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Branched peptide amphiphile (PA) molecules bearing biological epitopes were designed and synthesized using
orthogonal protecting group chemistry on amine groups at lysine residues. These molecules self-assemble into
high-aspect-ratio cylindrical nanofibers, and their branched architecture enhances accessibility of epitopes for
protein binding and also allows the presentation of more than one epitope in a single molecule. The RGDS cell
adhesion epitope was used as a model bioactive signal on PA molecules for potential biomedical applications.
Aggregation of the branched PA molecules into nanofibers was demonstrated by TEM and through shifts in the
protonation profiles of peripheral amines. These systems also formed self-supporting gels in the presence of
physiological fluids and other biologically relevant macromolecules such as synovial fluid and DNA, an important
property for their potential use in medicine. Fluorescence anisotropy measurements on the PAs with tryptophan
residues were performed to examine the effect of branching on packing and mobility of the peptides in the self-
assembled nanofibers. The mobility of tryptophan residues was observed to be restricted upon packing of PA
molecules into nanofibers. However, relative to linear analogues, branched molecules retain more mobility in the
supramolecular aggregates.

Introduction work in which improved recognition of the RGDS epitope was
achieved by using a cyclic structure sequence which mimics

In recent years, there has been considerable interest in thethe loop presentation in natural fioronecti?”-29 It has also
concept of tissue regeneration as a therapy for failed organsbheen observed that integrin mediated cell adhesion through these
and trauma:1° These therapies require materials that can serve epitopes depends on presentation and gathering of recep-
as scaffolds to either deliver or recruit cells. The scaffold’s tors2224-26.30-32Thys, different cell responses are observed with
function may range from mechanically supporting cells to varying surface concentration of cell recognition motifs and with
actually signaling cells at the level of receptors to promote cell changes to the conformations of the presented ligéhtts.
proliferation, cell survival, and cell differentiation, or even We have previously reported on charged self-assembling
recruit the right cells to grow blood vessels that feed the cells peptide amphiphile (PA) molecules consisting off@heet-
and regenerate the organ or tisdtie. forming segment and a bioactive peptide segment covalently

One of the chemical concepts to improve scaffolds has beengrafted to a hydrophobic alkyl segméft38 These strong
to include peptide signals that can be involved in cell amphiphiles self-assemble into nanofibers that bond to form
signaling!?~1® A favorite set of peptide epitopes have been those networks and therefore gels when their charge is eliminated by
found in extracellular matrix proteins such as fibronectin, pH changes or screened by igH$® The gels are known to

vitronectin, collagen, and laminin, which bind to integrin  encapsulate cells in aqueous three-dimensional networks of the
receptors important in cell survival and function. The RGDS nanofiberss?:40

epitope in fibronectin has been used in previous papers on the  pacently, we reported on enhanced recognition of biotinylated
subject, and it is used here to probe molecular and supramo-o g of the branched PAs containing the RGDS signal and
lecular variables necessary to optimize the nature of scaffc"dssynthesized using the lysine residues as the branch Point.
in rﬁgene;atlve ;n;dlcmlézlfllgAttélcli:jm%thebRGDS szquence IBiotin-labeled branched PAs and linear analogues were com-
to the surface of biomaterial scaffolds has been used to contro pared in terms of accessibility to fluorescently labeled avidin.
cell adhesion, proliferation, differentiation, and organizatfoR® It was clearly observed that biotins on the branched PAs are
Blolzglgal acti)hesmn f[h:(ough thedRGD (cj)r RGDS seglé%gces ON significantly more available to avidin than on nanofibers formed
synthetic substrates is known to depend on epitope #. by the linear analogues. In this paper, branched PA molecules

The molecucljaé |mpI|_cat|on r'ls _that mlanyfaspectfs Ofﬁe%mpﬁl were studied by fluorescence polarization to elucidate acces-
structure and dynamics on the internal surfaces of scaffolds Will ;i of bioactive sequences with tryptophan, a natural

be important to their recognition by receptors. There is previous chromophore, and to observe its fluorescence anisotropy in
branched and linear architectures. The branched architecture

:g-mailtadd;esfsa?-stgptp@northwestern.edu. provides further control over gel formation and enables pre-
roZEgﬁmiﬂt of Matorile Science and Engineering sentation of multiple bioactive groups on the same molecule
§ Institute for BioNanotechnology in Medicine. and decoratiqn of the periphery of the nanofibers with fun.ctional
' Feinberg School of Medicine. groups. Additional branched PAs were also synthesized to

10.1021/bm060161g CCC: $33.50  © 2006 American Chemical Society

Published on Web 05/19/2006
CDhVv



1856 Biomacromolecules, Vol. 7, No. 6, 2006 Guler et al.

Chart 1. Tryptophan Containing Peptide Amphiphiles
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present various bioactive signals on self-assembling high-aspectby coupling Fmoc-Asp-OAllyl after the branching point for further

ratio nanofibers.

Experimental Section

Solid-phase peptide synthesis (SPPS) technique was used to prepar

peptide amphiphile (PA) molecules. Amino acids, MBHA rink amide
resin, and HBTU [2-(H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium

hexafluorophosphate] were purchased from NovaBiochem. All other
chemicals were purchased from Fisher or Aldrich and used as provided.

cyclization of the RGDS peptide sequence. Thealyl group is stable
under peptide coupling and Fmoc deprotection conditions. The RGDS
sequence was made following the Fmoc-Asp-OAllyl residue. A glycine
residue was coupled as a spacer after the arginine residue. Cyclization
was accomplished by attaching the N-terminus of the glycine to the
a-carboxylic acid of the aspartic acid residue. Pd(@#Plas used to
remove the G-allyl group# The resin was swelled in a CH{Acetic
acidN-methylmorpholine (37/2/1) mixture under nitrogen gas. Three
equivalents of the Pd complex were added and mixedfa under

Peptides were constructed by standard Fmoc (9-Fluorenylmethoxycar-nitrogen gas followed by the Fmoc deprotection. Cyclization was
bonyl) solid-phase peptide synthesis. Amino acid couplings were carried Performed with 3 equiv of DPTS/DIPEfor 4 h in DMF. PAs were

out with 4 equiv of Fmoc-protected amino acid, 3.95 equiv of HBTU,
and 6 equiv of DIEA K,N-diisopropylethylamine) for 4 h. Fmoc
deprotections were performed with 30% piperidine/DMF solutions for
10 min. 4-Methyl trityl (Mtt) protecting groups were deprotected with
4% TFA/dichloromethane solutions for 5 min. The first arn8shown

in Chart 2 was synthesized on theamine of the Fmoc-Lys(Mtt)-OH

at the branching point. The-aspartic acid diert-butyl ester hemis-
cucinaté! residue was coupled to the first branch, and after completion
of the first peptide branch, the Mtt on taeamine of the lysine residue

characterized using a PE Biosystems Voyager-DE PRO matrix-assisted
laser desorption ionization time-of-flight mass spectrometer (MALDI-
TOF MS) and a Thermo Finnigan LCQ Advantage electrospray
ionization mass spectrometer (ESI-MS). Reverse-phase HPLC was
performed on a Hewlett-Packard 1050 liquid chromatograph equipped
with Agilent Zorbax 300SB-C18 4.6« 150 mm column or Waters
Atlantis C-18 4.6x 150 mm column in elution gradient of water (0.1%
TFA) and acetonitrile (0.1% TFA). Preparative HPLC was performed
on a Varian chromatograph using a Waters Atlantis C-18x3250

was removed to add the bioactive RGDS peptide sequence. Cleavagenm column under similar elution gradients as previously mentioned.
of peptides from the resin was carried out using a mixture of TFA/ The purities ofl—4 shown in Chart 1 were higher than 95% after HPLC
TIS/H,O (95:2.5:2.5) for 3 h. Excess TFA was removed by rotary purification and5—12 shown in Charts 25 were more than 80% pure
evaporation. The remaining viscous peptide solution was triturated with by HPLC. Moleculed—5 were purified by HPLC, and they are reported
cold ether, and the resulting white product was dried under vacuum. to be more than 95% pure. Fluorescence anisotropy measurements were

Cyclic RGDS containing molecul@shown in Chart 3 was synthesized  done with these samples. Molecules12 were analyzed by HPLCCDV
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Chart 2. RGDS Presentation on Peptide Amphiphiles
RGDSGGGAAA(K)-Palmitoyl
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Chart 3. Cyclic RGDS Presentation on Branched Peptide Amphiphile
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and their purities were higher than 80%. We did not observe any carbon-side down on a droplet of filtered phosphotungstic acid solution
changes in the self-assembly behavior of these molecules at this purityfor 1 min. The TEM samples were air-dried for at le&sh before
compared to those found to be more than 95% pure. imaging. In all cases, electron microscopy was performed at an
Transmission Electron Microscopy (TEM). A Hitachi H-8100 acceleration voltage of 200 kV.
transmission electron microscope was used for TEM imaging. The  Circular Dichroism (CD) spectroscopy. The CD spectra were
samples were prepared from 1 wt % gels of the PAs on a holey carbon- obtained using a Jasco J-715 CD spectrometer at concentrations of 3.33
coated copper TEM grid. Negative staining was carried out with 2 wt x 107 M with 1 and 2 mm cell path lengths. The CD spectra were
% phosphotungstic acid in water. TEM grids were prepared by casting collected from 260 to 190 nm.
onto the carbon side of the grida. of PA gel diluted to 0.01 wt % Fluorescence. Both steady-state fluorescence and fluorescence
in water followed by wicking off of excess moisture with filter paper polarization experiments were performed on an ISS PC1 spectrofluo-
after 3 min. Negative staining was then performed by placing the grid rimeter using the standard right-angle configuration. Sample conce&{ﬁ-/
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Chart 4. RGDS and PHSRN Presentation on Branched Peptide Amphiphile
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Chart 5. Presentation of IKVAV and YIGSR Peptide Sequences on Branched Peptide Amphiphiles
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tions at 20uM were taken before every experiment using a Cary 500 Negatively charged biomolecules including calf thymus DNA, chon-
spectrometer. Experiments were carried out at least in triplicate. droitin sulfate A, chondroitin sulfate C, bovine serum albumin (fraction
Excitation and emission monochromator slits were set to 16 and 8 nm V), and glucose were each solubilized in 1X TNE at 50 and 10 mg/
band-pass, respectively. A wavelength of 280 nm was used to excite mL. Gelation of these negatively charged biomolecules with a branched
the tryptophan residue. Fluorescence anisotropy measurements werdA was examined by forming a hemisphere ofi&0of each solution
performed at room temperature. The g-factor bias was minimal and with 50 uL of PA solution on a glass coverslip. The hemispherical
not included in the calculations. bubbles were examined after 5 min to determine whether a gel had
pH Titration of PA Fibers in Solution. pH titrations of PA solutions formed.
were carried out using an Accumet pH meter and electrode. Each PA  Subcutaneous Injection of PA Nanofibers.As an initial test of
was solubilized at 30 mg/mL in 0.1 M KCI. The pH probe was immunogenicity, 1QL of either vehicle alone (water) or an aqueous
submerged in the PA solution, and a magnetic stir bar was added tosolution (10 mg/mL) of5 or 6 was injected subcutaneously in male
aid in mixing. The solutions were titrated in-B uL increments with C57 BL/6 mice (28-30 g). The animals were sacrificed 4 days
0.1 M KOH to pH~11, then titrated with 0.1 M HCI to pH4. The postinjection, and the skin was biopsied for histology, with the site of
pH meter was allowed to stabilize for several seconds after each additioninjection confirmed by immunofluorescence. All animal experiments
to obtain a stable reading before adding more acid/base. were performed in accordance with protocols approved by Northwest-
Synovial Fluid Isolation and Gelation. Synovial fluid was isolated ~ ern’s Animal Care and Usage Committee.
from a bovine articular joint. Front hooves from -84 month old
Holstein cattle were obtained from a local slaughterhouse within 1 h
of sacrifice and maintained on ice for no more rth& h prior to
dissection. Hooves were washed thoroughly with antibiotic soap and

opened using sterilized instruments to reveal the metacarpophlangealb, W,e previously s'tudled the avallabllllty of b',Ot'n for avidin
joint. As each joint was opened, the surrounding synovial fluid was Pinding on the periphery of PA nanofibers using fluorescence

collected with a sterile syringe and needle and stored in sterile tubes atMeasurement®. In these molecules, the biotin moiety was
4°C prior to use. Synovial fluid samples from six different joints were covalently bound at the terminus of the peptide segment and
mixed 1:1 with the specified PA solutions (10 mg/mL in water), at found to be most accessible in PAs with branched architectures.
volumes of 50uL each. Hemispherical gels were made on glass INn this work, the solvent accessibility to peptide sequences with
coverslips and could support their own weight within seconds of mixing. Similar architectures was studied using the amino acid tryp-
Images of synovial fluid gels formed in a sample tube were obtained tophan as a natural fluorophore. Fluorescence anisotropy of the
as frames of a movie, with an Olympus C4000 digital camera. tryptophan residue was measured to conceive the rotat'BBz%}

Results and Discussion
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Figure 1. Synthesis of 6 on solid-phase peptide synthesis is shown as a representative synthesis of branched PAs. Use of Fmoc-Lys(Mtt)-OH
at branching points allows for creation of the lysine dendron, as well as selective growth of the individual branches. This synthesis method
results in amine termination at the peptide periphery.

freedom of the chromophore in the self-assembled supramo-
lecular structure using the linear and branched PAs synthesized
as described in Chart 1. A tryptophan residue was incorporated
before and after the RGDS sequence by SPPS to gain insight
into the molecular packing of the RGDS bioactive sequences
on the periphery of the nanofibers. Peptides with sequences
XXXAAA-(K)-lipophilic segment were synthesized with %
G or L. Alanine, glycine, and leucine residues were used to
promote hydrogen bonding among peptide segments and to form
the characteristigg-sheet structures that drive formation of
cylindrical nanofibers as opposed to the spherical micelles
typically observed in amphiphilic self-assemB&*The lysine
residue was introduced to form branching on the peptide
sequence, altering the structural presentation of the bioactive
peptide sequence after self-assembly. Orthogonal protecting
groups on then and e amines of the lysine residue enabled
synthesis of asymmetric or symmetric branches on the PA
system. Fmoc, Boc, and Mtt protecting groups on the amines
of the lysine residues were used to control the design of peptides,
as each of these protecting groups can be manipulated inde- 2 Sectus i - = :
pendently (see Figure 1). The Fmoc-protected amines wereFigure 2. Negatlvely stained TEM micrograph of nanofibers formed
deprotected to couple amino acids, Boc-protected amines wereby molecule 4B at pH 7.4.
used to block peptide growth on the lysine branches, and Mtt-
protected amines were deprotected selectively to build asym-nanofibers were also confirmed with atomic force microscopy
metrical branches on a single peptide amphiphile molecule. (AFM) (data not shown). Circular dichroism (CD) spectroscopy
The PAs shown in Chart 1 were observed to be soluble at of the PAs revealed the presence of hydrogen-bonded structures
pH 4 and formed self-supporting gels at concentrations greateramong peptide segments (see Figure 3), inclugisgeets and
than 0.5 wt % when the pH was increased above 6.5. Oscillatory o-helices, as well as segments in random coil conformations.
rheology for the self-supporting gels obtained from 1 wt % PA This is indicated by the observation of a broad signal between
gels indicated that the storage modulus for the gels was always200 and 230 nm. Molecule8B and 4B containing leucine
higher than the loss modulus. Therefore, these molecules formresidues reveal strongg@rsheet peaks at 215 nm, whereas PAs
self-supporting gels rather than solutions. Storage modulus with glycine residues reveal greater contentifielix structure.
measured at 10 rad/s was found to be in the range-2000 Fluorescence anisotropy values of the tryptophan-tagged PAs
pascals. Transmission electron microscopy (TEM) of negatively were measured in the self-assembled state as indicated in Table
stained gel samples revealed high-aspect-ratio nanofiber forma-1. The difference in the observed anisotropy is attributed to the
tion (see Figure 2 and Supporting Information). The nanofibers nature of molecular motion of the chromophores in the various
observed were # 1 nm in diameter and range in length from molecules. When the rotational freedom of the chromophore
hundreds of nanometers to several microns. The height of thedecreases, a higher anisotropy value is obset¥édsignifi- CDV
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Figure 3. Circular dichroism spectra of molecules shown in Chart 1
at pH 7.4.
Table 1. Anisotropy Values for Tryptophan

molecule 1 tryptophan(2) 3A 3B 4A 4B
anisotropy (£<0.05) 0.33 0.02 0.11 0.13 0.06 0.13

cantly higher anisotropy from the tryptophan residue was
obtained when it was placed before the RGDS sequence in
moleculel. We propose that it is due to its localization in the
sterically hindered environment of hydrogen-bonded nanofiber
formed by the linear PAs. On the other hand, anisotropy values
were slightly higher than tryptophan amino ac®) &élone when 204
the tryptophan residue was placed before or after the RGDS ,;
sequence in the branched PAs, indicating that in the branched ol
molecular architecture rotational freedom of the RGDS segmentg
may be largely preserved in these nanostructures vs the oneg®
formed by the linear PAs in which rotation is more hindered. go
Fluorescence anisotropy of the tryptophan amino acid alone in s
solution was measured as a reference and was lower than in_
any of the PA molecules, due to restricted mobility of the
molecules in the self-assembled nanofibers.

In light of the results discussed above, we designed additional Figure 5. Circular dichroism spectra of molecules shown in Chart 2
PA architectures that presented the RGDS bioactive peptide?! PH 7-4-
sequence at their N-terminus. The RGDS was incorporated on
linear and branched PA systems, with self-assembly into
nanofibers controlled by pH change or electrolyte addition. The
use of lysine residues or aspartic acid residues enabled modula-
tion of the conditions necessary for self-assembly (see Chart
2), as the PAs rich in lysine were soluble at acidic p&b)
and self-assembled at basic pH€), while the aspartic acid
PAs were soluble at high pH and assembled at low pH. TEM
micrographs of the PAs shown in Chart 2 also revealed
nanofibers 7+ 1 nm in diameter and micrometers in length,
similar to those observed from tryptophan containing PAs (see
Figure 4 and Supporting Information). CD spectroscopy revealed
hydrogen bonding among peptide segments as described above
(see Figure 5).5-sheets at 215 nm were observed more
predominantly (in addition to contributions frooxhelix and
random coils) for molecule§ and7 compared t, revealing
some significant differences in the internal hydrogen-bonded
structure of the branched versus linear PA architecture. Aspartic
acid rich branched PAg8, was synthesized in order to change
the self-assembly conditions of the system to low p¥b).
However, when CH ions are added to the solution 8fat
physiological pH, the ions also induce self-assembly of the
molecule to form a self-supporting gel. TEM micrographs of
C&" and pH gels reveal similar nanofibers formed by molecule tion of RGDS found in fibronectin (see Chart 3). A TEM
8 upon self-assembly (see Supporting Information). CD spec- micrograph of nanofibers formed iis shown in Figure 6.
troscopy of8 at pH 7.4 in the presence of &aions revealed  CD spectroscopy d at pH 7.4 revealed predominanflysheet
predominantly3-sheet hydrogen bonding at 215 nm (see Figure at 215 nm in addition to some-helix hydrogen bonding (see
5). Figure 7). To enhance the potential biological function of the

In addition, a cyclic RGDS sequence was also incorporated PA matrixes, a synergistic peptide sequence, PHSRN, was also
into the branched PA architecture to mimic the loop conforma- incorporated on the branched PA architecture by attachi%i{/

Figure 4. Negatively stained TEM micrograph of nanofibers formed
by 6 at pH 7.4.

15 - Wavelength (nm)

Figure 6. Negatively stained TEM micrograph of nanofibers formed
by 9 at pH 7.4.
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Figure 7. Circular dichroism spectra of molecules shown in Charts 0.0
3,4,and 5 at pH 7.4. Y 25 50 75 100

pL 0.1M HCI added
Figure 9. pH titration of 6 in 0.1 N KCI solution. A downward shift in

protonation of the terminal amines is observed, indicating close
association of the peripheral lysines.

protonation. As shown in Figure 9, th&ptransitions for the
terminal amines on branched PA assemblies have broadened
and shifted downward. This response for closely packed lysine
branches in supramolecular assemblies matches the behavior
seen in covalently bound systems, such as the lysine dendrimers
described above and polyamidoamine (PAMAM) starburst
dendrimersY

The gels formed by the PA molecules have potential use in
the tissue engineering field as a biomaterial scaffold mimicking
the extracellular matrix for encapsulating cells. In addition to
pH- and ionic-based gelation methods, we have tested the
gelation behaviors of the PAs using biological fluids. We have
previously demonstrated the gelation of other PA systems in
situ using cerebrospinal fluid (CSH.Investigations with
chondrocytes and cartilage motivated an interest in the synovial
fluid which bathes tissue within an articular joint. The majority
of nonfluid components of synovial fluid are the negatively
Figure 8. Negatively stained TEM micrograph of nanofibers formed charged highly branched macromolecules, glycosaminoglycans.
by 12 at pH 7.4. Because of its natural abundance within joints and its relative
on one of the lysine residues (see Chart 4). Designing such©aSe of isolatior.l,.synp\./ial f_Iuid could make an e_xcellent natural
supramolecular systems provides opportunities to present mul-Carrier for repairing joint tissues. PAs shown in Charts42
tiple functional groups in various potential orientations for Were tested with freshly isolated bovine synovial fluid to
biological recognition systems. CD spectroscopyl6fat pH determine |f.any gelapon could be induced with these molecules.
7.4 revealed-helix in addition tof-sheet hydrogen bonding PAS were dissolved in water at 10 mg/mL_and mlx_ed 1:1 (vIv)
(see Figure 7). The PAs shown in Chart 5 were also synthesizedWith multiple samples of synovial fluid. Amine-terminated PAs
to demonstrate that various peptidic bioactive groups in addition OF PAs with basic residues near their periphéys, 7, 9, and
to RGDS can be incorporated into the self-assembling peptide 10) were able to form a strong self-supporting hydrogel with
amphiphile architecture. Branched PAs containing the epitopesSynovial fluid (see Figure 10). However, the negatively charged
IKVAV and YIGSR, which are known to promote neuronal cell Pranched PA8 did not form a self-supporting hydrogel with
differentiation and neurite outgrowff#éwere synthesized and ~ Synovial fluid.
behaved similarly to the PAs shown above. TEM micrographs  In addition,5, 6, 7, 9, and10 were found to form gels with
of these PAs revealed similar nanofibers at physiological pH the addition of other biologically relevant macromolecules.
(see Figure 8 and Supporting Information). CD spectroscopy These PA solutions were mixed 1:1 with solutions of calf-
of 11and12 at pH 7.4 revealed-helix in addition tog-sheet ~ thymus DNA (~8—9 MDa), chondroitin sulfate (a long, linear
hydrogen bonding (see Figure 7). Hence, many functional polysaccharide), bovine serum albouming0 kDa negatively
groups can be potentially presented on high-aspect-ratio nanofi-charged protein), and glucose, all of which were buffered at
bers formed by self-assembling branched PAs. pH 6.5. The larger macromolecules, DNA and chondroitin

The supramolecular assembly of these systems was alscsulfate, were able to gel solutions §f6, 7, 9, and 10, while
assessed by pH titration of the PAs in 0.1 M KCI (see Figure addition of the smaller BSA and glucose only resulted in slight
9). As previously shown by other researchers, the close spatialviscosity increases. These findings point to the strong influence
arrangement of high-generation lysine dendrimers can influenceof electrostatics in the gelation of these systems, as well as
the protonation behavior of the terminahnde amines'” While significant opportunities for in situ gelation with a variety of
the reported K, values for then ande amines on free lysine  physiological or biologically relevant fluids.
are 8.9 and 10.3, respectively, the observed gelation for our Given the immunogenic potential of some peptide-based
branched PA molecules occurs near §8.0—6.5. The incon- biomaterials, it will be important to assess the immune response
sistency between these observations can be resolved by conto these self-assembled nanofibers if they are to be used in vivo
sidering the spatial effects of close neighboring amines on for tissue engineering applications. This is particularly true gi&%\/
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Figure 10. Images of a gel formed upon mixing 1:1 volumes of bovine
synovial fluid and 1 wt % solution of 6.

the nonnatural lysine branching used to display the RGDS
peptide epitope. As an initial test of immunogenicity, we studied
examples of immunological response of some PAs. No evidence
of any large-scale inflammatory reaction was observed (see
Supporting Information). This could indicate that the peptides
themselves are too short to elicit an immune response on their
own and that their self-assembly into nanofibers does not induce
a significant foreign-body response, at least at the concentration
and time point tested. Studies are underway to examine other
time points as well as staining for specific immune cell markers.
Further studies will be necessary to confirm the biocompatibility
of the PA nanofibers at other tissue sites as well as in other
species.

Conclusions

We have reported on formation of cylindrical nanostructures
by branched peptide amphiphile molecules that present high

densities of bioactive peptide sequences on their surfaces. The

RGDS cell adhesion epitope was incorporated into the branched
PAs for potential use as a cell matrix material for regenerative
medicine. These molecules were observed to form 3D networks
of high-aspect-ratio nanofibers, which result in gel formation
that may be useful for in situ encapsulation of cells. The PA
architecture was modified using a branching strategy for

appropriate presentation of recognition elements on the surface

of the nanofibers. This branched architecture provides further
control over gel formation at physiological pH, in addition to
enabling presentation of multiple bioactive groups on the same
molecule, and decoration of the periphery of the nanofibers with
functional groups. Orthogonal protecting group chemistry
provided a facile approach to present RGDS in different
configurations, which may prove important in mediating cell

interactions. Linear and cyclic RGDS sequences were presented

on the periphery of the PA nanofibers as well as the synergistic
PHSRN peptide sequence, which could potentially affect the
recognition of RGDS by integrins on the cell surface. These
molecules were also shown to gel in a variety of physiologically
relevant conditions, either through pH or ionic gradients or
through exposure to large biomacromolecules.
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