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ABSTRACT: We present the case of a two-component
collagen peptide hydrogel that self-assembles through non-
covalent electrostatic interactions. Natural collagen materi-
als, such as those of connective tissue or the basement
membrane, assemble in a hierarchic fashion. Similarly, the
synthetic peptides presented here proceed from monomer
to trimer to fiber and, finally, to a hydrogel. By varying
stoichiometry and concentration, we are able to dissect the
stages of higher order assembly. Insight gained from this
study will improve the molecular design of biomimetic
materials.

Collagen has many favorable properties making it an attrac-
tive target for biomaterials: low antigenicity, biodegrad-

ability, low toxicity, and high biocompatibility.1,2 Currently,
animal-derived collagens are utilized in biomedical, cosmetic,
and food science applications, but they are costly to purify and
run the risk of prion contamination.1,3 Synthetic collagens
could circumvent some of these issues and potentially allow
greater control of material properties.
α-Helical or β-hairpin peptides have been successfully

designed to form self-assembling materials.4 Although natural
collagens are widely used, only a few recent examples of
designed collagen peptide materials exist.5 A greater diversity of
available cross-linking elements will facilitate the design of
complex functional biomaterials. Different molecular strategies,
such as using side chain hydrophobic and electrostatic inter-
actions, disulfide or metal mediated cross-linking, have
successfully induced higher order assembly of collagen-like
peptides.6−8 The assembled structures ranged from particles
and fibers to sheets. Here, we use electrostatic interactions not
only to drive fiber formation but also to further induce
assembly of a hydrogel, a transparent, highly hydrated polymer
network. Hydrogels are a useful phase of biomaterials that have
clear applications in tissue regeneration and drug delivery.9,10

We hypothesize that using heterotrimeric collagen peptides
will allow control over the higher order assembly and chemi-
cal functionality of biomaterials. Recently, there has been sig-
nificant progress in the design of heterotrimeric collagen
peptides,11 and disulfide cross-linking of neutral collagen
peptides has been used to design heterotrimers that assemble

into fibrils.8 The two peptides described in this study use
electrostatic interactions between acidic and basic amino acids
to form heterotrimers that further associate. By varying peptide
stoichiometry and total concentration, we are able to modulate
the nature of higher order assembly.
In previous work, three Charged Peptides (referred herein as

CPA, CPB, and CPC) were designed to form a mixture of
heterotrimers.12 Although it was found that a 2:1 ratio of CPB
to CPC formed stable and soluble triple helices, a 1:2 mixture
resulted in rapid aggregation at low temperatures. This dis-
crepancy motivated us to explore the effects of composition on
higher order assembly. Below, we demonstrate the complex
dependence of assembly on concentration and mixing the
stoichiometry of CPB and CPC.
The relationship between composition and assembly is best

visualized using a phase diagram where the axes are peptide
concentration (Figure 1). The relative mixing ratio of the two
peptides divides the phase diagram into two domains. The
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Figure 1. (a) Phase diagram of CPB and CPC combinations at 4 °C.
Radial dashed lines constrain the peptide mixing ratio (annotated as
CPB:CPC), while parallel lines constrain total peptide concentration.
The domain where [CPB] > [CPC] is represented as the (b)
sequences of CPB and CPC. P = proline, R = arginine, E = glutamic
acid, O = hydroxyproline.
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upper domain where [CPB] > [CPC] is characterized solely by
soluble monomeric or triple-helical species. The lower domain
where [CPB] ≤ [CPC] yields properties that are pertinent for
materials development, and mixtures form various higher-order
assemblies. In this domain, total concentration determines
whether aggregates form an opaque precipitate or a semi-
transparent hydrogel. The relative ratio of CPB:CPC influences
aggregate morphology, which can range from particles to fibers.
We explore the mechanisms of assembly in the lower domain of
this phase diagram.
Previously we observed that a 0.2 mM CPB:2CPC mix-

ture aggregated overnight.12 Increasing the concentration above
0.3 mM significantly accelerates aggregation. By 0.8 mM,
aggregation is essentially complete within 30 min (Figure 2a).

The subsequent drop of signal is presumably due to settling of
the precipitate.
The relative fraction of CPB and CPC in the mixture also has

a significant impact on the rate of aggregation. Assemblies are
monitored for a series of mixing ratios, holding the total
concentration at 0.8 mM (Figure 2b). CPC alone requires 2−3
days to form a visible precipitate. Aggregation is most efficient
at 3:8. This is surprising because one would expect the optimal
ratio for collagen peptide assembly to be consistent with
formation of a trimeric species, i.e. 3:0, 1:2, 2:1, or 0:3. The
increase of turbidity correlates with an increase in particle size
as measured by multiangle static light scattering (Figure S1).
Again the particle size increases most rapidly at mixing ratio 3:8
even though the concentration is lower (0.1 mM). As these are

kinetics experiments, it is necessary to explore whether these
properties are relevant in the equilibrium composition of pep-
tide aggregates.
The observed noncanonical 3:8 mixing ratio raises the

question whether CPB is physically part of the aggregate or is
somehow serving a catalytic role in nucleating assembly. To
determine this, the peptide content of precipitates is deter-
mined by HPLC for several initial mixing ratios at 0.8 mM.
Peptide CPB is found in the precipitate indicating that it was in
fact physically part of the aggregate. When the starting ratio of
CPB to CPC was 1:8, or 1:4, the resulting ratio of peptides in the
precipitate matches the starting ratio (Table 1). However, as the

relative amount of CPB increased, we observe a limiting
compositional ratio of ∼3:8. This unusual property suggests that
composition may be influenced by long-range interactions at the
level of higher order assembly rather than triple helix formation.
If long-range forces, presumably electrostatics, are respon-

sible for mediating assembly, then screening charged side chain
interactions would prevent aggregation. As the salt concen-
tration was increased, the aggregation rate and total extent of
aggregate were reduced (Figure 3).

Although it was previously determined that mixtures of CPB
and CPC formed triple helices, the 3:8 composition of the
aggregate calls into question whether secondary structure is

Figure 2. Turbidity kinetics at 4 °C of (a) CPB:2CPC for total
concentration from 0.2 to 0.8 mM (b) CPB:CPC with various mixing
ratios at a total concentration 0.8 mM.

Table 1. Initial Mixing Ratio vs Compositional Ratio of
Aggregates of CPB:CPC Obtained by HPLCa

Initial Mixing
Ratios

Composition ratios
of aggregates

1:8 1.32 ± 0.13:8
2:8 2.00 ± 0.13:8
3:8 2.29 ± 0.33:8
4:8 2.76 ± 0.18:8
6:8 3.10 ± 0.07:8

aPeak areas of CPB and CPC were used to obtain final ratios. Final
composition deviates significantly from the initial conditions for
mixing ratios at 3:8 or above.

Figure 3. Salt effects on the turbidity of mixture 1CPB:2CPC at the
total concentration 0.8 mM. Turbidity was monitored at 4 °C.
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required for higher order assembly. Perhaps the zwitterionic
nature of CPC is sufficient to drive assembly through non-
specific electrostatic interactions. The following two observa-
tions support a secondary structure prerequisite for assembly:
(1) the rate and extent of aggregation decreases with increasing
temperature and (2) directly inhibiting triple-helix formation by
mutating core glycines prevents aggregation.
If the assembly of CPB and CPC requires a folded

intermediate, then raising the temperature should denature
the intermediate, preventing or slowing the rate of aggregation
at a specific concentration. A 0.8 mM 1:2 mixture was rapidly
cooled from a temperature well above the observed melting
transition (Figure S2). Aggregation was most efficient at 4 °C.
No aggregation was observed at 15 °C, even after several hours.
If aggregation is mediated by nonspecific electrostatic inter-

actions, replacing CPC with a modified sequence that has a
similar charge distribution but cannot form triple helices might
still promote aggregation. To test this hypothesis, we syn-
thesized CPC-G/P, in which all 10 glycines in CPC were
replaced by prolines. A circular dichroism (CD) spectrum of
CPC-G/P indicates a polyproline II random-coil state (Figure
S3a) instead of a triple helix. A 1:2 mixture of CPB:CPC-G/P
also lacked secondary structure as measured by CD. Small-
angle X-ray scattering (SAXS) measurements are best fit with a
circular cylinder model at the Guinier region to ∼15 × 90 Å for
an individual rod of CPB:2CPC,13 which is reasonable for a
30 amino acid long triple helix (Figure S4d). Fitted SAXS data
for CPB:2CPC-G/P are consistent with a random coil con-
figuration (Figure S4). More importantly, mutating CPC pre-
vented aggregation (Figure S3b). A triple-helical intermediate
rather than an unfolded state is necessary for the formation of a
higher-order structure.
Transmission Electron Microscopy (TEM) images of the

CPB/CPC assemblies reveal a transition in aggregate mor-
phology when the composition is 3:8 (Figure 4). CPC alone
requires high concentrations to get reasonable aggregation
densities for EM imaging and are observed to form curly,
gnarled fibers. Addition of a small amount of CPB where
CPB:CPC ≤ 3:8 results in elongated, granular particles. In
contrast, peptide compositions above 3:8 formed fibers of
uniform thickness up to 1 μm in length, often found in bundles
where the individual fibers are clearly visible. Below 3:8, many

of the images show heterogeneous mixtures of structures,
including the coexistence of granular particles and long, thin
fibers. Above 3:8, the fiber morphologies are consistently
observed in multiple preparations (Figure S5).
The thickness of individual fibers is uniformly ∼12 nm, near

the length of a 30-residue triple helix, suggesting that individual
peptides may be aligned perpendicular to the fiber axis. The
addition of two amino acids at the N-terminus of CPB did not
disrupt aggregation or fiber morphology (Table S1 and Figure
S6). In other synthetic peptides and some natural collagens,
periodic banding along the fiber axis is caused by coherent gaps
between adjacent chains.7,14 Such banding is not observed in
this system and would not be expected if peptides are
associating perpendicular to the fiber axis.
At concentrations >0.8 mM, CPB:2CPC mixtures are semi-

transparent rather than opaque. Samples do not flow when the
tube containing them is inverted, suggesting formation of a
peptide hydrogel. This is confirmed using microrheological
measurements. The trajectories of 1.0 μm fluorescent
polystyrene beads embedded in samples are videotaped and
analyzed to determine the mean square displacement as a
function of time.15 At total concentrations of <0.8 mM, the
mixture behaves as a viscous solution where G″ > G′ at all
frequencies (Figures 5 and S7). Above this concentration, G′

Figure 4. Electron microscopy images of negatively stained CPB:CPC samples at various mixing ratios (a) 0:8, (b) 1:8, (c) 2:8, (d) 3:8, (e) 4:8, and
(f) 6:8 in pH 7, 10 mM phosphate buffer. (g) Schematic sketch of fiber morphology under various mixing ratio. The scale bar is 100 nm. Except for
CPC alone or 0:8 at 0.8 mM, all the samples were prepared at the same total concentration, 0.4 mM, and incubated at 4 °C for ∼72 h.

Figure 5. Storage and loss moduli G′ and G″ of CPB:2CPC at 4 °C.
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exceeds G″, indicating formation of a soft hydrogel. CD of a
2 mM CPB:2CPC sample in a thin cuvette showed the
presence of a collagen triple helix in the hydrogel (Figure S8).
Although others have synthesized collagen peptide hydrogels
using disulfide cross-linking, the peptide concentrations
required for gelation are 10- to 20-fold higher (∼10% vs
0.6% w/v).
It is possible to control the nature of the assembly and

material properties of the two-component system by varying
the mixing ratio and total concentration of the charged
peptides. The advantage of the two-component system is the
ability to generate a library of compositions with tunable
material properties. We have only begun to characterize the rich
behavior of these peptides, and there are still significant
unexplored areas of this phase diagram that may present unique
behaviors in terms of aggregate morphology or material
rheology. Multicomponent systems might be used to generate
spatial gradients within a material such as discrete or gradual
changes in mechanical properties or the density of ligand func-
tionalization. Such applications would require further opti-
mization of material, perhaps by replacing arginine with lysine
and glutmate with aspartate, thus forming more stable ion
pairs,16 or by including structured hydrophobic domains10 that
could improve the practical utility of this system.
The disconnect between the optimal peptide ratio for

aggregation and the canonical stoichiometry of a collagen triple
helix highlights a key challenge in the rational design of peptide
biomaterials. The current design process is focused on opti-
mizing atomic-scale interactions such as protein topology or
intermolecular association. The ability of the assembling fiber
to constrain the peptide composition to ∼3 CPB:8 CPC
suggests that long-range forces are playing a significant role in
specifying the structure of the final assembly. We suspect that
for ratios >3:8 the charge density of cationic CPB is too high to
allow efficient aggregation, and >1:1 no higher-order assembly
of any kind is observed. As such, the assembly is able to
maintain the ratio of charged to neutral peptides. The repulsive
interactions may also direct morphology by favoring a uniform
fiber over granular particles.10,17 These types of interactions
represented uncharted territory for computational protein
design and will require the development of new multiscale com-
putational methods that treat the structure of fibrous proteins
atomistically and consider protein fibers as polyelectrolytes in
higher order association processes.18
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