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The self-assembly of peptides, specifically dipeptides, offers numerous advantages for biological applications.
We describe an easy, versatile method of fabricating different types of zwitterionic Phe-Phe dipeptide structures
(i.e., tubes and vesicles) through solvent-mediated assembly. The stability of the dipeptide structures is increased by thin
polymer coatings of poly(chloro-p-xylylene), a PPX film. We also investigated protein adsorption onto PPX-coated
peptide tubes and vesicles by varying the thickness of the polymer film.

Introduction

Self-assembly is a natural process that spontaneously and
reversibly organizes molecular units into ordered structures
through noncovalent interactions.'* Among all biological mole-
cules that can self-assemble, peptides, specifically dipeptides, offer
numerous advantages such as chemical variation and biocom-
patibility.” In 2001, Gorbitz first reported that dipeptide mole-
cules can self-assemble into nanotubes.” Reches and Gazit later
showed that the self-assembly of diphenylalanine (Phe-Phe) can
form long, stiff nanotubes using 1,1,1,3,3,3-hexafluoro-2-propa-
nol as the solvent medium.>® Subsequently, Song et al. found that
Phe-Phe can self-assemble in water to form nanotubes.® Further-
more, they observed that some nanotubes became vesicles when
the dispersion was diluted.® Yan et al. also reported that cationic
dipeptides can self-assemble to form nanotubes at physiological
pH values and that upon dilution of this nanotube dispersion,
dipeptide vesicles can be obtained.””'! However, they proposed
that unlike cationic dipeptides, zwitterionic dipeptides mainly
formed tubular structures rather than vesicles. Although the
majority of the research community agrees that the concentration
of the dipeptide plays a critical role in the formation of tubular
structures, the effect of the solvent as an influential factor has
largely been unexplored.’ ™

In this letter, we report the self-assembly of zwitterionic Phe-
Phe dipeptides into either tubular or vesicular structures by
changing the solvent (Figure 1). Moreover, these structures were
coated with varying thicknesses of poly(chloro-p-xylylene) (PPX)
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thin films using vapor deposition polymerization (VDP) to
control the protein adsorption onto them. Such dipeptide-PPX
core/shell structures could be useful in drug or gene delivery as
scaffolds for tissue engineering as well as in other biological
applications.

Experimental Section

Synthesis of Peptide Tubes and Vesicles. Diphenylalanine
(Phe-Phe; Bachem AG, Switzerland) was dissolved in ethanol,
acetone, methanol, water, chloroform, toluene, THF, or benzene
at a concentration of 2 mg/mL at 70 °C for 10 min and cooled to
room temperature. To avoid any preaggregation, fresh solutions
were prepared for each experiment. Each peptide solution (50 L)
was then placed onto cleaned silicon wafers or glass slides and
dried until the solvent evaporated. Subsequently, the dipeptide
tubes and vesicles that were obtained were coated with poly-
(chloro-p-xylylene) (PPX) by using different amounts of dichloro-
di-p-xylylene as a precursor.'?”'® The precursor was first sub-
limed at 175 °C under a pressure of 0.1—10 Torr. Precursor vapor
was then pyrolyzed at 650—700 °C. To control protein adsorp-
tion, PPX-coated samples having different thicknesses were first
immersed into a bovine serum albumin—FITC solution (0.1 mg/
mL in pH 7.4 PBS buffer) overnight at room temperature in a
dark environment. The films were then washed with buffer
solution several times and dried in a stream of air.

Characterization. Scanning electron microscope (SEM)
images were recorded with a Philips XL-40 system after the
samples were coated with gold. To obtain topographical informa-
tion about dipeptide tubes and vesicles, samples were character-
ized by a Nanoscope-E atomic force microscope (AFM) (Veeco
Metrology, CA). Topographical images were collected in ambient
air at room temperature with silicon nitride (SiN) triangular
cantilevers having contact mode tips (DNT-20, Veeco Metrology,
CA). Fluorescence microscopy images were taken using an
Olympus Fluoview 300 confocal laser scanning microscope with
a 50x objective. Static contact angle experiments were performed
on an FTA-1000 (Firsttenangstrom Inc., VA) apparatus using
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Figure 1. Schematic representation of the self-assembly of Phe-
Phe dipeptides into tubes and vesicles in ethanol and acetone,
respectively.
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Figure 2. SEM images of Phe-Phe tubes and vesicles: (a) 2 mg/mL
dipeptide in ethanol vaporized at 25 °C, (b) 2 mg/mL dipeptide in
acetone vaporized at 25 °C, (c) 2 mg/mL dipeptide in ethanol
vaporized at 80 °C, and (d) 2 mg/mL dipeptide in acetone vapor-
ized at 80 °C.

10 uL of ultrapure water. ATR-FTIR (Thermo Nicolet IR) data
was also collected with respect to a silicon wafer reference in air
and was recorded at 4 cm ™' resolution.

Results and Discussion

We prepared Phe-Phe tubes and vesicles by using ethanol and
acetone as the respective solvents. In a typical experiment, 10 mg
of dipeptide was dissolved in 5 mL of solvent (either ethanol or
acetone) at 70 °C for 10 min and cooled to room temperature. The
solution (50 uL) was then placed on a cleaned silicon wafer or
glass slide and dried until the solvent evaporated. Figure 2a,b
shows scanning electron microscopy (SEM) images of dipeptide
tubes and vesicles, respectively. The dense tubular and vesicular
structures evident from the SEM images illustrate the high yield of
the preparation method. Upon rapid evaporation of ethanol,
forestlike structures were also formed on the substrate, as
previously suggested by Reches and Gazit (Figure 2c).!” Unlike
with ethanol, we could not observe any difference in the structure
when acetone was rapidly evaporated, although there was an
increase in diameter (Figure 2d). To obtain direct topographical
information, the samples were investigated using atomic force
microscopy (Figure S1 in Supporting Information). The AFM
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Table 1. Solvent Effect on the Self-Assembly of Phe-Phe

solvent dielectric constant peptide formation

water 80.1 tubular

methanol 32.6 tubular

ethanol 24.3 tubular

acetone 20.7 vesicular
tetrahydrofuran (THF) 7.5 none

chloroform 4.8 none

toluene 2.4 none

benzene 2.3 none

Figure 3. SEM images of PPX-coated Phe-Phe tubes and vesicles:
(a, b) without PPX, (c, d) 0.8 um of PPX-coated dipeptide
structures (an open-pore PPX-coated dipeptide tube at high mag-
nification in the inset), and (e, f) 3.6 um of PPX-coated tubes
and vesicles (a closed-pore PPX-coated tube at high magnifi-
cation in the inset, scale bar 1 um).

images show that the diameters of the dipeptide tubes and vesicles
were 0.3—3 um and 0.2—2 um, respectively.

To understand the formation of tubular and vesicular struc-
tures, we investigated the self-assembly of Phe-Phe using various
solvents having different dielectric constants (i.e., ethanol, acet-
one, methanol, water, chloroform, toluene, THF, and benzene,
which have dielectric constants of 24.3, 20.7, 32.6, 80.1, 4.8, 2.4,
7.52, and 2.28, respectively). It is known that molecules interact
with each other in solution during self-assembly and form
structures ranging from simple dimers to complex mesoscopically
sized structures.’ These interactions often depend on the solvent
properties (e.g., polarity and dielectric constant). If self-assembly
occurs through hydrogen bonding, then it may not be stable in
hydrogen-bonding solvents such as water or alcohols. At the same
time, complexes formed via a hydrophobic effect as the driving
force usually dissociate in hydrophobic solvents (e.g., benzene). In
our study, the dipeptide concentration was kept constant at 2 mg/
mL and experiments were performed at room temperature.
Although dipeptide tubes or vesicles were obtained using ethanol,
acetone, methanol, and water, we could not observe any regular
structures when THF, benzene, toluene, or chloroform was used
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Figure 4. Fluorescence microscopy images of BSA-FITC-adsorbed PPX-coated dipeptide tubes and vesicles prepared using different
amounts of PPX monomer: (a,d) 2.0 g, (b,e) 1.0 g,and (c, f) 0.5 g. (g, h) Fluorescence intensities for dipeptide tubes and vesicles, respectively.

as the solvent (Table 1 and Figure S2 in Supporting Information).
These differences may be attributed to the dielectric constants of
these solvents. Solvents having a dielectric constant >4 tend to
solvate the hydrophilic headgroups of the Phe-Phe molecule in the
medium, allowing the self-assembly process to proceed. Solvents
having a dielectric constant <4 may, in contrast, force the peptide
molecules to form reversed micelles or network structures in the
solution, thereby reducing the concentration of hydrophilic
groups in the medium.'® We note that the interaction between
the solvent and the dipeptide molecules is also very important to
the understanding of the morphology of the structures. It is
known that ethanol is a protic solvent and strongly solvates ionic
molecules via hydrogen bonding. Acetone is an aprotic solvent
and has less of a tendency to form hydrogen bonds with dipep-
tides. In the case of acetone, the dominant force for self-assembly
is a hydrophobic interaction and intramolecular hydrogen bond-
ing between dipeptide molecules. It is assumed that a hydrophobic
interaction between aromatic moieties of Phe-Phe provides an
energetic contribution as well as order and directionality for the
initial interaction, forming an extended pleated sheet that is
stabilized by hydrogen bonds and hydrophobic interactions in
the beginning of the self-assembly.® These structures are then
transformed into different structures (e.g., tubular or vesicular) to
minimize their energy, depending on the interactions between
molecules. In the case of ethanol, the formation may occur by the
closure of the extended sheet along one axis of the 2D layer as a
result of intermolecular hydrogen bonding between ethanol and
dipeptide molecules. Alternatively, in acetone, as mentioned
above, hydrophobic interactions and intramolecular hydrogen
bonding between the dipeptide molecules may force the formation
of vesicular structures as a result of the closure of the sheet along
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two axes. However, modeling and simulation studies of these
processes are still needed for further understanding.

To improve the structural stability of the peptide tubes and
vesicles, we coated them with a protective PPX thin film using
VDP polymerization. This method has several advantages com-
pared to solvent-based polymerization techniques, including uni-
form modification, conformal coating, high accuracy, excellent
adhesion, and avoiding impurities associated with the use of
solvents, initiators, or plasticizelrs.'z*16 VDP was carried out
using 0.15—2.0 g of dichloro-di-p-xylylene as the precursor. The
resulting PPX-coated protein structures were analyzed by SEM
(Figure 3). SEM images of PPX-coated dipeptide structures show
aslightly rugged surface and an increase in diameter (Figure 3c—f)
compared to pristine dipeptide structures (Figure 3a,b). More-
over, when more than 0.5 g (i.e., 0.8 um in thickness) of the PPX
precursor was used, the open ends of the tubes were fused, as
evident in high-magnification SEM images (Figure 3c,e insets).
We also note that a thinner PPX coating (~200 nm) provides a
conformal film of peptide structures (Figure S6). It is known that
peptide-based structures are mostly stable in organic solvents but
decompose under proteolytic attack. PPX-coated peptides re-
mained stable in proteinase solution (proteinase, 0.2 mg/mL for
6 h at 25 °C).

We also investigated protein adsorption onto PPX-coated
peptide tubes and vesicles. It is known that protein adsorption
onto a biomaterial surface plays an important role in the
biological response.'** In this study, we attempted to control
protein adsorption onto dipeptide structures by coating them
with PPX layers of varying thickness. Fluorescence microscopy
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images confirmed the control of protein adsorption onto the
PPX-coated dipeptide tubes and vesicles (Figure 4). When the
thickness of the PPX layer increased (i.e., the roughness of the film
decreased), protein adsorption dramatically decreased. This result
is consistent with PPX coatings on glass substrates where minimal
protein adsorption is observed (not shown).

Conclusions

Using zwitterionic Phe-Phe dipeptides and straightforward
experimental procedures, we have succeeded in creating tubular
and vesicular dipeptide structures. These structures can be readily
manufactured and easily decorated chemically. We also have
shown that the stability of these structures can be improved by
VDP of PPX onto their surfaces. Moreover, protein adsorption
can be controlled by changing the thickness of the PPX layer on
the dipeptide structures. Given its simplicity, efficiency, and
generalizability, we believe that these types of materials can be
useful for a wide range of biological applications, such as drug or
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gene delivery and tissue engineering. Future work will proceed in
this direction.
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