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We have previously developed shear-responsive hydrogels assembled from mutually attractive but
self-repulsive oligopeptide modules. To explore the mechanism of material assembly, we designed and
synthesized a quartet of oligopeptides. The peptide quartet contains two positively charged modules 10
and 15 amino acid residues long and two negatively charged modules 10 and 15 amino acid residues
long. Each positive module can pair with one negative module and hence there are four potential pairings,
two of equal chain length (blunt-ended pairs) and two of unequal chain length (sticky-ended pairs).
Viscoelastic properties and structural features of the hydrogels assembled from these oligo-peptide pairs
were evaluated by dynamic rheometry and small-angle X-ray scattering (SAXS) techniques, respectively.
It was found that the sticky ends provide no advantage in terms of mechanical properties of the hydrogels.
Instead, the hydrogel assembled from the 10:10 peptide pair forms the strongest gel. These results are
consistent with a crosg-structural model in whiclff-strands are stacked against each other in a parallel
fashion to form nanofibers, the axes of which are perpendicular to indivjghstdlands. The optimal
chain length of oligopeptide modules for such nanofiber network assembly is around 10 amino acid
residues.

Introduction peptide-based biomaterials for various biomedical applica-
tions such as tissue engineerifignd biomineralizatiof:1©

Our research group has developed a modular design strategy
based on mutually attractive but self-repulsive oligopeptide
modules. These peptide modules coassemble into a vis-

Amino acids are the building blocks of peptides and
proteins. Recent advances in protein engineering have
envisioned oligopeptides as building blocks for novel su-

pramolecular structures through molecular self-assembly. In coelastic. fibrous network. with fibers having nanoscale
fact, natural biomaterials such as collagen ((Gly-Pro-Hpro) ) ! . ' g
dimensions. During the assembly process, they encapsulate

silk ((Gly Alg Gly-Ala-Gly-Ser),), etc., are S|mp_le repeats about 99 wt % water and are hence called hydrogels. These
of oligopeptide sequences that are assembled into supramos :
. : : hydrogels have a repeated shear-responsive proferty,
lecular structures and possess diverse material properties. One ) .
o - _énabling them to be formulated as injectables. Furthermore,

approach to mimick molecular self-assembly as seen in o . L
. . . . __these hydrogels can entrap proteins in their near native'3tate,

nature is to use complementary chemical groups in peptides : ; g . ;

an essential property for tissue engineering and protein drug-

to facilitate self-assembl/Complementary chemical groups delivery aoplications. In this current studv. we explore

are provided by the different side-chain and/or backbone Y applc ’ S Y v plore

interactions of oligopeptides, which can involve hydrophobic another question of molecular design: can sticky ends in
' ' the growing fiber facilitate assembly and enhance the bulk

ionic, or hydrogen-bonding interactions. Several research . .
6 . material property? Sticky ends, a concept adapted from
groupg 8 have harnessed this phenomenon to create novel . . . . :
nucleic acids, in the peptide fibers can be generated by
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— Fiber axis | trostatic interactions at the peptide terminals, which can
+ T T — complicate data interpretation.
I N
srm;;;end Oligopeptides 3ticky~ends Experimental Methods
M aligned parallel advantageous ) ) ) ) )
% to the fiber axis 0"*"':1'““" Sample Preparation. Oligopeptides were synthesized using
. ends Fmoc solid-phase peptide synthesis and purified by reversed-phase
of T — \‘ Fiber axie HI_DLC; (Agilent Technologies, HP1100 chromatpgraph_system,
5| —  Oligopeptides — e Wilmington, DE). The mass value for each oligopeptide was
5 -_— aligned S I —— verified using MALDI-MS?! The purity of the peptides was verified
i = perpendicular ~ by analytical HPLC. Peptide solutions were dissolved and dialyzed
fo the fiber axis % in 50 mM aqueous phosphate buffer at pH 7. The pH of the dialyzed
Sticky-ends — . peptide solution was verified and, if necessary, adjusted to pH 7.
may not be % — T, — Concentrations of the peptide solutions were determined on the basis
“g:::mﬁ?t'_‘s 3 = + of the molar absorptivity of tryptophan at 280 nrypgh = 5690
ends | — Bfmpa’.r M- cm1).15 All the measurements were conducted at a total

peptide concentration of 0.25 wt %.

Figure 1. Possible alignment of sticky- and blunt-ended oligopeptides in Rheological Characterization. Dynamic rheological measure-
the nanofiber: perpendicular or parallel orientation of peptide chains with )

respect to the fiber axis. Sheet conformations are not considered, as theyMents were made in a 50 mm cone-and-plate module of a strain-
are not supported by electron microscope and SAXS data. controlled, software-operated rheometer (ARES-100; TA instru-

ment, Piscataway, NJ). The time sweep measurements were

Table 1. Sequences and Possible Pairing of Oligopeptides conducted at 0.2% strain amplitude and 1 rad/s angular frequency.

_ B Possible pairing of peptide modules Repeated shear-induced breakdown-recovery cycles were monitored
Peptide | Sequences of Pasitively Charged Modules Blunt-ended pairs after breaking the gel with 200% strain.
KAWIS | Acelyl-K' KAKAKAKAKAKAK-amide | EAWISKAWIS Sma.II-Ar.lgIe X-ray Scattering (SAX$).The Small-anglg X-ray

_ . scattering instrument described eafifés now at the University

RAWIO | Acetyl-WKAKAKAKAK-amide | EAWIOKAWIO - of Utah and was used for measurements at@5This instrument
Peptide | Sequence of a Negatively Charged Module Sticky-ended pairs has a slit geometry, and all analyses were corrected for this. The
EAWIS | Acetyl-WEAEAEAEAEAEAEA-amide | EAWIO:-KAWIS Jr— angular dependence of the scattering of X-rays from particles in a
EAWI0 Acetyl-E |\ EAEAEAEA-amide EAWISKAWI0  oppm solvent has the form

aThe numbers represent the chain length of peptides. Modular material
assembly is achieved by pairing a positive module with a negative module.
Positively charged amino acids are in red and negatively charged amino . . . . .
acids are in blue. Peptides with equal and unequal chain lengths wereWherep(r) is the scattering length density of the scattering particle
coassembled to create blunt- and sticky-ended pairs, respectively. K, lysine;as a function of atomic positio)(and ps is the mean scattering

A, alanine; E, glutamic acid; W, tryptophan. length density of the solven® is the momentum transfer vector,
having the magnitudessin 6)/1, where 2 is the scattering angle
increase the length and thickness of such fideéis.the and/ is the wavelength of the incident X-ray (Cuok= 1.54 A).
peptide strands are oriented along the fiber axis, as observedhe integration over the particle volumé, is rotationally averaged
in coiled-coil fibrillogenesis, then sticky ends could enhance for unoriented particles, and the experiment measures the time and
the fibrous network formation and thereby the material ensemble average for all particles in the sample. The inverse Fourier
property in Comparison with the equa| chain |ength pairs_ transform ofl(Q) gives the palr distanc_e or vector length distribution
On the other hand, if the peptide strands are oriented function, P(r), for the scattering particle
perpendicular to the fiber axis, as commonly seen in the
crossp structures of amyloid fibers,then sticky ends may
not be advantageous when compared to blunt ends (Figure

1). P(r) can be calculated using indirect Fourier transform methtdS.

A quartet of oligopeptides, with an alternating charged and Ther value at whichP(r) = 0 gives the maximum linear dimension
neutral amino acid sequence patt&rnyas designed to for the scattering particl&dmax Thg ze_roth and second moments
produce peptide pairs with sticky and blunt ends. The of P(r) are the zero angle §catter|n.g intensit0}) and the radllus
sequences of the positively and negatively charged oligopep-of 9yration of the scattering particleRy), respectively.|(0) is
tide modules and the possible pairings of oligopeptides are proportional to the molecular weight of the scattering particles.

. . The scattering data were also subjected to both Guinier and mass-
shown in Table 1. Chain lengths of 10 and 15 were Chosen'fractal analysis. Guinier showed that one can approximate the

as decapeptides were known to form a viscoelastic hydro- scattering from rod-shaped particles (i.e., one dimension of the
gel'2 Alanine was chosen as the neutral amino acid to particle is much larger than the other two) in the snliegion
avoid the low solubility of peptides seen with other hydro- a0

phobic amino acids such as valine. N- and C-termini were

acetylated and amidated, respectively, to prevent any elec-(15) Gill, S. C.; von Hippel, P. HAnal. Biochem1989 182, 319-326.
(16) Heidorn, D. B.; Trewhella, Biochemistryl988 27, 909-15.

(17) Svergun, D. 1J. Appl. Crystallogr.1991, 24, 485-492.

(13) Pandya, M. J.; Spooner, G. M.; Sunde, M.; Thorpe, J. R.; Rodger, A.; (18) Svergun, D. 1J. Appl. Crystallogr.1992 25, 495-503.

Q) = 10 (p(T) — pJe ™" driF? (1)

P =75 [ 1(QQT sin @1)dQ @)

Woolfson, D. N.Biochemistry200Q 39, 8728-8734.
(14) Dobson, C. MPhilos. Trans. R. Soc. London, Ser2@01, 356, 133~
145.

(19) Svergun, D. I.; Semenyuk, A. V.; Feigin, L. Acta Crystallogr.,
Sect. A1988 44, 244-250.
(20) Guinier, A.Ann. Phys. (Parig1939 12, 161.
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QI(Q) = I (0)e ¥R ©) The measured sc_attering_ intensit_QQ))_ increased over t_ime
for each of the biomaterials, indicative of the formation of
whereRc is the radius of gyration of cross-section of the r(d) aggregates and consistent with a growing fibril networks
is proportional to mass per unit length. (Figure 4). Each of the peptide pairs shows evidence for the

Mass-fractal analysis can be used to analyze materials that havejeyelopment of structures having long-range order that gives
ﬁ ;epet'lt'veﬂf‘ass unit, S‘éCh as m'?ht dbe am'c'pfated l'” these rise 1o small-angle scattering profiles that reached equilibrium
yarogels. e scattering data were fitted to mass-fractal, power- over approximately a 24-hour periOd. The trend of the

. : g0
law decay using the following equatigr? gelation kinetics is evident in Figure 4 and in the summary

(Q=BQ () of the structural parameters that can be determined using
P(r) analysi$® (Table 2). The kinetics of the formation of
where,d; is the fractal dimension of the object aBis the power- these structures is distinctive among the peptide pairs, with

law scaling prefactor characteristic of the fractal dimensionality of the EAW15:KAW15 pair reaching equilibrium most rapidly
the sc:_;\tteri_ng struc_:tureif = 1 signifies a stiff rodlike structure (between 15 min and 1 h) and the EAW10:KAW10 pair
andB in this case is proportional to the length and fourth power  5ying more than 11 h before its small-angle scattering pattern
gug;esi::fg:)ﬁi;};;ggb;gggfzj 5252?12:22 gagﬁ;naedljzz'sig;_ becomes evident. The overall gelation kinetics monitored by
coil in good solvent. In the case of Guassian-cails= 2 or 1.5), SAXS follows a clear order of EAW15:KAW1S EAW10:
By is proportional to the end-to-end distance of the Guassiartcoil. KAW15_> E'A_‘W1_5:KAW1O g EAWlO:KAWlO' The order
of gelation kinetics can be directly correlated to the total
Results and Discussions electro_static z_ind hy_drophobic interactions among the oli-
gopeptide pairs, which is highest for the EAW15:KAW15
Upon mixing, each peptide pair starts to gel, as monitored pajr and least for the EAW10:KAW10 pair. Among the two
by dynamic rheometry. The end points in term&3bf the unequal chain length pairs, the kinetics of EAW10:KAW15
initial gelation are not very different among the four pairs (13 charged and 12 apolar amino acids) was faster than that
(Figure 2A). However, the gelation processes are quite of EAW15:KAW10 (12 charged and 13 apolar amino acids).
different, with that of the EAW10:KAW10 pair being the  Thjs difference in gelation kinetics might be attributed to
smoothest and that of the EAW15:KAW15 pair being the higher electrostatic interactions (longer-range) in the former.
most rugged. Repeated shear responsiveness of each of theseTaple 2 summarizes the structural parameters derived from
biomaterials was tested as described eatli&ach of the P(r) analysis of the SAXS data at two time points: 11 and
biomaterials regained their mechanical strength after shear-24 h_ |t should be noted that the maximum dimensiahg,)
induced breakdowns. It appears that repeated shear-inducegf the structures within the hydrogel materials are near, and
breakdowns acted as a Correcting mechanism to repair initialfor the |argest structures are beyond' the limit of what can
misassembly. Indeed, after 13 cycles of shear-inducedpe measured accurately given the minim@walue Qmin
breakdowns and recoveries, all four hydrogels have repro-= g.0054 A1) measured in these experiments. Thus the
ducible mechanical properties in the subsequent cycles|arger dy., values should be viewed as lower limits. The
(Figure 3). Although the initial gelation processes resulted average dimensions of structural features within each hy-
in G' values not far apart from each otherZ—3 fold; Figure  drogel reveal that the two peptide pairs containing KAW15
2A), cycles of shear-induced breakdowrecovery resulted  gave rise to scattering patterns indicative of larBgrand
in stabilizedG' values that are significantly differentamong ., values, whereas the two peptides containing KAW10
the four pairs {10 fold) with the following order: G'- peptides have significantly small& and day values.
(EAW10:KAW10) > G'(EAW15:KAW10) > G'(EAW10: Guinier plots for each the four biomaterials show a “roll-

KAW15) > G'(EAW15:KAW15) (Figure 2B). The conclu-  gver” in the low<Q region; that is, the data begin to fall off
sion from the rheological measurements is that the EAW10: ith decreasing) at Q2 values<0.0001 A2 This effect is
KAW10 pair forms the strongest gel and the EAWI1S: characteristic of highly asymmetric particles, such as a fiber
KAW15 pair forms the weakest gel, as judged by the \yhose length is much greater than its cross-sectional radius
stabilizedG' value. (Figure 5A). The point at which this roll-over begins depends
Transmission electron microscopic (TEM) images of all g the aspect ratioA(= L/2R, L is the length of the fiber
hydrogels show the formation of fibrous network (see Figure rod andR is the radius of cross-section of the fiber rod) of
S1 of Supporting Information). However, the drying step the rod-shaped fibers; that is, the higher the aspect ratio, the
involved in the sample preparation for TEM might cause |ower the value of) at which the roll-over begir®.A higher
peptide fibers to aggregate further, giving rise to very aspect ratio means longer fibers with respect to their cross
heterogeneous samples that were difficult to characterizesections. On the basis of the positions of the roll-over points
accurately in terms of fiber thickned%,estimated very presented in Figure 5A, EAW15:KAW15, EAW10:KAW15,
approximately as~30 nm (diameter). We therefore turned and EAW15:KAW10 pairs all had higher aspect ratio than
to small-angle X-ray scattering (SAXS) to probe the hydrated the EAW10:KAW10 pair. This result implies that the
fibrous network with minimal perturbations to the samples. EAw10:KAW10 pair forms the fibers that have the shortest
persistence length among the four oligopeptide pairs. None

(21) Baeucage, Gl. Appl. Crystallogr.1996 29, 134-146. ; ; ; ; i

(22) Beaucage, Gohys. Re. E Stat.. Nonlinear, Soft Matier Phy2004 of the four peptide pairs showed a single linear Guinier
70, 031401.

(23) Kishimoto, A.; Hasegawa, K.; Suzuki, H.; Taguchi, H.; Namba, K.; (24) Susnick, T.; Charles, S.; Stubbs, G.; Yau, P.; Bradburgy, E. M,;
Yoshida, M.Biochem. Biophys. Res. Comm@a04 315 739-745. Timmins, P.; Trewhella, Biophys. J.1991, 60, 1178-1189.
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Figure 2. (a) Dynamic time sweep measurement of the initial gelation measured at 0.2% strain amplitude and 1 rad/s angular frequency. (b) Elastic modulus
of 23rd gelation (midpoint of cycles +332 of repeated shear-induced breakdown recovery cycles). The total peptide concentration was 0.25 wt %. Positive

and negative modules were mixed at an equal molar ratio.
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Figure 3. Overlay of recovery profiles from repeated shear-induced breakdowns (200% strain). Shown here are recovery profiles-oB2mdli3takdown
recovery cycles.

region for elongated or rodlike particles; rather, there were behavior is analogous to that of crg8sstructures, whose
several linear regions that were indicative of radii of gyration structural features are not affected by the hydration level of
of cross-sectionR,) values in the range 80170 A for the the sample®

EAW15:KAW15 and EAW10:KAW15 pair, and in the Semiordered nanostructures, with a repeating mass unit,
smaller range 46100 A for the EAW15:KAWI10 and  can be analyzed using mass-fractal power-law decay analysis
EAW10:KAW10 pair. The 30 nm (300 A) dimension o explore their morphological characteristéShe Guinier
identified in the TEM figures would give rise to & value regime probes long-range order that dominates in theQow

of ~106 A, which is in the range oR. values seen for
peptide pairs with SAXS. Noting that the samples used for (25) Squires, A. M. Deviin, G. L.: Gras, S. L. Tickler, A. K.; Macphee,
TEM and SAXS have very different hydration levels, this C. E.; Dobson, C. MJ. Am. Chem. So@006 128, 11738-11739.
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Figure 4. Time evolution ofl(Q) vs Q during the process of co-assembly.
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Table 2. Pairwise Vector Length Distribution Function (P(r)) of All
Four of the Biomaterials

20000

10000 {

0.010 0.015

od)

15 min, brown inverted triangle; 1 h, light blue crossed triangle; 3 h, pink

0.020 0.025

distance of the Gaussian coil. TBevalues follow the same
order as thek values, but in reverse: EAW15:KAW10 (6.0)

R (A) dmad (A)
peptide pairs 11h 24 h 11h 24 h
EAW15:KAW15 257+ 10 b 750 b
EAW10:KAW15 268+ 26 2644+ 24 750 750
EAW15:KAW10 159+ 11 170+ 10 410 450
EAW10:KAW10 150+ 15 212+ 25 420 650

> EAWI15:KAW15 (4.0) > EAW10:KAW15 (1.6) >
EAW10:KAW10 (0.6). A largerB; value signifies, on the
average, a longer fiber. These fractal dimensions of these
biomaterials are within the range reported in the literature
for other heat-set protein gels.

aRyis the radius of gyration andhaxis the maximum linear dimension
of the hydrogels obtained fronP(r) analysis? Because there is no
measurable difference in the scattering profiles for EAW15:KAW15 between
these time points, only the 11 h results are shown.

region, whereas the power-law regime probes the shorter
range order corresponding to high@mregion. Mass-fractal

analysis of the scattering data reveals fractal dimensions (i.e.
ds values) between 1.5 and 2.0 (Figure 5B). Because the TEM
image (see the Supporting Information) shows fibrous

In summary, the SAXS data indicate that the EAW10:
KAW10 peptide pair is the slowest to form nanoscale
structures and is the only peptide pair to show characteristics
of a true Gaussian coil (with least degree of swollenness) in
the fractal analysis. Further, the Gunier plot @dvalues
indicate that its fiber structures have the shortest persistence
length. Because the blunt-end EAW10:KAW10 pair forms

'a stronger hydrogel than sticky-end pairs (from rheological

analysis), we postulate that our hydrogels have nanofibers
in which the peptide chains are aligned perpendicular to the

structures, disk shapes can be ruled out for these biomaterialsi.iber axis, as shown in Figure 1. In a previous stéitiye

with fractal dimension near 2, and it appears that the fibers
assemble as Gaussian-coils or swollen Gaussian coils an
as a mixture of these forms (Figure 5B). On the basid;of
values’ deviation from 2, the canonical value for Gaussian
coil, the degrees of swollenness have the order EAW15:
KAW10 (1.5) > EAW15:KAW15 (1.8)> EAW10:KAW15
(1.9) > EAW10:KAW10 (2.0). Note that only the EAW10:
KAW?10 pair gives ads value equal to what is predicted for

showed that these oligopeptide fibers bind to the organic dye
ongo Red in a fashion similar to that of amyloid fibéfs.
Furthermore, sequences with alternating polar and nonpolar
sequence patterns are prone to form fibrillar structures similar
to B-amyloid?® These features suggest that the structures
underlying the oligopeptide fibers are similar to that underly-
ing amyloid fibers, which are crogs-structures. Crosg-
structures consist of helical arrays®fheets with constitu-

a true Gaussian coil (i.e., least degree of swollenness) andy, ¢ S-strands running perpendicular to the helical fiber axis.

also forms the strongest hydrogel, suggesting that the

presence of the swollen Gaussian coil components play a(26) Ould Eleya, M. M.; Ko, S.; GunasekaranFod Hydrocolloids2004

role in diminishing the strength of the hydrogel. For these
kinds of structuresB: is proportional to the end-to-end

18, 315-323.
(27) Carter, D. B.; Chou, K. ONeurobiol. Aging1998 19, 37—40.
(28) Broome, B. M.; Hecht, M. HJ. Mol. Biol. 200Q 296, 961—-968.
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Figure 5. Small-angle X-ray scattering (SAXS) data from each of the four biomaterial at 0.25 wt % total peptide concentration: (A) Guinier plot of the
slit-desmeared scattering data for each of the four hydrogels at 24 h (data were desmeared); arrows indicate the rollover point&Q)B)bgd plot

to show the mass-fractal, power-law-dependent decd{Q@ffor each coassembled hydrogel (24 h after mixin@D) data are in arbitrary units and on a
relative scale.

In addition to demonstrating that sticky ends provide no ties of nanofiber networks can be tuned by adjusting the
advantage in terms of gel strength, the rheological measure-structures of the constitutive oligopeptides.
ments show that of the two blunt-ended pairs, the shorter
EAW10:KAW10 pair forms a stronger gel than the longer Conclusion
EAW15:KAW15 pair. The reason to this is perhaps due to
the structural features gfstrands. Mosp-sheet structures
found in native proteins and amyloid aggregates have a
twisted conformatior? 32 For a stable cros§sheet that can
twist into a fiber, the optimum chain length in egétstrand
is reported to be in the range of-82 amino acids? This
feature is consistent with our result that the EAW10:KAW10
pair forms a stronger gel than the EAW15:KAW15 pair. Note
that the longer chain lengths of proteins that form amyloids
are accommodated into the fiber with the polypeptide chain
folding back onto itself2 In our self-repulsive oligopeptide
module, such folding will be prevented because of the
electrostatic repulsions and limited chain length. The resulting
structure might have dangling ends of peptides in the growing
fibers, which could affect fibrillogenesis. This study suggests

that the optimum oIigopeptiQe chain length for the coassem- Institutes of Health under Grant EB004416 (Y.B.Y.) and made
_ny Of. thgse biomaterials is afou"‘d 10. Further detailed use of the X-ray scattering facilities at the University of Utah
investigation of the effect of chain length on the coassembly 4t are supported by a grant from the U.S. Department of
1S underwgy. . _ Energy and in support of the Office of Science/BER Oak Ridge

The ability to tune bulk material properties through Structural Molecular Biology Center (J.T.). J.T. is supported
molecular engineering is an important goal of materials by an Australian Research Council Federation Fellowship.
science. This work demonstrates that the mechanical proper-

By pairing peptide modules of equal and unequal chain
length (blunt and sticky ends, respectively), we are able to
conclude that sticky ends offer no advantage to material
assembly in these types of oligopeptide-based hydrogels. The
blunt-end hydrogel assembled from the 10:10 peptide pair
forms the strongest gel, and the scattering data showed this
peptide pair among the four had distinctive kinetic and
structural features. Our results are consistent with a gfoss-
structural model in whiclf-strands are stacked against each
other in a parallel fashion to form nanofibers whose axes is
perpendicular to individuapB-strands. The optimal chain
length of oligopeptide modules for such nanofiber network
assembly is around 10 amino acid residues.
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