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1. Introduction
Acute otitis media (AOM) is the most frequently diagnosed illness among children in the
United States, accounting for over 20 million physician visits each year [1, 2]. Recurrence of
disease is also common, with one third of all children in the U.S. having 6 or more episodes
of AOM by age 7 [3]. The current treatment regimen for AOM typically consists of a ten-
day course of broad spectrum oral antibiotics [4]. Systemic administration of broad-
spectrum antibiotics against a disease with such high prevalence and recurrence is believed
to be partially responsible for the emergence of drug-resistant strains of pathogenic bacteria
[5].

Ototopical drug delivery presents a highly promising alternative to oral antibiotics for the
administration of therapeutics to the middle ear. The localized delivery of antibiotics across
the tympanic membrane (TM) directly to the middle ear could potentially enhance the local
bioavailability of drug while minimizing antibiotic exposure of normal flora elsewhere in
the body, which together reduce the selective pressures responsible for antibiotic resistance.
The utility of ototopical administration is seen in the effectiveness of antibiotic eardrops in
patients with punctured TMs or tympanostomy tubes [6]. However, the significant
penetration barrier provided by the stratum corneum (SC) has restricted the clinical use of
such drops to patients with non-intact TMs. Strategies to overcome the SC barrier, including
chemical additives, iontophoresis and micro-injection, have been extensively explored for
use in transdermal drug delivery applications [7]. Chemical permeation enhancers (CPEs), in
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particular, have emerged as an effective means of enhancing small molecule flux across the
skin [8-11]. By reversibly increasing the permeability of the stratum corneum, CPEs greatly
improve the trans-dermal delivery of molecules that would otherwise permeate poorly, for a
wide range of cosmetic and dermatological applications [7, 12-14]. Given the structural
similarities between skin and the TM, a formulation combining both CPEs and antibiotics
could potentially enhance drug flux across the intact TM into the middle ear.

A clinically effective local delivery system that reproduces the effect of an extended
systemic drug regimen should not only increase drug flux across the TM, but also maintain
it over a prolonged period. Additionally, the drug regimen would ideally be delivered in a
single dose, as compliance with multi-dose regimens can be difficult, particularly in the
treatment of uncooperative young patients. These design criteria are particularly important
in the case of treatment of AOM, where otoscopy would be required for placement; it could
be done at the time of diagnosis, but would be impractical thereafter. A delivery vehicle
capable of holding both antibiotic and CPE in place at the TM would be ideal for this
purpose. In situ gelling systems, with their ease of application and ability to conform to a
delivery site, would be most suitable for ototopical use. Poloxamers (tri-block copolymers of
polypropylene and polyethylene) have been used for the controlled release of therapeutic
compounds due to their thermoreversible gelation behavior and established safety in FDA-
approved preparations [15-17]. Solutions of poloxamer 407 (P407) undergo a liquid-gel
transition below body temperature, which could allow them to be administered in the form
of a liquid ear drop into the ear canal, but gel rapidly in situ upon contact with the TM. The
purpose of incorporating antibiotics and CPEs into such a gel system is that it will increase
therapeutic efficacy by maximizing TM contact time and prolonging drug release (Figure
1A).

The objective of this study was to develop and evaluate formulations for the sustained trans-
tympanic delivery of antibiotics. Ciprofloxacin, a synthetic fluoroquinolone antibiotic, was
selected for these experiments because of its known activity against Haemophilus influenzae
(H. flu) and Streptococcus pneumoniae (S. pneumo), its low molecular weight and moderate
lipophilicity, and its established ototopical use in children with AOM with tympanostomy
tubes [18, 19]. To enhance drug flux across the intact TM, we incorporated CPEs (sodium
dodecyl sulfate, limonene, and bupivacaine) into formulations and examined the resultant
changes in trans-tympanic drug permeability across native chinchilla TMs. We further
investigated the effect of the gel-enhancer formulations on hearing thresholds via in vivo
auditory brainstem response (ABR) measurements in chinchillas, and examined their in vivo
tissue toxicity.

2. Materials and Methods
2.1 Materials

Ciprofloxacin hydrochloride (1% w/v; MW = 331.4 Da, Log P = 0.28[19]) was purchased
from Bayer HealthCare (West Haven, CT). Poloxamer 407 (P407 or Pluronic F-127®) and
all other chemicals and reagents were obtained from Sigma-Aldrich (St. Louis, MO), unless
otherwise specified.

2.2 Animal maintenance
Healthy adult male chinchillas weighing 550 to 650 g were purchased from Ryerson
Chinchilla Ranch (Plymouth, OH) and cared for in accordance with protocols approved
institutionally and nationally. Experiments were carried out in accordance with the
Massachusetts Eye and Ear Infirmary (MEEI) Animal Use Guidelines and approved by the
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MEEI and Massachusetts Institute of Technology (MIT) Institutional Animal Care and Use
Committees.

2.3 Hydrogel formulation
Hydrogels were prepared using the “cold method” [20]. Briefly, a weighed amount of P407
was added to dH2O or an aqueous solution of 1% cipro in a 20mL glass scintillation vial and
mixed overnight at 4°C on a magnetic stir plate to effect complete solubilization. The P407
concentration in gels is expressed as the weight percentage (wt%), unless specified
otherwise. To prepare CPE-loaded hydrogels, appropriate volumes of CPEs were slowly
added to the poloxamer-drug mixture under gentle stirring. Resultant formulations were
liquid at 4°C. CPEs (sodium dodecyl sulfate (SDS); limonene (LIM); bupivacaine (BPV))
representing different chemical classes were used in this study, and, unless otherwise stated,
were fixed at 1% SDS, 2% LIM and 0.5% BPV. These concentrations were selected based
on those reported to be effective and minimally toxic in previous transdermal studies [11] or
clinical practice. A combination of all three CPEs is represented as 3CPE.

2.4 Study of gelation properties
The gelation temperature (Tgel) of each P407 hydrogel formulation was measured using a
modification of a published method [21]. 200 μL of each formulation was added to a glass
HPLC sample vial with a magnetic stir bar and immersed in a low-temperature water bath
on a heated stir plate. Each vial was gradually heated from 20°C to 40°C at the rate of 1 °C/
min with continuous stirring at 200 rpm and the temperature at which the stir bar stopped
rotating was recorded as the Tgel. The time to gelation was also noted. Measurements were
performed in quadruplicate.

2.5 In vitro release studies
The release of ciprofloxacin from P407 gels was measured using a diffusion system.
Transwell® membrane inserts (0.4 μm pore size, 1.1 cm2 area; Costar, Cambridge, MA) and
24-well culture plates were employed as the donor and acceptor chambers, respectively. 200
μL of each 18% P407 formulation loaded with 2 mg ciprofloxacin was pipetted directly onto
pre-warmed filter inserts to obtain a solid hydrogel. Filter inserts (donor compartments) with
formed gels were suspended in wells (acceptor compartments) filled with pre-warmed
phosphate buffered saline (PBS) and the plates then incubated in a 37 °C oven. At each time
point (0.5, 1, 2, 6, 24, and 48 hr.), 1 mL aliquots of the PBS receiving media were sampled
and inserts sequentially moved into a new well with fresh PBS. Aliquots were resuspended
in 70:30 acetonitrile/PBS to ensure total drug dissolution. Sample aliquots were
chromatographically analyzed with HPLC to determine ciprofloxacin concentrations (λ =
275 nm). Experiments were performed in quadruplicate.

2.6 Ciprofloxacin measurement
Ciprofloxacin levels were determined using an Agilent 1100 high-performance liquid
chromatography (HPLC) system.10-μL samples were injected onto an Agilent Poroshell
120 EC-C18 column (4.6mm × 150mm, 2.7μm particle size. The mobile phase used was
80:20 acetonitrile:0.1% trifluoroacetic acid pH=2.0) at a flow rate of 1 mL/min.
Ciprofloxacin was detected by UV absorbance at 275 nm wavelength. Separate dilution
standards were prepared by diluting 1% cipro in 70:30 acetonitrile:PBS, 0.01 % to 1.0 ×
10-4% (w/v), on the day of analysis.

2.7 Tympanic membrane harvesting
For ex vivo drug permeation studies, TMs were extracted from euthanized chinchillas.
Chinchillas were placed under deep general anesthesia by the intramuscular administration
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of ketamine (30 mg/kg) and xylazine (4 mg/kg), and then euthanized with intracardiac
administration of pentobarbital (100 mg/kg). Euthanized animals were decapitated and the
auditory bullae removed from the rest of the skull. Bullae were excised and the tympanic
membrane (TM) and surrounding bony annulus carefully extracted. The TMs (with the
imbedded manubrium of the malleus) were maintained intact within the tympanic ring and
exposed on both lateral and medial surfaces. Immediately following dissection, TMs were
inspected visually with a stereo dissection microscope under 10X magnification for
perforations.

2.8 Tympanic membrane (TM) electrical resistance
The electrical impedance of excised chinchilla TMs was measured as previously described
for skin [22], with the following modifications. Excised chinchilla TMs and attached
tympanic rings were placed upright in a 12-well plate, with the TM surface perpendicular to
the well base and the EAM longitudinal axis parallel to the well walls. Ag-Cl electrodes (In
Vivo Metrics, Healdsburg, CA) were placed on either side of the chinchilla TM, in the donor
and receiving media, and a signal generator (Hewlett Packard, HP 33120A) provided a 100
mV (rms) AC voltage for 5 seconds at 10 Hz, 100 Hz, 1 kHz, and 10 kHz. The current
passing through the membrane was measured with a Fluke Multimeter (Model 139, Fluke
Corporation), and the electrical impedance was approximated using Ohm's Law from the
current obtained with the 10 Hz signal. Background resistance measurements of PBS alone
were made separately and subtracted from the initial resistance calculation to yield the
membrane resistance. Any sample with an initial resistivity (electrical resistance * exposed
area) of <18kOhm*cm2 was considered damaged and replaced with an intact sample [23,
24]. Following the final time point in the extracted TM experiments, the TM surface was
covered with a thin rubber disc and silicone adhesive, and the electrical resistance of the
surrounding tympanic ring were measured and similarly subtracted from the initial TM
+EAM resistance calculation.

2.9 Ex vivo ciprofloxacin permeation studies
Trans-tympanic flux experiments were performed to examine the effect of single and
combination CPEs (no gel) on ciprofloxacin diffusion across the chinchilla TM. Excised
chinchilla bullae were placed upright in a 12-well plate, with the TM surface perpendicular
to the well base and the EAM longitudinal axis parallel to the well walls. A 3 mL volume of
PBS was added to the well, so that the entire medial surface of the TM was submerged and
200 μL of the test CPE solution pipetted into the EAM to cover the lateral TM surface.
Plates were stored at 37°C. At pre-determined time points (0.5, 1, 2, 6, 12, 24, 48, and 120
hours post treatment administration), a 1 mL sample from the 1 mL receiving chamber was
removed, diluted to 70:30 acetonitrile:buffer, filtered, and transferred to an HPLC vial.
Bullae were sequentially moved to fresh wells containing 3 mL PBS. The samples were then
chromatographically analyzed with HPLC to determine the ciprofloxacin concentrations.

Ciprofloxacin flux from hydrogels was similarly evaluated in order to determine the effects,
if any, of incorporation into a P407 gel system. 200 μL of liquid 18% P407 or 18% P407-
CPE formulations were pipetted into the EAM (warmed to 37 °C) to form a gel plug.
Aliquots were removed and evaluated as above. Experiments were performed in
quadruplicate and only harvested TMs with RA ≥ 18 kOhm*cm2 were used.

2.10 Auditory brainstem response (ABR) measurements
ABR experiments were conducted with a custom-designed stimulus generation and
measurement system built around National Instruments (Austin, TX) software (Lab View)
and hardware. The hardware included a GPIB controller and an ADC board. A custom
LabView program computed the stimuli, and downloaded the stimuli to a programmable
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stimulus generator (Hewlett Packard 33120A). The stimulus was then filtered by an
antialiasing filter (KrohnHite 3901) and attenuated (Tucker-Davis Technologies). The filter
and the attenuator were controlled by the LabView software. Simultaneous with stimulus
output, the 2 ADC channels sampled the amplified ABR signal and the output of a
microphone sealed in the ear canal of the animal.

The attenuated stimulus was played through a hearing-aid earphone placed within the intact
ear canal of adult female chinchillas (400-600 g) anesthetized by IP administration of
sodium pentobarbital (60 mg/kg). The earphone coupler included a microphone that
monitored the sound stimulus level. ABRs, obtained in a sound-attenuating booth, were
measured with a differential amplifier with a gain of 10,000 and a measurement bandwidth
of 100 Hz to 3 kHz. The measurements were obtained from the positive electrode in the
muscle behind the measured ear; the negative electrode was at the cranial vertex, and the
ground electrode behind the contralateral ear. After obtaining baseline measurements,
200μL of 18% P407 gel was applied to the ear canal and the same measurements
immediately performed to examine the resultant changes, if any, in auditory sensitivity
thresholds.

The acoustic stimuli were pairs of 20-ms tone bursts of opposite polarity. The frequency of
the bursts increased from 500 Hz to 16 kHz in octave steps. Each burst was sine windowed,
with 40 ms between the two bursts. ABR responses to 250 pairs of stimuli were averaged at
each stimulus level. The ABR response was computed from the sum of the averaged
response to the two different polarities. Stimulus level was varied in 10 dB steps. A visual
judgment of threshold at each stimulus frequency was determined post-measurement in a
blinded fashion. After ABR measurements, the animals were monitored till they recovered
from anesthesia and were returned to the colony.

2.11 Histopathology
P407 formulations containing ciprofloxacin and CPEs were administered to the ear canals of
live chinchillas. Seven days later, they were euthanized as described above. Following
sacrifice, the bullae were excised as described above and the bone around the TM carefully
removed leaving an intact TM, exposed on both lateral and medial surfaces, within the
tympanic ring. Excised TMs were immediately fixed in 10% formalin overnight, then
decalcified, embedded in paraffin, sectioned (5 μm thick) and stained with hematoxylin and
eosin by the Department of Comparative Medicine (DCM) at MIT (fee for service), using
standard techniques. All stained specimens were evaluated under light microscopy
(Olympus FSX-100) by a blinded histologist.

2.12 Statistical analysis
All data populations were first assessed to determine which were normally distributed.
Normally distributed data are presented as means with standard deviation, and compared by
t-tests and analysis of variance (ANOVA), where specified; data not normally distributed are
presented as medians with 25th and 75th percentiles and compared by Mann-Whitney U-
test. Statistical significance, for both parametric and non-parametric tests, was defined as p <
0.05.

3. Results
3.1 Gelation studies

The thermal gelation behavior of ototopical formulations was investigated to establish the
P407 concentration that would provide a rapid and reproducible liquid-gel transition
between room and body temperatures while loaded with ciprofloxacin and CPEs (Table 1).
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Each formulation was a viscous liquid at storage temperature (4°C), formed a semisolid gel
above its liquid-gel transition temperature (Tgel), and returned to the liquid state below Tgel.
Tgel decreased with increasing P407 concentration; 18% and 20% formulations formed soft,
clear gels at 37°C that did not run when inverted (Figure 1B). The incorporation of all three
CPEs (3CPE) into formulations produced a large decrease in Tgel at all three P407
concentrations tested (p<0.001, compared to gels without 3CPE); the Tgel of an 18% P407
formulation decreased from 38.5 °C to 24.5 °C upon the incorporation of 3CPE. Gelation
times of gels at 37 °C ranged from 9 to 42 seconds, with the exception of 16% P407
formulations, which took 90 seconds or longer (Table 1). We selected the P407
concentration of 18% for subsequent ciprofloxacin release and permeability studies.

3.2 Effect of CPEs on ciprofloxacin permeation across the TM
We evaluated the effect of CPEs on ciprofloxacin permeation across the chinchilla TM at 37
°C (Figure 2). The initial amount of ciprofloxacin applied to the donor surface of the TM
was kept constant at 2 mg for all formulations (i.e., 0.2 mL of a 1% solution). In the absence
of CPEs, ciprofloxacin permeation was undetectable up to 12 hours. At 24 hours, 109 μg, or
5.5% of the starting drug load, had permeated the TM; at 48 hours 364 μg (18%) had done
so. The addition of limonene (LIM) accelerated drug permeation; ciprofloxacin was detected
in the receiving buffer in as little as 1-2 hours. A two-to-three-fold concentration-dependent
increase in ciprofloxacin transfer (p=0.014, 0.029 and 0.029 for 1%, 2% and 4% limonene,
respectively, compared to ciprofloxacin alone) at 48 hours was also achieved.

An alternative to increasing the concentration of a single CPE is to employ combinations of
two or more CPEs at lower concentrations. This approach has been demonstrated to achieve
efficacy with reduced toxicities [25-31]. Here, we used three different CPEs (0.5%
bupivacaine w/v (BPV), 1% sodium dodecyl sulfate w/v (SDS), and 2% limonene (LIM) v/
v) with varying modes of action in enhancing flux [32]. The median ciprofloxacin transfer
across the TM in the absence of CPEs was again low, with 152 μg (or 7.6% of the original
drug load) transferred at 24 hours, and approximately 445 μg (or 22%) by the end of 48
hours (Figure 3). The ciprofloxacin permeation produced by the three CPEs in combination
was larger than that produced by individual CPEs. A combination of all three CPEs
(“3CPE”) was used for all subsequent studies.

3.2 In vitro drug release from P407
Ciprofloxacin release from P407 gels with and without CPEs into aqueous receiving buffer
was measured at 37 °C (Figure 4). The in vitro release profile revealed a rapid release of
ciprofloxacin from gels. Similar cumulative release profiles were observed with and without
CPEs, although the rate of ciprofloxacin release was slightly slower in the presence of 3CPE
at the earlier time points (e.g., at 2 and 6 hours, p = 0.029), suggesting the presence of CPE-
drug and/or CPE-gel interactions. Drug release reached a plateau by approximately 24 h.

3.4 Ex vivo TM permeation from hydrogels
Drug-loaded 18% P407 formulations formed soft, clear gels when deposited on harvested
chinchilla TMs at 37 °C. The presence of the hydrogel matrix slowed the trans-tympanic
transfer of ciprofloxacin (compared to that from ciprofloxacin solution), with ciprofloxacin
levels remaining at undetectable levels for at least 12 hours. The addition of 3CPE increased
flux, so that 3 μg of ciprofloxacin crossed the TM after 6 hours and 14 μg crossed after 12
hours (Figure 5, inset) (p = 0.0062 compared with gel without 3CPE). This increase was
seen at all time points, with 3CPE almost doubling the amount of ciprofloxacin crossing the
TM in 120 hours (812 μg vs. 441 μg; p = 0.018). Permeation across the TM from
hydrogel-3CPE formulations was much slower than from the 3CPE liquid (no hydrogel)
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solution (Figure 4). Ciprofloxacin permeation across the TM from gels was observed for at
least 120 hours.

3.6 ABR measurements
Acoustic brain response (ABR) measurements in live chinchillas were used to non-
invasively assess impairment of hearing sensitivity from application of the gel-enhancer
formulation to the TM. Baseline ABRs before application of gels showed the normal pattern
of increasing sensitivity (decreased thresholds) as frequency increased from 500-Hz to 4-
kHz tones, and a subsequent increase in thresholds from 4 to 16 kHz (data not shown).
Visual inspection under 5x magnification confirmed gel placement and the formation of a
thin, near-uniform layer covering the entire TM surface. The gel-enhancer formulation had
no significant effect on hearing upon application, with post-application thresholds
comparable to the pre-application baseline measurements in the same animals (Figure 6).

3.7 Histological analyses
Tissue response of chinchilla TM to the gel formulations was determined 7 days after
administration in vivo. Normal, untreated TMs (Figure 7A) were consistently 10-20 μm
thick with three distinct layers: the outer stratified squamous epithelium, an interstitial
connective tissue layer, and the inner mucosal epithelium. TMs extracted after 7 days of
untreated H. influenzae infection were approximately five times thicker (Figure 7B) and
exhibited a prominent inflammatory response with diffuse edema and dense infiltration by
neutrophils. In comparison, uninfected TMs exposed to ciprofloxacin-loaded gels without
3CPE were mildly edematous and 30-50% thicker than normal tissue, but did not show any
inflammatory cells (Figures 7C and 7D). Slightly more pronounced edema was seen in
tissues exposed to ciprofloxacin-loaded gels with 3CPE, but there were no other signs of
tissue injury, necrosis, or inflammation were observed. These results demonstrate a
generally benign tissue response to the gel-enhancer formulations.

4. Discussion
Sustained delivery of antibiotics directly to the middle ear offers several advantages over
systemic administration routes. These include reduced side effects, lower frequency of
administration, improved patient compliance, and less development of antimicrobial
resistance [33-35]. Hydrogel systems have seen extensive use for the delivery of drugs and
other small molecules, including anesthetics, antifungals, and chemotherapy,to in vivo
targets [33, 34, 36-38]. Hyaluronic acid and fibrin-based hydrogels have been injected
directly across the TM to achieve sustained gentamicin delivery in the treatment of inner ear
disease [39, 40]. However, otic gel preparations for non-invasive antibiotic delivery across
the TM to the middle ear have not been explored due to the impermeability of the intact TM
to all but the smallest, moderately hydrophobic molecules [33, 41-43], and also because of
the lack of appropriate model systems in which to easily measure trans-tympanic drug flux.
One of the key endeavors of this work was to establish a reproducible ex vivo model using
harvested chinchilla TMs to investigate the effects of CPEs on permeant drug flux across the
intact TM. This protocol involved a surgical method that avoided TM injury during
extraction, and a method to measure electrical resistance across the TM to demonstrate TM
integrity. We used this self-contained setup in lieu of a conventional diffusion cell, which
could deform or damage the TM. In the present study, we have demonstrated that CPEs can
markedly enhance the transfer of the antibiotic ciprofloxacin across the TM, and that this
enhanced permeation can be maintained after incorporation into an in situ gelling hydrogel
matrix intended to maintain the drug at the TM and reduce the drug dosing frequency. The
extent and rate of trans-TM ciprofloxacin permeation from poloxamer gel carriers were
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substantially reduced as compared to those observed from otherwise identical liquid (no
hydrogel) mixtures, presumably by slowing diffusion.

One major consideration with the use of CPEs is the balance between efficacy and toxicity,
as different mechanisms of stratum corneum disruption result in different toxicity-efficacy
profiles amongst CPE classes [9]. Limonene has high enhancement properties and
synergistic interaction with other CPEs [11, 48], as do anionic surfactants such as sodium
octyl sulfate and amino esters such as tetracaine [11, 48, 49]. Hence, in this study, we
selected one CPE from each of these three chemical classes: sodium dodecyl sulfate (SDS;
surfactant), limonene (LIM; terpene), and bupivacaine (BPV; amino amide). CPE
concentrations were based upon those reported to be effective and minimally toxic in
previous transdermal studies [11, 50] or clinical practice [51, 52]. Increasing the
concentration of a single CPE, in this case limonene, led to a corresponding increase in the
total amount of ciprofloxacin transferred across the TM at 48 hours (Figure 2). Similarly, a
formulation combining all three CPEs (3CPE) exhibited higher ciprofloxacin permeation
after 48 hours compared to formulations with individual CPEs (Figure 3). These results
suggest that a combination of multiple CPEs can be used to enhance permeability [28, 53].
Bupivacaine, an amino amide local anesthetic, could also have potential clinical benefit in
treating OM-associated otalgia [11, 54].

18% P407 formulations exhibited fast and reproducible thermoreversible gelation. [55, 56]
Salts and other additives, by perturbing P407 aggregation, have been shown to dramatically
alter both the gelation properties [57-59] and release kinetics [60, 61] of poloxamer vehicles.
In our multicomponent formulations, gelation was not inhibited by the addition of CPEs,
although a decrease in Tgel was observed. The short gelation times of the gel-3CPE system
are favorable from a practical standpoint. The use of a gel carrier also enables prolonged and
continuous delivery of active therapeutics to the middle ear following a single
administration.

Incorporation of 3CPE within gels caused a slight decrease in the rate of ciprofloxacin
release into an aqueous buffered solution in vitro, suggesting the presence of CPE-gel or
CPE-drug interactions. However, the 3CPE increased both the rate and magnitude of
ciprofloxacin transfer across the TM ex vivo. This discrepancy between in vitro and ex vivo
findings suggests that it is TM permeability, rather than the rate of drug elution from gels,
that determines the extent of ciprofloxacin flux across the TM. Similar to transdermal drug
delivery systems, CPEs most likely disrupt the stratum corneum barrier of the TM, thus
increasing its permeability to ciprofloxacin [49]. The inclusion of CPEs in our formulations
is crucial to enhancing the TM permeability to allow for therapeutic levels ciprofloxacin in
the middle ear and achieve effective bacterial killing.

Biocompatibility was an important issue to address before initiating further studies to prove
efficacy in an animal model of otitis media. Histological analysis indicated a benign tissue
reaction after prolonged TM exposure to the gel-3CPE formulation containing ciprofloxacin
(Figure 7D). The non-ototoxicity of ciprofloxacin and other fluoroquinolone topical
antibiotics is known [62, 63]. The ABR studies addressed the important issue of whether
hydrogel application would impede or distort hearing, which would not be ideal from a
clinical point of view. ABR measurements detected small changes in auditory sensitivity
that were within the normal range (Figure 6). This suggests that hearing sensitivities
remained largely unchanged before and after gel application, possibly due to the thin,
uniform, and hydrated nature of the gel coating on the TM.

Our study demonstrates the feasibility of sustained delivery of antibiotics from a hydrogel
reservoir to achieve significant drug diffusion across the intact TM into the middle ear.
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Given the similarities between the human and chinchilla ear in terms of TM size, middle ear
structure, and auditory range [64, 65], the gel-enhancer formulations have potential for use
in the ototopical delivery of active antibiotics across intact TMs in human subjects. The low
in vivo toxicity associated of these formulations also leaves room for increased CPE
concentrations, if necessary.

5. Conclusion
We have developed a therapeutic platform for the ototopical treatment of AOM using an ex
vivo chinchilla TM model to study membrane resistivity and small molecule permeation.
The liquid state of Poloxamer 407 solutions at room temperature facilitated administration
and permitted intimate contact between prepared formulations and the TM. We have
demonstrated both sustained ciprofloxacin release out of the gel reservoir in vitro and flux
across the TM ex vivo, where incorporation of combination CPEs increases ciprofloxacin
flux to therapeutic levels. The gel minimally affected auditory thresholds and induced a
minimal inflammatory response in the TM. The ability to prolong antibiotic delivery to the
middle ear with a one-time gel administration could potentially improve patient compliance,
avoid systemic toxicity and prevent the development of pathogen resistance associated with
conventional oral antibiotic therapy.
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Figure 1.
(A) Schematic representation of the in-situ forming antibiotic-loaded P407 gel at the
tympanic membrane (TM). Antibiotic diffuses out of the gel, across the TM, and into the
infected middle ear cavity. (B) Liquid-to-gel transition of 18% P407-3CPE formulation at
37°C.
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Figure 2.
Effect of concentration of a single CPE, limonene (LIM), on ciprofloxacin permeation
across the chinchilla TM. Inset: Ciprofloxacin permeation in the first 12 hours. 2 mg of
ciprofloxacin were originally loaded into each hydrogel. Values are medians ± interquartile
ranges (n=4).
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Figure 3.
Cumulative ciprofloxacin permeation across chinchilla TMs from solutions with single and
combination CPEs. SDS = sodium dodecyl sulfate, BPV = bupivacaine, LIM = limonene. 2
mg of ciprofloxacin were loaded into each sample. Inset: Ciprofloxacin permeation profiles
in the first 12 hours. Values are medians ± interquartile ranges (n=4).
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Figure 4.
Cumulative ciprofloxacin release from 18% P407 gels at 37 °C with and without 3CPE. 2
mg of ciprofloxacin were originally loaded into each hydrogel. Values are medians ±
interquartile ranges (n=4).
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Figure 5.
Cumulative ciprofloxacin permeation across the chinchilla TM from gels containing 18%
P407 and 3CPE at 37 °C. Inset: Ciprofloxacin permeation profiles in the first 12 hours. 2 mg
of ciprofloxacin was originally loaded into each hydrogel. Values are medians ±
interquartile range. (n=6).
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Figure 6.
ABR threshold shifts at a range of frequencies immediately following application of 18%
P407 hydrogels containing CPEs. The dotted line indicates where data would lie if there was
no change in ABR thresholds compared to pre-application measurements. The grey lines
indicate the observed interquartile spread of pre-application control measurements (n = 10).
Experimental values are medians ± interquartile range (n = 4).
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Figure 7.
Photomicrographs of hematoxylin and eosin-stained chinchilla tympanic membrane (TM)
sections (n = 2). (A) Normal, untreated TM with distinct stratum corneum (SC) layer
(arrow). (B) Infected TM is markedly thicker and exhibits acute inflammation with
interstitial edema and cellular infiltration (asterisk). (C, D) TMs exposed to gels containing
(C) ciprofloxacin or (D) ciprofloxacin and 3CPE for 7 days showed slight thickening with
no or minimal inflammation. EAC = external auditory canal. Magnification, 400X. Scale bar
= 20 μm.
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Table 1

Gelation properties of various P407 hydrogel formulations
a
.

Poloxamer 407 concentration (%) Gelation temperature (°C) Gelation time
b
 (s)

No CPE 16 41.0 > 90

18 38.5 42.0

20 29.5 19.5

3CPE 
c 16 27 .0 90 .0

18 24.5 15.0

20 23.0 9.0

a
All formulations contain 1% ciprofloxacin HCl (n = 4).

b
At 37°C.

c
3CPE: 0.5% bupivacaine (BPV) + 1% sodium dodecyl sulfate (SDS) + 2% limonene (LEVI)
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