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Aim: Otitis media is a common otolaryngologic diagnosis worldwide. Invasive methods to curtail and treat frequent occurrences are
undesirable, thus necessitating the identification and production of a non-invasive approach to treating the disease. Due to tympanic
membrane thickness, ototopical drug delivery is challenging. In this preliminary study, formulations integrating nanopeptides and
thermoresponsive polymeric hydrogels are utilized to improve the efficiency of trans-tympanic membrane drug delivery.

Methods: Peptides were synthesized using standard Fmoc (fluorenylmethoxycarbonyl protecting group) based solid state peptide
synthesis on an automated peptide synthesizer. Ciprofloxacin release was simulated using multiwell microplates with porous inserts.
Rate of Ciprofloxacin release was measured over a 48-hour period using a 200 uL solution of peptide fibers and Ciprofloxacin at 1 wt
% each, and the labeled peptide at 0.1 wt% in PBS at pH of 7.4. The cytotoxicity of the PA (peptide amphiphile, specifically c16-
AHL;K3-CO,H) micelle and fiber with and without ciprofloxacin was investigated by examining epidermal keratinocyte viability in
the presence of the material at various concentrations. Laser scanning confocal microscopy was performed with excitation of the
calcein dye at 485 nm and the PA-TAMRA (rhodamine labeled peptide) at 515 nm.

Results: We have demonstrated the potential viability of a self-assembled peptide amphiphile hydrogel capable of transitioning from
a network of 1D nanoscale fibers to 0D micelles. This dissociative mechanism of action yields a peptide that is an effective cell
penetrating peptide (CPP) while temporally controlling the release of the antibiotic ciprofloxacin.

Conclusion: This work highlights the potential utility of the dynamic process of an engineered peptide hydrogel capable of
dissociating into CPPs capable of facilitating drug delivery across the tympanic membrane.
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Introduction

Otitis media (OM) is a condition associated with inflammation of the middle ear, and one of the most common diseases of
early childhood, with approximately 20 million annual physician visits." Children who are diagnosed with acute otitis media
(AOM) during the first year of life have a greater likelihood to develop recurrent OM and chronic OM, in comparison with
those children when the first episode of OM occurs after one year.” Untreated or persistent otitis media can progress to
intracranial complications including meningitis, intracranial abscess, subdural or epidural abscess, otitic hydrocephalus, and
thrombosis of the dural venous sinuses.>* The treatment objective in regard to management of otitis media includes decreasing
the severity and duration of symptoms, as well as “improving hearing outcome and to prevent complications”. Currently, oral
Amoxicillin and Augmentin are utilized as first-line antibiotic treatment in the management of otitis media>® However, for
patients that remain refractory to conservative measures such as antibiotic therapy, surgical intervention in the form of
myringotomy with respective pressure equalizing (PE) tube placement is sought.” ® The financial impact of otitis media on the
healthcare system remains significant. Specifically, otitis media-related Medicaid expenditures in the United States were
$555 million for the 12.5 million covered children younger than 14 years in 1992.'° Also, national expenditures for treatment
and disability associated with otitis media exceeded $4 billion.'® Therefore, a non-invasive and simple method of treating OM
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remains an ambitious goal that would not only alleviate the immediate symptoms but also prevent future complications
minimizing long term medical expenditures.

Delivering an antibiotic across the tympanic membrane is a challenging solution. The tympanic membrane is divided
into two sections, the superior aspect of the tympanic membrane referred to as the pars flaccida (30-230 microns thick)
and the inferior aspect of the tympanic membrane is referred to as the pars tensa (30-90 microns thick).!' Both layers
include an outer layer of cells comprised epithelial cells composed of keratin. The greatest challenge lies in finding an
antibiotic delivery matrix that can permeate the tympanic membrane to enhance the efficiency of trans-tympanic drug
delivery.'” The material should act as not only a good matrix for temporally controlled drug-release but also as
a chemical permeation enhancer to “break through” the tympanic membrane. Here, we propose the deployment of
a dynamic nanoscale peptide assembly that potentially serves these two roles in delivering the antibiotic ciprofloxacin
across the tympanic membrane through a dynamic transition mechanism converting between fibers and micelles,
Figure 1.

Peptide amphiphiles assembled into dense networks of nanoscale fibers from low weight percent solutions demon-
strated the ability to carry drugs either specifically (epitope functionalized) or non-specifically (cationic peptides interact
with negatively charged cell surface).'® The cationic peptide amphiphile, c16-AHL;K5-CO,H, has previously been
demonstrated to convert between micelles and fibers via a pH trigger.'* As a result, a free-flowing peptide solution at pH
7 transforms into a self-supporting hydrogel comprising a dense network of nanoscale fibers at pH 11. The hydrogel
remains stable after buffer exchange occurs, returning the pH to 7.4. We propose here to utilize the hydrogel to
encapsulate/embed the antibiotic ciprofloxacin and to adhere to the tympanic membrane. Over time, the hydrogel
“disassembles” to form micelles releasing the drug at the interface with the tympanic membrane. The cationic nature
of the peptide renders the assembly as a potential chemical permeation enhancer (CPE)"’ as cationic peptides are well
known to exhibit strong interactions with cell membranes.'®'” These peptides can also be classified as cell penetrating
peptides (CPPs). Unlike many other CPP investigations, the role of the peptide fiber assembly is critical to the material’s
function. Here, we demonstrate that the peptide possesses the two desired characteristics: (1) as a matrix for temporally
controlled drug delivery and (2) as a potential adjuvant and chemical permeation enhancer to facilitate trans-tympanic

membrane drug delivery.
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Figure | Proposed function of the temporal controlled release of the cell penetrating peptide assembly and antibiotic for enhanced delivery across the tympanic membrane
(TM). Step I: Assemble the peptide amphiphile, the fluorescently tagged peptide amphiphile, and the antibiotic ciprofloxacin into a hydrogel by elevating the pH. Step 2:
Dialyze or decrease the hydrogel conditions to physiological pH. The nanoscale fibers are kinetically trapped and do not immediately disassemble. Step 3: Deliver the
nanoscale fibers/hydrogel to the TM where over time the peptide dissociates into micelles, releasing the drug and simultaneously acting as a chemical permeation enhancer.
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Materials and Methods

Peptide Synthesis

The peptide cl16-AHL;K;3-CO,H (PA) and the similar peptide cl6-AHL;K,K(TAMRA)-CO,H are synthesized using
standard Fmoc-based solid state peptide synthesis on an automated peptide synthesizer, CS Bio CS136X. For PA, the
preloaded lysine resin Fmoc-Lys(Boc)-Wang Resin (0.25 mmol, loading capacity = 0.7 mmol/g) was added to the
reaction vessel of the automated synthesizer. The synthesis was programmed to undergo sequential deprotection and
coupling cycles to build the peptide. Briefly, the base labile Fmoc group was removed from the terminal amino acid via
mixing with 10 mL of a 20% to 25% solution (v/v) of piperidine in N,N-dimethylformamide. Coupling was achieved by
first preactivating Fmoc protected amino acids (eg Fmoc-Lys(Boc)-OH in solution with HBTU to generate an activated
ester Fmoc-Lys(Boc)-O(HBTU) in situ. The mixture was then added to the reaction vessel where it was coupled to the
deprotected amino acid on the resin and reacted for 90 minutes. The product, Fmoc-Lys(Boc)-Lys(Boc)-Wang Resin was
washed 3x with DMF before proceeding to the next deprotection and coupling cycle. By utilizing the amino acids, Fmoc-
Leu-OH, Fmoc-His(trt), Fmoc-Ala-OH, and palmitic acid (c16) we achieved the protected peptide cl6-AH(trt)
LeuLeuLeuLys(Boc)Lys(Boc)Lys(Boc)-Wang resin. The peptide side chain protecting groups were removed and the
peptide itself was cleaved from the resin by suspending the dried resin in a 10 mL solution of TFA (95%), triisopro-
pylsilane (2.5%), and water (2.5%). After 4 hrs, the suspension was filtered. The TFA filtrate was added drop wise to
90 mL of cold (4°C) diethyl ether to precipitate the crude material. The solution was transferred to two conical centrifuge
tubes (50 mL) end centrifuged at 3000 g for 3 min yielding white pellets. The ether supernatant was decanted. The
remaining pellets were resuspended in fresh, cold diethyl ether (10 mL) and centrifuged. This process was repeated three
times to remove as much of the TFA solution as possible. The remaining pellet was air dried overnight to achieve the
crude peptide, c16-AHL;K;-CO,H.

To generate the fluorescently labeled cl16-AHL;K,K(TAMRA)-CO,H (PA-TAMRA), we began the synthesis with
Fmoc-Lys(MTT)-Wang Resin (Chem Impex) which facilitates selective removal of the MTT group in the presence of
a mild acid. Using 2% TFA in dichloromethane, the MTT protecting group was removed. A solution of 5(6)-
Carboxytetramethylrhodamine (1 mmol, TAMRA, Chem Impex)) was activated with HBTU (1 mmol) in DMF (4 mL)
and coupled to the Fmoc-Lys-Wang Resin to afford Fmoc-Lys(TAMRA)-Wang Resin. The synthesis then proceeded
using the identical reaction conditions described above to ultimately afford a crude, deep red pellet containing the peptide
c16-AHL;K,K(TAMRA)-CO,H.

The peptides were dissolved in water to achieve a concentration of 10 mg/mL for further purification by reversed phase
HPLC. Using a linear gradient of acetonitrile (0.1% TFA) into water (0.1% TFA) over a 30 minute period, we used an
automatic fractionator to collect the largest peak. We monitored the chromatogram using A=220 nm for ¢16-AHL;K;3-CO,
H and 550 nm for c16-AHL;K,(TAMRA)-CO,H. The fractions were isolated and freeze dried to afford >99% purity of PA-
TAMRA (Supplemental Figure S1). To ensure that the correct product was obtained electrospray mass spectroscopy
(Advion Expression CMS) indicated a mass of 1601.1 (M+H+) consistent with the calculated value for the chemical
formula CggH ;33N ;5014, 1600.02 (Monoisotopic mass). Similar peptides have been synthesized in our group.?’

Peptide and Assembly Characterization
UV/visible spectroscopy and fluorescence spectroscopy of PA-TAMRA were measured using a Tecan M200 Plate Reader
using a black/clear bottom 96 well plate (Thermo Scientific). 300 pL of a 0.1 wt% (820 uM) solution was loaded into one
of the wells for the absorption measurement from 300 to 800 nm with a 2 nm pitch. Three hundred microliter of 0.01 wt
% (82 uM) was loaded into a second well for the fluorescence measurement from 500 to 800 nm with data pitch set to 2
nm and excitation wavelength set to 470 nm (Supplemental Figure S2).

Circular dichroism spectroscopy of PA:PA-TAMRA (10:1, 500 uM:50 uM) in PBS buffer at pH 7.4 and 11 was
measured using a JASCO 815 CD Spectrophotometer scanning from 260 to 190 nm with a 0.1 nm step at 100 nm/min.

An average of 3 scans is reported (Supplemental Figure S3).
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Peptide Disassembly

Peptide Solutions of PA:PA-TAMRA (200 pL, 10:1, 1 wt%: 0.1 wt%) were prepared in PBS buffer at pH 7.4 and 11 in
1.5 mL centrifuge tubes. The solutions were heated to 80°C for 15 minutes and cooled. Using Transwell permeable
supports (24 well with 0.4 um porous inserts; Corning), 200 mL of each solution was transferred to the insert while the
well was filled with 1 mL of fresh DPBS. The DPBS buffer was removed and stored in a centrifuge tube at various times
to observe any PA-TAMRA that passed through the pores, 15, 30, 45, and 60 min, 2, 3, 4, and 5 hrs, 1, 2, 3, 4 days. The
absorption of the dye was measured using UV/vis spectroscopy (Cary 50). The values at 520 nm were recorded and
plotted vs time. Lifetime measurements were analyzed using a first order exponential function (Origin 9.0).

Drug Release

Ciprofloxacin release was simulated using multiwell microplates with porous (0.4 mm) inserts. Rate of Ciprofloxacin
release was measured over a 48-hour period using a 200 uL solution of peptide fibers and Ciprofloxacin at 1 wt% each,
and the labeled peptide at 0.1 wt% in PBS. The pH was increased to greater than 10.5 to achieve a drug-loaded hydrogel.
The hydrogel suspension was then centrifuged, and the supernatant was replaced with a fresh buffer at a pH 7.4. This step
was performed three times to ensure a neutral pH. Our control was a 200 uL suspension of Ciprofloxacin at 1 wt%
in PBS.

PA Interaction with Epidermal Keratinocytes

The cytotoxicity of the PA micelle and fiber with and without ciprofloxacin was investigated by examining epidermal
keratinocyte viability in the presence of the material at various concentrations. Epidermal keratinocytes (ATCC) were
cultured under aseptic conditions according to the manufacturers protocol. The cells were grown to a 70% confluence. At
this point, the cells were detached from the culture flask and resuspended in fresh growth media where they were co-
incubated in an 8-well microplate with either 0, 10, 100 uM PA solutions and 0 or 1 wt% ciprofloxacin. After 24 hrs, the
cells were washed with sterile PBS and labeled with calcein. Laser scanning confocal microscopy was performed with
a Zeiss microscope (LSCM-510) with excitation of the calcein dye at 485 nm and the PA-TAMRA (rhodamine labeled
peptide) at 515 nm.

Ethics Statement

Institutional Review Board approval was not sought for this research given that the study was basic science research
conducted with no human subjects or medical patient data utilized. No animal studies were conducted. There are no
conflicts of interest from any authors.

Results

Peptide Design and Assembly

The peptide, c16-AHL;K5-CO,H (PA) has been previously employed in the binding of metalloporphyrin cofactors.'*% It
was discovered during the characterization that unlike many peptide amphiphiles, this peptide demonstrated an ability to
transition between two states, a micelle and a fiber, under different pH and buffer conditions. When the peptide dissolves
under neutral pH, it yields micelles. Increasing the pH above the pKa of lysine decreases the electrostatic repulsion
between neighboring molecules yielding B-sheet rich, kinetically trapped nanoscale fibers. The kinetically trapped fibers
make it possible to centrifuge and resuspend the fibers in various buffers at neutral pH. Slowly, the peptides dissociate
from the fibers forming either peptide monomers or micelles. This mechanism is proposed here to serve as the primary
means of time delayed ototopical drug release from a hydrogel. In an effort to track the molecules in various experiments,
the peptide was labeled with a rhodamine dye on the &-nitrogen of the C-terminal lysine yielding c16-AHL;K,
K(TAMRA)-CO,H (PA-TAMRA). Characterization of this new peptide highlighting the purity and identity of the
compound, the absorption and fluorescence features, and the pH sensitivity of the secondary structure is featured in
the supporting information, Supplemental Figures S1-S3. A 10:1 unlabeled/labeled peptide mixture was employed

throughout the investigation, Figure 2A.
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PA A
PA-TAMRA ﬁg -

Figure 2 (A) Stick renderings of the peptide cl6-AHL;K;3-CO,H (PA) and cl6-AHL;K,K(TAMRA)-CO,H (PA-TAMRA). Color code: Lysine, blue; leucine, green; histidine,
red; alanine, yellow; palmitoyl (c16) terminus, gray; rhodamine, purple. (B) Prepared solutions of micelles and fibers. The tubes are inverted to highlight the free-flowing
solution containing micelles and the self-supporting hydrogel comprised of nanoscale peptide fibers. (C) Atomic force micrographs (10 um % 10 um) height and peak force
error renderings of the 10:1 PA:PA-TAMRA mixture.

Peptide Assembly Dissociation

To test the kinetics of micelle and fiber dissociation two solutions were prepared: 1wt% c16-AHL;K;-CO,H (PA) mixed with 0.1
wt% c16-AHL;K,K(TAMRA)-CO,H in PBS (200 puL) at 1) pH 7.4 and 2) pH 11. The sample prepared at pH 7.4 is free flowing
consistent with our previous characterization of micelles while the sample prepared at pH 11 yields a self-supporting hydrogel,
Figure 2B. The hydrogel is comprised of a dense network of nanoscale fibers, Figure 2C. We employed a synthetic porous
membrane (0.4 pm pores) to demonstrate the ability of the material in the micelle or fiber to dissociate across the membrane into
fresh PBS over four days. Here, we find that the micelle dissociates across the membrane at a greater rate than the fiber.
Nonetheless, the peptide fibers are confirmed to dissociate across the membrane slowly over time, confirming the ability to
engineer a peptide fiber matrix whose dissociation properties can be controlled simply based on nanoscale assembly, fibers vs
micelles. By fitting the kinetic data to simple first order kinetics, the micelles yield a dissociative lifetime of T = 40 hrs while the
fibers dissociate with a slower lifetime of T = 190 hrs, Figure 3A. Thus, a peptide drug delivery system is present where a peptide
hydrogel matrix can dissociate approximately five times more slowly than micelles into active cationic peptide/chemical

permeation enhancers in solution.

Temporally Controlled Drug Release

By plotting the total amount of ciprofloxacin released from the multiwell micropore plates vs time, the lifetime of drug
release is clearly demonstrated to be regulated by the presence of the peptide fibers, Figure 3B. A suspension of
ciprofloxacin crosses the membrane with a lifetime of 18 hrs while the drug embedded in the peptide hydrogel regulates
the release yielding a lifetime of 70 hrs. Due to the non-covalent association of the drug embedded in the fibers, the rate
of drug release is faster than the rate of peptide assembly dissociation.
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Figure 3 (A) Peptide disassembly of PA micelles (red) and PA fibers (black) over the course of 4 days. (B) Ciprofloxacin transfer across a membrane (red) and release from
PA fibers (black) over two days.

Tuning Rates of Dissociation and Drug Release

While fiber dissociation into micelles or monomeric peptides occurs slowly over time, it is possible to control the rate of
dissociation and drug release by adding a secondary CPE that can interact with the peptide assembly. Sodium dodecyl
sulfate (SDS) has been employed as a CPE in formulations for ciprofloxacin delivery across the tympanic membrane.”' It
is a negatively charged surfactant and is therefore electrostatically complementary to the positively charged, lysine rich
PA. Upon mixing the PA gel and aliquots of SDS, the gelation properties visibly degrade (ie the self-supporting hydrogel
transitions to a free flowing solution). The B-sheet rich content is observed to decline with increasing aliquots of SDS as
indicated by circular dichroism spectroscopy, Supplemental Figure S4. After >6 equivalents of SDS per peptide (3 mM

SDS to 500 uM PA) have been added, the f-sheet content is absent and the peptide yields a random-coil morphology. We
propose that the peptide, at this point, is integrated into SDS micelles, which possess a critical micelle concentration of
1.1 mM in PBS.*" We repeated the drug release study in the presence of SDS (200 uL of 1wt% PA, 1wt% SDS, 1wt%
Ciprofloxacin) and found the lifetime of drug release to fall in between the fiber and micelle release with 7 = 23 hrs,
Supplemental Figure S5, suggesting that the addition of a secondary CPE like SDS can promote drug release and may be

useful in enhancing the rate of drug delivery if needed.

Chemical Permeation Enhancement
Once the peptide dissociates from the assembly and releases the drug, the peptide can perform its second role as
a chemical permeation enhancer. To test the ability of the peptide as a cell permeation enhancer, the peptide assemblies
(both micelles and fibers) were incubated with epidermal keratinocytes to determine a possible mechanism, but more
importantly the fate of the peptide. Once again, the peptide mixture 1wt% c16-AHL;K3-CO,H (PA) with 0.1 wt% c16-
AHL;K,;K(TAMRA)-CO,H in PBS was employed with peptides prepared either as fibers or micelles. The peptide
assemblies were investigated at different concentrations to gain an estimate at what concentration the peptides begin to
penetrate the cell wall. The peptide assemblies and keratinocytes were co-incubated at 37°C for 24 hrs prior to imaging.
Laser scanning confocal microscopy was employed to image the fate of the peptide as well as to ensure our cell culture
practices were viable.

Cell penetration was of the peptide was compared to a control group of healthy, untreated cells (Figure 4A). Cell
penetration was observed at approximately 10 pM concentrations of all peptide morphologies, Figure 4B and C, micelles

and fibers, respectively. In panel B, peptide micelles are observed to disrupt and compromise the keratinocytes. In panel C,
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Figure 4 Peptide micelles and fibers interfaced with epidermal keratinocytes. Green — calcein dye — indicates a healthy intact membrane. Red — PA-TAMRA — indicates the fate of the
peptide (A) Healthy untreated cells, (B) cells + peptide micelles (10 uM), (C) + peptide fibers (10 pM), (D) + peptide fibers (10 pM) + ciprofloxacin (0.1 wt%), (E) + ciprofloxacin (I wt
%), (F) +micelles (100 puM), (G) + peptide fibers (100 uM), (H) + peptide fibers (100 uM) + ciprofloxacin (I wt%).

however, peptide fibers are observed to adhere to the outer membrane of the keratinocytes. Upon increasing the
concentration to 100 uM, cell viability dramatically decreased in both micelles and fibers (Figure 4F and G). Introducing
ciprofloxacin yields healthy, intact cells, Figure 4E. Peptide fibers in the presence of ciprofloxacin at 10 pM and 100 xM
(Figure 4D and H) yield similar results when in the absence of the antibiotic (Figure 4C and H) suggesting that the peptide
plays the dominant mechanical role as the chemical permeation enhancer.

Discussion

Despite the fact that the peptide assemblies at high concentrations decrease cell viability, the tympanic membrane has
regenerative properties and is very thick.** Therefore, the CPE capability of the peptide will only penetrate so far to assist
with trans-tympanic drug delivery, while the tympanic membrane itself can regenerate. Furthermore, there is a host of
examples present that suggest peptide amphiphiles can be engineered to optimize regenerative capabilities by either
stiffening the delivered hydrogel through peptide sequence modification and/or adding a biorecognition epitope to
promote cell growth.”> The work presented here highlights the many roles that the peptide can play including CPE
and drug delivery.

Cell Penetrating Peptides

Cell penetrating peptides (CPPs) are designed to deliver cargo using various cellular mechanisms that are either energy
independent like direct penetration or energy dependent like endocytosis.'® Typically, peptides that are cationic follow
the direct penetration mechanism through various means like membrane thinning, pore formation, or micelle formation.
Most likely, our peptide follows an energy independent mechanism due to the highly cationic surface. In fact, our LSCM
data, Figure 4A and B, highlight that the peptide interacts with the cell membrane without fully disrupting it at lower
concentrations, consistent with a direct penetration mechanism. At higher concentrations, we observe the peptide
integrating with the membrane but the calcein dye no longer interacts suggesting a dramatically weakened outer
membrane. Furthermore, in the case of fiber interaction with keratinocytes at high concentration, we observed peptide
integration beyond the cell membrane towards the center of the cell, potentially locating to the nuclear membrane or
another intracellular lipid membrane. This suggests that the peptides ultimate fate is the integration into the outer lipid
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bilayer membrane compromising membrane integrity at high concentrations, allowing the peptide to interact freely with
other organelles.

While the mechanism is somewhat typical of other CPPs, we find that the introduction of a temporal component to
CPP delivery offers a new approach to regulating the application of the material. Specifically, delivering a CPP to the
target region as a self-supporting hydrogel relies on the dissociation of individual CPP molecules before taking effect.
Other CPPs, even those modified with alkyl tails like PA in this study, form micelles and dissociate at greater rates than
fibers as highlighted in Figure 2A. Therefore, we suggest that engineering CPPs to form weak hydrogels capable of
slowly dissociating present an excellent means of controlling not only CPP delivery but also controlling the payload
delivery, ciprofloxacin, as highlighted in Figure 2B.

Other Trans Tympanic Membrane Drug Delivery Formulations

The employment of a hydrogel matrix for tympanic membrane drug delivery has been explored prior to this study.**2° The
use of SDS, bupivacaine, and limonene (three chemical permeation enhances) demonstrated the ability to increase cipro-
floxacin drug delivery nearly threefold when compared to eardrops of ciprofloxacin alone in chinchillas. When embedding the
3 CPEs in a thermosresponsive Poloxamer hydrogel matrix, temporal control of ciprofloxacin release was demonstrated over
longer periods of time facilitating the application of a single dose in the form of ear drops to completely eradicate an infection
as opposed to daily use. The thermoresponsive nature of the poloxamer (transitions from a fluid solution at room temperature
to a hydrogel at 37°C) makes it a useful drug delivery matrix. However, the additional components complicate the formulation
and determining the exact mechanistic nature of the enhanced drug delivery becomes difficult to ascertain. Nonetheless, the
employment of a hydrogel matrix showed promise. Our peptide amphiphile plays the role of not only the drug loaded polymer
matrix but also eliminates the need for additional CPEs as the peptide plays that role. In fact, in the PA system presented here,
the addition of a secondary CPE, SDS, plays a clear role in enhancing the rate of delivery.

Another approach to identify peptides that could potentially lead to active transport across the tympanic membrane utilized
phage display.>” The presence of basic amino acid residues (lysine/arginine) was a critical phage property needed for the
binding and crossing of the TM similarly to the peptide presented here. Although which peptide sequences have the highest
affinity for the plasma membrane have not yet been determined, phage display helped identify that electrostatic interactions
played an essential role in crossing the tympanic membrane. The N-terminal and C-terminal motifs were identified as
significant for binding and internalization to the TM. The 2 conserved motifs appear to be the ST(K/R)T core motif and the
PxxPxxP motif. BPT-4 was an interesting peptide that was characterized due to its proline-repeat motif and in that it is the
primary residue in collagen secondary structure reveal that it is possible to translocate peptide-linked small particles across the
TM. This was the first comprehensive biopanning for the isolation of TM transiting peptidic ligands. The identified
mechanisms offered a unique method of drug delivery into the middle ear. Future iterations of the material could utilize
sequences identified through similar phage display/biopanning methods in conjunction with the mechanical properties
investigated here that temporally control the release of the peptide and the encapsulated drug.

Conclusion

The peptide-amphiphile, c16-AHL;K3-CO,H (in a 9:1 formulation with the labeled peptide c16-AHL;K,K(TAMRA)-
CO,H), was demonstrated here to act as an all-in-one material in which the peptide serves as a drug delivery matrix when
assembled into a hydrogel and facilitates drug-delivery while serving as a chemical permeation enhancer (or cell-
penetrating peptide) as the peptide dissociates freely from the hydrogel/fiber assembly. Transfer of the peptide across
a synthetic membrane was demonstrably slower in fibers than in micelles. Drug delivery across the same membrane was
desirably slower in fibers than micelles showcasing the potential application in temporally controlled drug-delivery. The
CPP ability was highlighted when the PA was interfaced with epidermal keratinocytes, highlighting the initial interaction
and subsequent integration of the peptide into the lipid bilayer membrane. Future investigations will investigate treating
animal models with the PA hydrogel/ciprofloxacin mixture to determine how deep the peptide penetrates into the
tympanic membrane as well as the efficacy of trans-tympanic drug-delivery. In addition, tuning the rates of peptide
disassembly through sequence variation marks an avenue to customize rates of drug delivery from a self-assembled
peptide matrix.
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