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responsive materials are hydrogels responsive to temperature HQNJ’\\; woq*\i f”)ﬁx fuk\{ EA”J\T‘ S
designed for potential use as drug delivery matrices or tissue
engineering scaffoldTraditionally, hydrogel materials that swell Sequence AGy (keal/mol)
g gsc ) . y, yarog MAX3: VKVKVK T KVPPPTKVK T KVKV-NH, 6.45
or contract with changes in temperature are termed thermally MAX2: VKVKVK V KVPPPTKVK T KVKV-NH, 6.88
responsivé.For example, cross-linked synthetic polymer networks MAX1: VKVKVK V KVPPPTKVK V KVKV-NH, 7.60

(PNIPAAmM) have been engineered to undergo volume transitions
by taking advantage of thermally sensitive hydrophobic interactions
within the polymer network.Large biopolymers such as cross- ) o i
linked elastin-based networks undergo inverse temperature volume/794r€ 1. Generalized structure and sequenceg-birpins. AG, is the
" . . ! " calculated free energy of transfer of unfolded peptide having an overall

transitions due to the ordering of hydrophobic regions within the g charge state from octanol into water at 25. Also shown is the
cross-linked network on heatirtg. proposed thermally triggered folding and self-assembly mechanism leading

Distinct from these temperature responsive examples are hydro-to hydrogelation.
gels that undergo a thermally reversible transition between a low resultant hydrogel results ifi-hairpin unfolding and consequent
viscosity aqueous solution and rigid hydrogel. Two distinct classes complete dissolution of the hydrogel.
of thermally triggered hydrogelation systems exist: that in which MAX3 is composed of a central tetrapeptide having high type
gelation occurs on cooling or that in which it occurs with heating. 11" S-turn propensity flanked by two extended straftfs. These
Both syntheti and biopolymerié® examples exist in which a  strands contain alternating hydrophilic and hydrophobic residues,
physically cross-linked network forms upon cooling. Generally, the an arrangement known to facilitate the formation /sheet
mechanism responsible for gelation on cooling is the formation of Structure!®2! Lysine occupies the hydrophilic positions, while
physical cross-links that are denatured at higher temperatures.valine, a residue of higi-sheet propensity, is used as the primary
Conversely, examples of synthetic polymers that undergo hydroge-hydrophobic residue. Threonine, isostructural with valine but
lation on heating include the Polaxamers and uncross-linked slightly less hydrophobi is incorporated at positions 7, 12, and
PNIPAAM derivatives:1° Examples of bioderived systems include ~ 16. These amphiphilic strands are poised to intramolecularly fold,
chitosan/glycerol formulations and elastin-based polymelst3 affording ag-hairpin at appropriate temperatures. The self-assembly
Most systems that undergo heat-induced hydrogelation take ad-of resulting hairpins is driven by both intermolecular hydrogen
vantage of the ability of water to solubilize the hydrophobic moieties onding and the association of hydrophobic faces, uniquely
of amphiphiles at reduced temperatités Heating the solution pres_ented in the_folded conformation, of |nd|V|du_aI hairpins.
decreases the solubility of the hydrophobes, and consequent Circular dichroism (CD) spectra of a 150/ solution of MAX3
collapse/aggregation/phase separation of these groups results iffémonstrate that this peptide is unfolded &C5Figure 2a. Heating
physically cross-linked network formation. the solution to 80C results in a spectrum consistent witfi-aheet

Here, we describe a small, de novo designed peptide (MAX3) structure @min at 218 nm). Subsequent temperature cycles show

(Figure 1) that exhibits complete thermoreversible self-assembly that folding and unfolding are reversible. Aqueous solutions of

into a hydrogel network. Importantly, a prerequisite to hydrogelation MAX3.b?t h'?fher conbcler:traélnon t(z Wlt t%) l::qdergc;bthirmall)t/h
is that the peptide must first fold into a conformation conducive to reversibie sefl-assembly leading o getation. Figure =b shows the

self-assembly® At ambient temperature and pH 9, MAX3 is storage modulusG' (a measurement of hydrogel rigidity), as a

unfolded, resulting in a low viscosity aqueous solution. Upon function of temperature for several heating/cooling cycles. At 75

o 0 . . .
increasing the temperature, the peptide undergoes a unimolecularc’ a 2 wt %aqueous preparation of MAXS exists as a rigid

folding event, affording an amphiphiljg-hairpin that consequently (nonfolowmg, sel_f-supportlng) _hydrogeG( = 1100 Pa). Co_ollng

If bles into a hvd | network. | ina the t i to 5 °C results in hydrogel dissolution an® values consistent
se -assen:i Esdm 0 ahy roge lne or.d. ncrefasr:ng felgn;pera L_J(;ewith a low viscosity (freely flowing) solution. The temperatures
Serves to dehy Ta‘e t_e nonpoiar residues o the un olde pept €used in both CD and rheology bracket the exact temperaligke (
and trigger folding via hydrophobic collap$&!®> Cooling the

= 60°C, Figure 3) at which folding and consequent self-assembly
is triggered. This setgel transition is totally reversible with
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Figure 2. (a) Temperature-dependent CD of a 18@ solution of MAX3

(125 mM Borate, 10 mM NacCl, pH 9). (b) Temperature dependency of the
storage modulus@) for a 2 wt % aqueous preparation of MAX3 under
identical conditions; data were collected at the indicated temperatures for
20 min time intervals, allotting time for approximate instrumental/sample
equilibrium between intervals.
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Figure 3. Temperature dependence @]pig for 150 uM solutions of
MAX1, 2, and 3 (125 mM Borate, 10 mM NacCl, pH 9).
consistent with temperature-induced unimolecular folding followed
by self-assembly, Figure 1. In fact, under identical conditions, a
control sequence that disfavors intramolecular folding does not
undergo hydrogelation (see below).

80 100

Because the folding and consequent self-assembly of the hairpin

are partially governed by hydrophobic interactions, the exact
temperature at which this transition occurs can be modulated by
varying the hydrophobic character of the peptide. More hydrophobic

peptides should fold and assemble at lower temperatures. This

behavior is reminiscent of the ability to tune the lower critical

solution temperature phase transition as demonstrated in cross-linked

poly(N-alkylacrylamide) polymersand elastin-like polypeptidés

to produce responsive hydrogels. The exact temperature at which

folding/self-assembly is triggeredf), and to what extent this
transition can be tuned by modulating the hydrophobicity of this
class of molecules, is shown in Figure 3. Max3, which contains
three threonine residues at hydrophobic positions, folds and
assembles at-60 °C. Replacing the threonine at position 7 with
valine results in a slightly more hydrophobic peptide, MAX2.
Relative hydrophobicities were assessed by calculating the free
energy of transfer from octanol to water, Figuré& MAX2 displays

a Tgel = 40 °C, 20 °C less than MAX3. Finally, replacing two
threonines of MAX3 (at positions 7 and 16) with valine results in
the most hydrophobic peptide, MAX1. This peptide displays the
lowest Tge value (~25 °C). A control peptide was synthesized to
verify that this family of peptides first intramolecularly folds before
self-assembling into hydrogels. Control 1 (VKVKVKVKNPPT-
KVKVKVKV-NH ») is identical to MAX1 with the exception that
the PPro at position 10 has been replaced witro. Unlike the
dipeptidePPrd-Pro contained within MAX1 which favors type'll
turn formatiordt” (®, W; 59, —136; —59, —24), the-Prd-Pro motif

of Control 1 favors an open conformatfii®, ¥; —60, 138;—95,

—7). The two strands emanating from an op&nd-Pro conforma-

tion would be projected in opposite directions; intramolecular
folding resulting ing-hairpin would be highly unfavored, and any
observable self-assembly would likely result from the direct
intermolecular association of extended peptide conformers. CD of
a 150uM solution of Control 1 under folding conditions (pH 9, 45
°C) showed only random coil (Supporting Information). Continued
heating to higher temperatures@5 °C) results in the irreversible
formation of sheet-rich soluble aggregates. Also, 2 wt % solutions
of Control 1 failed to undergo hydrogelation, instead producing an
insoluble, fibril-like precipitate. This behavior is consistent with
the irreversible self-assembly of extended conformers rather than
reversible, intramolecular hairpin folding and consequent gelation.
The inability of the control to undergo hydrogelation demonstrates
the importance of the turn sequence of MAX1, 2, and 3 in
facilitating intramolecular folding prior to self-assembly. Interest-
ingly, in contrast to MAX3, the folding transitions of MAX1 and
MAX2 are not reversible on cooling within reasonable, kinetically
accessible time frames. Kinetic investigations into the hysteresis
of the unfolding/disassembly transition for MAX1 and 2 as well
as the dependence afe on peptide concentration of all three
peptides are currently being investigated.

The thermal behavior of this class gfhairpins demonstrates
thatde nao design can be used to construct predictably responsive
materials. Because this general design links intramolecular folding
to intermolecular self-assembly, environmental factors that influence
molecular folding also influence material properties.
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