB. Following

streptomycin, p-aminosalicylic acid (1949), isoniazid (1952), pyrazinamide (1954), cycloserine

(1955), ethambutol (1962), and rifampicin (1963) were introduced as anti-TB agents (83).

Current WHO guidelines recommend a minimum of 6 months of treatment for drug-

susceptible TB with two phases: 1) intensive phase of isoniazid, rifampicin, pyrazinamide, and

ethambutol for 2 months and 2) continuation phase of isoniazid and rifampicin for 4 months (Table

1.3) (84). TB is one such disease with a high pill burden, where poor patient adherence to the

treatment regimen is a major cause of treatment failure and contributes to the emergence of drug-

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 (30, 84-86).
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Table 1.3: Recommended WHO treatment regimen for patients infected with TB.
Adapted from (84).

Daily 3 times per week
Drug Dose and range Maximum (mg) Dose and range Maximum (mg)

(mg/kg body (mg/kg body
weight) weight)

Isoniazid 5 (4-6) 300 10 (8-12) 900
Rifampicin 10 (8-12) 600 10 (8-12) 600
Pyrazinamide 25 (20-30) - 35 (30-40) -
Ethambutol 15 (15-20) - 30 (25-35) -
Streptomycin 15 (12-18) - 15 (12-18) 1000

There are multiple factors that influence adherence among people living with TB (87).

These include a provider-focused system of care delivery, high pill burden, transport difficulties,

and other competing daily priorities. In 1994, the WHO endorsed the directly observed treatment

short course (DOTS) strategy, which is now accepted worldwide (88). DOTS involves

administration of oral fixed-dose combination formulations of TB drugs at a designated clinic in

the presence of a health care provider either daily or three times per week (84, 89). Although

some studies have shown DOTS to be effective, it requires substantial infrastructure with

adequately staffed health care personnel to achieve desired results (87, 90-96). 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 patients who were fully adherent to a dosing regimen 6 of

7 days per week (97). 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 (98, 99).

The WHO End TB strategy has patient-centered care as a central pillar, and achieving

such care requires innovative methods of treatment support and drug delivery (100-102). Shorter

and simplified regimens, electronic reminder systems, and incentive programs are being

implemented to improve adherence (103-105). Yet, additional interventions will be necessary to

eliminate TB. Technologies that enable extended drug release of medication have the potential

to overcome patient nonadherence to long and frequent dosing regimens. Long-acting
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formulations are being implemented to reduce the frequency of HIV treatment administration,

though they require injections, which can be uncomfortable for patients (106). Instead, a long-

acting oral dosage would be very attractive and improve adherence to treatment, as the oral route

of drug delivery is preferred by patients. Novel ingestible gastric resident systems for extended

controlled drug release are being developed by several groups (including the Langer and

Traverso laboratories) for antimalarials and antiretrovirals (48, 49).

The challenge with designing drug depot systems for TB treatment is to balance the ease

and safety of administration with the accommodation of gram-level quantities of TB drugs, which

have low potency. One potential area of development which could aid in improved delivery include

inhaled or orally delivered nanocarriers which have been designed for extended release of

existing TB drugs, although they have yet to be tested in large animal models (107, 108).

Considering that bedaquiline is the first new approved TB drug in more than 40 years and the

dearth of others in the TB drug development pipeline to overcome challenges of the current drugs,

nanotechnology can provide an enormous impact with design of novel and targeted delivery

systems for existing drugs (109). Ideally, these nanomaterial-based systems would be

inexpensive, easy to administer, minimize side effects, and reduce the required dosing frequency

to improve patient adherence.

Developments in depot systems and more potent drugs can also improve treatment of

children, who comprised 1 million (10%) of the new TB cases in 2017 (70). Children face

challenges in adhering to their treatments due to the difficulty in swallowing pills, bad taste of

crushed tablets, and aversion to needles (110). Therefore, it is difficult for caregivers to ensure

the child is achieving the correct dosage while minimizing toxic effects. A recent study in

Mozambique found that over 30% of children do not adhere to the WHO recommended regimen

(111). Finally, child-friendly first line TB formulations became available through the Global Drug

Facility (110). Optimizing second-line drugs for drug resistant TB in children is much further

behind, and there are currently few drug depot systems available to simplify treatment and
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improve adherence (112, 113). Notably, a pediatric dispersible formulation of delamanid may be

promising and is currently being assessed in clinical trials (114).

TB treatment adherence challenges contribute to poor health outcomes, prolonged

infectiousness, drug resistance, relapse, and death. While most adherence work has focused on

changing the behaviors of people taking TB medications, there has been little work done exploring

how the medications might be altered to improve the experience of people living with TB. Global

health agencies and funding bodies should prioritize patient-friendly interventions that improve

adherence by incentivizing more collaborations between clinicians, engineers, and patients (115).

These include development of technologies to facilitate dose administration with more potent

drugs or novel drug depot systems, while addressing the needs of vulnerable populations such

as children. Preferences and adoption rates for drug delivery modalities, such as inhalable

nanotechnology systems, transdermal patches, liquid formulations, and gastric resident systems

vary across patient groups (Table 1.4) (115). Increased interaction among physicians, engineers,

and the TB community stands to facilitate innovative solutions to maximize delivery of medicine

to patients and transform the treatment of infectious diseases.

Table 1.4: Advantages and disadvantages of different routes of administration for drug
delivery formulations relevant to infectious diseases
Reproduced with permission from (115).

Route of Site of Examples of Advantages Disadvantages
administration absorption drug delivery

formulations
Ingestible gastric 1. Non- 1. Non-
resident systems invasive adherence due
for antimalarials 2. Can be to frequent
and self- dosing for high
antiretrovirals administered pill burden of
(48, 49) 3. Preferred TB treatment

Enteral Oral (per os) Along GI Solid lipid by patients 2. Chemical
tract nanoparticles of environment is

TB treatment harsh
(107) 3. Degraded by
Pediatric first pass-
dispersible metabolism
tablets for
Coartem and

40



116)

Surfaces in
the mouth

Rectal
mucosa

Metered
sublingual spray
of artemether
(ArTiMist) for
children (117)

Rectal
artesunate
suppositories for
the pre-referral
management of
severe malaria
(118)

Artemisinin
nanoformulation
(119)

Intravenous
Veins,

systemic
bioavailable

1. Non-
invasive
2. Can be
self-
administered
3. Rapid
absorption
4. Avoids
first-pass
metabolism

1. Useful for
unconscious
patients and
children
2. No need to
taste-mask
drug
3. Partial
avoidance of
first-pass
metabolism
1. Achieves
100%
bioavailability
2.
Reproducible

1. Low surface
area for
absorption,
which limits
dose and may
not be in line
with gram-level
dosing of TB
treatment
2. Bitter taste of
drugs
3. Prone to
irritation of oral
mucosa
1. Absorption
can be slow or
erratic
2. Frequent
application to
match gram-
level dosing of
TB treatment
3. Prone to
irritation of
rectal mucosa
1. Invasive
2. Requires
trained
personnel
3. Prone to
infection
4. Frequent
injections to
match gram-
level dosing of
TB treatment

Nanoparticles of 1. Rapid 1. Invasive

Intramuscul skeletal rilpivirine and absorption 2. Limited
tra muscle cabotegravir for 2. Avoids volume for
ar HIV treatment first-pass injection, so

(120) metabolism may not match
Atovaquone solid gram-level
drug dosing of TB
nanoparticles for treatment
malaria 3. Risk of nerve
prophylaxis (121) damage

Subcutaneo
us

Into tissue
between

Ultra-long-acting
dolutegravir

1. Slow
absorption

1. Invasive
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Intradermal

dermis and
muscle

Into dermis
layer

implant for HIV
treatment and
prevention (122)
Nanochannel
implant with
refillable feature
for delivery of
tenofovir
diphosphate
(123)
Intradermal
injections of HIV
DNA vaccines
using needle-free
injector (124)

and
distribution
compared to
intramuscular
2. Avoids
first-pass
metabolism

1. Faster
absorption
and
distribution
compared to
subcutaneou
s
2. Avoids
first-pass
metabolism
3. Higher
immune
responses for
vaccinations

2. Limited
volume for
injection, so
may not match
gram-level
dosing of TB
treatment
3. Risk of tissue
damage

1. Invasive
2. Limited
volume for
injection, so
may not match
gram-level
dosing of TB
treatment
3. Risk of tissue
damage

Intrathecal 1. Bypass es 1. Invasive
administration of blood-brain 2. Limited
isoniazid for TB barrier volume for

Into meningitis 2. Local injection, so
Intrathecal cerebrospin treatment (125) effect on may not match

al fluid meninges or gram-level
cerebrospinal dosing of TB
axis treatment

3. Risk of tissue
damage

Intra-articular 1. Avoids 1. Invasive
streptomycin in first-pass 2. Limited
tuberculosis of metabolism volume for
the knee (126) 2. Local injection, so

Intra- Into joint effect on joint may not match
articular space gram-level

dosing of TB
treatment
3. Risk of tissue
damage

Inhalation
Mucosal

surfaces for
the lung

Nebulized solid
lipid
nanoparticles for
TB treatment
(108)

1. Non-
invasive
2. Large
surface area
for absorption

1. Variability in
dosing depends
on patient
technique
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Transdermal Through
skin

Nano
microparticle
vaccine
formulation for
TB (127)

Film of HIV
inhibitor IQP-
0410 (128)
Solid dispersions
of artemisinin for
malaria treatment
(129)

3. Avoids
first-pass
metabolism
4. Targets
where TB
bacteria
reside

1. Non-
invasive
2. Can be
self-
administered
3. Avoids
first-pass
metabolism

2. Requires
portable, cheap,
and easy to
operate devices
for
administration
3. Frequent
inhalation to be
compatible with
gram-level
dosing of TB
treatment
1. Transport
barriers for
many drugs
2. Slow
absorption
3. May require
frequent
administration
or very large
patch to match
gram-level
dosing of TB

Topical treatment 1. Non- 1. Transport
of cutaneous TB invasive barriers for
using oil nano- 2. Can be many drugs
emulsions (130) self- 2. May require

Topical: At site of administered frequent
Ocular, application 3. Rapid administration

Nasal, Skin absorption to match gram-
4. Local level dosing of
effect, so TB
avoids side
effects

Intravaginal

Mucosal
surfaces
lining the
vagina

Monthly vaginal
rings for
dapivirine, an
HIV drug (131)

1. Reduce
frequency of
dosing
2. Avoids
first-pass
metabolism
3. Dense
network of
blood vessels
in vagina, so
ideal for
systemic
drug
absorption

1. Invasive
2. Requires
trained
personnel
3. Implants may
require frequent
dosing to match
gram-level
dosing of TB
treatment
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1.5 Thesis Overview

The remainder of this thesis is devoted to a proposed solution to tackle medication

adherence for disease such as TB: development and application of the first GRS compatible with

transesophageal administration and multigram dosing (132). Chapter 2 illuminates the design of

the GRS platform with evaluation of safe administration, retention, and retrieval performed both

in vitro and in vivo. Chapter 3 then presents in vitro and in vivo studies of various approaches to

deliver medication from the GRS. Chapter 4 tests end-user assessment and economic benefit of

the GRS with another application for treatment of hepatitis C. Finally, this thesis concludes in

Chapter 5 with a summary of the findings presented in Chapters 2-4 and proposed potential future

directions of research.
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Chapter 2: Design of a Gastric Resident System for

Multigram Dosing

2.1 Introduction

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 (115). Inspired by the recognized capacity of the stomach to hold large objects including

bariatric balloons and bezoars, we reasoned that a GRS capable of prolonged gram-level dosing

could help patients adhere to TB treatment (12, 39, 40). Drug delivery via the 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, and to be retrieved via an NG tube.
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2.2 Materials and Methods

2.2.1 Manufacturing of the Gastric Resident System Prototypes

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. Nitinol wire (Fort

Wayne Metals), with diameter of 0.59 mm and phase transformation at 370C, was wrapped

around a custom fixture and secured in place using steel screws. The nitinol-fixture assembly was

placed in a furnace at 500 0C for 15 minutes and then quenched in water at room temperature for

20 minutes (133, 134). Fixtures made of aluminum for different shapes have been considered:

pretzel, toroid, cone, star, and cylindrical (Figure 2.1). The nitinol was unwrapped from the fixture,

ready for pills to be added.

A B C D E

Figure 2.1: Custom fixtures for setting shape of nitinol.
(A) Pretzel. (B) Toroid with open ends. (C) Sphericon. (D) Star. (E) Cylindrical.

For devices without pills, the nitinol wire was strung through Tygon® tubing (Inner Diameter

X Outer Diameter: 4.76 x 6.35 mm), obtained from McMaster-Carr, with ends crimped using a

pair of pliers. The ends were then filled with Med3-4213 silicone adhesive (NuSil), followed by a

6.35 mm stainless steel ball bearing (McMaster-Carr). More silicone adhesive was used to seal

the free ends of the tubes at both ends of the device. For device with pills, each end of the nitinol

wire was crimped using a pair of pliers. Poly(S-caprolactone) (PCL) molecular weight 37,000

(Sigma-Aldrich Corporation) pellets were then pressed into two 3- inch (76.2 mm) long pieces of

Tygon® tubing (Inner Diameter X Outer Diameter: 4.76 x 6.35 mm). The end of each tube was

then filled with Med3- 4213 silicone adhesive, followed by a 6.35 mm stainless steel ball bearing.
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Once completely packed with the pellets, the tubes were heated at 100 0C to melt the PCL using

a heat gun. Each crimped end of the nitinol was then slowly inserted into the molten PCL and set

into place as the PCL cooled at room temperature to solidify around the nitinol wire. More silicone

adhesive was used to seal the free ends of the tubes at both ends of the device.

Multi-lumen tubing was designed in SolidWorks (Dassault Systbmes) and then extruded

in tetrafluoroethylene hexafluoropropylene vinylidene fluoride (THV) by Zeus Industrial Products,

Inc. Single-lumen THV tubing (Inner Diameter X Outer Diameter: 3.97 x 6.35 mm) was obtained

from McMaster-Carr and wrapped around a cylindrical fixture at 110*C for 25 minutes and then

quenched in water at room temperature for 20 minutes. The retainer and silicone adhesive were

applied at each end of the coiled THV tubing.

2.2.2 In Vitro Characterization of Administration Forces

The assay involves a three-dimensional (3D) printed fixture to guide the bending of a 200

mm long Tygon® tube (Inner Diameter X Outer Diameter: 6.35 mm x 9.53 mm) from McMaster-

Carr, in order to represent the curvature along the entrance of the device into the esophagus from

the nasal passage (135-137). The fixture is secured to the base of the Instron 5943 (Instron),

allowing for the stability of the structure during the insertion of the device (Figure 2.2). A 2-56

screw was secured within a 3D printed part at one end of the device, replacing the steel ball and

Nusil. The device was pulled through the fixture by inserting the screw through a tapped 3D

printed part. A crimped Nitinol wire was inserted through a hole in this 3D printed part and was

clamped within the pneumatic grips of the Instron. A method was generated in the Instron

software, Bluehill, to raise the load cell and consequently the device at a rate of 10, 20, or 30

mm/s. Data analysis involved finding the maximum force load after the 3D printed part and screw

assembly exited the Tygon* tube, which occurred at an extension of 200 mm.
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A B C

Figure 2.2: Fixtures to measure force of administration.
(A) 3D printed 900 fixture to simulate the bending angle of the neck. (B) 3D printed 450 fixture to
simulate the bending angle of the neck. (C) Coiled drug-loaded GRS pulled through a 3D
printed 900 fixture with measurement of forces by Instron.

2.2.3 In Vivo Evaluation of Gastric Retention

All animal experiments were performed in accordance with protocols approved by the

Committee on Animal Care at the Massachusetts Institute of Technology and as previously

described (47-50). The GRSs were administered to a large animal model (30-75 kg Yorkshire

pigs). This model was chosen because of its similar gastric anatomy to humans and wide use in

evaluating devices in the GI tract (138, 139). Animals were fed daily in the morning and in the

evening with a diet consisting of pellets (Laboratory mini-pig grower diet, 5081), in addition to a

midday snack consisting of various fruits and vegetables. The pellets consisted of ground oats,

alfalfa meal, wheat middlings, soybean meal, dried beet pulp, salts, and other micronutrients.

Prior to administering the GRS, the pigs were sedated with Telazol* (5 mg/kg intramuscular),

xylazine (2 mg/kg intramuscular), and atropine (0.04 mg/kg intramuscular), intubated, and

maintained with isoflurane (1 to 3% inhaled). The GRSs were deployed in the stomach via an

endoscopic guided overtube (Inner Diameter X Outer Diameter: 16.7 x 19.5 mm) from US

Endoscopy. The overtube was removed once the devices were administered. For evaluation of

the safety and residence time of the GRSs, the animals were clinically assessed twice a day for
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evidence of GI obstruction including inappetence, abdominal distension, lack of stool, and

vomiting. Additionally, the animals were evaluated radiographically every day 3-4 days for

evidence of GI obstruction and/or perforation. Tissue samples were collected before and after the

device was placed in the stomach, fixed in formalin, and then stained using hematoxylin and eosin

for histopathological analysis (140, 141). Macroscopic images were taken once the device was

retrieved to study any possible mucosal damage.

2.2.4 Manufacturing of Retrieval Systems

The retrieval device was constructed using three 4.76 mm diameter x 4.76 mm length

cylindrical neodymium magnets with pull force of 10.14 Newtons (K&J Magnetics, Inc.) and an

Allegro A1324 linear Hall effect sensor (Modern Device), all housed in a 1-meter long Tygon*

tube (Inner Diameter X Outer Diameter: 4.76 x 6.35 mm). The sensor and magnets were placed

on one end of the Tygon® tube, with the sensing face of the sensor bent at a 45-degree angle

relative to the magnets. Each pin of the sensor was soldered to a 26-gauge, solid electrical wire

(Adafruit Industries LLC) and covered in heat shrink tubing to avoid shorting the sensor. A thin

layer of Med3-4213 silicone adhesive was applied at the tip of the outermost magnet to give the

magnets a slight downward offset from the top surface of the tubing and keep the magnets of the

retrieval device slightly separated from the magnet of the drug delivery device upon connection.

An Arduino Pro Mini 328 (SparkFun Electronics) received the output of the Hall effect sensor and

sent a text output to a serial-enabled liquid crystal display (SparkFun Electronics). When the

magnets of the retrieval device connected with the magnet of the GRS, defined by a Hall effect

sensor output that exceeded a given voltage threshold for at least one minute, the liquid crystal

display showed the message "The magnets are connected." A 3.7 V lithium ion battery (SparkFun

Electronics) powered the microcontroller circuit. The stability of the Allegro A1324 Hall effect

sensor was tested in air first and then after immersion in simulated gastric fluid, USP without

pepsin (pH -1.2; henceforth referred to as SGF). The sensing area of the insulated sensors was

covered with two-part epoxy (Devcon). The insulated sensor was placed in 4 mL of SGF for 90
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minutes and then removed. After this period, the sensors and a 4.76 mm x 4.76 mm cylindrical

neodymium magnet were fixed in place, with 10 mm separating the sensing face of the sensor

and the south pole of the magnet. The sensor voltage output was read and recorded via the

Arduino integrated development environment serial monitor to compare with the voltage read prior

to immersion in SGF.

2.2.5 In Vitro Stomach Model

A 3D model mimicking the human stomach was designed in SolidWorks and created to

analyze feasibility of the delivery and retrieval of the GRS (Figure 2.3). The 3D part was split into

two halves and then printed on a Stratasys Objet3O 3D printer. Polyethylene terephthalate (PETG)

sheets from McMaster-Carr with 3.175 mm thickness were formed around the stomach halves

using a heat gun. A band saw (Home Depot) was used to trim the excess material away, leaving

the PETG half stomach with a 25.4 mm border. The outline of the stomach shape designed on

SolidWorks was used to generate a custom gasket for sealing the two halves of the in vitro model

together. Two of these gaskets were laser cut out of 1.59 mm thick silicone rubber sheets

(McMaster-Carr) using a Universal Laser Systems VLS6.60 and then glued onto each of the

stomach halves with cyanoacrylate (Krazy Glue). About every 5 cm, clearance holes for M6 bolts

(McMaster-Carr) were drilled around the perimeter of both halves. The nasal passage, pharynx,

and esophagus were modelled out of a 0.6-meter long PETG tubing (Inner Diameter X Outer

Diameter: 9.525 x 12.7 mm) from McMaster-Carr. The tubing was bent with a heat gun to form a

90-degree turn. To interface the tubing into one stomach half, a custom adapter was printed using

a Formlabs Form 2 3D printer. The bottom end of the tubing was heated with a heat gun and

press fit into the adapter. The upper section of the stomach half was also heated using a heat gun

and fitted with the other side of the adapter. The two halves of the stomach were aligned, and 13

M6 bolts were used to secure the halves together and make the stomach model water tight.
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Figure 2.3: 3D printed in vitro stomach model.

2.2.6 In Vivo Evaluation of Retrieval Systems

For in vivo evaluation of the retrieval device interaction with the GRS, the animals were

sedated, intubated, and maintained with isoflurane as described above. The GRS was first

deployed in the stomach via an endoscopic guided overtube, and radiographs confirmed

placement of the device in the gastric cavity. The retrieval device was then inserted into the

overtube without endoscopic guidance to demonstrate the ability of the Hall effect sensor on the

retrieval device to detect the magnet on the GRS. Radiographs were captured of the retrieval

device as it entered the gastric cavity, contacted the GRS as indicated on the liquid crystal display

board, and successfully retrieved the GRS.
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2.3 Results and Discussion

2.3.1 Geometries Compatible with Gastric Retention

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 conformation 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 in the acidic gastric environment, (v) have no potential for

gastrointestinal obstruction or perforation, and (vi) either be able to degrade into forms that can

safely pass or be retrieved after the drug has been released from the device (48). Inspired by the

rapid deployment of a gastric balloon through similar means, the GRS was designed such that it

could be administered through an NG tube, which is inserted via the nose to access the stomach

(Figure 2.4) (142). After reaching the stomach, the GRS forms a coil shape and continually

releases grams of drug over the course of weeks, whereupon the device is retrieved back through

an NG tube. 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 (133).

52



A B

\ i) iv)

/1~v) Ai)

Drug pill Rtie

Nifinol wire br

Figure 2.4: Design of gastric resident system (GRS) administered and retrieved through a
nasogastric (NG) tube.
(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.

Several shapes compatible with gastric retention were considered and designed in

SolidWorks (Figure 2.1 and Figure 2.5). These include: pretzel, toroid, cone, star, and cylindrical

(Figure 2.1 and Figure 2.5) For the same length of material, a pretzel would take up the most

volume, while the toroid, cone, and star are difficult to manufacture and may entangle in the

stomach. The cylindrical-shaped (coil) system was chosen since it has the highest surface area

to volume ratio and is the easiest to manufacture out of these designs. Additionally, to tailor the

drug loading and duration of therapy, the length of the GRS and formulation of drug pills can be

modified (Figure 2.6). The diameter of the tubing through the NG tube is restricted by the largest

NG tube available, which is 20 French or 6.67 mm (143). Details of the drug pills will be discussed

in Chapter 3.
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Figure 2.5: Selected shapes for gastric retention.
(A) Pretzel shape. (B) Toroid shape. (C) Cylindrical or coiled shape with a representative
photograph of a device without drug. The GRS contains tubing, nitinol and a retainer.
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(A) Diagram of the GRS and plot of height of device versus drug weight. The coil height is fixed
at 4 mm due to the size of the measured drug pill height, and the diameter of the overall GRS is

kept constant at 104 mm based on the size of the nitinol fixture (n=3). (B) The calculated height
of the GRS as a function of the drug weight, calculated by the number of pills that can fit on a

single coil based on measurements of the pill height and diameter of the GRS. The number of
coils is discrete; between a certain range of drug weight, the height of the device will remain the
same. (C) The calculated overall end-to-end length of the uncoiled GRS according to the drug
weight. (D) The calculated total GRS weight according to the drug weight, incorporating the
weight of the polymer matrix, nitinol wire, and ends of the device.

2.3.2 Assembly of the Gastric Resident System Using Biocompatible Materials

The designs proposed for gastric retention cannot be delivered in their final geometries

via the esophagus to the stomach since the esophagus has a maximum diameter of 2 cm.

Therefore, shape-memory materials, which are able to "memorize" a permanent shape but can
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be manipulated to take on a certain temporary shape, must be employed (144, 145). One such

material is nitinol, a nickel-titanium alloy with the ability to show high elastic deformation (145,

146). Nitinol wire can be wrapped around a fixture and set in its final shape. Many studies have

exploited the use of nitinol in medical applications. For example, it is widely used for

manufacturing surgical devices and implants because of its biocompatibility (145, 146). However,

nitinol wire is sharp and can lead to gastrointestinal perforation (147). Therefore, it must be

protected and housed in the drug loading reservoir - an acid-resistant, elastic, and biocompatible

tube.

Various tubings with outer diameter of 6.35 mm (to be compatible with the inner diameter

of NG tubes) were selected and purchased from McMaster-Carr. These include different Tygon*

formulations, Latex, gum rubber, santoprene, polyethylene, and silicone rubber (Figure 2.7).

Based on acid-resistance, ease of placing the nitinol wire, and ability to comply with the coiled

nitinol shape, low temperature Tygon* PVC tubing for chemicals (ND 100-65) tubing was chosen

(148). Importantly, it is made from biocompatible non-di(2-ethylhexyl) phthalate polymer

materials. The nitinol can then be strung through the tubing and then sealed with retainers and

medical silicone adhesive as inspired by a bladder retentive device (133).

Another approach without nitinol is to use heat to create tubing curvature. THV, a flexible

material, was identified through a conversation with experts at Zeus Industrial Products, Inc.

(149). The advantage of not using nitinol is to simplify the process of manufacturing with respect

to both time and materials, thereby reducing cost and complexity. THV was successfully able to

form a coil curvature (Figure 2.8A). Multi-lumen designs were also made and extruded with THV

to achieve separate chambers for loading of different drugs with a lumen for nitinol as well (Figure

2.8B) (150).
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Figure 2.7: Selection of tubing for the GRS.
(A) Representative photographs of tubing: Tygon* PVC, Tygon®, Latex, Gum rubber,
Santoprene, Polyethylene, Silicone rubber. (B) Photograph of experiment to measure acid-
resistance of tubing in different pH conditions.
A B

4- 3~

Figure 2.8: THV coil and multilumen tubing.
A) Representative photograph of coiled THV tubing GRS without nitinol. (B) Multilumen designs
for nitinol and drug compartments.
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2.3.3 In Vitro Administration of the Gastric Resident System

The GRS will be administered through a NG tube that passes through the nose, down the

esophagus, and into the stomach (135). The shape-memory and superelasticity properties of

nitinol will allow the coiled device to take on a linear shape as it is inserted into the NG tube and

then to recoil into its programmed shape following deployment from the esophagus. Misplacement

of the NGT during this "blind" procedure as well as applications of excessive force on the NGT

can cause serious health complications such as "lung perforations," massive bleeding "due to

puncturing of the esophagus," neurological damage, mediastinal complications, and death (151).

Studies have shown that skilled practitioners "with more than 25 years' experience" had average

insertion forces of 4.9N +/- 1.8 N, while those with lower experience had average insertion forces

of 8.4 +/- 2.5 N (152). These forces were measured by a force gauge that was mounted onto a

catheter, simulating an NG tube. Practitioners were told to push the catheter until practitioners

"felt a level of resistance that would make them stop" in order to ensure the safety of the patient.

To characterize the force of administering the GRS compared to the force of administering

an NG tube, an in vitro assay was designed using 3D printed parts and the Instron (Figure 2.2).

The experiment quantifies the force required to push a straight tube versus a coiled tube through

a 900 bend that would represent the nose to esophagus. The linear samples inserted into the

angled bend represent the NG tube, while the coiled samples represent the GRS. Different

speeds of insertion were used with a 90' bend. On average, coiled samples required three times

as much force to administer compared to the linear samples at all speeds of insertion (Figure

2.9). The force to administer the coiled sample is roughly the force required to push a credit card

through an automated teller machine (153).
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Figure 2.9: Force of administration of linear and coiled samples.
The maximum force during insertion of the linear and coiled samples was measured at three
different speeds of insertion. Error bars represent SD for n=3 samples in each group.

2.3.4 In Vivo Administration of the Gastric Resident System

A coiled nitinol wire inside tubing was deployed to the gastric cavity of 30- to 75-kg

Yorkshire pigs to demonstrate transesophageal administration in vivo. Yorkshire pigs have similar

gastric anatomy to humans and have been previously used to evaluate long-acting drug delivery

platforms (138, 139). Representative serial abdominal radiographs during device deployment and

revealed the feasibility of the GRS to pass through the esophagus and form a coil in the stomach

within 50 s (Figure 2.10). 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 (154).
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Figure 2.10: Administration of the GRS in vivo.
Representative radiographs of the GRS immediately after deployment in a swine model. Dashed
circles indicate GRS location.

2.3.5 In Vivo Evaluation of Gastric Retention

Safe long-term gastric residence was evaluated by serial radiographs obtained over the

course of 1 month and through endoscopic evaluation (Figure 2.11). 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 (Figure 2.12).
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Figure 2.11: Serial radiographs of the GRS over I month in a swine model.
Representative radiographs of the gastric cavity were taken every few days over the course of 1
month to monitor for safe long-term gastric residence of the GRS (n=3). The dotted lines encircle
the GRS in the gastric cavity of the swine.
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Figure 2.12: Effect of the GRS on the weight and stomach tissue of swine.
(A) The animals' weight was measured every week from when it was brought into the animal
facility until when it was euthanized. Week 0 denotes the week that the GRS was administered to
the gastric cavity of the animal. At the end of week 4, the GRS was retrieved from the gastric
cavity, and the animal is either euthanized immediately or is used for other studies with the weight
being measured every week. (B) After 2 weeks of gastric residence for the GRS, the stomach
mucosa was assessed for any damage. A representative hematoxylin and eosin stain of stomach
tissue at week 0 (prior to deployment of the GRS) and at week 2 (when the GRS is retrieved, and
the animal is euthanized) is shown (n=3). (C) Representative macroscopic image of the stomach
tissue at the end of week 2 when a GRS was retrieved from the gastric cavity and the animal is
euthanized to assess any damage to the mucosa (n=3).
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Figure 2.13: Retention of GRS for 6 months in swine.
Radiographs of the gastric cavity were taken every month over the course of 6 months to monitor
for safe long-term gastric residence of the GRS (n=1). The dotted lines encircle the GRS in the
gastric cavity of the swine.

2.3.6 In Vitro Retrieval of the Gastric Resident System

The GRS was designed to be retrieved through an NG tube after the release of the drug

payload in the gastric cavity. The retrieval device consists of a Hall effect sensor to determine the

distance between a magnet on the end of the GRS and a magnet at the end of retrieval device

(Figure 2.14) (155). To ensure the stability of the Hall effect sensor in a low pH environment, it

was placed it in SGF for 90 min; the measured voltage was comparable to the voltage measured

in air before immersion in SGF (Figure 2.15A). A 3D printed in vitro human stomach model was

constructed to test the feasibility of the retrieval procedure (Figure 2.15B). A magnet was placed

on each end of the GRS to maximize likelihood of retrieval. Inspired by fish hooks and tools for

endoscopy, other designs for retrieval included barbs or snares in addition to the magnet to latch

onto the GRS and provide additional mechanical attachment (Figure 2.16) (156-159).
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Figure 2.14: In vitro and in vivo retrieval of the GRS in swine.
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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Figure 2.15: Hall effect sensor acid stability and retrieval using an in vitro stomach model
(A) Voltage reading of the Hall effect sensor before and after submersion in SGF. Error bars
represent the standard deviation for n=3 samples in each group. (B) Photograph of a three-
dimensional printed stomach model used to test sensing and magnetic attachment of the retrieval
device to the GRS.
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Figure 2.16: Retrieval designs using barbs and a snare.
(A) The retrieval device senses the GRS using a Hall effect sensor. (B) The retrieval device and
GRS contact using magnets. (C) Barbs from the retrieval device can then be actuated to provide
firm attachment and grip to the GRS. (D) Representative photograph of retrieval device prototype
with barbs. (E) Representative photograph of retrieval device prototype with snare capable of
lifting 200 g weight.

2.3.7 In Vivo Retrieval of the Gastric Resident System

In vivo demonstration of GRS retrieval with the magnet system was successful, as

demonstrated by representative serial radiographs (Figure 2.14). The retrieval process took

roughly 2 minutes to deploy, sense, attach, and retrieve. Further in vivo work will need to be

conducted with the barb and snare design to ensure that those aspects do not detach from the

retrieval systems. Additionally, long-range sensors and testing retrieval on a full stomach will help

locate and further test the success of the system in the field.

2.3.8 Ideas for Gastric Residence Without Retrieval Systems

The design described above requires a retrieval system because nitinol is not

biodegradable. While the GRS must be retrievable in case of an emergency, it would be ideal if a

patient does not have to come back to the clinic just for the retrieval procedure. Several of the

GRS systems that have been published can be triggered to degrade or dissolve (48, 50). Although

the nitinol could potentially be replaced by a biodegradable shape-memory polymer, this has not

been explored yet for a multigram GRS due to potential costs of synthesis and reduction in

mechanical performance (144-146, 160-165). Two GRSs were brainstormed to potentially avoid

the need for retrieval. One involves magnetic assembly of many swallowable capsules to form a
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GRS, which can then be triggered to disassemble using timed absorption of a swellable polymer

or gel (Figure 2.17) (166). The advantage of this approach is it does not need a NG tube. The

other involves modular block assembly of a GRS followed by soluble linkers that break up into

smaller pieces, as inspired by the star-shaped dosage form (Figure 2.18) (48).

A

Pill Capsule

Swelling Material

Device Core

Embedded Magnets

Assembled Device

B

H 20

7V

I

Water enters the end
of the capsule, causing
the absorbent material
to expand.

This pushes the two magnets away

from each other, reducing the
attractive force, causing the pill to
separate from the device core.

Figure 2.17: Magnetic capsule GRS assembly and disassembly.
(A) A patient would swallow many magnetic capsules that contain a nondegradable capsule
shell, a swellable polymer, and a magnet that facilitates attachment to a central magnetic piece
to form a macrostructure that can reside in the gastric cavity. (B) Timed disassembly of a
magnetic GRS can occur through entry of fluid to the capsule, which swells a polymer and
causes the magnetic force to decrease as the magnets move apart.
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Water Soluble Adhesive

Tubing

PEG Plug

Silicon Adhesive Film

03
B

0~

Plug dissolves and drug component falls off

Figure 2.18: Disassembly of unit blocks of the GRS.
(A) Components of the GRS to enable disassembly. (B) Biodegradable plug would dissolve
over time, causing a unit block to fall off, and then another drug layer can release prior to
another unit disassembling.
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2.4 Conclusion

The results shown here demonstrate the potential of a coiled GRS to be safely

administered, to reside safely in the gastric cavity for at least 1 month, and to be retrieved through

the esophagus. Further work can explore other GRS designs including different shapes, use of

only biodegradable materials, and triggered disassembly. On the retrieval side, barbs and snares

with more long-range sensors can be added and tested in vivo. This approach describes here

requires a NG tube for administration; however, in the future, potentially multigram GRSs can use

self-assembly of swallowable objects to avoid an NG tube.
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Chapter 3: Controlled Release Profiles from the Gastric

Resident System

3.1 Introduction

The challenge with designing drug depot systems for diseases such as TB is to ensure

the drug is being absorbed in the therapeutic range, and there is no potential for dose dumping

(21, 167). Here, we describe the capacity of the GRS to provide sustained release of the drug in

vitro and in vivo using a panel of TB antibiotics. Using drug embedded in silicone pills, the release

can be tuned using excipients and coatings. Ideas for enabling pulsatile release of drug are also

discussed. These include both polymer and electromechanical actuation systems.
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3.2 Materials and Methods

3.2.1 Manufacturing of Coated Drug-Silicone Pills for Gastric Resident System

Doxycycline hyclate was purchased from MedChem Express LLC. Isoniazid was

purchased from Sigma-Aldrich Corporation, and moxifloxacin was purchased from ArkPharm, Inc.

Rifampicin, ethambutol, and pyrazinamide were purchased from Hangzhou Hysen Pharma Co.

Ltd. Drug pills were made using the following protocol: The drug was sieved through a 75 pm

sieve (McMaster-Carr) in order to fabricate pills using a consistent drug particle size (168-170)

(Figure 3.1). Then, the drug was added to the vinylpolysiloxane (VPS) base (Zhermack Elite

Double 22) and mixed at 3200 rpm for 30 seconds using a SpeedMixer DAC 150.1 FVX-K

(FlackTek Inc.) (Figure 3.2). To prevent drug loss, ensure that all the drug is mixed into the matrix

before proceeding. After 2 minutes of cooling, poly(ethylene glycol) (PEG) molecular weight 3500

(Sigma-Aldrich Corporation) or molecular weight 400 (Sigma-Aldrich Corporation) was added and

mixed into the drug-VPS base matrix using the SpeedMixer at 2700 rpm for 30 seconds. After 2

minutes of cooling, the VPS catalyst (Zhermack Elite Double 22) was added and mixed using the

SpeedMixer at 1750 rpm for 30 seconds. Drug loading percentages were determined relative to

the final cured silicone mixture weight: doxycycline hyclate (32%), isoniazid (32%), ethambutol

(25%), pyrazinamide (30%), moxifloxacin (20%), and rifampicin (54%). The viscous uniform blend

was poured into a disposable polystyrene Petri dish (VWR), and individual pills were extracted

using a 4 mm Miltex disposable biopsy punch (Integra) (Figure 3.3). A 0.5 mm biopsy punch

(Electron Microscopy Sciences) was used to core out a hole in the center of the drug-VPS pill to

allow the nitinol wire to pass through. When preparing in vivo devices, a custom-built 3D printed

hole punch was used to core out central holes in a high-throughput manner (Figure 3.4). The pills

were spray-coated in a DKE stainless steel pan (ERWEKA GmbH) with a 9.5 L capacity attached

to an AR 403 drive unit (ERWEKA GmbH) (Figure 3.5).
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500 microns

X < 75 microns 75 microns < X < 150 microns X> 150 microns

Figure 3.1: Sieving drug to use consistent particle size.
(A) Photograph of sieve. (B) Drug added to sieves to segment different particle sizes. (C)
Images of doxycycline hyclate particles after sieving.

A B

- -M

Figure 3.2: Mixing drug with silicones using SpeedMixer.
(A) Mixing drug powder with base and catalyst. (B) Add silicone base and catalyst then drug
powder and mix in a SpeedMixer.
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Figure 3.3: Curing and punching drug pills.
(A) Pour mixture of drug with silicones into Petri dish. (B) Cured drug-silicone matrix in Petri
dish. (C) Punching pills out with biopsy punch.

A B

Figure 3.4: Punching holes in drug pills.
(A) Schematic of high-throughput hole puncher for drug pills. (B) Photographs of
with biopsy punch.
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A B C

Figure 3.5: Coating of drug pills.
(A) Setup of coating apparatus. (B) Nozzle used to spray polymer on drug-VPS pills. (C)
Representative photograph of coated drug-VPS pills with hole in the center.

The Eudragit RS 100 (Evonik Corporation) solution was prepared as recommended by

Evonik (171). Briefly, the Eudragit RS 100 pellets were dissolved in 50% of a diluent mixture,

composed of 342.90 grams of acetone (Sigma-Aldrich Corporation), 514.20 grams of isopropanol

(Sigma-Aldrich Corporation), and 42.90 grams of water. In a separate beaker, an excipient

mixture of talc (<10 pm particle size from Sigma-Aldrich Corporation), triethyl citrate (Sigma-

Aldrich Corporation), and red dextrose food dye (CK Products) was homogenized into the

remaining 50% of the diluent mixture for 15 minutes. The excipient mixture was then poured into

the beaker containing the Eudragit solution and stirred. Lastly, the spray suspension was passed

through a 500 pm sieve (McMaster-Carr).

To prepare a PCL spray solution, PCL molecular weight 45,000 (Sigma-Aldrich

Corporation) was added to acetone at 5% weight per volume. The solution was then placed on a

hot plate with a stir bar at 50 'C and 200 rpm. The PCL pellets started to fully dissolve and form

a homogenous solution after one hour. The spray gun used was a 0.8 mm nozzle, handheld

Master E91 airbrush (TCP Global) attached to beakers in the kit with a spray volume of 18 mL

and held at a 900 angle to the rotating pan with a 7 cm distance from its outer diameter. The

coating pan was tilted at a 45-degree angle for all the formulations and rotated at 70 rpm for the

Eudragit RS 100 solution and at 300 rpm for the PCL solution. A heat gun (Uline) was placed

directly underneath the coating pan and set to 50 *C to induce film formation on the pills sprayed
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with Eudragit RS 100. The Eudragit RS 100 sprayed pills were dried for 2 hours after spraying in

a circulating air oven set at 40 *C. The typical batch size for spraying was 100 pills. It took 120

minutes to spray pills with 300 mL of Eudragit RS 100, and it took 100 minutes to spray pills with

PCL.

The nitinol wire was inserted into the 0.5 mm hole of the coated drug-VPS pills, and after

the desired loading was achieved with pills, each end of the nitinol wire was crimped using a pair

of pliers (Figure 3.6). PCL molecular weight 37,000 (Sigma-Aldrich Corporation) pellets were then

pressed into two 3-inch (76.2 mm) long pieces of Tygon tubing (Inner Diameter X Outer Diameter:

4.76 x 6.35 mm), which was obtained from McMaster-Carr. The end of each tube was then filled

with Med3- 4213 silicone adhesive (NuSil), followed by a 6.35 mm stainless steel ball bearing.

Once completely packed with the pellets, the tubes were heated at 100 0C to melt the PCL using

a heat gun. Each crimped end of the nitinol was then slowly inserted into the molten PCL and set

into place as the PCL cooled at room temperature to solidify around the nitinol wire. More silicone

adhesive was used to seal the free ends of the tubes at both ends of the device.

A B C

Figure 3.6: Assembly of drug pills on nitinol wire.
(A) Setup of coiled nitinol wire with pills added. (B) Drug loading completed on nitinol wire. (C)
Representative photograph of device ready for deployment with sealed ends.

3.2.2 In Vitro Drug Release

Individual pills made of drug-VPS for doxycycline hyclate, isoniazid, ethambutol, pyrazinamide,

moxifloxacin were used to evaluate long-term release kinetics in SGF. Pill formulations were
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incubated in a New Brunswick Innova 44 shaking incubator (Eppendorf) at 37 0C and 200 rpm in

50 mL of SGF for up to 28 days, with solution exchanges at specified time intervals. Drug

concentrations were then analyzed using a High-Performance Liquid Chromatography (HPLC).

Because of the lack of a validated HPLC method for evaluating isoniazid in SGF, water was used

to study differences between isoniazid formulations. Three intact rifampicin devices were

fabricated by loading 2 grams of drug into VPS pills. The devices were incubated in 500 mL of

nanopure water for up to 26 days in a shaking incubator at 37 *C and 200 rpm, with media

exchange at specified time intervals. Water was used as a solvent for the drug release study

because rifampicin rapidly degrades in acid (172). The drug concentrations samples were then

measured on an Infinite M200Pro (Tecan) reader (absorbance, 475 nm) (173).

3.2.3 High-Performance Liquid Chromatography

An Agilent 1260 Infinity II HPLC system (Agilent Technologies, Inc.) equipped with a Model

1260 quaternary pump, Model 1260 High Performance autosampler, Model 1260 thermostat,

Model 1260 Infinity Thermostatted Column Compartment control module, and Model 1260 diode

array detector was utilized as described previously (30, 31, 62). Data processing and analysis

was performed using OpenLab CDS ChemStation (Agilent Technologies, Inc.). All solvents used

were purchased from Sigma-Aldrich Corporation. For doxycycline hyclate, chromatographic

isocratic separation was carried out on an Agilent 4.6x50 mm AdvanceBio RPmAb SB-C8

analytical column with 3.5 pm particles, maintained at 55 *C. The optimized mobile phase

consisted of 20 mM dipotassium phosphate buffer and acetonitrile (pH 6 adjusted with

triethylamine) [60:40 (v/v)] at a flow rate of 0.85 mL/min over a 4 min run time. The injection

volume was 5 pl, and the selected ultraviolet (UV) detection wavelength was 293 nm. For isoniazid

and pyrazinamide, chromatographic isocratic separations were carried out on an Agilent 4.6x1 50

mm ZORBAX Eclipse Plus C-18 analytical column with 5 pm particles, maintained at 30 C. The

optimized mobile phase consisted of 10 mM sodium dibasic phosphate buffer and acetonitrile (pH

6.75 adjusted with phosphoric acid) [95:5 (v/v)] at a flow rate of 1.00 mL/min over a 6 min run
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time. The injection volume for both drugs was 20 pl, and both drugs were analyzed using a UV

detection wavelength of 238 nm.

For moxifloxacin, chromatographic separation was carried out on an Agilent 4.6x50 mm

Poroshell 120 EC-C18 analytical column with 2.7 pm particles, maintained at 50 *C. The optimized

gradient consisted of nano-pure water and acetonitrile starting at [95:5 (v/v)] at 0 minutes then

ramping to [50:50 (v/v)] at 2.5 minutes and descending to [95:5 (v/v)] by 5 minutes. A constant

flow rate was maintained at 1.00 mL/min, and a post-run of 1 minute was utilized. The injection

volume was 5 pl, and the UV detection wavelength of 293 nm was selected.

For ethambutol, chromatographic separation was achieved using a method described

previously (174). A Waters 3.9x300 mm pBondapak C18 analytical column with 10 pm particles,

maintained at 35 0C, was utilized in an isocratic elution method. The optimized mobile phase

consisted of buffered nano-pure water (1.0 mM Cu(ll)SO4, 4 g sodium 1-heptanesulfonate,

titrated to pH 4.50 with 10 mM HCI) and tetrahydrofuran [75:25 (v/v)]. A constant flow rate was

maintained at 1.50 mL/min for 15 minutes, and a post-run of 1 minute was utilized. The injection

volume was 20 pl, and the ultraviolet (UV) detection wavelength of 260 nm was selected.

3.2.4 Ultra-Performance Liquid Chromatography-Tandem Mass Spectrometry

Drug concentrations in serum from in vivo experiments were analyzed using Ultra-

Performance Liquid Chromatography-Tandem Mass Spectrometry (UPLC-MS/MS). Analysis

was performed with a Waters ACQUITY UPLC-l-Class System aligned with a Waters Xevo-TQ-

S mass spectrometer (Waters Corporation). Liquid chromatographic separation was performed

on an Acquity UPLC Charged Surface Hybrid C18 (50mm x 2.1mm, 1.7 pm particle size) column

at 50 *C. The mobile phase consisted of aqueous 0.1% formic acid, 10mM ammonium formate

solution (Mobile Phase A) and acetonitrile: 10mM ammonium formate, 0.1% formic acid solution

(95:5 v/v) (Mobile Phase B). The mobile phase had a continuous flow rate of 0.6 mL/min using a

time and solvent gradient composition. For the analysis of doxycycline hyclate, the initial

composition (100% Mobile Phase A) was held for 1 minute, following which the composition was
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changed linearly to 50% Mobile Phase A over the next 0.25 minutes. At 1.5 minutes, the

composition was 20% Mobile Phase A. At 2.5 minutes, the composition was 0% Mobile Phase A

and 100% Mobile Phase B, which was held constant until 3 minutes. The composition returned to

100% Mobile Phase A at 3.25 minutes and was held at this composition until completion of the

run, ending at 4 minutes, where it remained for column equilibration. The total run time was 4

minutes. For the analysis of rifampicin, the initial composition (95% Mobile Phase A) was held for

0.5 minutes, following which the composition was changed linearly to 15% Mobile Phase A over

the next 1.25 minutes. At 1.76 minutes, the composition was 0% Mobile Phase A and 100%

Mobile Phase B, which was held constant until 3.25 minutes. The composition returned to 95%

Mobile Phase A at 3.50 minutes and was held at this composition until completion of the run,

ending at 4.50 minutes, where it remained for column equilibration. The total run time was 4.5

minutes.

For both the analysis of doxycycline hyclate and rifampicin, the sample injection volume

was 2.5 pL. The mass spectrometer was operated in the multiple reaction monitoring mode. The

mass to charge transitions (m/z) used to quantitate doxycycline hyclate, demeclocycline

hydrochloride, rifampicin, and rifapentine were 445.19>154.1, 465.13>154.09, 823.5>151.17, and

877.55>151.18, respectively. Sample introduction and ionization was by electrospray ionization

(ESI) in the positive ionization mode. Waters MassLynx 4.1 software was used for data acquisition

and analysis.

Stock solutions of doxycycline hyclate, rifampicin, internal standards (IS) demeclocycline

hydrochloride and rifapentine were prepared in methanol at a concentration of 500 pg/mL. A

twelve-point calibration curve was prepared in analyte-free, blank serum ranging from 1-5000

ng/mL. 100 pL of each serum sample was spiked with 200 pL of 250 ng/mL IS in acetonitrile to

elicit protein precipitation. Samples were vortexed and sonicated for 10 minutes and centrifuged

for 10 minutes at 13000 rpm. 200 pL of supernatant was pipetted into a 96-well plate containing
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200 pL of nanopure water. Finally, 2.5 pL was injected onto the UPLC-ESI-MS system for

analysis.

3.2.5 In Vivo Evaluation of Gastric Resident Systems

All animal experiments were performed in accordance with protocols approved by the

Committee on Animal Care at the Massachusetts Institute of Technology and as previously

described (47-50). To assess the oral pharmacokinetics of immediate release formulations and

gastric retentive drug delivery devices, we administered them to a large animal model (30-75 kg

Yorkshire pigs). Animals were fed daily in the morning and in the evening with a diet consisting of

pellets (Laboratory mini-pig grower diet, 5081), in addition to a midday snack consisting of various

fruits and vegetables. The pellets consisted of ground oats, alfalfa meal, wheat middlings,

soybean meal, dried beet pulp, salts, and other micronutrients.

The immediate release formulation was prepared by weighing and filling 100 mg of

doxycycline hyclate in a "00" gelatin capsule (Purecaps USA) 15 minutes prior to dosing. Prior to

dosing, the pigs were sedated with Telazol@ (5 mg/kg intramuscular), xylazine (2 mg/kg

intramuscular), and atropine (0.04 mg/kg intramuscular), intubated, and maintained with

isoflurane (1 to 3% inhaled). Immediate release and GRS formulations were deployed in the

stomach via an endoscopic guided overtube (Inner Diameter X Outer Diameter: 16.7 x 19.5 mm)

from US Endoscopy. The overtube was removed once the devices were administered. For

evaluation of the safety and residence time of the gastric retentive drug delivery devices, the

animals were clinically assessed twice a day for evidence of GI obstruction including inappetence,

abdominal distension, lack of stool, and vomiting. Additionally, the animals were evaluated

radiographically every 3-4 days for evidence of GI obstruction and/or perforation. Tissue samples

were collected before and after the device was placed in the stomach for histopathological

analysis, and macroscopic images were taken once the device was retrieved to study any

possible mucosal damage. Blood samples were obtained from an external mammary vein on the
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ventral surface of the pig at indicated time points. Serum samples were separated from blood by

centrifugation (3220 rpm, 10 min at 4 0C) and were stored at -80 0C for further analysis.
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3.3 Results and Discussion

3.3.1 In Vitro Release of Antibiotics from Coated Drug-Silicone Pills

Pills of a single drug mixed inside a silicone matrix were fabricated and encapsulated in a

polymer coating to enable tailored dosing of each drug (Figure 3.7A). 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

extensively used for controlled drug delivery applications (32, 168, 175, 176). A 300-m-thick

Eudragit RS 100 polymer coating was added to prevent the burst release of drug from the surface

of the matrix (177-180). 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 (Figure 3.7A).

Drug-VPS pills for multiple antibiotics used for TB treatment including doxycycline hyclate,

isoniazid, ethambutol, pyrazinamide, moxifloxacin, and rifampicin were assembled (Table 3.1)

(84, 181, 182). As demonstrated with doxycycline hyclate, the drug release rate from the VPS

matrix in SGF can be tuned by varying the amount of a hydrophilic polymer, poly(ethylene glycol)

(PEG), mixed within the VPS (Figure 3.7B). 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 (Figure 3.7B). The drug-VPS pills were also able

to release isoniazid, ethambutol, pyrazinamide, moxifloxacin, and rifampicin in vitro, indicating

that the VPS matrix is compatible with a wide variety of TB drugs (Figure 3.7, C to G).
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Table 3.1: Common antibiotics used for treatment of TB.
Drug Structure Mechanism of Action

Rifampicin Inhibits bacterial DNA-dependent RNA
-0Ho OH6O6 polymerase (183)

0 O H OH N

Isoniazid Inhibits synthesis of mycolic acids (184)

N

Pyrazinamide 0 Unknown (185)

N NH2

Ethambutol OH Disrupts arabinogalactan synthesis and
H increases cell wall permeability (186)

N -,N
H

HO _________________

Moxifloxacin OH Inhibits DNA gyrase (187)
H

J N -N
H

HO _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Doxycycline hyclate OH 0 HO 0 0 Inhibits the synthesis of bacterial proteins
NH 2  by binding to the 30S ribosomal subunit

OH (188)

H N ,-
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Figure 3.7: 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 individual pills from
the homogeneous matrix using a biopsy punch before spray-coating 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 concentrations of PEG and Eudragit RS 100 coatings. (C) In vitro
release of isoniazid from a drug pill in water. (D) /n 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.
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3.3.2 In Vivo Release of Antibiotics from Gastric Resident System with Coated

Drug-Silicone Pills

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 (Figure 3.8A)

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 (Figure 3.9) (189-191). After 28 days of gastric residence in vivo, the GRS was

safely retrieved (Figure 3.8B). The serum concentration profile of a 100-mg single dose is shown

in Figure 3.8C. The drug was absorbed rapidly, and detectable concentrations were observed

within 15 min. No drug was detectable 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 (Figure 3.10).
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Figure 3.8: 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 doxycycline 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; Figure 3.9).
(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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Figure 3.9: In vivo formulations and their corresponding 4-week in vitro drug release
profiles of doxycycline hyclate-silicone pills of the 10 g GRS.
(A) Table of in vivo formulations for the doxycycline hyclate-silicone pills of the 10 g GRS
assembled 1 gram of formulation 1, 2 grams of formulation 2, 3 grams of formulation 3, and 4
grams of formulation 4. Formulation 1 contained PEG, whereas the others did not. All drug pills
were coated with either Eudragit RS 100 (formulations 1 and 2) or with poly(8-caprolactone) (PCL)
(formulations 3 and 4). (B) In vitro release profiles of doxycycline hyclate from drug-silicone pills
over 4 weeks in SGF. Error bars represent SD for n=3 samples in each group.

0 1 2 3 4
Time (days)

5 6 7

Figure 3.10:
A GRS with
administered
recorded.

In vivo release of rifampicin from the GRS in a swine model.
2 grams of rifampicin formulated with 54% rifampicin and 46% silicone was
to a swine model for 7 days, and the serum concentrations of rifampicin were
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3.3.3 In Vitro Release of Rifampicin from Orifices in Tubing

Sustained release can be achieved using passive diffusion with micro-drilled holes in a

biocompatible tube housing drug powder. This mechanism has been previously described in other

drug delivery devices (133, 192). Ingress of liquid dissolves the powder and forms an initially

saturated solution inside the tube. The drug solution is pushed out through the drilled orifices due

to an increase in the hydrostatic pressure inside the tube. In order to achieve a target release

rate, the number of holes and the size of the holes can be tuned. Initially, the drug release rate

will be zero-order. After complete dissolution of the drug, the drug release rate will begin

decreasing and no longer be zero-order since the osmotic driving force diminishes.

The release rate of rifampicin was determined as a function of the number and size of

holes in the tube (Figure 3.11). The holes can be fabricated using a biopsy punch, drilling, or

laser cutting. Biopsy punched-holes are the most precise method, as they do not result in as much

of a taper or burning of the tube as the drilling or laser cutter approach. To measure the release

rate, a dissolution testing apparatus with a paddle can be used to simulate physiological

conditions (motion in the stomach at 37 0C) (167, 193-195). The device was incubated in 1000

mL of SGF. At specified time intervals, 1 mL of the release medium was withdrawn automatically,

and an equal volume of SGF was replaced. Then, the rifampicin solution was analyzed by an

ultraviolet-visible spectrophotometer to determine the drug concentration at every time point. To

corroborate experimental results, the time-changing concentration of rifampicin in the release

medium was modelled in COMSOL Multiphysics using the convection-diffusion equation

(Equation 1). The diffusion coefficient D can be estimated using the Stokes-Einstein relation and

assuming rifampicin is a spherical molecule (Equation 2) (196, 197).

= V - (DVc) - V - (c) + R Equation I
at
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c: concentration of drug; D: diffusion coefficient; i: velocity of release media
R: source or sink of drug

D
Equation 2

k: Boltzmann constant; T: temperature of the media; r: viscosity of the media
MW: molecular weight of drug; N: Avogadro's number; p: density of the drug

C D

C

.525 mm

F
30 r 40 r

30

20

10
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Figure 3.11: In vitro release of rifampicin from cylindrical-shaped tubing with orifices.
(A) Orifice in tube from biopsy punch. (B) Orifice in tube from micro-drill bits. (C) Orifice in tube
from laser cutter. (D) Representative photograph of device with rifampicin used in release studies.
(E) Ten holes of two different sizes (1.5 mm or 2.75 mm) were drilled in a 30 cm long cylindrical
device filled with rifampicin. (F) Either 2 or 4 holes of size 750 pm were drilled in a 30 cm long
cylindrical device filled with rifampicin.
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3.3.4 In Vivo Release of Rifampicin from Orifices in Tubing

Having demonstrated that the size and number of holes does determine the release rate

of rifampicin from orifices in tubing, in vivo evaluation of coiled GRSs packed with rifampicin

powder and orifices was conducted (Figure. 3.12). The GRSs were all 122 cm long filled with 10

g of rifampicin with 5 micro-drilled holes, each 140 pm in diameter. This approach was unable to

achieve 4 weeks of drug release of rifampicin. It could be possible that the micro-drilled holes

were blocked by food particles or the orifices were not large or placed frequently enough. Past 10

days, the serum concentrations from all GRSs was 0 ng/mL. Therefore, the approach with micro-

drilled holes was not successful, and most of the 10 g of rifampicin remained within the GRS after

retrieval. Drug diffusion through orifices was not pursued further due to the erratic drug release

profiles in vivo.

A B
40

E30-

.0
20

0U

0 1

0 10 20 30
Time (days)

Figure 3.12: In vivo release of rifampicin from the GRS with orifices in a swine model.
(A) Representative photographs of the GRS with rifampicin. The tape, covering the micro-drilled
holes, is removed prior to deployment in a swine model. (B) Concentration-time profiles of
rifampicin in serum after administering the GRS, which had 10 g of drug (n = 3).

3.3.5 Ideas for Pulsatile Release of Gastric Resident System

Bacteria resist antibiotics by modifying their cell wall proteins or target of the drug,

inactivating the antibiotic, or overexpressing their efflux pump proteins to expel the antibiotic and

reduce its efficacy (198). Engineering strategies to delay antibiotic resistance and eventually
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overcome it are critical now. Currently, researchers are attempting to do this by studying drug

interactions, with regards to synergy and antagonism to optimize killing of microbes. These

combination treatments typically lead to increased dosage and toxicity (199). Alternating antibiotic

therapy, whereby drugs are administered one at a time with periodic switching, has been shown

to reduce the overall rate of resistance by slowing acquisition of resistance to one of the two

component drugs, sometimes as effectively as mixed treatment (199). Alternating-drug therapy

slows evolution by constraining mutational paths toward resistance. Negative cross-resistance

occurs when a mutation conferring resistance to one drug and collateral sensitivity to a second

drug are outcompeted by wild-type cells. Collateral sensitivity cycling, which builds on the finding

that resistance to one drug can perturb drug susceptibility profiles in the bacterial cell and lead to

collateral resistance and sensitivity towards other drugs, may guide the choice of treatment

regimens with regards to drug combinations (Figure 5) (200-203). While mechanisms and drug

networks to further understand and characterize collateral sensitivity are being developed, there

are no drug delivery technologies to enable antibiotic cycling in vivo for month-long bacterial

infections (201, 204-206).

ti

to.. t2

. Drug A-resistant straini
Drug B-resistant strain

t3

Figure 3.13: General model illustrating collateral sensitivity cycling.
Resistant strains are eradicated when drugs A and B, which have reciprocal collateral sensitivty
profiles, are rotated. At time to, the wild-type (WT) disease-causing cell population is treated with
drug A first. At t1, resistance to drug A develops, and treatment is switched to drug B. The drug
A-resistant cells have become collaterally sensititive to drug B, and by t2, all drug A-resistant cells
are killed. At t3, resistance to drug B develops, and treatment is switched back to drug A, to which
drug B-resistance cells have become collaterally sensitive. This results in elimination of drug-B
resistant cells at to. Reproduced with permission from (200).
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The coiled GRS can incorporate drug compartments within a long tube, with each drug

compartment holding a different drug and covered with films or caps to enable pulsatile release

for drug cycling (Figure 3.14A). Two challenges to overcome including 1) making compartments

of a fixed quantity of drug and 2) identifying materials to seal and erode over large holes drilled in

the biocompatible tube. Compartments within the tube can be made with either medical adhesive

glue or blocks of high molecular weight PCL, an extremely slow-degrading polymer (207). Then,

drug can only escape out of its compartment through the drilled holes, which will be covered with

films or caps of polyanhydrides that undergo surface erosion. A polymer can be assigned a

dimensionless erosion number E, which is the ratio between the diffusion time and the degradation

time (208). If E >> 1, then surface erosion occurs; else, if E K 1, then bulk erosion occurs.

For a 30-day drug-releasing device with an interval of 24 hours between each pulse, the

degradation rate of the polyanhydrides used in the device needs to have a large range. Previously,

it has been shown that by copolymerizing varying amounts of methacrylated sebacic acid and

methacrylated 1,6-bis(carboxyphenoxy)hexane, the degradation network of the final network can

be controlled from 2 days to 1 year (209). After synthesizing the monomers, they can be

photopolymerized at different intensities to control the ratio of methacrylated sebacic acid to

methacrylated 1,6-bis(carboxyphenoxy)hexane, and therefore affect the degradation rate of the

final network. Disks of these anhydrides can be made by melting the polymer in a mold shaped

in a plug for the tube. Alternatively, an extruder can be used for both making drug filaments and

the polyanhydride plugs (210, 211). Besides polyanhydride plugs, PCL is another surface erodible

polymer for which films and caps can be made by solvent casting or extruding (Figure 3.14B)

(207, 212-214). Other polymers to try for making films include poly lactic-co-glycolic acid, poly(b-

amino ester)s, shape-memory polymers from PCL, and metal or gold films for electrochemical

dissolution inspired by the "microchip" (Figure 3.14C) (22, 163, 215-224).

Electromechanical mechanisms can also be incorporated into the GRS such that "gates",

which are made of nitinol or other shape memory alloys, can change conformation and open via
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Joule heating from an electric current (Figure 3.15A-B) (134, 225-227). An example is using a

nitinol spring threaded into a drug compartment (Figure 3.15C). An alternative approach, which

maximizes drug loading, is to push pills using a pill ejector system (PES), inspired by the actual

PEZ dispenser (228, 229). Two ideas for the PES, a spinning disk and four-bar linkage are shown

in Figure 3.16 (230).

A
Film 1 covering hole Film 2 covering hole

cap 1 plugging end r D Cap 2 plugging end

B

C

Gold coating around 300 nm
Titanium coating around 3 nm

Polyvinyl alcohol film

Figure 3.14: Approaches for enabling pulsatile release using films and caps.
(A) Diagram of separate drug compartments covered by different films or different caps. These
films and caps can degrade over time or be activated to degrade such that drug can come out of
the drug compartment at a given time. (B) The process of solvent casting includes dissolving the
polymer in a solvent, casting it onto a surface, using a blade to precisely tune the height of the
film, and then drying it on a hot plate and then keeping the films dry in a desiccator. An example
of a poly lactic-co-glycolic acid film is shown. (C) Coating orifices on tubes with gold thin films with
adhesion layers of titanium and polyvinyl alcohol.
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- I ~wotmili outpte

Controller + Drug-loaded Empty
Power source compartment compartment

B

DrW

Drug in
Stomach

C

3 cm length of Drill holes for spring
Tygon tubing Insert spring

Slit through center (~60%
of circumference) !

Fill and close the Close one end of
other end the device Create seal with < 2

uL of adhesive

Figure 3.15: Actuation of "gates" on drug-loaded compartments by an electrical current.
(A) Diagram of separate drug compartments covered by "gates" such as a nitinol spring that can
be actuated to then open and allow drug release. (B) The compressive force from the spring
actuation produces stress on the seal so the drug can be released in a burst. (C) Process of
fabricating nitinol springs as actuators on drug-loaded compartments.
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Critical
Dimension for

Large Dose
Scalability Loaded

pins

Critical Dimension for Administration

Stationary (non-rotating)
disks

Rotating
disk

Pill enters moving disk

Center disk rotates

Pill exits without ad
flow Into device

Mechanism actuated
by motor (axis out of
plane of screen)

Spring loaded opens when
pill is pushed out; provides
backflow prevention when
closed

Pill is loaded into cavity from
storage column (out of plane
of screen)

Pushrod moves
with cyclic, linear
motion

Figure 3.16: Diagrams of ideas for the pill ejector system (PES).
(A) Pills are loaded and drop down to a moving disk, controlled by a motor, and then exit the disk
as it rotates. (B) Diagram of four-bar linkage system.
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3.4 Conclusion

The results shown here demonstrate drug delivery from the GRS both in vitro and in vivo

with a panel of antibiotics used for TB treatment. Further work includes formulation development

for all drugs followed by testing in vivo with iteration to achieve target pharmacokinetic profiles.

More coatings, polymer matrices, and excipients can be studied for all drugs to build a library of

formulations with corresponding release kinetic profiles. Lastly, this chapter concludes with

numerous approaches to enable pulsatile release using polymer and electromechanical

mechanisms. Drug loading capacity, ease of manufacturing, and cost are parameters to consider

when moving forward with translation of the GRS.
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Chapter 4: Demonstrating Applications of the Gastric

Resident System

4.1 Introduction

For this approach to be translated successfully, it must be acceptable and feasible to

patients and health care providers. Here, we describe results from a field questionnaire in TB

clinics in India as well as an economic analysis on the cost savings from a GRS system. Lastly,

we demonstrate the potential for the GRS to be a platform to treating other diseases, such as

hepatitis C.
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4.2 Materials and Methods

4.2.1 Field Questionnaire in India

The study was approved by the following institutions and committees: 1) Massachusetts

Institute of Technology Committee on the Use of Humans as Experimental Subjects, 2) the

Institutional Ethics Committee of Maulana Azad Medical College and Associated Lok Nayak

Hospital, Govind Ballabh Pant Hospital, and Guru Nanak Eye Centre, New Delhi, 3) the New Delhi

TB Centre, 4) the Ethical Committee of Rajan Babu Institute for Pulmonary Medicine and

Tuberculosis, New Delhi, 5) the National Institute of Tuberculosis and Respiratory Diseases, New

Delhi, and 6) the State Tuberculosis Officer of New Delhi for Delhi District Tuberculosis Centres

at Gulabhi Bagh, Nehru Nagar, and Safdarjung Hospital. Copies of the questionnaires can be

found in the Appendix. The four approaches for improving adherence were chosen by

incorporating both behavioral and technological interventions as described the literature (1, 5).

Three routes of administration are compatible with multigram dosing and deployment through the

esophagus: 1) placing an NG tube to deploy a GRS, 2) swallowing many capsules, and 3) drinking

water-drug mixture (inspired by the recent developments in gastric resident hydrogels) (50, 231).

These options were presented to health care providers and patients with approximate volumes of

the drug necessary. Emphasis on the need for these routes to be administered in a TB clinic was

placed to maximize the efficacy of the DOTS strategy. The questionnaire for health care providers

was written in English and given to the providers on paper to fill out in English. Participants

provided written informed consent. The questionnaire for patients was administered orally in Hindi

with interpreters from Operation Asha. The translation was prepared by Ms. Manju Bajiya at

Operation ASHA. Patients provided oral informed consent prior to participating in the survey. The

surveys for the health care providers and the patients were piloted in January 2017 in New Delhi

and in Mumbai with the guidance and assistance of healthcare professionals at Operation ASHA

and Safdarjung Hospital. Based on the pilot study, we revised the wording of some questions in
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both questionnaires and developed an application on an Android tablet to record questionnaire

answers from the patient. Props (a representative sterile NG tube, 30 "000" capsules, and a 2 L

water bottle) were added to communicate the three routes of administration to the patients

participating in the questionnaire. From August 2017 to November 2017, the full study was

conducted with the support of the Ministry of Health and Family Welfare of the Government of

India and Operation ASHA. 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 further analysis.

4.2.2 Economic Model for Cost of Nonadherence of Tuberculosis Patients in India

The economic model was based on a conceptual framework developed by David Collins

at Management Sciences of Health and applied in Kenya and the Philippines (232, 233). It

describes the current impact of a treatment interruption for drug-susceptible TB (DSTB) patients

on morbidity and mortality as well as the estimated financial impact of that treatment interruption

in New Delhi, India from 2013-2014 (234). The data, assumptions, and economic calculations

were derived from a global literature review, a review of the National Tuberculosis Control

Program (NTP) data, and from an expert panel of doctors, pharmacists, and NTP staff from

Philippines. India and the Philippines have a similar GDP per capita and cost per TB patient, so

the Philippines data set was used for diagnostic and treatment costs (235). The following key

assumptions were used: 1) a: 3 months is the mean length of treatment before loss-to-follow-up

(LTFU), 2) b: no patients are infectious with drug-sensitive TB at the start of the period because

they have all completed the intensive phase of treatment, 3) c: 3 months is the average length of

interruptions, 4) d: 10% of patients are treated in the private sector during the LTFU, 5) e: 10% of

patients develop multi-drug resistant TB (MDR-TB) when treated in the private sector, 6) f: 10%

of patients develop MDR-TB while untreated, 7) g: 70% of the MDR-TB patients return to the

public sector for treatment after LTFU, 8) h: 70% of the DSTB patients return to the public sector
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for treatment after LTFU, and 9) i: the number of patients per month infected by active LTFU

patients is 0.1. Sensitivity analysis was conducted for these 9 parameters.

4.2.3 Stability of Hepatitis C Drugs

To determine drug stability at low pH, the drugs were dissolved in SGF and then placed

in a shaker incubator at 37 0C and 100 rpm. At various times, aliquots were withdrawn and stored

at -20 0C until analysis. Drug concentrations in the solution were analyzed using HPLC and

reported as a percentage of the initial concentrations.

4.2.4 Manufacturing of Coated Drug-Polycaprolactone Pills

Drug pills were made using the following protocol: Drug was added in to the PCL of desired

molecular weight and mixed in a SpeedMixer at 3500 rpm for 30 seconds. This led to formation

of a melt-mixed PCL and drug aggregate, which was scooped into a 3D printed model with aid of

a spatula. The 3D printed mold was used to form drug pills of a specified dimension. The pills

were then spraycoated with PCL as described in Chapter 3. Then, holes in the pill were drilled

using a drill press.
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4.3 Results and Discussion

4.3.1 Acceptability and Feasibility of Gastric Residents Systems in Tuberculosis

Clinics in India

A field questionnaire was conducted in India, the highest burden TB country in the world,

to understand the acceptability and feasibility of the GRS (70). The questionnaire included 111

TB health care providers and 300 patients with TB at DOTS clinics in India (Table 4.1 and 4.2).

Most participants believed that a long-term drug delivery device administered through an NG tube

was acceptable and feasible in the field (Figure 4.1 and 4.2). Health care providers were willing

to invest the most amount of money in developing solutions to reduce the frequency of

administering medication, and they felt the NG tube would be the quickest mode to delivery long-

term treatment for TB as compared to swallowing 30 capsules or drinking 2 L of water. Results

indicated that over 90% of providers have experience placing NG tubes. Most patients were willing

to try the NG tube deployment as the mode of administering long-term TB treatment as compared

to swallowing 30 capsules or drinking 2 L of water. These results are promising, although

limitations of the field questionnaire will need to be assessed and addressed in further studies.
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Table 4.1: Demographics of 111 TB health care providers who responded to the
questionnaire study across TB clinics in New Delhi, India.

Characteristics Health care
providers
(N=111) n(%)

Age (years)

18-24 2(1.8)

25-34 64 (57.7)

35-44 16 (14.4)

45-54 15 (13.5)

55-64 14 (12.6)

Sex

Male 81 (73.0)

Female 30 (27.0)

Occupation

Nurses 13 (11.7)

Residents 52 (46.8)

Doctors 46 (41.4)

TB Experience

<1 year

1-5 years

6-10 years

11-15 years

>15 years

12 (10.8)

50 (45.0)

16(14.4)

6(5.4)

27 (24.3)
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Table 4.2: Demographics of 300 TB patients who responded to the questionnaire study
across TB clinics in New Delhi, India.

Characteristics Patients
(N=300) n(%)

Age (years)

18-24

25-34

35-44

45-54

55-64

65+

Not sure

54 (18.0)

57 (19.0)

104 (34.7)

65(21.7)

14 (4.7)

1 (1.7)

5(1.7)

Sex

Male 181 (60.3)

Female 114 (38.0)

Other 1 (0.3)

Not sure 4(1.3)

Time at clinic

<10 minutes

10-30 minutes

30-60 minutes

>60 minutes

Not sure

115 (38.3)

133 (44.3)

39 (13.0)

11 (3.7)

2(0.7)
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Description of adherence solution

Reduce frequency of administering medication

Send reminders to patients via cell phone
or SMS

Send healthcare worker or family member
to remind patient

Reward patients who take medication

Health care providers

Option
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Drinking 2 Liters of water-drug mixture
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Figure 4.1: Field questionnaire results at TB clinics in New Delhi, India.
(A) Table of options presented to TB health care providers and patients with TB regarding four
different methods of improving patient adherence to treatment. (B) Responses from health care
providers on how they would allocate rupees towards four different options to improve patient
adherence to treatment. (C) Responses from patients on whether each option would help them
adhere to treatment. (D) Table of options presented to TB health care providers and patients with
TB regarding three different routes of administering a long-term gastric resident device for TB
treatment. (E) Responses from health care providers on the feasibility of three different routes of
administration with respect to the time each option would take in a TB clinic. (F) Responses from
patients on their willingness to try three different routes of administration for a long-lasting gastric
resident device for TB treatment.
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Figure 4.2: Field questionnaire results on NG tube deployment at TB clinics in New Delhi,
India.
(A) Responses from all TB health care providers on their experience with inserting a NG tube
previously. (B) Responses from all TB health care providers on whether they agree with using a
NG tube for deploying TB treatment. (C) Responses from all TB health care providers on whether
their hospital or clinic has the infrastructure to insert NG tubes in TB patients.

4.3.2 Economic Benefit of Gastric Resident System for Tuberculosis Treatment

A critical aspect for translational success also involved cost-effectiveness of a health care

intervention (236-239). While the final cost of the GRS cannot be estimated, the cost associated
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with nonadherence to TB treatment can motivate the use of the GRS intervention. 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 4.3) (232, 233). Sensitivity

analysis was also conducted and confirmed the main conclusion that an intervention like a GRS

to ensure adherence to TB treatment could save money (Table 4.4). Most of the money saved is

for the household, as the patient with a GRS does not need to miss work or school to go to a

DOTS clinic as frequently.

Table 4.3: Modelled impact of TB treatment interruptions on health and economic costs
in New Delhi, India annually.

Number of patients whose treatment was 7068
interrupted

Number of patients who develop MDR-TB as a 707
result of the interruption

Number of patients who die as a result of the 1560
interruption

Number of additional persons who develop MDR- 195
TB as a result of the interruption

Total additional cost

Provider cost $4,631,
892

Household cost $52,90
5,330

Total $57,53
7,222

Additional cost per patient

Provider cost $655

Household cost $7,485

Total $8,141
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Table 4.4: Sensitivity analysis of economic model for TB treatment interruptions on
health and economic costs in New Delhi, India annually.

Number of
patients

who
develop
MDR-TB

as a result
of the

interruption

Number of
patients

who die as
a result of

the
interruption

Number of
additional
persons

who
develop
MDR-TB

as a result
of

interruption
a= 3, b
=0%, c
=3, d
= 10%,
e=$ $
10%, f 7068 707 1560 195 655 $ 7,485 8,141
= 10%,
g =
70%, h
= 70%,
i= 0.1
a = 2, b
= 0%, c
= 3, d
= 10%,
e=$ $
10%, f 7068 707 1560 195 634 7,144 7,778
= 10%,
g =
70%, h
= 70%,
i= 0.1
a = 4, b
= 0%, c
= 3, d=
10%, e
= 10%,
f= 7068 707 1560 195 677 $ 7,826 8,503
10%, g
= 70%,
h =
70%, i
= 0.1
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$$ 7,573 8,253

a = 3, b
= 10%,
c = 3, d
= 10%,
e =
10%, f
= 10%,
g =
70%, h
= 70%,
i= 0.1
a = 3, b
= 20%,
c = 3,
d=
10%, e
= 10%,

10%, g
= 70%,
h =
70%, i
= 0.1
a = 3, b
= 0%, c
= 2, d
= 10%,
e =
10%, f
= 10%,
g =
70%, h
= 70%,
i= 0.1
a = 3, b
= 0%, c
= 4, d=
10%, e
= 10%,

10%, g
= 70%,
h =
70%, i
= 0.1

$$ 7,481 8,123

$$ 7,490 8,158

7068 707

7068 707 $ 7,660 8,366

1560

1560

1560

1560

$
195 681

195 $15706

$
181 643

$
209 668

7068 707

7068 707
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a = 3, b
= 0%, c
= 3, d
= 0%,
e=$ $
10%, f 7068 707 1560 195 655 $ 7,488 8,143
= 10%,
9 =
70%, h
= 70%,
i= 0.1
a = 3, b
= 0%, c
= 3, d
= 20%,
e=$ $
10%, f 7068 707 1560 195 655 $ 7,482 8,138
= 10%,
9 =
70%, h
= 70%,
i= 0.1
a = 3, b
= 0%, c
= 3, d
= 10%,

0%, f 7068 636 1548 195 613 7,401 8,014
10%, g
= 70%,
h =
70%, i
= 0.1
a = 3, b
= 0%, c
= 3, d
= 20%,

20%, f 7068 777 1572 195 697 $ 7,570 8,267
= 10%,
g =
70%, h
= 70%,
i = 0.1
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a = 3, b
= 0%, c
= 3, d
= 10%,
e =$
10%, f 7068 71 1454 195 277 $ 6,675 2
= 0%, 276,952

9 =
70%, h
= 70%,
i= 0.1
a =3, b
= 0%, c
= 3, d
= 10%,
e =$$
10%, f 7068 1343 1666 195 103 $ 8,295 9,329= 20%,1,3
9=
70%, h
= 70%,
i= 0.1
a = 3, b
= 0%, c
= 3, d
= 10%,
e =$
10%, f 7068 707 1775 373 598 $ 8,344 8,942= 10%,8,4
9 =
35%, h
= 70%,
i= 0.1
a= 3, b
= 0%, c
= 3, d
= 10%,
e =
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4.3.3 Stability and In Vitro Release of Hepatitis C Drugs from Coated Drug-

Polycaprolactone Pills

Worldwide, more than 70 million people are living with chronic hepatitis C virus (HCV),

and -1.7 million more are infected every year (240). HCV infection causes inflammation of the

liver and has been the main indication for liver transplantation (241, 242). The recent introduction

of direct-acting antivirals (DAAs) has resulted in major advances towards curing HCV (243).

However, lack of medication adherence to the DAAs is a major barrier to successful HCV

treatment and can increase the risk of developing drug resistance and death (244-247).

Adherence levels are driven by a variety of factors, including access to medication, stigma

associated with being treated, and the quantity and duration of the treatment regimen (1).

Technologies that can reduce the frequency of dosing stand to have a significant impact in treating

HCV if they are also preferred by patients and health care providers. Thus, there is a critical need

for a GRS that can help patients adhere to HCV treatment.

Two of the main hepatitis C drugs were tested for stability in acid. Preliminary data shows

that sofosbuvir is unstable in acid after 7 days, and daclatasvir degrades by -30% after 21 days

of incubation (Figure 4.3). After investigating a panel of other hepatitis C drugs, acid instability

concerns were overcome by formulating the drug in a polymer matrix as previously described for

ivermectin, an antimalarial drug (48). These polymers include combinations of poly(ethers),

poly(anhydrides), and poly(esters) and poly(siloxanes) (32, 49). Release kinetics of sofosbuvir

mixed in a PCL matrix can be tuned by varying the molecular weight of the PCL (Figure 4.4).
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Figure 4.3: Stability of sofosbuvir and daclatasvir in acid.
HPLC Assessment of drug stability of sofosbuvir (A) and daclatasvir (B) in SGF (pH = 2). Error
bars represent standard deviation for n=5 samples in each group.
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4.4 Conclusion

The results shown here demonstrate the potential for translating the GRS for TB treatment

as well as the ability of it to be used for other diseases, such as HCV. The field questionnaire

highlights 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 (248, 249). Because patients 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 (135). One limitation of the field study is the incorporation of an NG tube description

versus physical NG tube insertion into the questionnaire subjects. Although this questionnaire

was administered to patients and health care providers with a comprehensive understanding of

TB, ultimately, the physical discomfort of NG tube placement along with GRS retrieval requires

further evaluation. The cost of this additional intervention as part of DOTS will need to be

assessed in further fieldwork.
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Chapter 5: Conclusions and Future Outlook

This work from this thesis has resulted in the first demonstration of a GRS capable of

dosing grams of drugs. In Chapter 2, the design of a coiled nitinol wire in tubing was shown to

safely reside in the gastric cavity of a swine model for at least 1 month with safe retrieval through

the NG tube. Results from Chapter 3 demonstrated drug delivery of the GRS in vitro and in vivo

for 1 month. Lastly, work in Chapter 4 highlighted potential for translation of the system from

animals to use in humans.

Macrodevices consisting of multigram drug depots could have an impact across a range

of diseases in addition to TB and could be coupled to other procedures such as endoscopy.

Translation of this GRS will require further work on design, drug delivery, and social acceptability.

Convergence of a variety of engineers with expertise in formulation development, manufacturing,

and electronics will be critical to achieving the next steps. Specifically, designing a method for

disintegration of the GRS without the need for retrieval stands to further improve adherence.

Using an external magnet for this may be a promising approach. Formulations of drugs in polymer

matrices will need to be optimized to maximize drug loading while achieving predictable

pharmacokinetic profiles in the therapeutic range across many drugs. Other designs for pulsatile

release can also enable new regimens of treating diseases. Lastly, electronics such as Bluetooth

sensors and alcohol sensors can be attached to the GRS for communication with the patient or

health care provider. The GRS has potential as a platform technology for improving medication

adherence and thereby also improve outcomes for patients suffering from a myriad of diseases.

113



Appendix: Field Questionnaires in India

The following documents are included in this appendix:

1) Healthcare provider questionnaire (English)

2) Patient questionnaire (English)

3) Patient questionnaire (Hindi)
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CONSENT TO PARTICIPATE IN INTERVIEW

Please read this form fully and consent where requested. You have been asked to participate in a
study conducted by researchers at the Massachusetts Institute of Technology (M.I.T.) and
Operation Asha in New Delhi. Insights gathered from you and other participants will be used in
writing and publishing a paper and theses about patients with tuberculosis and healthcare
providers who treat tuberculosis. Though direct quotes from you may be used in the paper with
your permission, we will never ask you for your name or other identifying information. You
were selected as a possible participant in this study because you are a healthcare provider who
works with tuberculosis patients in India. You should read this information and ask questions
about anything you do not understand before deciding whether or not to participate.

- This questionnaire is voluntary. You have the right not to answer any question, and to stop the
questionnaire at any time or for any reason. In the event you choose to end the questionnaire, all
information you provide will be deleted and omitted from the final paper. We expect that the
questionnaire will take about 10-15 minutes.

- You will not be compensated for this questionnaire. You will receive no direct benefits from
participating in this research study. However, your responses may help us learn more about
developing drug delivery technologies for tuberculosis.

- If you have questions at any time about the study or the procedures, you may contact our
research supervisor, Dr. Robert Langer via email at rlangergmit.edu.

- This project will be completed by August 2018. All questionnaire responses will be stored
securely.

I understand the procedures described above. My questions have been answered to my
satisfaction, and I agree to participate in this study.

(Please check all that apply)

E I have read the above information, and I voluntarily agree to participate.

E I am 18 years of age or older.

] I give permission for any direct quotes from in this questionnaire to be included in
publications resulting from this study.

If you feel you have been treated unfairly, or you have questions regarding your rights as a
research subject, you may contact the Chairman of the Committee on the Use of Humans as
Experimental Subjects, M.I.T., Room E25-143b, 77 Massachusetts Ave, Cambridge, MA, USA
02139, phone 1-617-253-6787.

For any questions about the questionnaire, please contact the study coordinators, Daniel Fulop
(+91 98118 73418) or Malvika Verma (+91 70427 70938).
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1. What is the name of the facility that you currently work in?

2. What type of facility do you currently work in? Mark all that apply.
Sub Centre
Primary Health Centre
Community Health Centre
Sub-divisional Hospital
District Hospital
Tuberculosis Clinic
Tuberculosis Hospital
Medical College
Private Clinic
Mobile Clinic
Operation ASHA DOTS Clinic
Other:

3. How many patients do you see per working day? Please provide a number estimate.

Less than 10

10-20

20-50

50-100

More than 100

4. How many patients suffering from tuberculosis do you see per working day? Please provide
a number estimate.

Less than 10

10-20

20-50
50-100
More than 100

5. How much time on average do you spend with a patient suffering from tuberculosis during a
(non-diagnostic) visit? Please provide a number estimate.

Less than 5 minutes

5-10 minutes

10-30 minutes

30-60 minutes

More than 60 minutes
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6. On average, how often do you see patients with tuberculosis?
Every day

2-3 times a week

Once a week

Several times a month

Once a month

Once every 6 months or less often

Never

7. Out of 100 patients, how many patients do you think miss a dose of their regimen?
out of 100

8. Why do you think patients miss a dose of their regimen? Mark all that apply.
The patient suffers from side effects from the medication.

The patient feels that the medication does not work or the patient sees no effect from taking

the medication.
The patient feels better and does not think he or she needs the medication.

The patient forgot to take the medication.

The patient moved or went to visit a different city and was unable to come to the clinic.

The patient feels a social stigma associated with taking the medication.

The patient is unable or does not want to come to the clinic.

If you selected "The patient is unable or does not want to come to the clinic," please continue to
question 8A. Otherwise continue to question 8B.

8A. Why is the patient unable or why does the patient not want to come to the clinic?

8B. Do you have any other reasons why patients might skip taking their medication?

9. What can happen to patients who skip doses of tuberculosis medication? Mark all that apply.
They can get better.

They can stay sick and never get better.

They can infect others with tuberculosis.

It can be harder to treat tuberculosis in the future.

They can die.

Other:
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10. If you had 100 rupees to help your patients adhere to treatment, how would you allocate it
amongst the following programs? The total cost should add up to 100 rupees. Use integer
numbers only.

rupees to develop a medicine that can reduce number of times medication is taken: for
example, only needing to take medication once a week or once a month, to replace the
current 3-7 times a week.
rupees to send reminders to patients to take their medication via cell phone call or

SMS 3-7 times a week.
rupees to send a healthcare worker or family member to the patient's home to remind

them to take medication.
rupees to provide a reward to patients if they take their medication.

We are developing solutions to provide anti-tuberculosis medication less frequently at the
hospital. This would take the place of the patient coming to the tuberculosis clinic every day. We
are working on different strategies to do this.

One strategy involves a Ryle's (nasogastric) tube placement for deployment of a drug delivery
device with tuberculosis medication. Following deployment of the device, the Ryle's
(nasogastric) tube can be removed in the same visit as deployment After all the medication has
been released, the patient will return to the hospital for a new drug delivery device to be
deployed via the Ryle's (nasogastric) tube.

11. Have you inserted a Ryle's (nasogastric) tube in a patient previously?
Yes

No

12. How many times have you placed a Ryle's (nasogastric) tube in a patient during the last
year?

0
1-10 times

10-50 times

50-100 times

100-200 times

More than 200 times
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13. Do you agree or disagree with the following statements?
Agree or Disagree Ryle's (nasogastric) tubes can be used with patients infected with
tuberculosis.
Agree or Disagree Our hospital (or clinic if not part of a hospital) places Ryle's
(nasogastric) tubes.

If you selected Agree for "Our clinic/hospital places Ryle's (nasogastric) tubes," please continue
to question 13A. Otherwise continue to question 14.

13A. Who is responsible for placing Ryle's (nasogastric) tubes in patients at your
clinic/hospital?

Medical student

Medical intern/resident (MBBS/MD)

Fellow (MBBS/MD)

Attending/Consultant Generalist provider

Attending/Consultant Specialist provider

Attending/Consultant Infectious disease specialist provider

Pharmacy Student

Pharmacist (B-PHARMA)

Nurse (GNM)

Nurse (BSc.N)

Nurse practitioner

Medical Assistant

Other:

14. Would you (or your staff) be able to place Ryle's (nasogastric) tubes to deliver a drug
delivery device with tuberculosis medication?

Yes
No

15. Do you anticipate any challenges in providing these in your practice?
No

Yes

If you selected "Yes," what are the challenges? Mark all that apply.
Ryle's (nasogastric) tube procedures will require training of myself and my clinical

support staff.
A Ryle's (nasogastric) tube procedure will take too long.

Patients will not agree to the Ryle's (nasogastric) tube procedure.

Other:
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Additionally, we are exploring alternative methods that involve taking up to 30 large capsules in
one visit to the hospital to deliver tuberculosis medication.

16. Would you (or your staff) be able to support the directly observed administration of these
capsules?

Yes

No

17. Do you anticipate any challenges in providing these in your practice?
No

Yes

If you selected "Yes," what are the challenges? Mark all that app/y.
Direct observation of administering 30 large capsules will require training of myself

and my clinical support staff.
Direct observation of administering 30 large capsules will take too long.

Patients will not agree to swallowing 30 large capsules in one visit.

Other:

Another strategy we are exploring involves drinking 2 liters of water, which contains
tuberculosis medication. The water and medication mixture would need to be administered
during one visit to the hospital.

18. Would you (or your staff) be able to support the directly observed administration of 2 liters
of water-medication mixture?

Yes
No

19. Do you anticipate any challenges in providing these in your practice?
No

Yes

If you selected "Yes," what are the challenges? Mark all that app/y.
Direct observation of administering 2 liters of the water-drug mixture will require

training of myself and my clinical support staff.
Direct observation of administering 2 liters of the water-drug mixture will take too

long.
Patients will not agree to drinking 2 liters of the water-drug mixture in one visit.

Other:
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20. Depending on the availability of these different methods, do you think patients suffering
from tuberculosis would be willing to take their medication using any of these options? All
the options would need to be directly observed at your clinic/hospital. Check all that apply.

Swallowing 30 capsules

Ryle's (nasogastric) tube

Drinking 2 liters of water-drug mixture

If you selected "Swallowing 30 capsules," then go to 20A.
If you selected "Ryle's (nasogastric) tube", then go to 20B.
If you selected "Drinking 2 liters of water-drug mixture", then go to 20C.

20A. How many times do you believe patients would be willing to come to the tuberculosis
clinic to swallow 30 capsules in I one visit?

Once per week

Twice per month

Once per month

Once every 2 months

Once every 4 months

20B. How many times do you believe patients would be willing to come to the tuberculosis
clinic to have a device inserted through the Ryle's tube?

Once per week

Twice per month

Once per month

Once every 2 months

Once every 4 months

20C. How many times do you believe patients would be willing to come to the tuberculosis
clinic to drink 2 liters of a water-drug mixture?

Once per week

Twice per month

Once per month

Once every 2 months

Once every 4 months

121



Demographics:
21. Are you between the age of

18-24?
25-34?
35-44?
45-54?
55-64?
65-74?
75+?

22. What is your gender?
Male
Female
Other

23. What is your highest level of education?
Nursing degree (GNM, BSc.N, NP)
Professional degree (MBBS/MD)
Doctoral degree (PhD)

24. Which of the following best describes you:
Medical student

Medical intern/resident (MBBS/MD)

Fellow (MBBS/MD)

Attending/Consultant Generalist provider

Attending/Consultant Specialist provider

Attending/Consultant Infectious disease specialist provider

Pharmacist (B-PHARMA)

Nurse (GNM)

Nurse (BSc.N)

Nurse practitioner

Medical Assistant

Other:

25. How long have you worked on the treatment of tuberculosis?
Less than 1 year
1-5 years
6-10 years
11-15 years

More than 15 years
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[Fill this out before each interview. The information below refers to the location of the hospital

or clinic.]

Hospital/Clinic Name:
Interpreter's Name:
Date:
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Before Consent:

Have you already been surveyed?
Yes

No

[If subject answers No, then continue with consent form.]
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Before Interview:

[Ensure subject agrees to participate in the interview by reading the lines below:]

CONSENT TO PARTICIPATE IN INTERVIEW

You have been asked to participate in a research study conducted by researchers at the
Massachusetts Institute of Technology (M.I.T.) and Operation Asha in New Delhi. We have
come here to understand your experience at the clinic today. Insights gathered from you and
other participants will be used in writing and publishing a paper and theses about patients with
tuberculosis and doctors who treat tuberculosis. Though direct quotes from you may be used in
the paper with your permission, we will never ask you for your name or other identifying
information. You were selected as a possible participant in this study because you are a patient at
a tuberculosis clinic in India. You should listen to this information and ask questions about
anything you do not understand before deciding whether or not to participate.

- This interview is voluntary. You have the right not to answer any question, and to stop the
interview at any time or for any reason. In the event you choose to end the interview, all
information you provide will be deleted and omitted from the final paper. We expect that the
interview will take about 10-15 minutes.

- You will not be compensated for this interview, and what you say or do will not affect your
treatment in any way.

- This project will be completed by August 2018. All questionnaire responses will be stored
securely.

Please respond True or False to each option below:

[ ] You understand the procedures described above. Your questions have been answered to your
satisfaction, and you agree to participate in this study.

[ ] You are 18 years of age or older.

[ ] You give permission for any direct quotes from this interview to be included in publications
resulting from this study.

[Ensure subject responds True to all three statements and then take their fingerprint as evidence

of consent:]

If you feel you have been treated unfairly, or you have questions regarding your rights as a
research subject, you may contact the Chairman of the Committee on the Use of Humans as
Experimental Subjects, M.I.T., Room E25-143b, 77 Massachusetts Ave, Cambridge, MA, USA
02139, phone 1-617-253-6787
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We will now begin the interview. Any answers you provide will not affect your treatment. Please
be honest with your answers, as this will support us in our research on tuberculosis to help
patients.
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Interview:

1. Are you at the clinic today to receive treatment for tuberculosis?
Yes
No

[If subject answers Yes, then continue to question 2. Otherwise say. "Thank you very much" and

stop the survey.]

2. Why are you at the tuberculosis clinic today?
Directly observed treatment
Routine monitoring
Had side effects from treatment
Other

3. How much time did you spend commuting to the tuberculosis clinic today?
Less than 10 minutes
10-30 minutes
30-60 minutes
60-90 minutes
More than 90 minutes-- About how long?

4. How much did it cost to commute to the tuberculosis clinic today?
Zero rupees
1-10 rupees
10-50 rupees
50-100 rupees
100-300 rupees
300-500 rupees
More than 500 rupees-- About how much?

5. Did you have to miss work/school or arrange for paid child care to come to the tuberculosis
clinic today?

Yes: Work School Childcare
No:
Not Applicable

6. Respond True or False or Not sure for the following statements:
True or False or Not Sure Tuberculosis is caused by bacteria.
True or False or Not Sure__ Tuberculosis is directly caused by smoking.
True or False or Not Sure Tuberculosis directly causes lung cancer.
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or False or Not Sure Tuberculosis can be cured.

7. Out of 100 patients with tuberculosis, how many do you think miss a dose of their regimen?
out of 100

8. Thinking about a time or times you missed a dose of your tuberculosis medication, please
respond True or False:
[Change first person to 3rd person]

True or False I missed a dose because I suffered from side effects from the medication.
True or False I missed a dose because I feel that the medication does not work or I see
no effect from taking the medication.
True or False I missed a dose because I felt better and did not think I needed the
medication.
True or False I missed a dose because I forgot to take my medication.
True or False I moved or went to visit a different city and was unable to come to the
clinic.
True or False I missed a dose because I came to the clinic, but there was nobody here
to give me my treatment.
True or False I was unable or did not want to come to the clinic.

[If subject answers True to "I was unable or did not want to come to the clinic " then go to 8A.
Otherwise, go to 8B.]

8A. Why were you unable or why did you not want to come to the clinic?

8B. Do you have any other reasons why you might be unable to take your medication?

9. What can happen to people with tuberculosis who skip doses of tuberculosis medication?
Respond True or False or Not Sure:

True or False or Not sure They can get better.
True or False or Not sure They can stay sick and never get better.
True or False or Not sure They can infect others with tuberculosis.
True or False or Not sure It can be harder to treat tuberculosis in the future.
True or False They can die.

10. Respond True or False if you think the following solutions would help you follow a
treatment regimen.
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True or False Reduce number of times medication is taken: for example, only needing
to take medication once a week or once a month, to replace the current 3-7 times/week treatment.
The medicine would still be just as effective, you would simply need to take it less frequently.
The total treatment period remains the same.
True or False Send reminders to take medication via a cell phone call or SMS 3-7
times a week.
True or False Have a healthcare worker or family member come to your home to
remind you take medication.
True or False Provide a reward to you if you take your medication.

We are developing solutions so that you can get medicine less frequently at the hospital. For
example, you can go to the hospital once a week, once every 2 weeks, or once a month at a
hospital. This would take the place of going to the tuberculosis clinic every day and save you
time and money. We have different strategies to do this:

(A) One involves swallowing 30 large capsules in one visit to the hospital.
[Show jar with 30 "000 size capsules]

(B) Another involves the use of a Ryle's (nasogastric) tube to deploy a device containing your
tuberculosis medication.
[Remove Ryle's (nasogastric) tube from package and show it to patient. Do not give it to them

until later.]

This is how a Ryle's (nasogastric) tube works: First the doctor will put on a pair of clean gloves.
Then the doctor will explain the Ryle's (nasogastric) tube procedure to you. The doctor will
apply xylocaine jelly, a local anesthetic, to prevent pain and make sure the Ryle's (nasogastric)
tube passes through your nose into your stomach. The xylocaine jelly will be applied to the tube
and act as a lubricant.
[Show picture 1]

Then the tube is inserted through one nostril into the nose as shown here. The end of the tube
travels all the way into the stomach as shown in this picture.
[Show picture 2]

Ryle's (nasogastric) tubes are commonly used for feeding and administering drugs when patients
cannot swallow. The device containing your tuberculosis medicine will be inserted into the
Ryle's (nasogastric) tube and deployed into the stomach. Following deployment of the device,
the Ryle's (nasogastric) tube can be removed during the same visit to the hospital, so the whole
procedure will last less than 10 minutes.

So, a doctor at a hospital will deploy a device through a Ryle's (nasogastric) tube into the
stomach. This device will gradually release your medication. After all the medication has been
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released, you will return to the hospital and have a Ryle's (nasogastric) tube placed again to
remove the device and put in a new device for the next round of medication.

Here is a Ryle's (nasogastric) tube.
[Give subject the Ryle's (nasogastric) tube to hold.]
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Esophagus
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Picture 2
Attributed to Cancer Research UK
(https://commons.wikimedia.org/wiki/File:Diagram-showingtheposition-of_a_nasogastric-tu
beCRUK_340.svg), https://creativecommons.org/licenses/by-sa/4.0/legalcode
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(C) Another strategy involves drinking 2 liters of water, which contains the drug. The water-drug
mixture would need to be swallowed in one visit to the hospital.
[Show one 2L bottle of Bisleri.]

11. Depending on the availability of these different methods, would you be willing to do any of
these options? All of these options would be directly observed at the tuberculosis clinic.
Respond Yes if you are willing and No if you are unwilling.
[Read out all options to subject and show pictures of the options. Mark which ones they are

willing.]

Yes or No
[If subject answers "Yes " then check boxes below.]

I1A.
Swallowing 30 capsules

Ryle's (nasogastric) tube

Drinking 2 liters of water-drug mixture

[If subject answers "Swallowing 30 capsules", then go to 1 A. If subject answers "Ryle's

(nasogastric) tube", then go to 1B. If subject answers "Drinking 2 liters qf water-drug

mixture", then go to IIC.]

I lA_1. How many times would you be willing to come to the tuberculosis clinic to swallow
30 capsules in I one visit?

Once per week

Twice per month

Once per month

Once every 2 months

Once every 4 months

1 lA_2. How many times would you be willing to come to the tuberculosis clinic to have a
device inserted through the Ryle's tube?

Once per week

Twice per month

Once per month

Once every 2 months

Once every 4 months

I IA_3. How many times would you be willing to come to the tuberculosis clinic to drink 2
liters of a water-drug mixture?

Once per week

Twice per month

Once per month
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Once every 2 months

Once every 4 months

12. Have you ever had a Ryle's (nasogastric) tube placed in your stomach?
Yes

No

Don't know/don't remember

13. On this scale, how would you perceive the discomfort of a Ryle's (nasogastric) tube
placement?

[Show Picture 3 and have subject point to number on scale.]

14. On this scale, how would you perceive the discomfort of swallowing all 30 capsules in this
jar in 1 visit to the hospital?

[Show Picture 3 and have subject point to number on scale.]

15. On this scale, how would you perceive the discomfort of drinking 2 liters of water in 1 visit
to the hospital?

[Show Picture 3 and have subject point to number on scale.]
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Demographics:

16. Are you between the ages of
18-24?
25-34?
35-44?
45-54?
55-64?
55-64?
65-74?
75+

17. What is your gender?
Male
Female
Other

18. What is your highest current level of education?
No formal education
1 st- 5 th standard

6 th_8 th standard

9 th-1 0 th standard
11-1 2 th standard

Bachelor
Master
Professional degree
Doctoral degree

19. What is your level of employment?
Employed for wages
Self-employed
Out of work and looking for work
Out or work but not currently looking for work
Homemaker
Student
Retired
Other

20. How many hours do you work (or go to classes) in a day?
Hours per day
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21. How many days do you work (or go to classes) in a week?
Days per week

22. How often do you come to the clinic per week?
1X a week
2X a week
3X a week
4X a week
5X a week
6X a week
Every day
I come once every 2 weeks.
I come around once per month or less frequently.

23. In a typical visit, how much time passes from when you enter the clinic to when you leave
the clinic?

Less than 10 minutes
10-30 minutes
30-60 minutes
More than 60 minutes- About how long?

24. Is there anything else you would like to tell me about your experience at the clinic?
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