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Implantable tubes, shunts, and other medical conduits are crucial for treating a wide range of conditions from
ears and eyes to brain and liver but often impose serious risks of device infection, obstruction, migration, un-
reliable function, and tissue damage. Efforts to alleviate these complications remain at an impasse because of
fundamentally conflicting design requirements: Millimeter-scale size is required to minimize invasiveness but
exacerbates occlusion and malfunction. Here, we present a rational design strategy that reconciles these trade-
offs in an implantable tube that is even smaller than the current standard of care. Using tympanostomy tubes
(ear tubes) as an exemplary case, we developed an iterative screening algorithm and show how unique curved
lumen geometries of the liquid-infused conduit can be designed to co-optimize drug delivery, effusion drain-
age, water resistance, and biocontamination/ingrowth prevention in a single subcapillary-length-scale device.
Through extensive in vitro studies, we demonstrate that the engineered tubes enabled selective uni- and bi-
directional fluid transport; nearly eliminated adhesion and growth of common pathogenic bacteria, blood,
and cells; and prevented tissue ingrowth. The engineered tubes also enabled complete eardrum healing and
hearing preservation and exhibited more efficient and rapid antibiotic delivery to the middle ear in healthy
chinchillas compared with current tympanostomy tubes, without resulting in ototoxicity at up to 24 weeks.
The design principle and optimization algorithm presented here may enable tubes to be customized for a

wide range of patient needs.

INTRODUCTION

Implanted medical tubes, shunts, catheters, stents, and other con-
duits have become indispensable for diverse conditions requiring
controlled fluid transport, including drug delivery, fluid egress,
and inter-area fluid transit for pressure normalization (I1-3).
Despite decades of widespread use, implantable medical conduits
(IMCs) still impose serious burdens of complications on patients
because of device infection, obstruction, displacement, malfunc-
tion, and frequent replacement (4—6). Various updates have at-
tempted to mitigate such complications, but, ultimately, the
problems stem from underlying and as-yet unresolved trade-offs:
IMC millimeter-scale size makes it notoriously difficult to initiate
and maintain steady fluid flow because of the inherent pressure
barrier and frequent occlusion by adhered bacteria and cellular
debris. However, minimizing IMC size is crucial, especially in
highly sensitive areas such as the brain, eye, eardrum, and bile
duct, where even tiny subcapillary-length-scale (namely, <2.7
mm) tubes may exacerbate tissue damage, inflammation, and incur-
sion of fluid contaminants. Reconciling these conflicting design
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requirements in a single device presents a fundamental scientific
challenge, but a comprehensive solution could make a transforma-
tive difference in reducing IMC risk burden.

Tympanostomy tubes (TTs) are one of the most widely used
IMCs, and complications stemming from TTs illustrate the
myriad performance challenges of IMC design (Fig. 1). Implanted
in the most common ambulatory pediatric surgery in the United
States (with prevalence of 8.6% or 6.26 million children as of
2020) (7), TTs are used to treat otitis media (OM), or ear infections,
the most frequently diagnosed childhood illness, annually accruing
acost burden of $3 billion to $5 billion in the United States (Fig. 1, A
and B) (I, 8). The desired function of TTs is fivefold: to equalize air
pressure across the tympanic membrane (TM), allow therapeutics to
enter the middle ear (ME), and drain effusion out of the ME into the
external auditory canal (EAC) while preventing environmental
water from entering the tube and avoiding biocontamination with
pathogens and cells (Fig. 1C). However, in practice, current TTs fail
to consistently achieve these multipronged, largely conflicting goals
(1, 9), leading to a range of complications (Fig. 1D) (10), among
which the TT-induced otorrhea (ear discharge) that is often associ-
ated with a foul odor, fever, and pain is the most common compli-
cation, occurring in about 16% of children within 1 month and in
75% within 12 months (11). Other sequelae include TT occlusion (7
to 10%), myringo- and tympanosclerosis (32%), TM focal atrophy
(25%), tissue granulation (5%), premature extrusion (4% with
short-term TTs and 16.6% with long-term TTs), retraction pocket
(3.1%), cholesteatoma (0.7%), and medial displacement (0.5%) (10).

Device miniaturization is desirable to reduce tissue damage and
scarring; however, proper drainage requires widening a narrow
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Fig. 1. Functional requirements and performance challenges in the design of tympanostomy tubes. (A) Anatomy of the ear of a patient with acute otitis media
(OM). OM occurs in the middle ear (ME) space behind the tympanic membrane (TM), usually after an upper respiratory infection during which the Eustachian tubes swell,
preventing air from entering the ME and resulting in fluid accumulation (or effusion) that can harbor pathogens and lead to recurrent infections and conductive hearing
loss. (B) Myringotomy surgery with the insertion of a TT into the TM. (C) Schematic highlighting the desired properties of advanced TTs: small internal diameters (IDs),
efficient transport of topical therapeutics from the external auditory canal (EAC) to ME, prevention of undesirable fluids from entering the ME, effective drainage of
effusion from the ME, and resistance to adhesion of biocontaminants while aiming to reduce the damage to the TM tissue and ventilating the ME. (D) Complications

and sequelae arising from nonideal TTs (7).

passage for efficient transport of a thick mucus or purulence
without occlusion with sticky biodebris. At the same time, main-
taining tube patency to the external environment for air equilibra-
tion and to maintain ME fluid drainage risks penetration of
contaminant-laden water (during bathing and swimming) into
the ME. To the extent that standard-of-care (SoC) TTs have been
designed to resist water entry, they also make it difficult to deliver
aqueous-based antibiotics, leading to inconsistent dosing that often
relies on active (and at times painful) forceable manipulation of the
external ear (12) or, worse, requires oral antibiotics that risk system-
ic side effects and promote the emergence of antimicrobial-resistant
bacteria in multiple colonized body sites (1). Antimicrobial resis-
tance and incomplete medication dosing may further exacerbate
the infection, producing recurrent difficult-to-treat ME effusion
(also called refractory TT otorrhea), and increasing tube occlusion,
which further blocks antibiotics and incurs device-associated infec-
tion, membrane damage, and secondary hearing loss. Local tissue
growth into the tube can further obstruct the tube lumen or prema-
turely extrude the TT, requiring repeat surgery. This vicious cycle is
likely to persist without a comprehensive approach to TT design
that can simultaneously optimize effusion transport, resist water
and biocontamination, and facilitate aqueous drug delivery.
Beyond ear infections, formulating a set of rational criteria for
such multifunctional tubes is also of notable interest in the
context of treating other conditions of the middle and inner ear,
such as hearing loss and balance disorders (13, 14), and extending
these principles to optimize IMCs for treating fluid-based condi-
tions throughout the body.

Whereas selective fluid transport is frequently achieved by opti-
mizing the conduit size, fluid interface chemistry, or through active
gating (15-18), we hypothesized that the lumen shape can be tai-
lored to discriminate between even chemically similar liquids. In
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particular, a design featuring a curved profile would enable us to
better engineer a specific capillary resistance along the tube that
blocks the entry of environmental water but simultaneously
allows passive delivery of ear drops while also facilitating the exit
of effusion fluid (19). Here, through synergistic tailoring of materi-
als and geometries, we demonstrated such rationally designed TTs
that solve the above fluid discrimination challenges in one subcapil-
lary—length-scale device and prevent the adhesion of pathogenic
bacteria, cells, and blood yet at a smaller scale than current SoC-
TT(s). The design at the material and device scales was approached
as a multicriteria optimization problem inspired by the logistic re-
gression kernel (20) that allowed for screening and selecting cus-
tomized conduit geometries using the computational modeling of
fluid transport through the TTs. Informed by the modeling, we fab-
ricated TTs with selected curved lumen shapes and experimentally
evaluated their performance through comprehensive characteriza-
tion of materials and transport properties and extensive in vitro and
in vivo studies.

RESULTS

Design of the tube with optimized fluid transport

Current commercially available TTs come in a variety of geometries
with different internal diameters (IDs), lengths, and flange config-
urations (21, 22); however, they all exhibit straight-walled lumens in
either cylindrical or conical form (Fig. 2A). In both cases, the con-
ventional TT designs present a major barrier to transport, because
the straight-walled lumen leads to abrupt changes in geometry at the
end of the tube that, in turn, result in an abrupt change in pressure.
This pressure barrier induces pinning of the transported liquid,
which not only prevents therapeutic drops from eluting into the
ME but often results in both therapeutic and environmental
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Fig. 2. Fluid transport modeling of SoC-TT and curved infused TTs. (A and B) Schematics of (A) stereotypical cross sections of lumina of conventional cylindrical (H)
and conical (A) TTs and of (B) optimized TT designs for unidirectional selective therapeutic fluid (TF) transport (denoted as y) from the EAC into the ME and for bidirec-
tional (x) transport in both (EAC—ME and ME—EAC) directions. (C) Schematic of the y-TT and its critical geometric parameters; the inset shows the material of the tube:
oil-infused (denoted “i") silicone elastomer with a lubricious overlayer. (D) An algorithm for constructing an optimal y-TT for selective transport of therapeutics into the
ME. (E) Computed tomography scan of y-iTT with ID,;, = 0.66 mm that was optimized for transport of antibiotic/steroid combination ear drops. (F) Schematic of the x-TT
and its critical geometric parameters for optimal transport of TF (top image) and effusion (bottom image). (G) The tube scores of y-i, H-, and A-TTs with varying lumen
inner diameters. (H and I) The pressure profiles of (H) TF and (I) water as they propagate through the y-iTT (green solid line) and conventional TTs (blue dashed line, H-TT

and black dotted line, A-TT).

fluids becoming trapped and occluding the tube (23). Moreover,
molecular to microscale imperfections in the material throughout
the lumen promote biological attachment and colonization on the
walls (24, 25).

Here, we aimed to overcome all transport-related problems by
redesigning TTs from first principles to eliminate the pressure
and roughness-induced pinning of select transported liquids. The
Young-Laplace (YL) equation (Eq. 1) is generally used to determine
the pressure barrier faced by a fluid within a hydrophobic conduit at
subcapillary length scales (26, 27)
2y

Apbarrier - ( 1 )

where Apparrier 1S the pressure difference across the fluid-air
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interface, y is the surface tension, and r is the radius of the meniscus.
However, these parameters yield little to no insight into how the
conduit itself can be geometrically modified to improve transport.
We thus reformulated the YL equation such that the pressure
barrier is instead directly related to the material and geometry of
the TT (Eq. 2, Materials and Methods S1, and fig. S1)

Vet

where vy is the effective surface tension determined by spreading
coefficient behavior (28), 0,4, is the advancing angle of the three-
phase front, R is the radius of the tube, and ) is the lumen flare
angle. By explicitly relating the pressure to two complementary geo-
metric parameters, Eq. 2 suggests that geometric pressure barriers

Ap barrier

c08(Baav + 61(2))
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can be avoided by continuously covarying the radius and lumen
angle (which specify the local curvature) from entrance to exit to
keep the pressure constant—and thus avoid pinning—as a fluid
travels through and exits the tube. At the same time, the reformu-
lation highlights that the overall pressure barrier can be further
reduced with a material that minimizes the effective surface
tension, Y.g This second point can be optimally met with liquid-
infused materials—a bioinspired strategy in which a porous solid
is infused with an omniphobic oil to create a molecularly smooth,
nonsticky liquid interface (29-31)—that exhibit minimal contact
angle hysteresis and eliminate roughness-induced pinning (32—
34) while, at the same time, preventing biological attachment (35—
38), which leads to occlusion, pathogenicity, and device extrusion.

To comprehensively optimize the lumen geometry, we devel-
oped an iterative screening algorithm that numerically solves Eq.
2 at each point to define parameters that maintain constant pressure
all along the path for tubes designed for selective uni- and bidirec-
tional flow (Fig. 2B). Figure 2C presents a schematic of an exempla-
ry tube (with the parameters indicated), denoted as y-TT, designed
for unidirectional transport, for example, for antibiotic delivery into
the ME. The sequence of steps that the algorithm uses to arrive at an
optimized geometry is outlined in Fig. 2D (Materials and Methods
S2), and the tube with the highest score is selected for fabrication
(Fig. 2E). Although specifying a transport liquid (for example, ther-
apeutic) determines the specific curvature of the lumen (fig. S2), the
overall form factors of the tube such as length (L) and entrance
radius (Rp,;,) are still free to be optimized for other requirements
of the TT such as selectivity (fig. S3), hence allowing antibiotics
transport but preventing water entry.

To create a unique two-way tube that enables explicit tailoring of
both effusion drainage and therapeutic delivery, the unidirectional
algorithm can be extended to satisfy the conditions for bidirectional
transport simply by independently optimizing two y-tubes—one
for inward and one for outward transport—and connecting them
with a common inner radius to form an hourglass shape, denoted
as x-TT (Fig. 2F). The fraction of the tube length tailored for inward
(Liy) and outward (L,,) transport must still sum to the same L.
The ability to vary the portion of the tube devoted to inward or
outward optimization introduces a new partition parameter,
defined as L;,/Liy, that can be adapted for specific patient condi-
tions. The TTs are now screened for various radii and partitions
to determine an ideal tube using the same scoring formulation
as before.

For this study, the following parameters were used (tables S1 and
S2). Ly Was set to 2.3 mm to stay comparable to the conventional
designs, specifically to the chosen silicone SoC-TTs used as controls
(Sheehy Collar Button from Summit Medical, model no. VT1002),
and to remain within anatomical constraints. For the tube material,
we chose silicone, the same material used in SoC-TTs, but infused
with a medical-grade silicone oil (to differentiate from the “nonin-
fused” tubes, the oil-infused tubes are denoted iTTs hereafter). The
liquids studied were the combination antibiotic/steroid ear drops
(0.3% ciprofloxacin and 0.1% dexamethasone suspension)
(y =44 mN m™"), exogenous water (y = 72 mN m ™), and synthetic
mucin to represent effusion solution. The applied transport pres-
sure was defined as the pressure exerted by a millimeter-sized
droplet of either therapeutic, Ap;.p, = 70 Pa (fig. S4), or water,
Apyyapp = 100 Pa (fig. S5). The radius was swept between 50 and
750 pm. The unidirectional algorithm was used to screen for the
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optimal y-iTT for inward transport without pinning (Materials
and Methods S3 for discussion), with equal objective weight given
to transporting therapeutics, resisting water, and maximizing water/
antibiotic discrimination. Figure 2G displays the tube score results:
The optimal y-iTT has an ID of 0.66 mm, about half that of the SoC-
TT (1.27 mm). For bidirectional transport, the optimal x-iTT design
has an inner proximal diameter of 0.69 mm and a partition of 0.29
(Materials and Methods S4 and figs. S6 and S7).

Figure 2 (H and I) shows the simulated pressure profiles of ther-
apeutics and water, respectively, from entrance to exit within the
conventional cylindrical (H) and conical (A) tubes and optimized
curved y-iTT designs. Simulated results show that the y-iTT satis-
fies the criteria for selective, passive drug transport; namely, Ap; .pp
can overcome the pressure barrier, Ap; parier> resisting its transport
(Aptparrier < Aprapp = 70 Pa), whereas Ap,, .,,,, is below the pressure
barrier, resisting water entry into the tube, Ap,, parrier (APw barrier
> Ap,app = 100 Pa). In contrast, the conventional tubes show
good resistance to water transport but have pressure barriers well
beyond the desired range for therapeutic transport and thus are
not expected to passively transport drugs. The optimized y-iTT is
then manufactured using custom three-dimensional (3D)—printed
molds and subsequent infusion with a medical-grade silicone oil,
resulting in an isotropic 10% swelling of the TT's dimensions (Ma-
terials and Methods S5 and fig. S8).

Fluid transport experiments

The simulations shown in Fig. 2 (H and I) accurately predict the
experimentally observed transport behavior of the conventional
(H-TT and A-TT) and curved (y-iTT) designs. Otic drops were
unable to transport through the conventional designs (Fig. 3, A
and B), indicating that Ap; .o, < AP parrier- In contrast, the y-iTT
passively transported each droplet completely in 3 to 5 s
(Fig. 3C), demonstrating that the design satisfies Ap; app > Apyparrier-
The conventional and curved TTs were all effective in resisting the
transport of water (Fig. 3, D to F), satisfying Ap,, .pp < APy barrier-
Note that the noninfused y-TT did not transport either water or
otic drops.

The pressure barriers for antibiotics, water, and effusion mea-
sured using a hydrostatic pressure chamber (Fig. 3G, Materials
and Methods S6, and fig. S9)—here defined as the breakthrough
pressures—are likewise consistent with the simulations. For the
designs of y- and x-iTTs, the breakthrough pressure for aqueous
SDS solution (7.91 mM), which has identical relevant physical
properties to ciprofloxacin/dexamethasone drops (Materials and
Methods S7 and fig. S10), is lower than the typical applied pressures
of therapeutic droplets (<70 Pa), whereas, for H-TT and A-TT, the
breakthrough pressures are 140 and 90 Pa, respectively, well above
the desirable range. This demonstrates that therapeutics will trans-
port without external forces such as tragal pumping through y-iTT
but will not flow passively through SoC-TTs (movie S1). Hydrostat-
ic pressure measurements reveal a number of transport properties of
note: The low Ap; parrier < 70 Pa for iTTs was observed despite the
fact that the minimum diameters of the curved iTTs are almost two
times smaller than the ID of the straight-walled SoC-TTs; the
curved-wall geometry of the noninfused y- and x-TTs alone leads
to a ~50% decrease in Ap; parrier relative to the SoC-TT, whereas the
liquid overlayer in iTTs synergizes with the geometry to bring
Ap¢parrier below Apy ... In addition, without explicit optimization
for outward transport, the unidirectional y-iTT transports a 5%
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Fig. 3. Experimental in vitro evaluation of SoC-TT and curved designs. (A to C)
Optical images of 25 ul of otic droplets added onto (A) Collar Button (H-TT,
ID = 1.27 mm), (B) Baxter Beveled (A-TT, ID;, = 1.27 mm), and (C) optimized y-
TT (IDmin = 0.66 mm). Conventional tubes revealed no transport of the therapeutic
within 60 s, whereas y-iTT transports droplets within 3 to 5 s. (D to F) Optical
images of 25 pl of water droplets added onto (D) H-TT, (E) A-TT, and (F) y-TT, confi-
rming resistance to water permeation. Scale bars, (A to F) 5 mm. (G) Hydrostatic
breakthrough pressure measurements of optimized not-infused (NI) and liquid-
infused (LI) y- and x-TTs and conventional H- and A-TTs. The inset shows the sche-
matic of the fluid chamber used for the experiments (i; movie S1) and photo of the
chamber filled with a fluid exiting through the TT (ii).
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mucin suspension, used as an analog for effusion fluid (fig. S11), as
effectively as the SOC-TT (pressure barrier of ~160 Pa in both cases),
and the bidirectionally optimized x-iTT demonstrated an even
lower pressure barrier (~135 Pa) for mucin yet maintained
a ~60% reduction in Ap; parrier compared with the SoC-TT. We
note that the latter would translate to improved effusion drainage
and lower pressure buildup in the inflamed ME. Overall, we identi-
fied that the presence of the lubricious overlayer alone leads to
a ~15% reduction in Ap; parrier a5 compared with a more prominent
drop in Ap, parrier of ~70% due to change in geometry for TTs of the
same ID,;, (fig. S12). Note that in the context of the ear, the TTs
were exposed only to small-volume intermittent fluid flow;
however, the optimized iTTs maintained high performance and
longevity of their fluid transport capabilities in the artificial accel-
erated lubricant-depletion regime (Materials and Methods S8) and
were able to recover any slight loss of performance via a simple
single-oil-drop replenishment step (fig. S13).

Biological adhesion and growth

It has been shown that the dynamic liquid interface present on the
liquid-infused materials not only improves transport properties but
also resists nearly all biological attachment and colonization mech-
anisms (37—41). Here, we tested the ability of the medical-grade sil-
icone oil-infused silicone elastomer to repel bacteria and blood,
particularly the pathogenic biofilms that underlie the widespread
problem of device-associated infections (42), and to prevent attach-
ment and ingrowth of human tissue on or in the tube, potentially
avoiding the device rejection that now leads to repeated surgeries.

We studied the in vitro adhesion of the five most common path-
ogens isolated from patients with acute OM: methicillin-resistant
Staphylococcus aureus (MRSA), Pseudomonas aeruginosa (PA),
Streptococcus pneumoniae (SP), Moraxella catarrhalis (MC), and
nontypeable Haemophilus influenzae (NTHI) (43-45). The optical
density (OD; A = 570 nm) of crystal violet (CV) solubilized from
stained biofilms grown in medical-grade silicone discs demonstrat-
ed a significant ~10-fold reduction in biofilm formation on the oil-
infused material (Fig. 4, A to E; see P values in table S3). These
results were corroborated by confocal microscopy imaging of bac-
teria adhered to noninfused and oil-infused (350 cP) sheets
(Fig. 4F). The oil-infused sheets showed a significant ~25-fold re-
duction in adhered biofilm compared with noninfused sheets:
The average optically observed biofilm coverage on noninfused sil-
icone sheets was 9.5 + 4.73%, whereas the oil-infused samples had
only 0.38 + 0.47% (P < 0.01, table S4). Furthermore, biofilms of
MRSA and PA—the strains that cause difficult-to-treat recurrent
OM and TT otorrhea—were incubated directly on SoC-TT, y-TT,
and y-iTT (Fig. 4, G and H). y-iTTs demonstrated ~2-log and ~1.5-
log reduction of colony-forming units (CFUs) per milliliter of
MRSA and PA, respectively, as compared with SoC-TTs (CFU
counts reported in table S5). Oil-infused TTs still remained
highly efficacious at resisting bacterial adhesion and biofilm forma-
tion even with slightly deteriorated lubriciousness over time (Mate-
rials and Methods S9). Infused TTs also showed minimal biofouling
by blood (Materials and Methods S10 and fig. S14).

We characterized the ability of the same oil-infused materials to
resist the in vitro adhesion and ingrowth of epithelial tissue by in-
cubating them for 48 hours in a culture of human epidermal kera-
tinocytes (HEKSs) and human neonatal dermal fibroblasts (HNDFs),
which correspond to the outer and middle layers of the TM. The oil-
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Fig. 4. Assessment of liquid-infused material to reduce biological attachment. (A to E) ODs of biofilms removed from the noninfused silicone sheets (60D durometer)
and infused with 100 cP (60D/100 cP) and 350 cP (60D/350 cP) silicone oils (n = 9). (F) Syto-9 staining of biofilms confirms attachment of bacteria to the noninfused
silicone (top row, green live channel) compared with the minimal adhesion to infused silicone (60D/350 cP) (bottom row). Scale bars, 20 um. (G) A box-and-whisker plot of
log reduction of MRSA and PA on the SoC-TT, y-TT, and y-iTT. (H) Photographs of CV-stained biofilms on the SoC-TT, y-TT, and y-iTT incubated for 24 hours without (top
row) and with MRSA (bottom row). Scale bar, 1 cm. () Representative fluorescent images of HEKs (top row) and HNDFs (bottom row) confirming minimal adhesion to
infused/100 cP and infused/350 cP flat sheets as opposed to noninfused ones after 48 hours. Scale bars, 500 um. (J) Peak forces required to detach HEK and HNDF cells
from the surface with an AFM cantilever. The inset shows three stages of the cell detachment, namely, (i) the cantilever first approaches the cell, then (ii) pulls the cell from
the surface, resulting in an increase of force, and (iii) detaches the cell. (K) Peak forces required to remove HEKs and HNDFs from noninfused (60D) and oil-infused (60D/
100 cP) silicone sheets (n = 9). Significance set at *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

infused flat silicone sheets exhibit substantially reduced adhesion of =~ which is associated with the TM inflammatory response that can
HEKs and HNDFs compared with noninfused silicone sheets lead to biofilm formation, myringitis, and rejection of the device
(P <0.0001 for HEKs and P = 0.002 for HNDFs; Fig. 41). The non- (46, 47).

infused sheets had nearly 50% cell coverage, whereas samples

infused with the 100 and 350 cP oil showed attached cells at only  Preclinical studies

a few locations. Moreover, the oil-infused samples showed a ~90%  Because the innate immune response and the complex interplay
reduction in the force required to detach both HEKs and HNDFs  between myringotomy and tube implantation cannot be captured
adhered to the surface, as measured by the atomic force microscopy by in vitro or computational models, we conducted preclinical in
(AFM) cantilever pull-off method (Fig. 4, ] and K). Oil-infused sil- ~ vivo studies in long-tailed chinchillas (Chinchilla lanigera), the
icone also greatly limited the deposition of fibronectin (fig. S15), gold standard model for ME and OM research. In our multipurpose
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study, we assessed the safety and efficacy of the iTTs by confirming
the surgical handleability, biocompatibility, absence of ototoxicity,
and short-term risk of spontaneous extrusion of H-iTT and y-iTTs,
as well as by comparing the efficacy of drug transport through y-
iTTs with that of SoC-TTs in a healthy chinchilla model.

To establish the biocompatibility and otic safety profile, we im-
planted the control SOC-TTs (1pes = 16, where s is the number
of tubes) and the test iTTs—either the y-iTTs (npes = 6), with the
dimensions similar to SoC-TT, or optimized y-iTTs (1yypes = 10)—
in contralateral ears of the same chinchilla (total n = 16, where n is
the number of animals; see Materials and Methods S11 and fig. S16).
First, we monitored whether surgically placed iTTs caused local or
regional tissue damage, including focal atrophy resulting in non-
healing of implanted TMs, tissue granulation, infection, and local
scarring such as myringosclerosis in all animals. After placement
of TTs via transcanal endoscopic myringotomy and tube insertion,
we observed that both TMs sealed around the TTs within 2 weeks.
Serial otoscopic imaging confirmed the absence of erythema, TM
inflammation, and fluid accumulation in all ears after TT insertion.
No tubes spontaneously extruded or became displaced over this
period. TTs were endoscopically removed from the TM via the
ear canal at 2 weeks after implantation. We also examined the

(o

i
Ciprodex’
into ear

SoC-TT:'N
(control),
area

.
N

EAC TM

1mm

intrinsic regenerative capacity of the TM for 12 (for n = 6, with
SoC-TTs and H-iTTs) or 24 (for n = 2, with SoC-TTs and y-
iTTs) weeks after tube removal; we found no difference in the
rates of TM healing by tube type. Representative hematoxylin and
eosin (H&E)-stained sections of healed TMs of a chinchilla ob-
tained 12 weeks after the removal of previously implanted TMs,
with the SoC-TT in the left TM and the H-iTT in the right TM
are shown in Fig. 5 (A and B), respectively. TM thickening (myrin-
gosclerosis) was observed in the left TM 12 weeks after explantation
of the SoC-TT (Fig. 5A) but not in the H-iTT-implanted TM
(Fig. 5B). Quantitative comparison revealed that in five of the five
animals, the TM that had the SoC-TT was significantly (38 to 300%)
thicker as compared with the H-iTT, which exhibited fibrosis-free
healing (P values reported in table S6). Second, we confirmed the
lack of ototoxicity of iTTs for the inner ear by qualitative analysis
of cochlear histology (fig. S17) in 12 animals euthanized at 12 or 24
weeks, previously implanted with SOC-TTs (#1yypes = 12), H-iTTs
(Megbes = 5), and y-iTTs (Myypes = 7) for 2 weeks. In both SoC-TTs
and iTTs, implanted ears were healthy without notable losses.
Last, the otic safety of the TTs for the middle and inner ear was
also confirmed by tracking hearing thresholds in implanted animals
via auditory brainstem response (ABR) measured in healthy
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Fig. 5. Chinchilla preclinical safety and efficacy trials. (A and B) Representative H&E-stained sections of healed TMs of a chinchilla, processed ~12 weeks after the
explantation of TTs, demonstrate complete healing of the TM for both (A) SoC-TT and (B) H-/TT. (C) A schematic of a study to assess the drug transport efficacy in chin-
chillas. Through an opening in the posterior bulla of an anesthetized animal, an endoscope was inserted into the ME space (i) to permit direct visualization of otic drops
introduced with a syringe into the EAC and flowing through the TT into the ME from the EAC (ii and iii). After 5 min, the ME fluid was aspirated for HPLC characterization
(iv). (D) Ciprofloxacin/dexamethasone elution through (i) SoC and (ii) y-iTTs, as seen from within the ME (left box) and EAC (right box). (E) Kaplan-Meier survival estimates
of probability of elution of a droplet through the TTs at various times within observation time cutoff of 5 min. The inset (i) shows the mass of ciprofloxacin extracted from
the chinchilla’s ME bulla as a result of drug transport through TTs (y-iTT is shown in green, and the SoC-TT is shown in gray).
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normal-hearing chinchillas (# = 8 in arm 1 and n = 5 in arm 2; Ma-
terials and Methods S11) with contralaterally inserted SoC-TTs
(Mupes = 8) and either H-iTTs (fyypes = 6) or y-iTTs (Mypes = 2) at
various points: preimplantation, 2 weeks after implantation (before
TT removal), and around 12 (for all TTs) or 24 (for the group with
SoC-TTs and y-iTTs) weeks after explantation. ABR thresholds in
SoC-TT and curved iTTs ears did not demonstrate changes from
before to after implantation, nor were there differences in chinchil-
las’ hearing thresholds at 12 or 24 weeks after explantation (fig. S18).

The drug transport efficacy of the y-iTTs was assessed and com-
pared with SoC-TTs within the physiological environment of the
chinchilla ear in the absence of pathogenic bacteria or infection.
As shown in previous clinical trials (12), antibiotic drops do not
spontaneously enter SoC-TTs; hence, patients are recommended
to serially compress the cartilaginous ear canal (termed tragal
pumping) and lie with their ears upright for at least 1 min after
drug administration to coerce some portion of therapeutics to
enter the ME. Therefore, the goal of this study was to test the supe-
riority of the y-iTT for improving drug transport reliability and ef-
ficacy, specifically by increasing the amount of the active drug
component, ciprofloxacin, transported to the ME without tragal
pumping, and within less than 1 min. As schematically shown
and described in Fig. 5C, we developed a method for directly visu-
alizing the drug transport process within the ME using an endo-
scope, allowing temporal resolution of fluid transport and
quantification of the drug concentration in the ME fluid. The y-
iTT and SoC-TT were each implanted into the TMs of eight
healthy chinchillas. After the TM was healed (2 weeks), we first con-
firmed that normal saline did not transport through either TT
within 5 min of observation, and then 140 pl of drug (Ciprodex,
0.3% ciprofloxacin, and 0.1% dexamethasone otic suspension)
were introduced into the EAC and allowed to drain through the
TT into the ME (Materials and Methods S12 and fig. S19). The
dosing of 140 pl is consistent with Food and Drug Administra-
tion—approved guidelines for ciprofloxacin/dexamethasone otic
suspensions. The transport process was recorded for 5 min using
a 30°-angled endoscope positioned through the animal's bulla to
view the ME. After 5 min, drug delivered to the ME was extracted
and analyzed by high-performance liquid chromatography (HPLC)
and mass spectroscopy (MS) to determine the final ciprofloxacin
content in the ME after observation (Materials and Methods S13).
Figure 5D shows snapshots of the drug-transport process in SoC-
TTs and y-iTTs. As seen in the two representative images in the
left box (from within the ME), the ciprofloxacin/dexamethasone
suspension did not flow through the SoC-TT within 5 min of obser-
vation, whereas it readily flowed through the y-iTT within the first 5
s in the same animal. Simultaneous endoscopic visualization of the
EAC (Fig. 5D, right box) confirmed these findings, showing a pool
of therapeutic drops remaining in the ear canal above the SoC-TT,
in contrast to an empty ear canal above the y-iTT. On the basis of
the recorded elution times of the first drop, we estimated the prob-
abilities of droplet elution using Kaplan-Meier survival curves
(Fig. 5E). The experimental observation time cutoff was 5 min,
after which the data were censored (movie S2). The first droplet
exiting the y-iTT without tragal pumping was 4 s, which is 38
times faster than 152 s for the SoC-TT on the basis of median sur-
vival statistics (hazard ratio, 5.272; 95% confidence ratio, 1.345 to
20.67; P = 0.0003 was calculated using the log-rank test). On the
basis of HPLC and MS analysis (fig. S20), the mass of ciprofloxacin
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transported into the ME was ~95 + 90 ug for the SoC-TT
and ~240 * 45 pg for the y-iTT (Fig. 5E, inset i). Hence, nearly
60% of the full dose of ciprofloxacin, corresponding to 140 pl of cip-
rofloxacin/dexamethasone suspension, was transported effectively
through the y-iTT in under 10 s, as opposed to only 22% delivered
over 5 min for the SoC-TT. This quantitative method of assessing
the efficacy of passive drug transport provides evidence of the supe-
rior drug transport capabilities of the y-iTT (P < 0.05).

DISCUSSION

We have developed a comprehensive strategy that makes it possible
to transport therapeutics, drain effusion, block water, prevent bio-
contamination and tissue ingrowth, and minimize size—long seen
as competing criteria—in a single subcapillary-length-scale device.
This integrated approach avoids the complications of current IMCs
a priori through rational design that synergizes tailored curved
lumen geometries with advantages presented by liquid-infused ma-
terials and an iterative screening algorithm. The tube is kept clear of
occlusion, and, because of the curvature-specified pressure profile,
both effusion and therapeutics transit through and exit the tube
completely while water is stopped at the entrance, preventing any
fluids from becoming trapped inside as in traditional designs. The
liquid-infused material not only enhances these transport effects
but also provides a unique liquid interface that is nearly impossible
for bacteria and native tissue to adhere to or grow on. In particular,
compared with silicone materials now used in conventional TTs,
the oil-infused silicone sheets demonstrate a ~10-fold reduction
in biofilm biomass assessed by OD measurements, a ~25-fold re-
duction in adhered biofilm assessed by confocal microscopy
imaging for the five most common pathogens found in patients
with acute OM and OM with effusion (PA, MRSA, SP, MC, and
NTHI), and ~1.5-log and ~2-log reductions for PA and MRSA
biofilm formation, respectively, on oil-infused TTs compared
with SoC-TT based on CFU plating, an improvement even
against the newer TiO, coating approaches on TiNi TT stents
(48). These results suggest that such iTTs should not experience
bacterial adhesion that underlies widespread secondary, recurrent,
or biofilm-associated infections across a range of implantable
devices. In addition, it is not uncommon to expose the TT to
blood at the time of placement, which may result in obstruction
or a higher risk of biofilm formation of PA (49). Thus, the qualita-
tively reported blood repellency is a tangential benefit of our mate-
rial system, yet a future evaluation of antithrombogenic properties
would be necessary for other IMCs with prolonged and substantial
blood contact. Furthermore, the in vitro study of the adhesion and
ingrowth of human epidermal keratinocytes (HEKs) and human
neonatal dermal fibroblasts (HNDFs) showed nearly no attachment
of cells to infused samples and a ~90% reduction in the force re-
quired to detach the adhered cells. These results support that the
oil-infused iTTs mitigate cell-mediated ingrowth by preventing
the initial stages of cell adhesion and extracellular matrix deposition
(37). We anticipate that the reduced force necessary to detach the
few cells that do adhere will enable the clearance of the iTT
lumen with relative ease, for example, along with the administration
of ear drops. Furthermore, our immunocytochemistry assessment
of fibronectin expression in fibroblasts—and its correlation to in
vivo investigation of potential postimplant scarification—shows
reduced fibronectin attachment to oil-infused silicone compared
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with silicone material now used in conventional TTs. We note that
fibronectin, a key extracellular matrix protein, serves as an impor-
tant protein implicated in cell adhesion and fibroblast differentia-
tion, proliferation, and migration (50, 51). In particular, reduction
of endogenous fibronectin has previously been shown in mouse em-
bryonic stem cells to decrease cell adhesion, integrin signaling, and
expression of self-renewal markers (52). Furthermore, tympano-
sclerosis and cholesteatoma formation may develop secondary to re-
current OM and, in instances, as pathological sequelae of TT
implantation. Multiple lines of evidence have demonstrated that
the reduction of fibroblast recruitment and adhesion can reduce
pathological remodeling and the formation of tympanosclerotic
plaques (53, 54). These high-performing features considerably
surpass SoC-TTs, exhibiting maximal transport selectivity while
avoiding pathogenic biofilms, blood, and cell growth in vitro and
enabling complete rapid healing and highly efficient drug delivery
(nearly the entire dose within a few seconds) in the preclinical
animal studies.

Described advances from the present study come from our ap-
proach to conduit design. Whereas previous tube improvements
modified traditional straight-walled tubes by introducing a small
curved flare at the end, this strategy does not solve the basic
problem of an abrupt pressure increase at or near the exit, which
effectively maximizes the elution barrier and promotes pinning.
We instead used a computational algorithm designed to generate
a constant pressure throughout the entire tube by iteratively engi-
neering the local curvature and eliminating the elution barrier
while simultaneously varying the geometric parameters to maxi-
mize the discrimination between two given fluids without compro-
mising transport efficiency for even smaller tube diameters. The use
of a liquid-infused material directly unites these geometry-defined
transport criteria with prevention of device contamination, coloni-
zation, in-growth, extrusion, and scarring. Our holistic design algo-
rithm may potentially enable TTs to be customized for an individual
patient’s current conditions, treatment needs, prior ear history, ear
anatomy, and for either inward or outward transport. At one
extreme, if, for example, the tube is primarily needed for therapeutic
delivery, then a y-shaped conduit could allow the fine-tuning of the
selectivity profile, potentially defining a spectrum of drugs for treat-
ment to be adapted over time. Even without further optimization,
such a tube already outperforms traditional TTs for effusion drain-
age as well, should effusion develop after the initial assessment. In
cases where drainage is the primary need, moving the minimum
radius inward could allow increasing priority to be given to tailoring
for a patient’s specific range of effusion characteristics.

Ultimately, this complete design overhaul enables TTs to be re-
conceived as personalized, multifunctional devices that can poten-
tially transform the treatment of ear disorders. In preclinical studies
reported here, the y-iTTs showed at least two to three times dosing
increase in passive drug transport efficacy. In real terms, this results
in a more efficient and rapid delivery of a prescribed dose of ther-
apeutic drops that reach the ME within seconds as opposed to SoC-
TTs, which offer no passive transport in most cases, or transport on
a medically impractical time scale of minutes. Furthermore, our
animal studies demonstrate the absence of TM inflammation, infec-
tion, and fluid accumulation after TT insertion and excellent regen-
erative capacity of the TM with no regional tissue damage,
granulation, or erythema at the tympanostomy site after complete
healing of the TM in all animals. Note that our histology results
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showed no signs of myringosclerosis in iTT-implanted TMs after
healing but did show thickening of the TMs for the SoC-TT,
likely attributable to the ability of liquid-infused materials to
reduce fibronectin accumulation, facilitate its detachment from sur-
faces (38), and ameliorate fibrosis (55). Potentially, combined with
curved smooth-walled geometry, liquid-infused materials may be
able to further reduce foreign body response (56). Other contribut-
ing factors to minimal damage to the TM that are yet to be studied
include the smaller minimal outer diameter of the y-iTT (0.66 mm
versus 1.27 mm for the SoC-TT) and its softer flanges that lead to a
smaller TM orifice after explantation. Our animal studies also show
stable hearing thresholds at 3 and 6 months after implantation, with
preserved cochlear cellular integrity and spiral ganglion neuron
populations. Together, these results demonstrate the unique
ability of these tubes to easily and reliably dose antibiotics into
the ME, keep out environmental water, prevent clogging and infec-
tious buildup, avoid scarring, and keep the tube clear for aeration
and pressure stabilization, all in the context of miniaturization of
tube dimensions. Such evidence provides a multipronged approach
for circumventing the frustrating cycle of complications that often
plagues TT use.

More broadly, the design strategy presented in this work serves
as a foundation that can be adapted for rationally designing other
IMCs such as catheters, shunts, and tubes that also often suffer from
unsteady flow and biodebris accumulation. In particular, the funda-
mental principles for using tailored curvature to optimize flow effi-
ciency and selectivity can be translated to the many IMCs where
flow is driven by pressure differences, with particular promise for
the smallest IMCs, such as brain, eye, and biliary tubes, where the
threshold pressure to initiate transport and clearance could be sub-
stantially reduced even at subcapillary length scales. Using liquid-
infused materials for these applications can also minimize
pinning and bioadhesion throughout even the longest conduits,
where liquid trapping and pathogenic biofilm growth are extremely
difficult to prevent or remedy. The approach presented here can be
applied to reverse-engineer drug properties for optimal transport,
uniting device design with drug discovery and formulation. Manu-
facturing such miniature IMCs can be addressed via careful optimi-
zation of the conventional micromold designs (for example, with
ultrafast laser micromanufacturing, microprecision 3D printing,
or microstereolithography) and liquid silicone rubber injection pa-
rameters (57). In summary, the multiscale geometry-material
synergy and physics-based optimization algorithm offer promise
for rethinking IMC design to ease much of the burden of compli-
cations that have previously been considered inevitable while envi-
sioning multifunctional approaches to treating fluid-based
conditions throughout the body.

MATERIALS AND METHODS

Study design

Ex vivo studies

Our experiments compared the biofilm and human cell adhesion
with noninfused and infused silicone discs as well as to control
SoC-TTs and test y-iTTs. The bacterial study was approved by the
Massachusetts General Brigham Institutional Review Board. Clini-
cal isolates of MRSA, PA, SP, MC, and NTHI were recovered from
patients with chronic OM seen at the Massachusetts Eye and Ear
(Boston, MA). For the bacterial study, a sample size of n = 9 discs
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for each cell type was chosen, which would provide 95% power to
detect 90% relative differences in the mean OD measurements for
the noninfused and infused silicone discs, and n = 3 would provide
80% power to detect 90% relative differences in the mean CFU
counts for SoC-TTs and y-iTTs at a 0.05 significance level based
on power analysis using the two-sample ¢ test, which was supported
by our published experience (37, 39). For the AFM experiments
with cells, a sample size n = 3 sheets per cell type (with six or
seven cells measured per sheet) was chosen to provide 95% power
to detect a 90% relative difference in cellular adhesion to noninfused
and infused silicone discs using a two-tailed Wilcoxon-Mann-
Whitney test (population medians) with a 95% confidence interval,
which was supported by our published experience (41).

In vivo studies

Our primary objective was to compare the efficacy of drug transport
through y-iTTs and SoC-TTs within the physiological environment
of a healthy chinchilla ear. Our secondary objective was to assess
biocompatibility and absence of ototoxicity of iTTs by monitoring
the TM healing process and measuring the ABR responses (see Ma-
terials and Methods S11 for more details). The animal efficacy study
performed at CBSET Inc. was reviewed and approved by the Insti-
tutional Animal Care and Use Committee protocol no. 100266 with
adherence to the Animal Welfare Act regulations and standards as
set by the Office of Laboratory Animal Welfare and the Guide for the
Care and Use of Laboratory Animals. The animal safety study per-
formed at Massachusetts Eye and Ear was reviewed and approved by
the Animal Care Committee of the Institutional Review Board, pro-
tocol 2021 N000103. The ARRIVE (Animal Research: Reporting of
In Vivo Experiments) checklist is included in Materials and
Methods S14. The number of animals (n = 8) requested in the effi-
cacy study was chosen to demonstrate a 60% relative increase in the
mean of the primary outcome or the mass of passively transported
drug into the ME within <1 min, at the 0.05 significance level, and
with power of 90% using a two-sample ¢ test. Animals’ ears were
assigned control and test TT at random. Blinding surgical and
drug administration procedures was not possible because the re-
searcher would automatically see the tube on the endoscope’s
screen. Any animals with incomplete healing of the TM around
the tube (n = 1, for the SoC-TT) were excluded from analysis.
The HPLC-MS measurements were blinded, the sample identifiers
were concealed, and the analysis of data was conducted by a separate
team blinded to the intervention. Power analysis for all studies was
done using G*Power 3.1.

Fabrication of tubes

Molds for the production of custom TTs were designed with
Fusion360 (Autodesk) (Materials and Methods S5 and fig. S8)
and fabricated using an Aureus stereolithography 3D printer (Envi-
sionTEC). The TTs were named on the basis of the resemblance of
their shapes to Greek letters “H," “y," and “x." Medical-grade sili-
cone, MED-4960 (Nusil), was injected into the molds, which were
then clamped and cured at 85°C for 2 hours. The TTs were then
removed from the molds and heated at 165°C for 5 min to complete
the curing process. Each TT was then immersed into 200 pl of 100 or
350 cP of medical-grade silicone oil, MED-360 (Nusil), at 25°C for
48 hours. The optimized y-iTT (ID,;, = 0.66 mm) with 2% w/w
green pigment, MED 4800-6 (Nusil), was manufactured by Albright
Silicone.
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Fabrication of flat silicone sheets

Clean glass slides (VWR) were treated with O, plasma for 5 min
(Femto PCCE, Diener Electronic) and then placed into a desiccator
in the presence of 50 pl of trichloro-(1H,1H,2H,2H-perfluorooctyl)
silane (97%, Sigma-Aldrich). Four steel rods (~0.32 mm @, McMas-
ter-Carr) were placed between two glass slides to serve as spacers.
About 500 pl of silicone elastomer (MED-4960, Nusil) were injected
onto the center of a glass slide and subsequently compressed by a
second silanized glass slide. Clamps were placed on the edges to
ensure uniformity. The sheets were cured at 165°C for 5 to 7 min.

Materials characterization

Exterior and interior dimensions of noninfused and infused TTs
were measured using a micro-computed tomography x-ray
imaging system, HMXST225 (X-Tek), with a tungsten x-ray
source at 70 kV and 80 A. Optical images of noninfused and
infused tubes were acquired with a reflectance bright-field micro-
scope, Axio Imager (Zeiss), and with a digital single-lens reflex
camera equipped with a macro lens, EF 100 mm £/2.8 L Macro IS
USM (Canon).

Fluid flow simulations

To derive the optimized H, y, and x-TT geometries, simulations
were carried out using MATLAB (MathWorks) that analytically
solve the YL pressure for water and antibiotic drops and calculate
the geometrical features (radius, flange angle, and height) on the
basis of the selected boundary conditions (see Materials and
Methods S1 to S3 for details).

Hydrostatic setup

Breakthrough pressures for all liquids studied were measured using
a custom-built hydrostatic pressure chamber with inserted TT
(Fig. 3G, inset i). For each experiment, the chamber was slowly
filled with a fluid until the hydrostatic pressure was high enough
to penetrate the TT, with the breakthrough pressure determined
from the fluid height just before that point (see Materials and
Methods S6 for details).

Bacterial adhesion studies

Bacterial isolates and growth conditions

All strains were reconstituted from frozen glycerol stocks on their
respective agar plates. MRSA, MC, SP, and PA strains were all
grown on 5% sheep blood agar plates, with NTHI being grown on
chocolate agar plates supplemented with haemin (Thermo Fisher
Scientific) and nicotinamide adenine dinucleotide (Thermo
Fisher Scientific).

In vitro biofouling assay

Bacterial solutions in phosphate-buffered saline (PBS) were diluted
1:100 in trypticase soy broth (TSB) containing 1.5% NaCl for
MRSA, brain heart infusion (BHI) for MC, and supplemented
brain heart infusion (sBHI) for NTHI; Luria broth (LB) containing
0.5% citrate for PA; and Todd Hewitt broth (Becton Dickinson)
containing 0.5% yeast extract (Becton Dickinson) for SP. Oil-
infused silicone discs of MED-4960 (n = 9 per strain, 0.50 cm O,
0.35 £ 0.05 mm thickness, NuSil) were placed into a 96-well plate.
Each well was filled with 200 pl of biofilm medium inoculated with
the tested isolate. Plates were incubated for 24 hours at 37°C, then
stained with 0.5 w/v% CV and rinsed. The remaining dye bound to
the samples was solubilized with 7% glacial acetic acid, and its
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absorbance was measured at 570 nm using a Biotek Synergy 2 mi-
croplate reader (Agilent).

Biofilm confocal imaging

Oil-infused sheets [1 cm by 1 cm by 300 um (length by width by
height)] of MED-4960 (NusSil) were used as substrates to grow bio-
films for confocal imaging (n = 9 per strain). Bacterial solutions
were diluted to a 1:100 concentration and left to grow for
24 hours in their optimal environments. Afterward, the substrates
were rinsed three times with PBS, stained for 15 min with the LIVE/
DEAD BacLight Bacterial Viability Kit (Thermo Fisher Scientific,
no. L7012), rinsed three times again with PBS, and fixed with
10% neutral buffered formalin solution (Thermo Fisher Scientific).
Biofilms were then imaged using a Zeiss LSM700 upright confocal
microscope with a 40x water immersion objective.

Cell adhesion studies

Cell culture and seeding

HNDFs modified with enhanced green fluorescent protein (eGFP;
Aex = 488 nm) (Angio-Proteomie, no. AS214583) were cultured in
Dulbecco’s modified eagle medium supplemented with r-alanyl-
glutamine (862 mg liter '; Gibco) and 10% fetal bovine serum
[American Type Culture Collection (ATCC)] in an incubator at
37°C with 5% CO, atmosphere. Cell medium was prewarmed and
replaced every 2 days up to passage 20. At 80% confluency, cells
were passaged with 0.05% trypsin—0.53 mM EDTA (Gibco).
Primary HEKs from neonatal foreskin (PCS-200-010, ATCC)
were cultured in dermal cell basal medium (ATCC) supplemented
with a keratinocyte growth kit (ATCC) according to the manufac-
turer’s instructions. Cells were kept in an incubator (VWR) at 37°C
with 5% CO, atmosphere up to passage 10.

Fluorescent confocal imaging

For confocal imaging, HNDFs and HEKs were seeded onto silicone
discs for 48 hours in six-well plates at a density of 50,000 cells cm™>
(n = 3 per cell type). HNDFs were visualized via cytoplasmic eGFP
without additional staining. HEK samples were incubated with a
PBS solution containing 5 uM ethidium homodimer-1 and 2 M
calcein-AM for 30 min at 25°C (Thermo Fisher Scientific). Cellular
adhesion was then assessed by observing the cell coverage recorded
by a confocal scanning laser microscope (LSM700, Zeiss) at 5x
magnification.

Adhesion force with AFM

For adhesion strength measurements, HNDFs and HEKs were
seeded onto sheets of MED-4960 infused with MED-360 100 cP
(n = 3 per cell type) for 48 hours in 35 mm-by—10 mm petri
dishes at a density of 5000 cells cm ™ for each cell type. The adhe-
sion force of each cell was measured through lateral pull-off as pre-
viously reported by Nguyen and Gu (58) using an AFM
(NanoWizard 4a, JPK Instruments) with silicon AFM probes
(All-In-One-Al, BudgetSensors) at 37°C.

In vivo safety studies

Adult female C. lanigera (400 to 500 g, n = 16) were anesthetized to
undergo the myringotomy with TT insertion and further monitor-
ing of TM healing, of which eight animals underwent the ABR
testing before myringotomy. TTs were surgically placed into both
TMs in the Massachussetts Eye and Ear’s Animal Care Facility. In
a randomized fashion, one ear received a control SoC-TT (silicone
Collar Button, ID = 1.27 mm, VT-1002, Summit Medical), and the
other ear received a “test” iTT (350 cP oil-infused silicone TTs with
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H geometry with similar dimensions as the SoC tube,
ID = 1.28 + 0.02 mm, or with y geometry, ID = 0.66 + 0.01 mm).
After the TT placement, the animals were allowed to recover for 2
weeks and were monitored closely with weekly otoendoscopic
imaging to document healing around the TT at the myringoto-
my site.

For ABR testing, the anesthetized animals were placed in a
sound-treated booth, and bilateral ABR thresholds were obtained
using a broadband click and at 1, 2, 4, 8, and 16 kHz using the
Eaton-Peabody Laboratories Cochlear Function Test Suite written
in LabVIEW. After ABR, TTs were placed into both ears in the sur-
gical sterile facility. One ear received a control SoC-TT, and the
other ear received a test tube (H-iTT or y-iTTs). After the 2-week
recovery period, the animals underwent a second general anesthetic
and the second ABR. Afterward, TTs from both ears were removed
from the TM under endoscopic guidance. The animals were then
permitted to recover for an additional ~12 or ~24 weeks for subse-
quent ABR tests. Histologic sections of the temporal bones were an-
alyzed using H&E stain with light microscopy at the site of the prior
TT. Qualitative analysis of the organ of Corti and Rosenthal'’s canal
was performed to assess inner ear health. Further details are in
Methods and Materials S11.

In vivo efficacy studies

Adult male C. lanigera (400 to 500 g, n = 8) were anesthetized and
underwent myringotomy with TT insertion at CilCare Inc. One ear
received a SoC-TT, and the other ear received an optimized y-iTT,
using an identical protocol as described above. After the TM healed
around the tube at ~14 days, the animals were deeply anesthetized,
and an opening into the posterior tympanic bulla was created. A
30°-angled endoscope was positioned to visualize the medial
surface of the TM from the ME. The 0.3% ciprofloxacin and 0.1%
dexamethasone otic suspension was introduced into the EAC and
allowed time to drain through the tube into the ME. Passive trans-
port was observed for a period of 5 min, and video was recorded.
After 5 min, the endoscope was removed, and any otic suspension
residual in the EAC was suctioned from around the tube. Thereafter,
ME fluid was aspirated from chinchillas through the dorsal aspect of
the auditory bulla using a sterile syringe and a 20-gauge needle after
three saline (500 pl) serial washes for dilution and to improve ex-
traction efficiency of the therapeutic from the ME cavity. Extracted
fluid was then analyzed using HPLC and MS to quantify mass of
ciprofloxacin delivered to the ME space. Further details are in
Methods and Materials S12.

Statistical analysis

All statistical analyses, box and bar graphs, violin, and Kaplan-
Meyer plots were prepared using GraphPad Prism 9 as described
in the figure captions and in the main text. Data that were normally
distributed were described with means and SDs, and comparison
between two or more groups was determined using paired, unpaired
t tests (with Welch's correction where necessary). Otherwise, com-
parisons between groups were done using one-way analysis of var-
iance (ANOVA), Mann-Whitney, and log-rank tests. Two-tailed
P < 0.05 was considered statistically significant.
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