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Abstract

Otitis media is the most common reason U.S. children receive antibiotics. The requisite 7- to 10-

day course of oral antibiotics can be challenging to deliver in children, entails potential systemic 

toxicity, and encourages selection of antimicrobial-resistant bacteria. We developed a drug 

delivery system that, when applied once to the tympanic membrane through the external auditory 

canal, delivers an entire course of antimicrobial therapy to the middle ear. A penta-block 

copolymer poloxamer 407–polybutylphosphoester (P407-PBP) was designed to flow easily during 

application and then to form a mechanically strong hydrogel on the tympanic membrane. U.S. 

Food and Drug Administration–approved chemical permeation enhancers within the hydrogel 

assisted flux of the antibiotic ciprofloxacin across the membrane. This drug delivery system 

completely eradicated otitis media from nontypable Haemophilus influenzae (NTHi) in 10 of 10 

chinchillas, whereas only 62.5% of animals receiving 1% ciprofloxacin alone had cleared the 

infection by day 7. The hydrogel system was biocompatible in the ear, and ciprofloxacin was 

undetectable systemically (in blood), confirming local drug delivery and activity. This fast-gelling 

hydrogel could improve compliance, minimize side effects, and prevent systemic distribution of 

antibiotics in one of the most common pediatric illnesses, possibly minimizing the development of 

antibiotic resistance.
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INTRODUCTION

With 12 million to 16 million physician visits per year in the United States attributed to otitis 

media (OM), OM is the most frequently diagnosed illness in children (1). Acute OM is 

highly prevalent in infants and young children; more than 90% have an episode before age 5 

(2, 3), and it is the most common reason for prescribing antimicrobial agents to U.S. 

children. In the developing world, chronic suppurative OM frequently results in permanent 

hearing sequelae and is estimated to result in more than 25,000 deaths worldwide because of 

intracranial complications (4). Current therapy for acute OM typically consists of a 10-day 

course of broad-spectrum oral antibiotics. Frequent recurrences of this disease (40% of 

children have four or more episodes of acute OM and 26% require tympanostomy tube 

insertion by age 7) (5, 6) are believed to be partially responsible for the ongoing increase in 

antibiotic resistance among pathogenic bacteria. Furthermore, the systemic administration of 

antibiotics often results in side effects, including diarrhea, dermatitis, vomiting, and oral 

thrush (1). Administration of oral antibiotics in young children can be very challenging for 

caregivers. Incomplete compliance with the current multidose, multiday regimens can 

compromise efficacy and increase the potential for bacterial resistance.

Local, sustained delivery of active therapeutics directly to the middle ear for the treatment of 

OM could potentially minimize systemic exposure and its side effects and allow for 

substantially higher middle ear drug concentrations than from systemic administration. 

However, the tympanic membrane (TM), although only about 100 μm thick, presents a 

barrier that is largely impermeable to all but the smallest lipophilic molecules because of its 

keratin- and lipid-rich stratum corneum (7). One approach to overcome this permeation 

barrier is by using chemical permeation enhancers (CPEs), which are U.S. Food and Drug 

Administration (FDA)–approved for transdermal drug delivery (8). We have previously 

demonstrated that CPEs can increase drug flux across the chinchilla TM ex vivo (9). 

However, the success of using CPEs to enable antibiotic flux across the TM depends on 

developing a delivery vehicle, which we pursued in this study. Such a hydro-gel delivery 

system would need to conform to the TM to maximize drug flux, to have rapid gelation 

kinetics (especially relevant for delivering to children), to provide controlled release of the 

antibiotic over 7+ days, to leave minimal residue in the outer ear canal, and to be 

biocompatible in the ear. Such a system could enable single-dose application by the 

pediatrician at the time of diagnosis and thus avoid the challenges encountered by parents 

during conventional multidose oral antibiotic therapy.

Hydrogels are suitable candidates for such a system. Several polymer types can provide 

excellent fluidity during application followed by in situ gelation [reviewed in (10)]. Reverse 

thermal gelation is one mechanism for in situ gelation, whereby a liquid forms a gel when 

encountering a higher temperature [reviewed in (10, 11)]. Although hydrogels may not be 

ideal for providing extended drug release, we hypothesize that the relatively negligible fluid 

turnover in the outer ear will limit drug diffusion away from the depot except through the 

CPE-permeabilized TM. Additionally, hydrogels often have excellent biocompatibility in 

humans (10, 12, 13).
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Here, we demonstrate the development of a hydrogel containing an antibiotic and CPEs, 

which enhance antibiotic flux across the TM. The hydrogel effectively eradicated acute OM 

due to Haemophilus influenzae (NTHi) in a chinchilla model. We chose ciprofloxacin as the 

antibiotic because it is a small molecule, is moderately hydrophobic, can be dissolved at 

relatively high concentration in aqueous solution at acidic pH (14), and has a broad 

antibacterial spectrum. Ciprofloxacin is also currently used clinically to treat acute otorrhea 

in children with tympanostomy tubes. This drug delivery platform allows antibiotics to 

transport directly into the middle ear to treat OM, one of the most common pediatric 

illnesses. A single dose delivered by a pediatrician, at the time of diagnosis, would contain 

an entire antibiotic course. This treatment would improve patient compliance, avoid 

systemic antibiotic exposure, and thus reduce side effects and the development of 

antimicrobial resistance.

RESULTS

CPEs reduced the mechanical strength of poloxamer 407

We designed the hydrogel drug delivery systems to contain the antibiotic ciprofloxacin 

(Cip), CPEs, and the copolymer poloxamer 407–polybutylphosphoester (P407-PBP). The 

formulations are referred to as Cip-CPE-z% [P407-PBP], where z = 1, 12, or 18% (w/v) of 

the polymer. Unless specified otherwise, the concentrations of CPEs were as follows: 2% 

(w/v) limonene (LIM), 1% (w/v) sodium dodecyl sulfate (SDS), and 0.5% (w/v) bupivacaine 

(BUP). 3CPE denotes a combination of all three. The concentration of ciprofloxacin was 

always 1% (w/v). The concentrations of CPEs and ciprofloxacin were adopted from our 

previous report (9). If a component was absent from a formulation, it was omitted from the 

above nomenclature.

A key aspect of the design was that the hydrogel containing antibiotics and CPEs should 

flow readily into place, such as through an otoscope, and then promptly become a gel that 

maintains physical integrity throughout the course of treatment. Previously, we had used an 

18% aqueous solution of commercially available P407 (18%[P407]), which demonstrated 

reverse thermal gelation, as the vehicle to deliver the antibiotic ciprofloxacin with CPEs to 

the TM (9). For 18%[P407], the storage (G′) and loss (G″) moduli (measured by linear 

oscillatory shear rheology at 100 rads−1, 1% strain, and 1°C/min) were ~1 kPa at room 

temperature; it behaved as a viscous liquid. G′ and G″ demonstrated sharp increases at 

temperatures above 27°C and plateaued at ~6 and 4 kPa, respectively (Fig. 1A), 

demonstrating solid-like behavior. However, when 3CPE was added to the P407 solution at 

concentrations which we previously used to enhance permeation across the TM (9), G′ and 

G″ of the formulation were less than 2 kPa over the temperature range of 20° to 40°C (Fig. 

1A); that is, the material did not form a gel in the presence of 3CPE.

The suppression of gelation could be attributed to the inhibitory effects of CPEs on the 

micellization of P407 molecules. Above the critical micellization temperature, P407 

molecules assemble into micelles with a core containing the hydrophobic polypropylene 

oxide blocks and a shell of the hydrated polyethylene oxide blocks. As the temperature 

increases, the micelles form a liquid-crystalline gel with body-centered cubic structure (15). 

The formation of 100- to 150-nm-diameter micelles at room temperature in a 1% P407 
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solution without CPEs (1%[P407]) was documented by transmission electron microscopy 

(TEM) (Fig. 1B). No micelles formed when CPEs were added to the P407 (3CPE-1%

[P407]). Suppression of micelle formation has been attributed to small molecules (in this 

case, CPEs) binding cooperatively on block copolymer molecules, rendering the 

hydrophobic block hydrophilic (16). The shear rheology results and TEM images were 

consistent with our pilot observation by otoscopy in two of two chinchillas that 

Cip-3CPE-18%[P407] did not maintain structural integrity on the TM.

Pentablock copolymer P407-PBP was designed to maintain mechanical strength

The deleterious effects of the CPEs on the mechanical properties of P407 were addressed by 

adding hydrophobic end blocks, which facilitated gelation at elevated temperatures via 

hydrophobic interactions (Fig. 1, C and D) (17, 18). Specifically, we decorated the ends of 

P407 with an aliphatic polyphosphoester (PPE), one of a class of generally biocompatible 

and biodegradable polymers (17, 19). Block copolymers of PPE with aliphatic side chains 

demonstrate reverse thermal gelation (17, 20), likely owing to the breaking of hydrogen 

bonding with ambient water molecules at elevated temperature (20). Their side chains (such 

as methyl, ethyl, and isopropyl) can be changed easily to tune the hydrophobicity and 

temperature responsiveness (21). We chose butyl side chains to enhance hydrophobicity and 

thus increase the thermodynamic driving force for gelation (22).

The pentablock copolymer P407-PBP with n- or s-butyl side groups (Fig. 1, C to E) was 

synthesized via ring-opening polymerization in the presence of an organocatalyst, 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU) (Fig. 1C). Fourier transform infrared spectroscopy 

(FTIR) confirmed the presence of PBP moieties (Fig. 1E) (23), which were present in the 

spectrum of the ring-opening polymerization product but not the reactant P407, indicating 

the successful addition of PPE blocks. Increased molecular weight, demonstrated by gel 

permeation chromatography (GPC) (table S1), indicated that P407 was chemically modified 

by either n- or s-butyl PBP blocks and not simply mixed with those PBP blocks. The 

number-average molecular weight (Mn) measured by nuclear magnetic resonance (NMR) 

agreed with that calculated from the chemical formulae (table S1) and was confirmed with 

GPC. In our synthetic scheme, a small degree of polymerization (DP) was targeted to avoid 

gelation at or below room temperature and to facilitate degradation of the hydrogel. The 

actual DP of the PPE blocks was determined to be 5 (fig. S1). A smaller DP of 2.5 resulted 

in a high gelation temperature and poor shear strength (Fig. 1F). P407-PBP with an n-butyl 

group and a DP of 5 was used in subsequent studies because it gelled at lower temperature 

and it has greater shear moduli than those made with s-butyl groups (Fig. 1F).

CPEs enhanced the mechanical strength of P407-PBP

P407-PBP had faster gelation kinetics than unmodified P407. The solution to gel (sol-gel) 

transition occurred ~7 s after Cip-3CPE-18%[P407-PBP] was submerged in a water bath at 

37°C, whereas Cip-3CPE-18%[P407] remained as a solution for 48 s (movie S1). Cip-18%

[P407] and Cip-18% [P407-PBP] (in the absence of 3CPE) demonstrated identical gelation 

kinetics (movie S2). Gelation of P407-PBP was not hindered by the inclusion of 3CPE. G′ 
and G″ of Cip-18%[P407-PBP] were ~0.3 and 1.0 kPa, respectively, at room temperature 

(Fig. 1A). G′ and G″ both increased gradually in the temperature range 27° to 38°C and 
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became 7.8 and 5.0 kPa, respectively, near body temperature. The sol-gel transition 

temperature was ~33°C. Introduction of 3CPE to Cip-18%[P407-PBP] increased its G′ by 

more than 2.5-fold (Fig. 1A). G′ and G″ increased from close to zero at room temperature 

to 20 and 1.3 kPa, respectively, at 37°C. The polymer solution exhibited a sol-gel transition 

temperature of 20°C. Micelles were observed at low polymer concentrations (1%) for P407-

PBP even in the presence of CPEs (Fig. 1B).

To evaluate the effect of individual CPEs on temperature-dependent mechanical properties, 

we added 1% SDS, 2% LIM, or 0.5% BUP separately to Cip-18%[P407-PBP] (Fig. 2A; data 

for each CPE are in fig. S2). LIM reduced the gelation temperature of Cip-18%[P407-PBP] 

by 14°C, increased G′ by 10.5 kPa, and decreased G″ by 4.1 kPa, such that they were very 

similar to those for Cip-3CPE-18%[P407-PBP] (Fig. 1A and fig. S2). SDS lowered the 

gelation temperature of Cip-18%[P407-PBP] by ~1.5°C but did not affect the plateau values 

of G′ and G″. BUP had minimal effects on the mechanical properties and gelation 

temperature of Cip-18%[P407-PBP]. These data indicated that the influences of CPEs were 

dominated by the effects of LIM.

Extruding the formulations of Cip-3CPE-18%[P407-PBP] (movie S3) and Cip-3CPE-15%

[P407-PBP] (movie S4) through a catheter to mimic application in vivo was challenging, 

presumably because the friction generated during injection was enough to heat the 

formulations and clog the catheter. For example, Cip-3CPE-15%[P407-PBP] was hard to 

push through a 20-gauge catheter and extruded as a gel rather than a viscous liquid, which 

made in vivo placement on the chinchilla TM difficult. Therefore, for in vivo work, we 

selected Cip-3CPE-12%[P407-PBP] because its sol-gel transition was clear (G′ > G″ at 

body temperature) (Fig. 2, B and C, and fig. S2E) and it did not gel after extrusion through a 

20-gauge, 1.8-inch catheter at room temperature (movie S5).

Transtympanic permeation was enhanced despite slowed release from the hydrogel

The design of our formulation entailed two components: CPEs, which were expected to 

increase drug flux across the TM (9), and the hydrogel, which was expected to slow flux yet 

prolong treatment for the duration that is needed to clear infection. The effects of the 

hydrogel and 3CPE on the transport rate of ciprofloxacin were studied by quantifying (i) in 

vitro diffusion from the bulk hydrogel matrix (albeit in infinite sink conditions, which are 

unlikely to exist on the TM surface) and (ii) ex vivo permeation across the TM. In vitro 

release experiments showed that P407-PBP slowed drug release compared to the free drug 

solution (Fig. 3A). Incorporation of 3CPE caused further slowing of drug release. However, 

the magnitude of ciprofloxacin released from Cip-3CPE-12%[P407-PBP] was >30% greater 

than that from Cip-3CPE-12%[P407].

Drug transport across the TM was studied ex vivo in auditory bullae excised from healthy 

chinchillas. Inclusion of 3CPE enhanced the flux across the TM from a 1% ciprofloxacin 

solution more than 4-fold and from Cip-12%[P407-PBP] more than 10-fold (Fig. 3B). 

Conversely, the presence of a hydrogel tended to decrease flux across the TM—an effect that 

could be overcome by the incorporation of CPEs. The ex vivo model could not be used to 

demonstrate the presumed principal utility of the hydrogel, which was to prolong the 
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duration of drug flux across the TM by creating a stable depot system because the TMs 

degraded after ~48 hours at 37°C.

Hydrogel drug delivery system cured OM in vivo in chinchillas

OM due to NTHi was established in chinchillas after direct inoculation of the virus into the 

middle ear. The ears were then treated with 200 μl of test material deposited through the 

external canal on to the TM. OM was defined as nonzero colony-forming units (CFU) in 

middle ear fluid aspirated through the dorsal aspect of the auditory bullae, not through the 

TM. In animals treated with 1% ciprofloxacin alone, infection was detectable in 25% 

animals on days 1 and 3, but by day 7, only 62.5% animals had cleared the infection (Fig. 

4A), an unacceptably low cure rate (24). The OM clearance rate was similarly low, 

plateauing at 60% of animals treated with Cip-3CPE-18%[P407] (Fig. 4A). In contrast, OM 

was cleared in 10 of 10 animals treated with Cip-3CPE-12%[P407-PBP] within 24 hours 

after the application of the formulation (Fig. 4A). The time course of the average number of 

colonies (CFU/ml) in middle ear fluid from animals in both groups is provided in Fig. 4B.

The 100% OM cure rate in animals treated with Cip-3CPE-12%[P407-PBP] may be 

explained by the time course of ciprofloxacin levels in the middle ear (Fig. 4C). The 

minimum inhibitory concentration (MIC) of ciprofloxacin for treating NTHi is 0.1 to 0.5 

μg/ml (25, 26). The concentration of ciprofloxacin peaked at day 1 (39.1 μg/ml in animals 

treated with Cip-3CPE-12%[P407-PBP] and 4.2 μg/ml in those treated with 1% 

ciprofloxacin solution). Three days after administration of the formulations, ciprofloxacin 

was still above the MIC (3.06 μg/ml) in the middle ears of animals that received 

Cip-3CPE-12%[P407-PBP], whereas the ciprofloxacin concentration dropped to zero in 

animals treated with 1% ciprofloxacin solution. Seven days after administration, the 

ciprofloxacin concentration was still 1.2 μg/ml in the middle ear fluid of animals treated 

with Cip-3CPE-12%[P407-PBP]. No recurrence of OM was observed within 7 days; in 

children with acute OM, this is a strong indication of cure (27).

The effect of Cip-3CPE-12%[P407-PBP] on hearing sensitivity was assessed by auditory 

brainstem responses (ABRs). Placement of 200 μl of the gel on the TM caused a 16- to 24-

dB positive shift of the ABR threshold (worsening of hearing) to clicks and tone bursts of 

frequencies from 0.5 to 16 kHz, with an average of 18 ± 8 dB across all frequencies (Fig. 

4D). This mild hearing loss is comparable to the effect of cerumen (commonly known as 

“earwax”) on hearing in humans (28), and because it is likely mechanically induced, hearing 

is expected to return to normal after the gel degrades. The TM does return to normal 

histologically (Fig. 5).

The hydrogel drug delivery system was biocompatible in the ear, with no systemic drug 
distribution in chinchillas

Tissue toxicity is an important consideration because CPEs have been shown to disrupt the 

stratum corneum, which is part of the TM (29). The specific combination of 3CPE was 

chosen because it enhances permeation across the TM and is nontoxic in vivo in chinchillas 

and human (9, 30). Cytotoxicity of the polymer and 3CPE was evaluated in three cell lines 

that are representative of cell types in the auditory system: human dermal fibroblasts (hFBs), 
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PC12 cells (a pheochromocytoma cell line frequently used to test neurotoxicity), and normal 

adult human primary epidermal keratinocytes from abdominal skin. P407-PBP itself showed 

little toxicity after 1 day, but only 20% of keratinocytes survived until day 3 (Fig. 6). The 

presence of 3CPE and ciprofloxacin increased the cytotoxicity for all cell types and time 

points.

Nevertheless, the gels were biocompatible in the ear in vivo. TMs excised 7 days after 

treatment with 200 μl of Cip-3CPE-12%[P407-PBP] were histologically similar to healthy 

TMs that had not been exposed to any treatment (Fig. 5A): 10 to 20 μm thick and without 

tissue injury, necrosis, or inflammatory cells. Untreated TMs extracted after 7 days of 

infection were about 10 times thicker than normal (Fig. 5A) and exhibited an acute 

inflammatory response with diffuse edema and dense infiltration by inflammatory cells (Fig. 

5A, lower left panel). The single-dose treatment with Cip-3CPE-12%[P407-PBP] could 

reverse the prominent inflammatory response caused by NTHi (Fig. 5B); TMs treated with 

the gel formulation appeared indistinguishable from normal (Fig. 5A). No tissue injury, 

necrosis, or inflammatory cells were observed. Bacteria (next to the umbo) were eradicated 

after 1 week of treatment with Cip-3CPE-12%[P407-PBP](Fig. 5B).

Gels were adherent to the TMs 7 days after application but had degraded completely within 

3 weeks. Ciprofloxacin was undetectable in plasma samples from blood obtained in the 

transverse sinus (table S2). Given the proximity of that location to the auditory bullae, the 

absence of ciprofloxacin suggested that no detectable systemic exposure of antibiotics 

occurred.

The hydrogel drug delivery system could work with thicker human TM

To assess the potential effect of the thicker human TM on diffusion of ciprofloxacin, we 

used an established transient diffusion model for the stratum corneum (31), which provided 

the principal resistance to transport (7, 31). We assumed that (i) the diffusion coefficients of 

ciprofloxacin were identical in chinchilla and human stratum corneum, (ii) the thickness of 

the human TM is thicker than the chinchilla TM (that is, ~47 μm versus 4.7 μm), and (iii) the 

ratio of the diffusion coefficients for infected and healthy TM is independent of the 

formulation used. The apparent diffusion coefficients across human TM with OM for 

ciprofloxacin from 1% ciprofloxacin solution and Cip-3CPE-18%[P407-PBP] were 

determined to be 4.60 × 10−16 m2 s−1 and 2.11 × 10−15 m2 s−1, respectively (table S3), by 

fitting the drug transport profiles (Fig. 3B and fig. S3) to a steady-state model (31).

With these diffusion coefficients, the transient model predicted that ~417 μg of ciprofloxacin 

would permeate across a human TM with OM during a 7-day treatment with Cip-3CPE-18%

[P407-PBP]. Assuming that there was no uptake of ciprofloxacin by bacteria or the patient 

and that the volume of the infant middle ear is 0.45 ml (32), the MIC of NTHi [0.1 to 0.5 

μg/ml (25, 26)] could be achieved within the first day (fig. S3). In contrast, the 1% 

ciprofloxacin solution would require 40 hours of contact with the TM to reach the lower 

bound of MIC of NTHi in the middle ear.
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DISCUSSION

We have developed an ototopical acute OM treatment platform that, although applied only 

once, provided local sustained delivery of antibiotics directly to the middle ear for at least 7 

days, eradicating infection and restoring the TM to normal. The transport of antibiotics 

directly to the middle ear remained local, without detectable systemic distribution, and could 

thus avoid side effects and antibiotic resistance. The gel had a modest negative effect on 

hearing, presumably due to its presence on the TM. This would likely resolve as the gel 

disappeared completely within 3 weeks of administration. The optimized injectable gel 

containing ciprofloxacin, 3CPE, and 12% polymer was biocompatible in vivo. The 

formulation would allow a pediatrician, at the time of diagnosis, to deliver a single dose of 

antibiotics to the TM that provides an entire course of treatment, which could improve 

compliance.

The central point of this work was the demonstration of a formulation that can treat OM 

transtympanically. CPEs enhanced transtympanic flux, which was important given that the 

hydrogel itself reduced drug flux across the TM. The fact that Cip-3CPE containing 12%

[P407-PBP] was more successful than 18%[P407] in eradicating OM suggests the 

importance of the ability of the formulation to persist at the TM; Cip-3CPE-12%[P407-PBP] 

was present for at least 1 week, whereas Cip-3CPE-18%[P407] was gone after 1 day. 

Exactly which CPE or CPE combination is optimal, and at what concentration, remains to be 

determined.

It was somewhat surprising that ciprofloxacin solution alone had any therapeutic effect on 

OM, given that the TM is relatively impermeable to small molecules (7, 9, 33) and 

ototopical antibiotics are only used for middle ear disease in situations where the TM has 

been breached (for example, with myringotomy tubes) (34). The effect of ciprofloxacin 

drops in OM may be explained by the fact that the TM became 5- to 31-fold more permeable 

to drug flux in OM despite also becoming five times thicker than in healthy animals. Even 

so, the cure rate from ciprofloxacin solution was unsatisfactory [one would prefer >88% 

based on FDA 2001 Advisory Committee recommendation (35)] and would likely be even 

lower with the thicker TMs in humans (36). Human TMs are on average about 10-fold 

thicker than chinchilla TMs, with great variability (36, 37). Our modeling data indicated that 

a ciprofloxacin solution is unlikely to be effective in human OM. Moreover, it is unlikely 

that a drop of free liquid would stay at the TM for that duration in a toddler.

As occurs with transdermal drug delivery systems, the CPEs most likely disrupt the stratum 

corneum of the TM, thus increasing its permeability to ciprofloxacin (29, 38) but also 

potentially causing tissue injury. Biocompatibility in vivo was excellent, even though there 

was considerable cytotoxicity in vitro. This in vitro–in vivo discrepancy is not uncommon 

(39). Degradation of the gel at the TM was likely mediated through hydrolytic cleavage of 

the phosphoester bonds in the backbone and the side chains, which can occur spontaneously 

under physiological conditions, or catalytically by enzymatic digestion of phosphate 

linkages (40).
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In infected chinchillas treated with Cip-3CPE-12%[P407-PBP], the concentration of 

ciprofloxacin in the middle ear peaked after 1 day and was maintained above the MIC of 

NTHi throughout the 7-day treatment. The peak concentration was almost six times as high 

as from 1% ciprofloxacin solution. The high and sustained concentrations from 

Cip-3CPE-12%[P407-PBP] suggest that this formulation could be effective in treating 

otopathogens with higher MICs, and that this treatment could work across the range of 

middle ear volumes seen from infancy to adulthood, although changes in volume 

administered or drug concentration might be needed. Although there was a high local 

concentration, the absence of detectable drug in the bloodstream is potentially important for 

the avoidance of systemic toxicity and for mitigating the public health hazard of causing 

emergence of drug-resistant bacteria. Avoiding systemic exposure is particularly important 

with ciprofloxacin because it is not currently used systemically in general pediatric practice 

because of its potential harm to pediatric musculoskeletal systems (41). The widespread use 

of systemic antibiotics against a disease of such high prevalence and recurrence as OM is 

believed to be partially responsible for the ongoing increase in antibiotic resistance among 

pathogenic bacteria in the nasopharynx (42). The effective sustained local therapy developed 

here could address the issue of compliance and affect the development of resistance and 

chronic suppurative OM. If this therapy could impact biofilm formation, it could potentially 

reduce the need for tympanostomy tube placement (devices implanted in the TM to enhance 

middle ear drainage in recurrent OM).

Despite the recognized correlation between results obtained with the chinchilla animal 

model and those from human trials (43), it is possible that there might be discrepant results 

in humans. Also, the fact that there was no detectable systemic distribution of antibiotics 

does not exclude the possibility of antibiotic drainage into the nasopharynx, which could 

lead to the development of antibiotic-resistant bacteria. Our formulation could eradicate 

NTHi, which has been identified in more than 60% of children with OM (44), but there are 

other potential otopathogens. The gel caused a minor deficit in hearing immediately 

(minutes) after application. Given the timing, the deficit can only be due to a mechanical 

conductive problem, which would be expected to resolve once the gel is gone. That hearing 

returns to normal will need to be demonstrated definitively.

We have developed a noninvasive, single-dose, local antibiotic treatment regimen and 

demonstrated its efficacy in the standard chinchilla animal model. The CPEs used are FDA-

approved excipients. Ciprofloxacin was used here because of its broad spectrum of activity 

against relevant bacteria and because of its effectiveness in OM in children with 

myringotomy tubes (45). The thermosensitive polymer used here is a chemical derivative of 

FDA-approved poloxamers. Nonetheless, its safety—and that of the formulation as a whole

—may have to be demonstrated in healthy human volunteers, as a preliminary to trials in 

patients with OM. This delivery system is likely compatible with a range of different 

antibiotics, should a drug other than ciprofloxacin be necessary.
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MATERIALS AND METHODS

Study design

Our objective was to develop a noninvasive, transtympanic drug delivery platform for OM. 

We focused on developing and evaluating formulations containing CPEs and an antibiotic. 

The experiments compared the effect of the polymer matrix and incorporation of CPEs on 

TM permeability and OM cure rate. For the ex vivo experiments, a sample size of four for 

each formulation was chosen, which would provide 80% power to detect 50% differences in 

flux based on power analysis using the nonparametric Friedman test (version 7.0, nQuery 

Advisor, Statistical Solutions). Sample sizes of 8 to 10 were used for the in vivo 

experiments, which were supported by our published experience (46). During ex vivo 

experiments, data collection was stopped after 48 hours due to microbial growth on 

harvested TM, whereas, during in vivo experiments, data collection was stopped after 7 days 

because OM would either be cleared or cause the animal severe illness that required 

euthanasia. In vivo experiments were blinded. The information regarding whether the animal 

was infected or healthy and regarding which formulation was administered were kept by two 

separate research groups and not shared until all data analysis was done. Animals were 

assigned treatment groups at random.

Animal maintenance

Healthy adult male chinchillas weighing 500 to 650 g were purchased from Ryerson 

Chinchilla Ranch and cared for in accordance with protocols approved institutionally and 

nationally. Experiments were carried out in accordance with the Boston Children’s Hospital, 

Boston University Medical Center, and Massachusetts Eye and Ear Infirmary Animal Use 

Guidelines and approved by each institution’s Institutional Animal Care and Use Committee 

(IACUC).

Synthesis of butoxy-2-oxo-1,3,2-dioxaphospholane

2-Chloro-2-oxo-1,3,2-dioxaphospholane (COP), n-butanol, 2-ethyl-1-butanol, and 

anhydrous tetrahydrofuran (THF) were used as received from Sigma-Aldrich. Butoxy-2-

oxo-1,3,2-dioxaphospholane (BP) was prepared by condensation reaction of COP and n-

butanol or 2-ethyl-1-butanol. COP (5.0 g, 35 mmol) in anhydrous THF (50 ml) was added to 

a stirring solution of n-butanol or 2-ethyl-1-butanol (2.6 g, 35 mmol) and trimethylamine 

(TEA, 3.9 g, 39 mmol) in anhydrous THF (100 ml) at 0°C dropwise. The reaction mixture 

was stirred in an ice bath for 12 hours upon completed addition. Upon complete conversion 

of COP, the reaction mixture was filtered and the filtrate was concentrated. The concentrated 

filtrate was purified by vacuum distillation under reduced vacuum to yield a viscous 

colorless liquid.

Synthesis of P407-PBP

Kolliphor P407 microprilled was from BASF. P407-PBP was synthesized by ring-opening 

polymerization of BP with P407 as the macro-initiator in the presence of an oranocatalyst 

(DBU; Sigma-Aldrich) at −20°C (47). P407 (8.1 g, 0.56 mmol) and BP (1.0 g, 5.6 mmol) in 

anhydrous dichloromethane (DCM; 0.5 ml) were added to a flame-dried Schlenk flask (10 
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ml) equipped with a stir bar. The reaction mixture was flushed with nitrogen gas for 5 min 

while immersed in an ice bath with saturated NaCl solution. A solution of DBU in 

anhydrous DCM (0.13 g, 0.84 mmol) was added to the stirring solution via a syringe 

dropwise while maintaining the reaction under nitrogen gas atmosphere. Upon completion 

of the reaction, excess amount of acetic acid in DCM was added to the reaction mixture to 

quench the reaction. The product was purified by precipitation into ether (three times) and 

dried under vacuum to obtain a white powder product. Molecular weight (Mn) of the product 

was measured with NMR and GPC. Mn measured by GPC was ~30% higher than that 

measured using NMR [a discrepancy well documented (48) and attributed to the different 

chain configurations of the P407-PBP from standard (polystyrene)].

Hydrogel formation

P407-PBP hydrogel formulations were made by adding powdered polymers to aqueous 

solutions. Gels of varying P407-PBP weight percentage (10 to 18%) can be prepared by 

simple dissolution in a cold room to allow better solubility. Hydrogel formulation in 

scintillation vials was immersed in a water bath kept at 37°C with continuous stirring (200 

rpm). The time it took the stir bar to stop rotating after immersion was recorded as the 

gelation time. Gelation temperature was quantified using linear oscillatory shear rheology 

measurements (100 rads−1, 1% strain, and 1°C/min). Gelation temperature was taken as the 

temperature at which G′ becomes greater than G″. The changes of G′ and G″ over 

temperatures ranging from 0°C to above body temperature were recorded to reflect changes 

in mechanical properties.

In vitro release studies

The release of ciprofloxacin from each formulation was measured using a diffusion system. 

Transwell membrane inserts (0.4-μm pore size and 1.1-cm2 area; Costar) and 24-well culture 

plates were used as the donor and acceptor chambers, respectively. Two hundred microliters 

of each formulation was pipetted directly onto prewarmed filter inserts to obtain a solid 

hydrogel. Filter inserts (donor compartments) with formed gels were suspended in wells 

(acceptor compartments) filled with prewarmed phosphate-buffered saline (PBS), and the 

plates were then incubated in an oven (37°C). At each time point (0.5, 1, 2, 6, 12, 24, and 48 

hours), 1-ml aliquots of the PBS-receiving media were sampled and inserts were 

sequentially moved into a new well with fresh PBS. Aliquots were suspended in 

acetonitrile/PBS (70:30) to ensure total drug dissolution. Sample aliquots were 

chromatographically analyzed with high-performance liquid chromatography (HPLC) to 

determine ciprofloxacin concentrations (λ = 275 nm). More details regarding the 

ciprofloxacin measurement and HPLC conditions can be found in (9). Experiments were 

performed in quadruplicate.

Ex vivo TM permeation

The cross-TM permeation rate of ciprofloxacin was determined with auditory bullae 

harvested from healthy chinchillas. All formulations were applied into the bullae kept at 

37°C and deposited onto the TMs. The volume applied was 200 μl, which translates to 2 mg 

of ciprofloxacin. Permeation of ciprofloxacin across TM into the receiving chamber was 

quantified using HPLC. Detailed information regarding TM harvesting, TM electrical 
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resistance measurement, and configuration of the ex vivo permeation experiment can be 

found in (9).

Cytotoxicity analysis

Cell viabilities were evaluated with an assay of a mitochondrial metabolic activity, CellTiter 

96 AQueous One Solution Cell Proliferation Assay (Promega Corp.), that uses a tetrazolium 

compound [3-(4,5-dimethyl-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium, inner salt (MTS)] and an electron coupling reagent (phenazine ethosulfate). On 

days 1 and 3 of the culture, hFB, PC12, and normal adult human primary epidermal 

keratinocytes (American Type Culture Collection) were incubated with CellTiter 96 AQueous 

One Solution for 120 min at 37°C. The absorbance of the culture medium at 490 nm was 

immediately recorded with a 96-well plate reader. The quantity of formazan product 

(converted from tetrazole) as measured by the absorbance at 490 nm is directly proportional 

to cell metabolic activity in culture. Planar cultures on 24-well plate were used as controls. 

Cell viability was confirmed using a LIVE/DEAD Viability/Cytotoxicity Kit (Molecular 

Probes, Invitrogen). Cells were incubated with calcein-AM (acetoxymethyl) (1 μM) and 

ethidium homodimer-1 (2 μM) for 30 min at 37°C to label live and dead cells, respectively. 

Cell viability was calculated as live cells/(live cells + dead cells) × 100.

ABR measurements

ABR experiments were conducted with a custom-designed stimulus generation and 

measurement system built around the National Instruments software (LabVIEW) and 

hardware, as described in Supplementary Materials and Methods.

NTHi OM chinchilla model

All procedures and manipulations were performed using sedation analgesia with a mixture 

of ketamine and xylazine given intramuscularly in accordance with approved IACUC 

protocols at the Boston University Medical Center. Baseline plasma samples were obtained 

through the cephalic sinus 24 hours before bacterial inoculation. Isolates of NTHi grown to 

the mid-log phase were diluted in Hanks’ balanced salt solution (HBSS), and about 25 to 75 

CFU in 100 μl were introduced directly into each middle ear bullae under aseptic conditions. 

Daily tympanometry and otomicroscopy were performed to determine the presence of fluid 

in the auditory bullae and signs of infection, including bulging TM. Erythema and pictures 

were taken. Once abnormality was identified, the middle ear cavity was accessed 48 to 72 

hours later, as described previously (49). TMs of the animals to receive the formulation were 

observed with the speculum of an otoscope, after which the liquid hydrogel was injected 

through the speculum using a soft 20-gauge, 1.8-inch catheter. A direct culture of middle ear 

was obtained with a calcium alginate swab and immediately streaked onto a blood agar 

plate. Middle ear fluid was obtained with a 22-gauge angiocatheter connected to an empty 

tuberculin syringe, 10 to 20 μl of middle ear fluid were diluted 1:10 in HBSS, and three 

serial 10-fold dilutions were prepared. One hundred microliters of each dilution was plated 

onto the blood agar. The lower limit of detection of viable organisms in middle ear fluid 

using this dilution series was 100 CFU/ml. Direct and indirect ear examination was 

performed every 1 to 2 days until the middle ear cultures were sterile. Serial plasma samples 

were obtained during the experiment to determine systemic drug levels.

Yang et al. Page 12

Sci Transl Med. Author manuscript; available in PMC 2017 September 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Statistical analysis

Data that were normally distributed were described with means and SDs and compared 

using paired or unpaired Student’s t test. Otherwise, data were presented as median ± 

quartiles. Comparisons between groups of proportions of outcomes were done using Fisher’s 

exact test. Statistical analysis was conducted using OriginPro software (version 8, 

OriginLab). Two-tailed P < 0.05 was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Synthesis, gelation, and mechanical properties of P407-PBP
(A) Gelation of aqueous solutions of 18%[P407], 3CPE-18%[P407], 18%[P407-PBP], and 

3CPE-18%[P407-PBP], as a function of temperature. 3CPE: 2% LIM, 1% SDS, and 0.5% 

BUP. Data are means ± SD (n = 4). (B) TEM images of micelle formation. Scale bars, 100 

nm. (C) Synthesis steps for P407-PBP and chemical structures of the ABCBA penta-block 

copolymers. (D) Schematic of the gelation of P407-PBP aqueous solution, facilitated by 

hydrophobic interactions of PPE end groups at elevated temperature. (E) FTIR spectra of 

P407, P407-PBP with n-butyl groups, and P407-PBP with s-butyl groups. (F) Effect of n- or 
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s-butyl phosphoester and DP on G′ and G″ of 18% aqueous solution of P407 derivatives, as 

a function of temperature. Data are means ± SD (n = 4).
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Fig. 2. Effects of individual CPEs and polymer concentrations on formulation rheology
(A) Effect of individual CPEs on gelation temperature of P407-PBP. (B) Effect of P407-PBP 

concentration on gelation temperature. All formulations contain 3CPE. (C) Effect of P407-

PBP concentration on G′ and G″ at 37°C. Data are means ± SD (n = 4).
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Fig. 3. Cumulative in vitro release and ex vivo transfer of ciprofloxacin across the TM into a 
receiving chamber
(A) Release of ciprofloxacin under infinite sink conditions. Two milligrams of ciprofloxacin 

were contained in each gel and solution at time zero. (B) Permeation of ciprofloxacin across 

the TM. The curves for Cip-12%[P407-PBP] and Cip-18%[P407-PBP] formulations overlap 

almost completely. The positions of the latter are indicated by arrows. Data are means ± SD 

(n = 4).
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Fig. 4. In vivo efficacy, pharmacokinetics, and impact on hearing sensitivity for Cip-3CPE-12%
[P407-PBP]
(A) Percentage of animals with OM (defined as nonzero CFU values in their middle ear fluid 

aspirates) before (day 0) and after receiving Cip-3CPE-12%[P407-PBP] (n = 10), 

Cip-3CPE-18%[P407] (n = 5), 1% ciprofloxacin ear drop (n = 8), or no treatment (n = 10). 

Day 0 reflects status immediately before administration of therapeutics. *P = 0.0065 by 

Fisher’s exact test. (B) Time course of bacterial CFU from middle ear fluid from animals 

with OM from NTHi treated with Cip (n = 4), Cip-3CPE-18%[P407] (n = 5), 

Cip-3CPE-12%[P407-PBP] (n = 10), or no treatment (n = 10). Data are means ± SD. (Log10 

CFU is set to zero instead of minus infinity for the purpose of this illustration.) (C) 

Concentration of ciprofloxacin over time in the middle ear fluid of the same animals as in 

(A). The black dotted line indicates the MIC for NTHi. Inset is the magnified drug 

concentration range of 0 to 10 μg/ml. Data are means ± SD. (D) Shifts in ABR thresholds in 

response to acoustic clicks and brief (8-ms) tone bursts of various frequencies. All data here 

had the threshold median before the treatment subtracted from them. The red lines indicate 

the interquartile range of values before treatment (n = 8). Measurements after application of 

200 μl of Cip-3CPE-12%[P407-PBP] formulation are in black (n = 8). Black boxes and the 

lines within indicate the interquartile ranges and medians, respectively. Small black squares 

indicate the means, and crosses indicate the range. Original data are provided in table S4.
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Fig. 5. In vivo effect on tissue for Cip-3CPE-12%[P407-PBP]
(A) Representative photomicrographs of hematoxylin and eosin (H&E)–stained sections of 

TM cross-sections in healthy TMs and TMs after 7 days of OM without or after treatment 

with Cip-3CPE-12%[P407-PBP]. Scale bar, 12 μm. Labeled on each panel is the TM’s 

average thickness ± SD (n = 4). (B) H&E-stained cross-sections of the umbo-malleus region 

after 7 days of OM, without or after treatment with Cip-3CPE-12%[P407-PBP]. Scale bar, 

20 μm. Thickness measurements are provided in table S4.
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Fig. 6. Cytotoxicity of 12%[P407-PBP] and Cip-3CPE-12%[P407-PBP]
(A) Survival rates (determined by MTS assay) of hFBs, PC12 cells, and keratinocytes after 

incubating with 12%[P407-PBP] and Cip-3CPE-12%[P407-PBP] for 1 or 3 days. Data are 

means ± SD (n = 4). (B) LIVE/DEAD assay of hFB, which was done to confirm the data in 

(A), after incubation for 1 or 3 days with 12% [P407-PBP] or Cip-3CPE-12%[P407-PBP]. 

GFP (green fluorescent protein), live cells (green); TRITC (tetramethyl rhodamine 

isothiocyanate), dead cells (red). (C) hFB cell survival rates were obtained by counting live 

and dead cells in (B) and calculating % cell survival = live cells/(live cells + dead cells). Cell 

counting was done using ImageJ. Data are means ± SD (n = 4). For all images, paired t test 

was applied.
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