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Efforts at elimination of scourges, such as malaria, are limited by the logistic challenges of reaching large rural
populations and ensuring patient adherence to adequate pharmacologic treatment. We have developed an
oral, ultra–long-acting capsule that dissolves in the stomach and deploys a star-shaped dosage form that re-
leases drug while assuming a geometry that prevents passage through the pylorus yet allows passage of food,
enabling prolonged gastric residence. This gastric-resident, drug delivery dosage form releases small-molecule
drugs for days to weeks and potentially longer. Upon dissolution of the macrostructure, the components can
safely pass through the gastrointestinal tract. Clinical, radiographic, and endoscopic evaluation of a swine large-
animal model that received these dosage forms showed no evidence of gastrointestinal obstruction or mucosal
injury. We generated long-acting formulations for controlled release of ivermectin, a drug that targets malaria-
transmitting mosquitoes, in the gastric environment and incorporated these into our dosage form, which then
delivered a sustained therapeutic dose of ivermectin for up to 14 days in our swine model. Further, by using
mathematical models of malaria transmission that incorporate the lethal effect of ivermectin against malaria-
transmitting mosquitoes, we demonstrated that this system will boost the efficacy of mass drug administration
toward malaria elimination goals. Encapsulated, gastric-resident dosage forms for ultra–long-acting drug deliv-
ery have the potential to revolutionize treatment options for malaria and other diseases that affect large po-
pulations around the globe for which treatment adherence is essential for efficacy.
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INTRODUCTION
Development of oral, long-acting therapies is fundamentally limited
by the rapid gastrointestinal (GI) transit time. To counter this, attempts
have been made to prolong the GI transit time by delaying gastric
emptying of the drug through flotation or swelling in the gastric cav-
ity (1–3) or by sedimentation in gastric folds or adhesion to mucosal
surfaces (1–4). In addition, oral dosage forms that adopt a different
conformation in the gastric cavity to prolong gastric residence time
have been described over the last 30 years. These attempts have been
limited, however, by lack of safety mechanisms incorporated into the
dosage forms that ensure ultimate safe passage through the GI tract
(5–7) or limited (hours) duration of the gastric residence (8), or both.
Recently, we developed new materials that can potentially improve
safety and have the ability to fit into ingestible forms (9).
Despite major advances in the 20th century, malaria remains a
scourge in large portions of the world, especially sub-Saharan Africa
and Southeast Asia. The Global Malaria Eradication Program in the
1950s, as well as the Roll Back Malaria Partnership campaign of the
2000s, has succeeded in reducing the toll of malaria. Nevertheless,
globally, there were an estimated 214 million cases in 2015, and
438,000 lives were lost (10, 11). More than 90% of the mortality from
malaria is caused by the protozoan parasite Plasmodium falciparum
despite the availability of multiple effective therapies. Factors con-
tributing to the disease’s resiliency include endemic region poverty,
emergence of antimalarial resistance, and poor health care infra-
structure that limits access to care.

Indoor residual spraying with insecticidal agents, insecticide-
treated bed nets, and treating individuals with symptomatic disease
have been the cornerstone of malaria control and have led to an es-
timated 40% reduction in clinical disease since 2000 (12). However, it
is becoming apparent that additional interventions will be required to
eliminate this disease. One such strategy is mass drug administration
(MDA) to human populations with parasite clearing and prophylactic
drugs (13), such as Coartem (artemether-lumefantrine) or Eurartesim
[dihydroartemisinin-piperaquine (DP)], to treat or prevent malaria
(13). Prolonged delivery of malaria preventative chemotherapies could
have a significant impact on malaria transmission (14) because
humans are the only known reservoir for this infection. The effective-
ness of MDA depends on obtaining sufficient and prolonged drug
blood levels in the vast majority of the population, which can be dif-
ficult in resource-constrained or remote locations, and increases the
cost of the MDA approach (13, 15). Nonadherence, a well-recognized
barrier to effective care in the developed world, has also been shown to
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contribute to MDA failure in the developing world during repeat dos-
ing regimens (16–18).

Ivermectin is a well-known and safe drug that has been admin-
istered more than a billion times around the world since its approval
in 1987 for the treatment of onchocerciasis (African river blindness).
Upon approval, Merck committed to providing ivermectin free of
charge to the World Health Organization (WHO) to help eradicate
onchocerciasis (river blindness) (19). Ivermectin is also active against
lymphatic filariasis, which infects 68 million people worldwide (20),
and is effective for the control of scabies during MDA campaigns
(21). In addition, ivermectin kills the Anopheles mosquito that
transmits malaria (22–24). Oral ivermectin, with a half-life of 18 hours
in humans (25), achieves serum concentrations that kill the mosquito
after a blood meal and prevents malaria transmission to another per-
son (26, 27). Serum levels of 8 ng/ml [well below the maximum serum
concentration (Cmax) of commercial ivermectin] are sufficient to
achieve this effect. Modeling studies and field evidence suggest that
coadministration of ivermectin may augment the efficacy of MDA re-
gimens that administer artemisinin combination therapies (22, 28, 29)
through a mosquitocidal effect and malaria transmission blockade
(30–32). This strategy has the potential to effectively interrupt vector
transmission of malaria and could reduce prevalence within endemic
regions. We have therefore developed a single-encounter oral, ultra–
long-acting form of ivermectin that can achieve sustained therapeutic
serum drug concentrations for at least a week or more.
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RESULTS
Design of an oral capsule capable of prolonged
gastric residence
An oral sustained delivery dosage form that has prolonged gastric
residence should (i) have a shape and size that can be ingested by a
subject (such as a capsule), (ii) have the ability to adopt an alternative
conformation in the gastric cavity that delays or prevents passage
through the pylorus, (iii) be able to carry large loads of the therapeutic
agent, (iv) provide controlled release of the agent for long time periods
(weeks or months) with little or no potential for burst release, (v) main-
tain stability of the therapeutic agent in a low-pH gastric environment
for an extended duration, (vi) degrade/dissolve or dissociate into forms
in a predictable manner that can exit the stomach and pass through the
GI lumen with no potential for obstruction or perforation, and (vii)
have safety mechanisms that enable dissociation of the macrostructure
in the event of inadvertent passage through the pylorus to avoid
downstream intestinal obstruction (particularly at the ileocecal valve)
(Fig. 1A).

Previous work with gastric balloons of various sizes has determined
that the size necessary to preclude passage through the pylorus in large
mammals, such as human and dog, is about 2 cm (33). Later attempts
in beagles to identify geometries that were retained in the stomach
identified 2 cm as a critical size and a tetrahedron as the optimal ge-
ometry. However, these designs were not successful in humans (5–7),
in part, a result of the size difference between fully grown beagles
(about 10 to 15 kg) and humans. Thus, the development and optimi-
zation of an animal model that approximated the relevant anatomic
dimensions of a human adult was a critical first step in developing a
successful long-acting drug delivery platform. We therefore chose 35-
to 50-kg Yorkshire pigs for our in vivo work because their gastric
anatomy is similar to that of humans and they are often used for eval-
uation of GI-related devices (34, 35).
Bellinger et al., Sci. Transl. Med. 8, 365ra157 (2016) 16 November 2016
Modular designs
Iterative studies identified a modular design that best fulfilled the
above design criteria. The modular approach was driven by the ob-
servation that requiring a material to perform multiple functions
(for example, controlled release of drug and tunable degradation) im-
posed unacceptable trade-offs in function. Two geometric families of
rigid and flexible combinations were designed and characterized (Fig.
1B): a “polygon” family of alternating rigid and flexible elements and a
second “stellate” family in which rigid elements project from a central
flexible component. A combination of flexible recoil element(s) that
enable the dosage form to be deformed addresses the first two design
constraints, whereas rigid polymeric elements serve as a drug delivery
matrix and address the third through fifth constraints. Degradable
and/or dissolvable elements within the formulation that selectively dis-
solve in near neutral pH but remain stable in the acidic gastric
environment can be used to control the duration of gastric residence
and improve safety by reducing the size of the fragments during pas-
sage, addressing the final two constraints. Poly(e-caprolactone) (PCL)
was selected for the rigid drug release matrix because of its bio-
compatibility, low-temperature melt processing, and established use
in controlled drug delivery.

We constructed finite element analysis (FEA) models to compare
the ability of formulations based on various geometries to be
encapsulated and to subsequently resist gastric housekeeping contrac-
tions. Figure S1 shows stress maps of several geometries during folding
of the dosage form for placement in a capsule. Figure 1C illustrates an
optimized geometry that has minimal stress concentrations in the
encapsulated form while providing sufficient folding force to resist
gastric contractions and expulsion from the stomach. Further, this
stellate geometry has a high capsule fill ratio >85% compared with less
than 60% for the comparable hexagonal polygon geometry.

Designs were generated with computer-aided design (CAD)
software, printed with three-dimensional (3D) additive technology,
and used as positive models for polydimethylsiloxane (PDMS) neg-
ative molds. Oral dosage forms were then formed by melt-molding
the thermoplastic polymers into the desired geometry (Fig. 1D).

Optimization for gastric residence
The ability to resist gastric exit through the pylorus is a complex func-
tion of geometric, mechanical, and material properties. A size greater
than a 2-cm cross-sectional dimension alone did not predict the dura-
tion of gastric residence in preliminary large-animal trials (fig. S2).

We developed a simplified in vitro assay, a “funnel” test (shown
schematically in fig. S3), to assess the folding forces that dosage forms
could resist. This approach allowed us to model the ability of dosage
forms to resist the migrating motor complex peristaltic waves of the
stomach. We evaluated various formulations to identify the geometry
and material properties that resulted in “folding forces” greater than
1.5 N to compress the formulation into a shape with a cross-sectional
dimension of less than 2 cm.We selected the 1.5-N cutoff to provide an
excess over published estimates of the maximum developed force in
the gastric antrum and pylorus in humans (36); the 2-cm geometric
cutoff was based on previous anatomical estimates (33).

Selection of a PCL thermoset as the elastic recoil element
We considered various elastomeric materials for use as the central
elastic element of the dosage form. The key properties assessed
were the ability to (i) undergo a high degree of strain without tearing,
(ii) recoil rapidly within 5 to 30 min after removal from a capsule, and
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(iii) remain in the deformed state for a prolonged period of time with-
out undergoing plastic deformation. A thermoset polyurethane
(PU) material composed of low–molecular weight (MW) PCL
polyols cross-linked with isocyanate was selected. This thermo-
set material has minimal creep properties compared to several other
common elastomeric materials (fig. S4A). We assessed the ability of
the flexible element to recoil in vitro by placing formulations in gelatin
capsules in storage for 1 month at 22° and 4°C. The folding force was
evaluated in vitro and found to decrease by 20% at 22°C and 15% at
4°C (fig. S4). Although the folding force decreased after storage, it
was still well above the estimated threshold required for achieving
gastric residence (36).

Tunable linkers for control of gastric exit and
intestinal dissolution
The design elements that control safety and exit from the gastric cavity
(as well as reducing the potential for obstruction once in the intestine)
are the break points shown schematically in Fig. 1B. Separating the con-
trol of dissolution of the star-shaped dosage form from the control of
drug release was important to reduce the risk of unanticipated drug re-
lease, or “dumping,” and to facilitate incorporation of a variety of drugs.
On the other hand, incorporating dissolution into the elastic recoil ele-
ment could compromise the mechanical properties and stability neces-
sary for durable storage and rapid recoil in the gastric cavity.

We formed linkers from films of pH-dependent copolymers via
solvent welding. Films consisting of blends of Eudragit L100-55
plasticized with Eudragit Plastoid B were interfaced with PCL by
Bellinger et al., Sci. Transl. Med. 8, 365ra157 (2016) 16 November 2016
using a solvent weld. The strength
and adhesion of the linker were
evaluated by characterizing the flex-
ural strength through four-point
bending and the adhesion through
a pull-apart test (fig. S3). Linker dis-
solution was evaluated by incubation
in vitro in simulated gastric fluid
(SGF) and simulated intestinal fluid
(SIF) for 1 week followed by strength
and adhesion tests. We designed en-
teric linkers that retained strength
and adhesion in SGF and rapidly de-
graded in SIF (fig. S3, A and B). After
incubation in SIF for 24 hours, the
linkers fractured under minimal
mechanical loading.

In vivo evaluation of gastric
residence and drug
delivery systems
We characterized our dosage forms
in vivo in pigs for their efficiency
to (i) deploy rapidly after reaching
the gastric cavity, (ii) remain safely
resident in the gastric cavity for
prolonged periods of time without
causing obstruction or mucosal in-
jury, and (iii) fragment and pass
through the intestinal tract safely. Re-
presentative serial abdominal x-rays
after administration revealed the
stellate-shaped dosage forms exiting the gelatin capsule in the gas-
tric cavity and adopting a residence form (Fig. 2A). Of more than
107 capsules administered on 35 occasions (to 15 different pigs), all
107 capsules deployed properly within 5 min, as confirmed by radio-
graphic transition from an encapsulated to an unencapsulated appear-
ance (Fig. 2A).

Gastric residence was evaluated by serial x-rays obtained on sub-
sequent days and by endoscopic evaluation (Fig. 2). Figure 2C shows
representative endoscopic images from gastric residence experiments
at various time points. Notably, even after prolonged periods of gastric
residence, gastric mucosal surfaces did not show injury, erosions, or
the presence of any ulceration, as determined through endoscopic
evaluation by a trained gastroenterologist over the course of the study.
Further, on serial x-ray evaluations, the gastric-resident dosage forms
can be detected in the fundus and antrum and are found to move
around freely within the gastric cavity between sessions. No evidence
of mucoadhesion or attachment/lodging on a gastric surface was
noted. Gastric-resident dosage forms are seen in some endoscopic
evaluations to be overlying the pylorus; however, no evidence of ob-
struction or limitation in passage of food or liquid was seen. The
pigs were fed a normal diet except on days before endoscopic eval-
uation when they received a liquid diet to facilitate visualization
and maximize safety during sedation. Endoscopic evaluation re-
vealed a clear stomach irrespective of the previous animal diet,
which included fibrous foods such as banana peels and uncooked
yams, supporting the lack of a functional gastric outlet obstruction
from our dosage forms.
Fig. 1. Design of a modular gastric residence vehicle. (A) Schematic of deployment of gastric residence drug delivery
dosage form via ingestible capsule. (B) Two families of geometric arrangements of flexible and rigid elements able to fit
into a capsule and method of dissolution via fracture at designed failure points in presence of intestinal pH. Schematic
enteric linkers, such as those evaluated in vitro (see fig. S3), are represented by black lines. (C) Stress distribution of the
flexible element when it is folded into the capsule, generated with the finite element method. (D) Representative dosage
form after assembly and loading into a 00el gelatin capsule. Linkers, such as those evaluated in vitro in fig. S3, are yellow and black.
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We quantified the duration of gastric residence by recording the
presence of the various forms of the stellate structure in the gastric
cavity on serial x-ray evaluation. Survival of the stellate config-
uration was defined as the last day on which it was visualized as
fully intact in the gastric cavity. For the individual “arm” fragments
and elastic elements, survival was defined as the last day on which
each piece was visualized in the gastric cavity during serial evaluation.
Stellate configurations designed for encapsulation in 00el gelatin cap-
sules consistently remained in the gastric cavity for up to 10 days,
which was significantly longer than seen with the individual arm frag-
ments and elastic elements (Fig. 2B, P = 0.006 by Mantel-Cox log-rank
test). Gastric emptying and intestinal transit times in the pig are de-
layed compared to other species (37), and in some cases, our gastric
residence formulations remained in place for up to 42 days in the ab-
sence of the degradable linkers. Inclusion of linkers could provide
more consistent gastric residence times. In summary, we demonstrate
the potential of the star-shaped dosage form to reside in the gastric
cavity for multiple weeks without affecting the passage of food.

Ivermectin controlled release and stabilization
Ivermectin in the powdered form can be suspended into PCL by
melting PCL and mechanically blending the powder into the molten
polymer. PCL is melted at 70° to 90°C to allow blending, and ivermec-
tin remains stable at this temperature. The rate of release of ivermectin
from the PCL matrix can be tuned by varying the amount of drug and
Bellinger et al., Sci. Transl. Med. 8, 365ra157 (2016) 16 November 2016
including hydrophilic U.S. Food and
Drug Administration–recognized ex-
cipient polymers such as poloxamers
and methyl methacrylate copolymers
(Fig. 3, A to C). Drug release occurs
through polymeric matrix erosion
that opens channels, allowing drug
to diffuse out of the polymer (fig. S5).
To further study the drug release dy-
namics, we selected formulations with
near-linear rates of release in vitro. To
minimize the variability of the rate of
release in different gastric and intesti-
nal environments, we also evaluated
formulations for the consistency of
the rate of release in two different
Biorelevant fluids, SGF and SIF. For-
mulations with relatively consistent
rates of release between SGF and
SIF were selected for further optimi-
zation (Fig. 3C).

Ivermectin is relatively large and
lipophilic, as compared to other small-
molecule therapeutic agents, and is
prone to oxidative and radical degra-
dation. Hence, a gastric residence tech-
nology intended to deliver ivermectin
for multiple days must stabilize the
ivermectin for prolonged periods of
time in the harsh gastric environment
(37°C, pH 1.5, 100% humidity). Iver-
mectin in SGF degrades substantially
within 3 days (Fig. 3, D and E). For-
mulations of ivermectin suspended in
PCL, a relatively hydrophobic polymer that minimally swells in water,
and incubated in SGF (pH 1.5, at 37°C, fully submersed and agitated
at 150 rpm) were stable for up to 14 days (Fig. 3, D and E).

To achieve prolonged gastric residence, formulations must re-
tain sufficient mechanical strength to withstand gastric contractions.
This is a particular challenge for the polymer-drug matrix after most
of the drug is released. Strength after casting, as well as strength after
releasing ivermectin in SGF for 7 days, was assessed for multiple for-
mulations and found to be near or greater than 10 MPa for ultimate
flexural strength even after 7 days in SGF across all the formulations
(Fig. 3F).

In vivo sustained oral delivery of ivermectin for 10 days
Having identified favorable ivermectin formulations in vitro, dos-
age forms varying in their excipient profile and drug loading were
prepared for administration in the swine large-animal model for
identification of optimal ultralong pharmacokinetic profiles. Capsule-
enclosed dosage forms were endoscopically administered to swine
under moderate sedation. After administration at time 0, serum
samples were collected at 0, 1, 2, 6, 24, 48, 72, 96 hours, etc. and
analyzed by liquid chromatography–tandem mass spectroscopy
(LC-MS/MS) for serum ivermectin concentration. One to three dos-
age forms per pig containing ivermectin formulations with 15 to 20%
(w/w) drug load to total polymer composition were administered.
We observed sustained serum levels within a target therapeutic range
Fig. 2. In vivo evaluation of gastric residence dosage forms. (A) Representative lateral abdominal radiographs obtained
immediately after administration to a pig of gelatin capsules containing the star-shaped dosage forms demonstrating rapid
deployment. Arrowheads, location of dosage forms. (B) Survival analysis of 00el capsule containing the stellate dosage forms,
individual arm pieces, and elastomer centers in the gastric cavity after administration on separate occasions to pigs [n = 6 pigs
for stellate dosage forms, n = 4 for elastomer centers of the dosage forms, and n = 4 pigs for fragmented arms of the dosage
forms (48 arms)]. P = 0.006 by Mantel-Cox log-rank test for significance of difference among survival curves. (C) Representative
endoscopic images from days 0, 4, 10, and 14 after dosage form administration to the swine large-animal model. Intact dosage
forms reside in various locations in the gastric cavity, are mobile, and do not showmucoadhesion or obstruction of passage of
solid food or liquids.
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(8 to 40 ng/ml) for malaria transmission reduction for more than 10
days (Fig. 4). We compared these levels with the sustained therapeutic
ivermectin levels of the commercially available ivermectin (Stromectol)
immediate-release formulation dosage form, with a known serum high
bioavailability of >90% and half-life of about 18 hours in humans (iver-
mectin has a half-life of about 12 hours in swine) (25, 38). Dosage forms
without enteric linker elements were used for the in vivo studies to iso-
late and identify drug release properties and thereby identify optimal
pharmacokinetic parameters from the various formulations. Such dos-
age forms would be expected to carry a higher risk of complication; the
animals were monitored clinically and radiographically, and no compli-
cations were observed.

Three dosage forms were endoscopically retrieved from the gas-
tric cavity at day 14 after deployment, and ivermectin integrity was
evaluated by HPLC. Residual ivermectin drug load was solvent-
extracted and analyzed by a stability-indicating HPLC assay. After
14 days in vivo, the residual ivermectin was found to be >96% in-
tact without evidence of substantial degradation. Certain formula-
tions, especially those containing the Eudragit E PO (IVM-03) excipient,
Bellinger et al., Sci. Transl. Med. 8, 365ra157 (2016) 16 November 2016
released ivermectin more efficiently in vivo, resulting in less residual
ivermectin present after 14 days (Fig. 4).

Sustained ivermectin could potentiate efficacy of
artemisinin combination therapy–based MDA for malaria
Two well-established mathematical malaria models (28, 39, 40)
were used to estimate the impact of long-lasting ivermectin on
transmission dynamics and prevalence. Two scenarios were chosen
in which ivermectin was a component of multiple rounds of MDA
in conjunction with DP: a seasonal southern Zambian setting with
three annual dry-season rounds and a nonseasonal African setting,
such as the Democratic Republic of Congo, showing three rounds of
mass treatment (Fig. 5). The mosquitocidal impact of ivermectin was
estimated on the basis of data from 12 studies in which mosquitoes
were fed on blood containing a range of ivermectin concentrations
(28). This derived relationship then informed the increased hazard
of mosquito mortality used in these simulations based on the pharma-
cokinetic concentration achieved by our gastric-resident dosage form
(Fig. 4). Long-lasting ivermectin complements MDA with DP by
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Fig. 3. In vitro release and stability of ivermectin. (A) In vitro release of ivermectin (IVM) from drug-loaded stellate dosage forms with different formulations in SGF.
(B) Summary of formulations used for in vitro release and mechanical testing, as in (A) and (F), respectively. (C) In vitro release of ivermectin in SGF, SIF, and fasted-state
SGF (FaSSGF). (D) Representative high-performance liquid chromatography (HPLC) curves of ivermectin degradation after 3 days in SGF and of ivermectin stabilized in
PCL and incubated in SGF for 0 and 14 days. (E) Ivermectin stability when homogenously dispersed in a PCL matrix versus in a solution after incubation in SGF (an acidic
environment) over 14 days. (F) Flexural strength of drug-polymer blends after incubation in SGF for days 0, 1, and 7. Error bars represent SD for n = 3 samples in each group.
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reducing the proportion of mosquitoes living long enough to be-
come infectious, meaning that, as the prophylactic period of DP
starts to wane, there are few infectious mosquitoes in the popula-
tion to reseed transmission, thus maintaining the gains achieved by
the mass parasite clearance. Figure 5A shows multiple stochastic
realizations of MDA campaigns with initial prevalence of 50%
and uncorrelated per-campaign coverage of 60%. Within these sim-
ulated transmission parameters and drug campaign coverage as-
sumptions, Fig. 5A (inset) illustrates the substantially increased
probability of local malaria elimination for the 14-day compared
to the 3-day ivermectin dose duration. Figure 5B shows the trade-
off between the ivermectin-effect duration and the campaign coverage
that achieve about the same population-wide effect in a nonseasonal
setting. Although malaria prevalence can be greatly reduced by MDA
with artemisinin combination therapy alone if coverage is very high
(~90%), we predict that incorporating long-lasting ivermectin can
achieve similar results at more modest and historically and operation-
ally achievable levels of population-wide MDA coverage (13, 15–18).
With the inclusion of long-acting ivermectin, we have the added ben-
efit that transmission from nontreated individuals is reduced because
there are fewer mosquitoes to become infected, and any mosquitoes
picking up infectious parasites from these untreated individuals are
likely to take one or more blood meals from ivermectin-treated indi-
viduals, and thus die, before becoming infectious themselves. Figure
5C shows the prevalence of infection after 2 years of interventions
(during the follow-up interval from Fig. 5A) for a wide range of dif-
ferent initial prevalence and campaign coverage values. Each marker
indicates a single stochastic simulation, and the shaded areas represent
the interpolated mean values. The shaded white areas indicate that
Bellinger et al., Sci. Transl. Med. 8, 365ra157 (2016) 16 November 2016
local elimination is possible with ivermectin combined with a long-
lasting artemisinin combination therapy. As indicated by the shift
from darker to lighter colors, the higher postintervention prevalence
values are significantly reduced in the 14-day compared to the 3-day
ivermectin scenario, and local elimination is likely over a broader
range of initial prevalence and campaign coverage values. We further
evaluated the potential capacity of the long-acting ivermectin dosage
form to reduce parasite burden in scenarios where a random cross
section of subjects is treated in each round of MDA administration
and in correlated scenarios (where the same subjects received the iver-
mectin and artemisinin combination therapy in every round) (fig. S6).
Our calculations predicted that inclusion of a long-lasting ivermectin
delivery dosage form increased and sustained the effect of an MDA
with both correlated and random coverage assumptions. It has been
posited that individuals that are repeatedly not covered in an MDA
(correlated coverage) can jeopardize the campaign’s success (41). In-
cluding a long-lasting ivermectin delivery dosage form can reduce this
negative effect.
DISCUSSION
Here, we report an oral, ultra–long-acting delivery of a small-molecule
therapy for malaria control for more than a week in a dosage form
compatible with human administration. With these gastric-resident
dosage forms, a single administration of a capsule-carried dosage form
can deliver up to 10 to 14 days of sustained, mosquitocidal ivermectin
that results in serum concentrations in a range effective for vector con-
trol. These gastric-resident dosage forms showed no clinical, radio-
graphic, or endoscopic evidence of GI obstruction or mucosal injury.
Fig. 4. In vivo release of ivermectin. (A) Ivermectin serum concentration over 14 days after administration of various formulations in swine. (B) Composition of the formulations
used for in vivo analysis. EUD E PO, Eudragit E PO. (C) Duration of therapeutic effect of long-acting ivermectin formulations compared to stromectol. Error bars represent SD for n = 3
samples in each group. AUC, area under the curve.
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The dosage form can be administered as a capsule, rapidly and
consistently deployed in the gastric cavity, and achieves prolonged gas-
tric residence. Because they contain removable linkers, these systems
can disassociate into small pieces for safe passage through the intestine
as indigestible material. Ivermectin release in the gastric cavity was op-
timized for linearity and drug stability. Finally, mathematical modeling
of malaria transmission predicted that sustained ivermectin at mosqui-
Bellinger et al., Sci. Transl. Med. 8, 365ra157 (2016) 16 November 2016
tocidal levels would increase the effect of malaria interventions and the
probability of achieving elimination.

Ivermectin’s efficacy during MDA in malaria transmission reduc-
tion and vector control is related to the duration of serum exposure of
ivermectin (22, 31). A major limitation to MDA approaches for ma-
laria has been the logistic challenges of repeated dosing in resource-
constrained locations, and this is a particular challenge with the less
DHA-piperaquine MDA
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Fig. 5. Mathematical malaria transmission model. (A) P. falciparum parasite rate (PfPR) as measured using rapid diagnostic test (RDT) for multiple stochastic realiza-
tions of MDA scenarios using the EMOD (epidemiological modeling) model (39, 40) in a high-transmission southern Zambian setting. Arrows indicate the timing of 60%
coverage campaigns with DP (all ages) and ivermectin (people over 10 years of age), and color indicates the duration of ivermectin efficacy: gray (no ivermectin), brown
(3 days), pink (14 days), and green (30 days). Aligned on the same time axis, the inset shows the fraction of simulations with no remaining infections for each scenario.
(B) Fraction of population positive by slide microscopy for MDA scenarios with DP and ivermectin using the model of Griffin et al. (48) in a nonseasonal African setting.
Successively lower campaign coverage is traded off against higher ivermectin durations: 90% coverage (blue), 80% coverage with 3-day ivermectin (yellow), 60%
coverage with 14-day ivermectin (pink), 50% coverage with 30-day ivermectin (green). (C) Sensitivity analysis showing the prevalence of infection across a range of
initial prevalence and campaign coverage for the EMOD model after 2 years of intervention. Each marker represents a single stochastic simulation, and shaded areas
represent interpolated mean values estimated by kernel regression. The baseline and follow-up prevalence values (PfPR) are taken from the intervals indicated in (A).
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than 24-hour half-life of ivermectin. Injectable and implantable solu-
tions have been described to prolong effective drug levels (42). How-
ever, cost, sterility requirements, procedural complications, and
patient preference suggest that oral therapies will be preferable.
Single-administration dosage forms with sustained efficacy, such as
that described here, may reduce the cost and increase the success of
elimination campaigns in sub-Saharan Africa.

Because of the characteristics of the current polymeric matrices
necessary to maintain gastric residence, the total amount of the
therapeutic entity that can be incorporated is restricted, and thus,
drugs with daily doses of less than 20 to 50 mg are ideal for delivery
with this system. One potential limitation of our animal model is
that pigs have slower GI transit, both gastric emptying and intes-
tinal transit time, than humans (43). To account for this difference,
we tested intact star-shaped delivery systems against multiple con-
trol configurations of the same materials in the pigs, including
standard oral dosage forms. Further preclinical testing in other
large-animal models including dogs and nonhuman primates with
faster transit times and strong gastric compressive forces (36) will
help inform further engineering of the optimal dosage forms for
humans. Ultimately, efficacy of our described gastric residence dos-
age form will need to be confirmed in humans. In addition, safety
of these dosage forms will have to be evaluated in relevant animal
models, human volunteers, and populations with GI pathology. Of
particular concern with ivermectin is dose dumping, although this
risk is largely mitigated by the polymer composition of the formu-
lation (PCL), which degrades slowly. Further, the mass of ivermec-
tin in the studies is below the median lethal dose (LD50) previously
observed for dog, nonhuman primates, and humans (44). Improve-
ments in the efficiency of release of poorly soluble ivermectin
should allow reduction in the total dose incorporated in the dosage
form. Although our data support the capacity of the stellate dosage
form to maintain the chemical stability of ivermectin in the gastric
environment for prolonged periods, future studies, including mos-
quito sensitivity to ivermectin derived from dosage forms residing
in the gastric cavity, will have to be performed.

Modeling suggests that adding long-acting ivermectin formula-
tions to MDA along with an antimalarial can affect sustained re-
ductions in malaria prevalence. Moreover, we predict that this
intervention could increase the probability of local malaria elimina-
tion in certain transmission settings. However, further data are
needed to validate these predictions, in particular, data on the phar-
macokinetics and mosquitocidal impact of the formulation in humans
and MDA trial data to inform realistic levels of coverage and correla-
tion between treatment rounds.

We believe that ultra–long-acting gastric-resident dosage forms
could transform the standard of care across a broad range of clinical
conditions (34). Essential to broad implementation is the modular
design of the oral, ultra–long-acting dosage form, which allows, in
principle, for adaptation of the platform to other therapeutic appli-
cations, including incorporation of a range of chemical therapeutics.
These could feature a variety of active materials with distinctive mass
fractions and time-release characteristics. Further, new-generation
linkers could be tuned for gastric residence times ranging from
days to months and potentially even years. We anticipate broad ap-
plicability of the ultra–long-acting ivermectin form in the control
of a variety of vectors and also of the orally delivered, ultra–long-
acting platform for optimal disease management where adherence
is essential for efficacy.
Bellinger et al., Sci. Transl. Med. 8, 365ra157 (2016) 16 November 2016
MATERIALS AND METHODS
In vivo evaluation
To assess formulations for the ability to achieve gastric retention, we
administered them to a large-animal model (35- to 50-kg Yorkshire
pigs). This model was chosen because its gastric anatomy is similar to
that of humans and is widely used in evaluating devices in the GI
space (35, 45). All animal experiments were performed in accordance
with protocols approved by the Committee on Animal Care at the
Massachusetts Institute of Technology. Pigs were sedated with Telazol
(tiletamine/zolazepam) (5 mg/kg), xylazine (2 mg/kg), and atropine
(0.05 mg/kg) and/or isoflurane (1 to 3% inhaled), and an endoscopic
overtube was placed in the esophagus under endoscopic visual gui-
dance during esophageal intubation. Capsules were administered via
the overtube into the esophagus and/or stomach, and the overtube
was then removed. In vivo drug release experiments were performed
with dosage forms that did not contain enteric linkers for safety eval-
uation. No adverse events were observed during the studies associated
with these dosage forms. Serial x-rays were obtained immediately af-
terward to document the process of deployment from the gelatin cap-
sule. Blood samples, if necessary, were obtained via cannulation of an
external mammary vein on the ventral surface of the pig at the indi-
cated time points, most often times, 0 min (before administration of
the capsule), 5 min, 15 min, 30 min, 2 hours, 6 hours, daily for a
minimum of 5 days, and then three times per week. Chest and abdom-
inal radiographs were obtained three times per week from a minimum
of five views, including anterior-posterior, left lateral, and right lat-
eral views of the chest, upper abdomen, and lower abdomen. Be-
tween three and five stainless steel fiducials (diameter of 1 mm)
were embedded via melt casting into each arm of the formulation
to allow radiographic tracking. Radiographs were also assessed for
evidence of complications including pneumoperitoneum or intesti-
nal obstruction. Animals were evaluated twice daily for clinical
signs of GI obstruction.

Prototype design and manufacture
Designs that had the potential to be efficiently encapsulated into 000
and 00el gelatin capsules were generated in Inventor CAD software
(Autodesk). Prototypes were generated with a Stratasys Objet30 Pro
3D printer and used to make PDMS-negative molds.

Finite element analysis
The finite element method was used to analyze the stress and strain
profiles of different geometries of gastric-resident dosage forms in
Abaqus FEA software (SIMULIA). We defined the material proper-
ties of the PCL PU elastomer with the Mooney-Rivlin hyperelastic
model from tension and compression tests performed on standar-
dized shapes of the elastomer (fig. S1, A and B). The linear PCL–
ivermectin arms were assumed to be linear elastic, and the modulus
was derived from flexural tests. The model was meshed using C3D4
elements, and the PCL elastomer and linear PCL were numerical-
ly bonded at the interface. Force was perpendicularly applied to
the top of each arm to simulate folding of the dosage form into a
capsule. The von Mises stress was extracted from the simulation
and analyzed.

Polymer-drug hot melt
Formulations containing ivermectin, excipient polymers such as
pluronic P407, and linear PCL polymer (MW, 45,000 Da; Sigma-
Aldrich) were weighed and combined in the desired amounts as powder
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and pellets. The mixture was melted briefly at 90°C and mixed vig-
orously. The molten mixture was transferred into a mold of the
star-shaped design dosage form. The mold was heated to 90°C
for 2 hours and then air-cooled. Arm portions were cut and placed
back into the stellate mold, leaving the region of the central element as
a void.

Thermoset elastomer synthesis
The PCL-based PU thermoset elastomer was cured to the desired
geometry. The PU used is based on previous descriptions (46) and
consists of a 6:1.3:0.027:9.5 molar ratio of PCL diol (MW, 530), PCL
triol (MW, 900), linear PCL (MW, 45,000), and hexamethylene di-
isocyanate (HMDI). The first three ingredients were mixed at 70°C
until well mixed, and then, HMDI was added and mixed for 30 min
while maintaining the temperature between 70° and 75°C. The pre-
polymer solution was sonicated to remove entrapped air bubbles
and then gently pipetted into PDMS molds of the desired shape (or
into a void space within a mold containing solid polymeric elements)
and cured at 70° to 75°C for 48 hours to fully consume the cross-
linking agent.

Linker design and manufacture
Enteric linkers were formed by solvent-casting a 90:10 ratio mixture of
Eudragit L100-55 (Evonik), an enteric copolymer with a pH-
dependent dissolution profile, and Plastoid B (Evonik), an adhesive
plasticizer, in acetone. The solvent was allowed to evaporate over
12 hours, and the resulting film was cut into 3-mm × 3-mm square
linkers and had a thickness of about 500 mm. Acetone was applied
to the inner surface of linkers to create an adhesive surface, and linkers
were applied to drug-loaded arms around cut break points. Linkers
reached full strength 24 hours after solvent welding.

Mechanical evaluation
The PCL elastomer was mechanically characterized in tension, com-
pression, and creep loading. Mechanical characterization was con-
ducted according to the American Society for Testing and Materials
(ASTM) standards D638 (tension), D575 (compression), and D2990
(creep). The PCL elastomer was cured into a 2-mm-thick polymer
sheet. The sheet was allowed to cool, and specimens were cut from
the sheet using a standard dumbbell die (ASTM D-638). Specimens
were loaded into the grips of an Instron testing machine with a
500-N load cell, and the gauge length was measured using a digital
micrometer. Displacement was applied to the specimen at a rate of
15 mm/min until samples ruptured. Force was converted into normal
stress (F/A), and displacement was converted into strain (DL/L).

The PCL elastomer was cured into a 13-mm-thick slab. The slab
was allowed to cool, and a circular punch was used to cut a 28-mm-
diameter specimen from the slab. Specimens were placed into a
constrained loading compression jig and subjected to displacement
at 12 mm/min. Specimens were tested until reaching 30% compres-
sion strain. Force was converted into pressure (F/A), and displacement
was converted into a volume ratio (DV/V).

PCL elastomer, PDMS (Dow Corning Sylgard 184 RTV silicone),
and polyethylene vinyl acetate were cured into 2-mm-thick polymer
sheets, and ASTM D-638 specimens were cut as described above and
loaded onto an Instron testing machine. A constant stress was applied
to the specimens for 60 min. The force and displacement were
calculated throughout the test and converted into normal stress (F/A)
and strain (DL/L).
Bellinger et al., Sci. Transl. Med. 8, 365ra157 (2016) 16 November 2016
Funnel testing
A custom experimental setup was developed to better understand the
transit of gastric residence dosage forms through a simulated pylorus.
A 10-cm (upper diameter) × 2-cm (lower diameter) polypropylene
funnel simulated the pyloric sphincter. Devices were placed into the
funnel, and a custom-designed plunger pushed the device through the
2-cm spout. The plunger was attached to the tension crosshead of an
Instron testing machine, and the funnel was attached to a clamp. The
dosage form was pushed through the funnel at a rate of 1 mm/s, and
the force and displacement were recorded.

Formulation evaluation by four-point bending
Linear PCL was mechanically characterized in flexion according to
ASTM D-790. Sheets of linear PCL, PCL blended with excipient,
and PCL blended with excipient and ivermectin were molded into
2-mm-thick sheets. The sheets were allowed to cool, and then, 80-mm ×
8-mm rectangles were cut out of the sheet to produce samples. A digital
micrometer was used to measure the width and thickness of specimens
before testing. An Instron testing machine fitted with a four-point
bending fixture was used to test specimens. The test was conducted at
a rate of 0.85 mm/min, and a span of 32 mmwas used for all specimens.
The test was stopped when the specimens failed or when they reached a
flexural strain of 20%. Force was converted into flexural stress, and
displacement was converted into flexural strain.

Linker evaluation by four-point bending and pull-apart test
Linker strength and adhesion were evaluated with four-point bending
and pull-apart tests, respectively. PCL triangular arms were molded
and cut perpendicularly at the midpoint of the arm using a scalpel.
Linkers were solvent-welded around the joint by applying acetone
to the surface and pressing linkers around the “butt” joint. The speci-
mens were stored at room temperature overnight to ensure complete
evaporation of the solvent from the linker. Individual arms were in-
cubated in air at day 0 and FaSSGF or fasted-state SIF (FaSSIF) for
days 1, 2, and 7 at 37°C and 150 rpm. The arms were removed from
the medium and immediately mechanically tested on an Instron test-
ing machine. The arms were tested in flexion using a standard four-
point bending fixture, ensuring that the arms had an overhang of 10%
and the upper head did not press directly on the linker. The linkers
were loaded until they reached a flexural displacement of 0.88 mm by
applying displacement to the arm at a rate of 6 mm/min. The 0.88-mm
maximum displacement was used to ensure that the results were indic-
ative of the linker strength and not of compression of PCL. Linker ad-
hesion was evaluated by clamping the arms with standard tensile grips.
Displacement was applied to the arm at a rate of 6 mm/min until fail-
ure occurred at the linker. A total of 75 specimens were tested. Initially,
five samples were used for initial establishment of gripping apparatus
settings. At time 0, five pull-apart and five four-point bending samples
were each tested. On days 1, 2, and 7, five pull-apart and five four-point
bending samples were each tested in FaSSGF, and five pull-apart and
five four-point bending samples were each tested in FaSSIF for a total
of 20 per day.

Ivermectin in vitro release
Formulations of ivermectin in PCL polymer matrices were formed by
blending crystalline powdered ivermectin into molten PCL at 90°C
(except in formulations containing Eudragit E PO where 150°C was
used). The polymer matrix was molded and cooled until solid in the
desired shapes. Individual 200-mg arms of the star configuration were
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used for long-term release studies. Simulated GI media (SGF adjusted
to pH 1.5 using NaCl and HCl) FaSSGF and FaSSIF were made by
following the manufacturer’s instructions (Biorelevant) (47) and used
to evaluate the rate of release. Because of the hydrophobicity and low
water solubility of ivermectin, for purposes of evaluating differences
between formulations, a polymeric surfactant (3% Kolliphor RH 40)
was added into all in vitro release media. Polymeric formulations were
incubated in shaking incubators (150 rpm, 37°C) in 10 ml of simu-
lated GI fluids for up to 14 days, with daily solution exchanges to
quantify rates of release.

Ivermectin stability tests
Acidic stability of ivermectin in a simulated gastric environment was
evaluated using HPLC and LC-MS/MS analyses. Ivermectin was dis-
solved in IAW (70% isopropanol, 20% acetonitrile, and 10% water),
and pH was adjusted to 1.5 using 1 M HCl and to 6 using 1 M NaOH.
After vortexing for 1 min and sonicating for 10 min, tubes were placed
in a shaking incubator (150 rpm, 37°C). Samples were collected at
defined time points for up to 2 weeks and analyzed by HPLC and
LC-MS/MS to quantify the stability of ivermectin.

Stability of ivermectin in fully formed gastric residence dosage
forms was also studied. Ivermectin-loaded polymer samples were sub-
merged in acidic conditions (pH 1, 37°C) for up to 2 weeks, and
residual ivermectin within the formulation was extracted and analyzed
by HPLC and/or LC-MS/MS. To extract ivermectin, we sonicated dos-
age forms in isopropanol for 10 min. Fresh drug in isopropanol was
prepared immediately before analysis as a control.

Scanning electron microscopy
Surface morphology of the materials was observed using the JEOL
5600LV scanning electron microscope (SEM). For visualization un-
der SEM, samples were fixed to aluminum stubs with double-sided
adhesive carbon conductive tape and subsequently sputter-coated with
carbon using a Hummer 6.2 Sputter System.

High-performance liquid chromatography
Drug concentration was analyzed using an Agilent 1260 Infinity
HPLC system equipped with a quaternary pump, autosampler, ther-
mostat, control module, and diode array detector. The output signal
was monitored and processed using the ChemStation software. Chro-
matographic separation was carried out on a 50-mm × 4.6-mm EC-
C18 Agilent Poroshell 120 analytical column with 2.7-mm spherical
particles and was maintained at 40°C. The optimized mobile phase
consisted of acetonitrile, methanol, and buffer (pH 3.5 adjusted with
0.1% formic acid) [72:20:8 (v/v)] at a flow rate of 0.5 ml/min over a
10-min run time. The injection volume was 4 ml, and the ultraviolet
detection wavelength of 254 nm was selected.

Liquid chromatography–tandem mass spectroscopy
Ultra-performance LC (UPLC) separation was carried out on a Waters
UPLC aligned with a Waters Xevo TQ-SMS mass spectrometer
(Waters Ltd.). MassLynx 4.1 software was used for data acquisition
and analysis. LC separation was performed on an Acquity UPLC
Charged Surface Hybrid C18 (50 mm × 2.1 mm; particle size, 1.7 mm)
at 50°C. The mobile phase consisted of acetonitrile, 0.1% formic acid,
10 mM ammonium formate solution and was flowed at a rate of
0.6 ml/min using a time and solvent gradient composition. The initial
gradient (95%) was followed by a linear gradient (20%) over 0.5 min.
The gradient was then brought to 0% over 1.75 min, held for 1.0 min,
Bellinger et al., Sci. Transl. Med. 8, 365ra157 (2016) 16 November 2016
and finally shifted to the initial gradient of 95% and held constant un-
til the end of the run for column equilibration. The total run time was
4.25 min, and sample injection volume was 2.5 ml. The mass spec-
trometer was operated in the multiple reaction monitoring mode.
Sample introduction and ionization was electron spray ionization
(ESI) in the positive-ion mode.

Stock solutions of ivermectin and an internal standard doramec-
tin were prepared in methanol at a concentration of 500 mg/ml. A
10-point calibration curve ranging from 0.5 to 2500 ng/ml was
prepared. Quality control samples were prepared in a similar pro-
cedure using an independent stock solution at three concentrations
(2.5, 25, and 250 ng/ml). Two-hundred microliters of internal stan-
dard was added to 100 ml of sample solution to cause precipitation.
Samples were vortexed and sonicated for 10 min and then placed in
a centrifuge for 10 min. Two-hundred microliters of solution was
pipetted into a 96-well plate containing 200 ml of water. Finally, 2.5 ml
of sample was injected into the UPLC-ESI-MS system for analysis.

Malaria mathematical models
Two well-established mathematical malaria models (28, 39, 40)
were used to estimate the impact of long-lasting ivermectin on
transmission dynamics and prevalence. Three drug durations (3, 14,
and 30 days) were considered, with the assumption that mosquitoes
blood-feeding during the effective window would experience a consid-
erably higher mortality rate. The amplified mortality rate was
informed by pharmacokinetics/pharmacodynamics modeling (28)
and resulted in a negligible fraction of mosquitoes surviving for 10
to 12 days, the time it takes for a mosquito to become infectious after
taking an infected blood meal. Two scenarios were chosen that add
ivermectin as a component of MDA in multiple rounds in conjunc-
tion with DP: a seasonal southern Zambian setting with three annual
dry-season rounds 2 months apart (39, 40) and a nonseasonal African
setting showing three rounds of mass treatment 1 month apart (28).
Long-duration ivermectin dosing was restricted to individuals older
than 10 years. The timing of interventions is based on recommenda-
tions fromWHO and recent MDA intervention trials in Africa (13). A
medium and high transmission setting was chosen to model different
starting prevalences and demonstrate the potential impact of long-last-
ing ivermectin in different settings. The populations covered in each
round of treatment are assumed to be uncorrelated; that is, a random
cross section of the population receives the drugs each round. This
means that even with low coverage, almost all individuals will receive
one or more treatments. This is an optimistic assumption with respect
to the impact of artemisinin combination therapy but will have little
effect on the predicted additional impact of the long-lasting ivermectin
(because the primary driver of ivermectin in suppressing transmis-
sion is the reduction in the total vector density, this additional
impact is not affected by whether the bitten individual is infectious
or not).
SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/8/365/365ra157/DC1
Fig. S1. Optimization of elastomer geometry using FEA.
Fig. S2. Administration of stellate dosage forms of varying diameters and assessment of the
duration of gastric residence.
Fig. S3. Mechanical in vitro characterization of gastric residence dosage forms.
Fig. S4. Permanent deformation of central elastomer.
Fig. S5. Polymeric matrix erosion and diffusion contribute to drug release.
Fig. S6. Impact of correlation between treatment rounds for a MDA intervention consisting of
DP + 14-day ivermectin at 80% coverage.
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Editor's Summary

 
 
 
closer to the elimination of this problematic disease by improving patient adherence to treatment.
harmlessly out of the body. Modeling studies show that long-term delivery of this drug may move us 
delivers a drug toxic to malaria-carrying mosquitoes for weeks but eventually falls apart and passes
stomach, and the star unfolds, assuming a shape that cannot pass further down the intestine. The star 
drug-containing material is packaged into a capsule. When swallowed, the capsule dissolves in the
easy-to-administer device that provides long-lasting delivery of an antimalarial drug. A star-shaped, 

. have designed anet alhelp the millions of individuals still affected around the world, Bellinger 
Although we know how to prevent malaria, we have failed to eliminate this damaging disease. To
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