
 

Peptide stereocomplexation orchestrates supramolecular assembly of 

hydrogel biomaterials 

Israt Jahan Duti1, Jonathan R. Florian2, Anna R. Kittel2, Connor D. Amelung2, Vincent P. Gray1, Kyle J. 

Lampe1*, Rachel A. Letteri1*. 

1Department of Chemical Engineering, University of Virginia, Charlottesville VA 22903 
2Department of Biomedical Engineering, University of Virginia, Charlottesville VA 22903  

ABSTRACT: Stereocomplexation, or stereochemistry-directed interactions among complementary stereoregular macromolecules, 

is burgeoning as an increasingly impactful design tool, exerting exquisite control of material structure and properties. Since stereo-

complexation of polymers produces remarkable transformations in mechanics, morphology, and degradation, we sought to leverage 

stereocomplexation to tune these properties in peptide-based biomaterials. We found that blending the pentapeptides L- and D-KYFIL 

triggers dual mechanical and morphological transformations from stiff fibrous hydrogels into less stiff networks of plates, starkly 

contrasting prior reports of blending L- and D-peptides producing stiffer fibrous hydrogels than the individual constituents. The mor-

phological transformation of KYFIL in phosphate-buffered saline, from fibers that entangle into hydrogels to plates that cannot en-

tangle, explains the accompanying mechanical transformation. Moreover, the blends shield L-KYFIL from proteolytic degradation, 

producing materials with comparable proteolytic stability to D-KYFIL but with distinct 2D plate morphologies that in biomaterials 

may promote unique therapeutic release profiles and cell behavior. To confirm that these morphological, mechanical, and stability 

changes arise from differences in molecular packing as in polymer stereocomplexation, we acquired x-ray diffraction patterns, which 

showed L- and D-KYFIL to be amorphous and their blends crystalline. Stereocomplexation is particularly apparent in pure water, 

where L- and D-KYFIL are soluble random coils and their blends form β-sheets and gel within minutes. Collectively, these results 

highlight the role of molecular details, such as peptide sequence, in determining the material properties resulting from stereocom-

plexation. Looking forward, the ability of stereocomplexation to orchestrate supramolecular assembly and tune application-critical 

properties champions stereochemistry as a compelling design consideration.  

INTRODUCTION 

Designer biomaterials emulating the mechanical, chemical, and 

topological features of native tissue1–5 can direct cell behavior, 

enabling in vitro tissue models6–11 and in vivo tissue regenera-

tion12–15. Exhibiting tunable, tissue-mimetic viscoelasticity and 

morphology, supramolecularly assembling peptides are ideal 

building blocks for such designer biomaterials4,16–20. Peptide se-

quence modulates molecular scale interactions (electrostatic, 

pi-pi stacking, hydrogen bonding, and hydrophobic) that deter-

mine the macroscale mechanics, morphology, and stability of 

biomaterials21,22. Here, we sought to enrich the molecular engi-

neering toolkit for peptide-based biomaterials by invoking and 

understanding the role of peptide stereochemistry in tuning mo-

lecular scale interactions and bulk biomaterial properties. 

Specific interactions between complementary stereoregular 

macromolecules are known in the synthetic polymer literature 

as stereocomplexation. By directing molecular packing, stereo-

complexation leads to thermomechanical properties, morpholo-

gies, and material lifetimes distinct from those of the individual 

components23–34. For example, poly(L-lactic acid) (PLLA) and 

poly(D-lactic acid) (PDLA) melt at 170–180 °C, while their 1:1 

stereocomplex blends melt nearly 50 ºC higher at 220–230 

°C24,25. Furthermore, the half-life of PLLA heptamers in aque-

ous buffer at 37 ºC is only 1 h, whereas that of PLLA/PDLA 

stereocomplexes is 3.5 days32. These alterations in materials 

properties upon stereocomplexation of poly(lactic acid) and a 

variety of other stereoregular polymers result from different 

molecular packing arrangements typically probed with x-ray 

scattering26,29,30. Since stereocomplexation capably controls ma-

terial mechanics, morphology, and lifetime, these interactions 

have tremendous potential as building blocks of designer bio-

materials.  

Like poly(lactic acid), peptides have complementary L- and D-

isomers that can interact specifically to generate biomaterials 

with properties distinct from their constituents. For instance, 

both the L- and D-forms of the β-sheet peptide ‘MAX1’ assem-

ble into 3D fibrous hydrogels with storage shear moduli (G’) of 

~ 200 Pa. Blending the L- and D-peptides at a 1:1 ratio yields 

stiffer hydrogels, with G’ ~ 800 Pa35–37. In addition to changing 

mechanics, blends of L- and D-peptides bolster the proteolytic 

stability of L-peptides, the predominant stereochemical config-

uration of natural peptides and proteins. Upon incubation with 

protease, the L-form of the amphipathic β-sheet peptide Ac-

(FKFE)2-NH2 degrades within 1 day. In contrast, 1:1 blends of 

L- and D-(FKFE)2 remain stable for at least 5 days, similar to 

the protease-resistant D-form37–39. With respect to morphology, 

the 1:1 blends of MAX1 and Ac-(FKFE)2-NH2 retain the na-

noscale fibrous morphology of their L- and D-peptide constitu-

ents. In contrast, blending L- and D-forms of the amyloid-β pep-

tide Aβ(16-22) triggers a morphological transformation from 

nanoscale fibers to micron-scale needlelike structures37,40. 

Therefore, upon introducing new L- and D-peptides as 



 

components of assembling biomaterials, we will need to under-

stand the impacts of stereochemistry-directed assembly on me-

chanics, morphology, and stability.  

In this work, we investigate how stereochemistry-directed as-

sembly of peptides or ‘peptide stereocomplexation’ tunes the 

molecular-level and bulk properties of biomaterials formed 

from a class of supramolecularly assembling peptides termed 

rapidly assembling pentapeptides for injectable delivery 

(RAPID). RAPID peptides are promising building blocks of bi-

omaterials for tissue engineering and regenerative medicine, as 

they assemble in 1X phosphate buffered saline (PBS) at pH 7.4 

into fibrous hydrogels that mimic a range of native tissue stiff-

nesses41,42. These hydrogels shear-thin, self-heal, and protect 

neural cells from membrane-damaging extensional flow during 

needle extrusion42. Here, we study the stereocomplexation of 

the RAPID peptide KYFIL to highlight and provide guidance 

for the use of stereocomplexation as a molecular design tool in 

tuning peptide-based biomaterials to mimic native tissue. 

 

RESULTS AND DISCUSSION 

To gain insight into how peptide stereocomplexation orches-

trates assembly and determines the molecular-level, nanoscale, 

and bulk properties of KYFIL biomaterials, we measure solu-

tion turbidity, secondary structure, X-ray diffraction patterns, 

mechanics, morphology, and proteolytic stability as a function 

of stereochemical composition (i.e., the ratio of L-KYFIL: D-

KYFIL). We initially provide evidence for KYFIL stereocom-

plexation in water and then proceed to study stereocomplexa-

tion in solutions with physiological salt and pH that promote 

self-assembly of L- and D-KYFIL peptides.   

 

Figure 1. Stereocomplexation of L- and D-KYFIL at 3% (w/v) in water: (a) individually, L- and D-peptides remain soluble, while their 1:1 

mixtures form turbid solutions, then gel; (b) turbidity of L- and D-KYFIL solutions and their blends (L:D = 3:1, 1:1, and 1:3), gauged by 

absorbance at 550 nm; (c) FTIR spectra of L- and D-KYFIL and their blends (L:D = 3:1, 1:1, and 1:3). Spectra of the blends feature an amide 

I carbonyl stretch absorption around 1630 cm-1, characteristic of β-sheets, whereas this peak is absent in the spectra of solutions containing 

only L- or D-KYFIL. 

Evidence of KYFIL peptide stereocomplexation in water. 

While L-KYFIL peptides form fibrous hydrogels at 3% (w/v) in 

1X PBS at pH 7.441, both L- and D-KYFIL are soluble at the 

same concentration in pure water (Figure 1a), likely due to the 

protonation of amines (i.e., on lysine (K) and the N-terminus) 

and/or to electrostatic repulsion between them. Blending L- and 

D-KYFIL solutions at 3% (w/v) in water at 3:1, 1:1 and 1:3 vol-

umetric ratio yields turbid solutions immediately that gel within 



 

10 min (Videos 1-4). Turbidity measurements taken after mix-

ing show ~10 times higher absorbance from all of the blends 

than from the solutions of L- and D-KYFIL alone (Figure 1b). 

Consistent with the turbidity measurements, transmission elec-

tron microscopy (TEM) of the 1:1 L:D KYFIL blend shows 

large, albeit relatively ill-defined structures, whereas images of 

the constituents show no appreciable structure formation (Fig-

ures S17-S26).  

We next acquired Fourier transformed infrared (FTIR) spectra 

to gain insight about peptide structure at the molecular level, 

namely the presence or absence of β-sheet secondary structure 

characteristic of fibrous L-KYFIL hydrogels. At 3 % (w/v) in 

water, FT-IR spectra of L- and D-KYFIL do not contain the 

characteristic β-sheet absorbances at 1627-1635 cm-1 corre-

sponding to amide I carbonyl stretching (boxed in Figure 1c). 

Spectra of the 3:1, 1:1, and 1:3 L:D-KYFIL blends, however, 

prominently feature these characteristic absorbances. The pres-

ence of β-sheets in all of the blends, contrasted with the absence 

of defined secondary structure in the L- and D-constituents, 

highlights the impact of stereocomplexation on peptide second-

ary structure. 

 

Figure 2. Rheology of KYFIL as a function of stereochemical com-

position at 3% (w/v) in water. (a) Images of liquid L- and D-KYFIL 

peptide solutions and elastic 1:1 L:D-KYFIL hydrogels 30 min after 

preparation in water; and (b) shear moduli of L- and D-KYFIL so-

lutions and gels formed from their 1:1 blends. Storage (G’) and loss 

(G’’) moduli are reported as the average modulus measured be-

tween 1-10 rad/s from 3 independently prepared samples, with er-

ror bars representing standard deviation. 

At the macroscopic scale, L- and D-KYFIL individually dis-

solve in water at 3% (w/v) while their blends form self-support-

ing gels (Figure 2). Photographs and rheology data attest to the 

elastic, gel-like behavior of 1:1 L:D-KYFIL blends (G’ = 2.4 ± 

1.7 kPa, G” = 0.4 ± 0.3 kPa) and the liquid-like behavior of L-

KYFIL (shear storage modulus G’ = 0.005 ± 0.002 kPa, loss 

modulus G” = 0.002 ± 0.001 kPa) and D-KYFIL (G’ = 0.0006 

± 0.0005 kPa, G” = 0.0003 ± 0.0003 kPa). While G’ approxi-

mately equals G” for L-KYFIL and D-KYFIL individually in 

water, the photographs in Figure 2a and Videos 1-2 showcase 

the liquid-like natures of these solutions. We suspect that the 

parallel plate geometry selected to accommodate the hydrogel 

samples led to low signal to noise ratio and higher variability in 

these liquid samples. The intermediate 1:3 and 3:1 L:D-KYFIL 

blends show moduli intermediate between the individual con-

stituents and the 1:1 blends, which is particularly apparent in 

the full frequency and strain sweeps provided in Figures S6-S8. 

The marked changes in rheological properties, solubility, and 

secondary structure we observe upon blending L- and D-KYFIL 

in water, even in unequal ratios, provide convincing evidence 

of stereocomplexation.  

Stereocomplexation of KYFIL in PBS. We next investigated 

how physiological conditions, namely 1X PBS adjusted to pH 

7.4, impact KYFIL stereochemistry-directed assembly on the 

molecular and bulk scale. This presented more of a challenge 

because unlike in water, where we observe an obvious transition 

from dissolved peptide solutions to gels upon stereocomplexa-

tion, the assembly and gelation of the individual constituents 

under physiological conditions makes stereocomplexation less 

visually apparent. Indeed, as reported previously, L-KYFIL 

forms hydrogels at 3% (w/v) in PBS at pH 7.4, and D-KYFIL 

does the same. Blends of L- and D-KYFIL, including L:D ratios 

= 3:1, 1:1, and 1:3 also yield self-supporting hydrogels (Figure 

3a). Consistent with the molecular assembly we observe regard-

less of stereochemical composition, FTIR spectroscopy pro-

vides evidence of β-sheets in all formulations (Figure S4). 

While these qualitative visual observations and spectroscopic 

data show similarities across all formulations, we expected that 

stereocomplexation may be occurring and so we moved to 

quantify the rheological properties of these materials.  

  

Figure 3. Rheology of KYFIL hydrogels (method 2) as a function 

of stereochemical composition at 3% (w/v) in 1X PBS at pH 7.4. 

(a) Images showing that L-, 3:1 L:D-, 1:1 L:D-, 1:3 L:D- and D-

KYFIL formulations all form gels 30 min after preparation; (b) 

shear moduli of hydrogels from L- and D-KYFIL and their blends 

in PBS showing that stiffness decreases as the L:D ratio approaches 

1:1. Shear moduli are reported as the averages over 1-10 rad/s from 

3 independently prepared samples, with error bars representing 

standard deviation. 

Given the evidence of stereochemistry-promoted hydrogelation 

of KYFIL peptides in water and the literature precedent for en-

antiomeric peptide mixtures to enhance mechanics, we ex-

pected blends of L- and D-KYFIL would produce stiffer hydro-

gels. Hydrogels from individual L- and D-KYFIL maintain 



 

elastic behavior throughout the 0.01-1% strain and 0.1-100 

rad/s frequency range (Figure S9-S12). The average moduli of 

D-KYFIL at 3% (w/v) (G’ = 23 ± 6 kPa, G” = 4 ± 0.8 kPa) are 

similar to those of L-KYFIL (G’ = 31 ± 5 kPa , G” = 5 ± 0.6 

kPa) (Figure 3b). Surprisingly, the 1:1 L:D-KYFIL hydrogels 

have significantly lower moduli (G’ = 3 ± 1 kPa, G” = 0.4 ± 0.1 

kPa) than L-and D-hydrogels. Intermediate ratios of 3:1 L:D-

KYFIL (G’ = 14 ± 8 kPa, G’’ = 5 ± 0.6 kPa) and 1:3 L:D-KYFIL 

(G’ = 15 ± 6 kPa, G’’ = 2 ± 0.8 kPa form less stiff hydrogels 

than pure enantiomers, but stiffer than 1:1 L:D-KYFIL blends. 

While the absolute values of the moduli depend on the hydrogel 

preparation method, concentration, pH and the rheometer gap 

height (Figures S13-S16), under all test conditions, stiffness de-

creases as the ratio of L-KYFIL:D-KYFIL approaches 1:1. In-

terestingly, at lower peptide concentrations, i.e. 1.5% (w/v), alt-

hough individual L- and D-KYFIL still form hydrogels, the 1:1 

L:D-KYFIL blends form colloidal suspensions that do not pass 

the inversion test (Figure S5). Suspecting differences in mor-

phology may be responsible for the observed mechanics, we in-

vestigated how stereochemistry impacts KYFIL biomaterials at 

the nanoscale. 

Effect of stereocomplexation on morphology. To examine 

how KYFIL stereocomplexation impacts morphology, we im-

aged L- and D-KYFIL and their blends in PBS at pH 7.4 using 

TEM. Since the 3% (w/v) concentration used in other experi-

ments generated films on TEM grids that were too dense to im-

age effectively, we also acquired images at 0.75 and 1.5% 

(w/v). Consistent with previous reports of L-KYFIL morphol-

ogy in 1X PBS at pH 7.4,41 L-KYFIL yields twisted nanoscale 

fibers with an average diameter of 22 ± 3.5 nm and an average 

pitch 104 ± 11 nm (Figures 4, S27, S32, S37 and S42). These 

dimensions are similar to D-KYFIL fibers that have an average 

diameter of 26 ± 4 nm and twist with an average pitch of 122 ± 

17 nm (Figures 4, S31, S36, S41 and S42). Blending L- and D-

KYFIL produced a striking morphological transformation; in-

stead of nanoscale fibers, the 1:1 blend forms micron-scale 

sheets ranging in width from 100 to 550 nm (Figures 4, S29, 

S34, S39, S43). Intermediate 3:1 L:D and 1:3 L:D ratio samples 

form a mixture of twisted fibers and flat sheets, suggesting that 

excess L-KYFIL or D-KYFIL in enantiomeric blends forms fi-

bers (Figures 4, S28, S30, S33, S35, S38, S40, S42-43). While 

image quality improved as we decreased concentration from 3% 

(w/v) to 0.75% (w/v), the morphologies remain consistent as a 

function of L:D-KYFIL ratio (Figures S24-S38).   

 

Figure 4. Stereochemistry-directed morphology changes in KYFIL hydrogels (method 1, 1X PBS at pH 7.4). TEM images of L-, 3:1 L:D-, 

1:1 L:D-, 1:3 L:D- and D-KYFIL samples at (a) 0.75% (w/v) and (b) 1.5% (w/v), respectively. Only nanoscale fibers are found in pure D- and 

L-KYFIL samples, while 1:1 L:D-KYFIL blends form exclusively plates. The intermediate 3:1 L:D and 1:3 L:D-KYFIL samples contain a 

mixture of plates and fibers.  

The morphological transition from entangleable fibers to mi-

cron-scale plates upon blending L- and D-KYFIL explains the 

lower stiffness of the stereocomplexed hydrogels in presence of 

salt. In hydrogels containing only L-KYFIL or only D-KYFIL, 

entanglement and interaction of the twisted, peptide fibers cre-

ate a gelled 3D network. However, the plates formed upon 

blending the enantiomers are unlikely to entangle, and instead 

simply disperse in solution and scatter light to form milky, liq-

uid-like solutions or at high concentrations, weak networks. The 

presence of entangleable fibers in addition to plates in the 

intermediate 3:1 L:D- and 1:3 L:D-KYFIL blends is consistent 

with these samples exhibiting mechanics intermediate between 

those of the 1:1 blend containing only plates and the fibrous hy-

drogels formed from the L-KYFIL and D-KYFIL constituents. 

By independently forming hydrogels from L-KYFIL and D-

KYFIL in PBS, then blending the two fibrous formulations, we 

created mixtures of fibers and plates observed both 30 min and 

1 week after mixing.  Using this particular mixing strategy, we 

also witness previously unobserved structures that appear to be 

aligned fibers or plates at both the 30 min and 1 week time 



 

points (Figures S52-S53). Rheology showed samples after 1 

week had a slight reduction of modulus compared to the 30 min 

timepoint (Figures S54-S55). The dynamic evolution of mor-

phology and accompanying materials properties of peptides 

upon stereocomplexation raises intriguing questions for future 

pursuit. 

At first glance, the lower stiffness of the 1:1 blends of L- and D-

KYFIL seem to contrast prior reports showing blends of L- and 

D-peptides to yield stiffer hydrogels. However, in these previ-

ous reports, the blends retain the nanoscale fibrous morphology 

conducive to entanglement and gelation35–38. The enhanced 

stiffness in these cases is attributed to the formation of more 

rigid fibers upon blending L- and D-peptides, a conclusion ar-

rived at after diffusing wave spectroscopy revealed blends of L- 

and D-MAX1 peptides to form more rigid fibers than those from 

either constituent35–37. In contrast, Nilsson and coworkers ob-

served a remarkably similar morphology change as we did, 

from nanoscale fibers to micron-scale plates, upon blending L- 

and D-forms of the amyloid-β peptide Ac-(KLVFFAE)2-

NH2
37,40. Mechanics and gelation were not the focus of their 

study and were therefore not reported, but based on our results, 

we would expect the stiffnesses of the blended amyloid-β (16-

22) peptide hydrogels to be lower than those from pure L- or D-

peptide hydrogels.  

Considered together, these findings showcase that the morphol-

ogies and mechanics that result from blending L- and D-peptides 

are sequence-specific. Both KYFIL and Ac-(KLVFFAE)2-NH2 

peptides, which transition from fibrous hydrogels to dispersions 

of plates upon stereocomplexation, contain stretches of 4 hy-

drophobic amino acids, whereas the MAX1 and Ac-(FKFE)2-

NH2 peptides that retain the fibrous hydrogel morphology fea-

ture alternating hydrophilic and hydrophobic residues. The ar-

rangement of hydrophobic residues in the peptide sequence of-

fers a possible explanation for how morphology, and by exten-

sion mechanics, change with peptide sequence, and is some-

thing we plan to probe in future work using a longer peptide 

with a more regular sequence pattern such as Ac-(FKFE)2. 

Given that, in addition to changes in mechanics and morphol-

ogy, material lifetime changes are a prominent feature of stere-

ocomplexed materials, we next moved to determine how blend-

ing L- and D-KYFIL impacted proteolytic stability.

 



 

Figure 5. Proteolytic stability of KYFIL hydrogels (method 1) at 3% (w/v) in the presence of 0.2 mg/mL Proteinase K. HPLC chromatograms 

of (a) L-KYFIL hydrogels, (b) D-KYFIL hydrogels and (c) 1:1 L:D-KYFIL hydrogels after 1, 12, 36, and 72 h. The appearance of new peaks 

following incubation with protease indicates degradation of L-KYFIL, whereas we observe no degradation is observed of D-KYFIL and little 

evidence of degradation in the 1:1 L:D-KYFIL hydrogels. (d) Percent intact KYFIL after 1, 12, 36, and 72 h incubation with Proteinase K, 

showing 1:1 L:D-KYFIL hydrogels to remain largely stable, with >90% KYFIL remaining intact after 72 h. The error bars represent standard 

deviation, with n = 3 samples.  

Effect of peptide stereocomplexation on proteolytic stabil-

ity. While naturally abundant L-peptides are susceptible to pro-

teolytic degradation, D-peptides are known to be resistant. 

Blending L-peptides with D-peptides is known to improve the 

proteolytic stability of the L-component39. Given that stereo-

complexation transformed the morphology and mechanics of 

KYFIL biomaterials, we were interested in how these interac-

tions would impact proteolytic stability. To this end, we incu-

bated L-, 1:1 L:D-, D-KYFIL hydrogels with Proteinase K, a 

broadly active protease predicted to cleave L-KYFIL between 

the Y-F, F-I, and I-L residues43.  After 1, 12, 36, and 72 h incu-

bations, we added dimethyl sulfoxide (DMSO) to solubilize the 

peptides and deactivate Proteinase K prior to analysis. We used 

high-performance liquid chromatography (HPLC) to determine 

the percentage of peptide remaining intact as a function of in-

cubation time. In the absence of Proteinase K, both L- and D-

KYFIL, individually and blended, elute at 6.4 min as a single 

peak, exhibiting no appreciable degradation over the 72 h dura-

tion of the experiment (Figure 5 and Figures S44-S46). How-

ever, after just 1 h of incubation with Proteinase K, only ~40% 

L-KYFIL remains intact and new peaks appear in the chroma-

tograms at ~6.8 and ~7.8 min, likely associated with L-KYFIL 

degradation products (Figure 5a). Continued incubation of L-

KYFIL samples for up to 72 h results in additional peaks be-

tween 5-6 min and 7-8 min, indicating further degradation. Yet, 

the proteolysis slows after the first hour, with ~35% L-KYFIL 

remaining after 72 h (Figure 5d). Consistent with the expected 

proteolytic stability of D-peptides, protease-treated D-KYFIL 

samples remained intact for the entire duration of the experi-

ment (Figure 5b). The 1:1 L:D-KYFIL blend incubated with pro-

tease degraded less than 10% over the 72 h experiment, with 

just one small new peak appearing in the chromatograms at ~6.8 

min (Figure 5c and Figure S45). If stereochemistry-directed as-

sembly did not protect the L-peptides from degradation, we 

would expect 50% reduction in the peak corresponding to intact 

KYFIL.  

While differences in KYFIL stereocomplex morphology 

(plates) relative to the individual L- and D-peptides (nanofibers) 

may contribute to the observed differences in proteolytic stabil-

ity, our results are remarkably similar to those on L- and D-Ac-

(FKFE)2-NH2. In this previously documented system, stereo-

complexation confers proteolytic stability to the L-peptide, 

however the stereocomplexed mixture retains the nanoscale fi-

brous morphology of the individual peptides. Together with 

prior reports, our results highlight the role of stereochemistry-

directed interactions in tempering proteolytic degradation, 

therein offering a strategy to control biomaterial lifetime.  

Blending complementary stereoisomers orchestrates molec-

ular packing. We have seen thus far that blending L- and D-

peptides transforms biomaterial morphology, mechanics, and 

stability, and sought to determine whether these changes re-

sulted from differences in molecular packing. We performed X-

ray diffraction on L- and D-KYFIL and their 1:1 L:D blends by 

dispersing or dissolving the peptide at 3% (w/v) in water or 1X 

PBS peptide, followed by lyophilization. All patterns for sam-

ples prepared in PBS contain intense peaks between 2θ = 25° to 

65° (Figure S49). Neither L-KYFIL nor D-KYFIL samples 

showed evidence of crystallinity, as gleaned by the absence of 

peaks in the XRD patterns other than those attributable to PBS 

salts (Figure 6). In contrast, the patterns of 1:1 L:D-KYFIL 

blends prepared in both water and PBS pattern feature promi-

nent diffraction peaks at 8.6° and 19.4°, as well as three less 

intense peaks at 17°, 21° and 25° (Figure 6 and Figure S50). 

The distinct features of 1:1 L:D-KYFIL patterns relative to those 

of the constituent peptides indicates that blending L- and D-

KYFIL indeed directs packing of peptides at the molecular 

level, consistent with the changes we observe in bulk properties. 

These findings of specific interactions between complementary 

stereoregular peptides directing molecular packing and trans-

forming material properties are entirely akin to stereocomplex-

ation of synthetic polymers. Thus, we term these assemblies of 

L- and D-KYFIL ‘peptide stereocomplexes’ in an effort to bring 

together knowledge from both the peptide and synthetic poly-

mer fields to inform molecular design rules governing stereo-

chemistry-directed assembly for advanced materials as designer 

biomaterials and for application in other sectors.   

 

Figure 6. X-ray diffraction patterns of L-, 1:1 L:D-, D-KYFIL in 

PBS. L- and D-KYFIL patterns lack sharp peaks that are not at-

tributed to PBS, while the pattern of their 1:1 blend shows promi-

nent diffraction peaks between 2θ = 2° and 25° (highlighted), indi-

cating a change in molecular packing. The diffraction peaks in all 

three patterns between 2θ = 25° and 65° (denoted with *) arise from 

the crystalline salts in PBS.  

 

CONCLUSIONS 

Together, this work highlights how stereocomplexation orches-

trates peptide supramolecular assembly and modulates bio-

material mechanical properties, morphology, and proteolytic 

stability. First, experiments in water provided spectroscopic, 

visual, and rheological evidence of the specific interactions be-

tween the L- and D-isomers of the RAPID peptide KYFIL. In 

solutions with physiological salt and pH, where L- and D-

KYFIL self-assemble into entangled fibrous hydrogels, blend-

ing the two isomers produced a striking decrease in hydrogel 



 

stiffness explained by the morphological transformation into 

unentangleable micron-scale plates. This finding contrasts prior 

reports of enhanced stiffness and retention of fibrous morphol-

ogy upon blending L- and D-peptides. In all cases, the morpho-

logical changes that occur upon stereocomplexation offer an ex-

planation for the resulting mechanical properties. Yet the dif-

ferent outcomes with different peptide systems raise exciting 

new questions about the role of peptide sequence in stereochem-

istry-directed assembly. Moreover, stereocomplexation of 

KYFIL confers proteolytic stability, providing opportunities to 

control material lifetime. Additionally, the 1:1 blends have 

comparable proteolytic stability to D-KYFIL, but a distinctive 

2D plate morphology that may confer unique therapeutic re-

lease and cell behavior in biomaterials.  

Akin to stereocomplexation of synthetic polymers, x-ray dif-

fraction revealed changes in molecular packing upon KYFIL 

stereocomplexation to underpin the changes we observe in mor-

phology, mechanics, and stability. Knowledge from the syn-

thetic polymer stereocomplexation literature has and will con-

tinue to inform design of peptide-based stereocomplexes, and 

in turn, we expect that learning the design rules of peptide ste-

reocomplexation will contribute to the development of stereo-

complexed polymers. Going forward, continuing to correlate 

peptide sequence to the molecular-level and bulk properties of 

stereocomplexed biomaterials will provide critical insights into 

this emerging molecular design tool to tailor biomaterial prop-

erties to mimic native tissue.  

 

EXPERIMENTAL METHODS 

Hydrogel formation 

In water (for rheology). We prepared 3% (w/v) solutions of L- 

and D-KYFIL by dissolution of peptide in ultrapure water with 

stirring. For L:D-KYFIL blends, we mixed the L-and D-peptide 

solutions in three different volumetric ratios: 3:1, 1:1 and 1:3. 

The mixtures formed self-supporting hydrogels within 10 min.  

In PBS (pH 7.4). Over the course of this study, we employed 

two methods to prepare hydrogels in PBS at pH 7.4; these are 

illustrated schematically in Figures S1-S2. Briefly, Method 1 

involves first dissolving L-KYFIL and D-KYFIL in water prior 

to blending if relevant (i.e., for blends of 3:1, 1:1, and 1:3 L-

KYFIL: D-KYFIL) and then adding PBS and adjusting pH to 

induce assembly and gel formation. Method 2, used in our pre-

vious reports on L-KYFIL41, involves dispersion of L- and D-

peptide powders and their blends directly into solutions that 

promote gelation (i.e., PBS for L- and D-KYFIL and water for 

their blends), followed by addition of PBS (in the case of the 

blends) and pH adjustment. While Methods 1 and 2 yield hy-

drogels with different stiffnesses, the trends in stiffness as a 

function of stereochemical composition remain the same re-

gardless of preparation method (Figure S10).   

Circular dichroism (CD) spectroscopy. To confirm peptide ste-

reochemistry, we recorded circular dichroism (CD) spectra of 

L-, 3:1 L:D-, 1:1 L:D-, 1:3 L:D- and D-KYFIL at 0.2% (w/v) in 

water on a Jasco J-1500 CD spectrophotometer with a 0.1 mm 

path length quartz cuvette from 250 nm to 190 nm at a continu-

ous scan speed of 50 nm/min at 25°C. Three scans were ob-

tained for each solution, and each scan was corrected with a 

background ultrapure water scan.  

Absorbance measurements. To gauge changes in peptide solu-

bility in pure water resulting from stereocomplexation, absorb-

ance measurements were obtained with L- and D-KYFIL 

solutions and their blends (3:1, 1:1 and 1:3) at 3% (w/v) in ul-

trapure water using 96-well plates at 550 nm with a Biotek Syn-

ergy 4 plate reader.  

Fourier transformed infrared (FTIR) spectroscopy. For determi-

nation of peptide secondary structure, we acquired Fourier 

transform infrared (FTIR) spectra of 3.0% (w/v) formulations 

of L-, 3:1 L:D-, 1:1 L:D-, 1:3 L:D- and D-KYFIL peptides in water 

and 1X PBS (pH 7.4). The spectra were collected on a Perki-

nElmer 400 FT-IR spectrometer equipped with an attenuated 

total reflectance (ATR) accessory at 1 cm-1 resolution, and sub-

tracted the background spectra (water or 1X PBS).  

Rheology. Oscillatory shear rheology was performed on sam-

ples prepared in water (Figure 2) and in 1X PBS at pH 7.4 by 

method 2 (Figure 3) 30 min after preparation. Water and PBS 

samples were measured at 25 °C on an Anton Paar MCR 302e 

rheometer (25 mm parallel plate) and a TA Instruments DHR-3 

rheometer (20 mm solvent-trap parallel plate) respectively. Am-

plitude sweeps (0.01-100%) were conducted at a constant an-

gular frequency of 10 rad/s and a gap height of 100 µm. Fre-

quency sweeps (0.1-100 rad/s) were performed at a constant 

strain of 1% within the linear viscoelastic range.  

Transmission Electron Microscopy (TEM). TEM images were 

acquired for L-, 3:1 L:D-, 1:1 L:D-, 1:3 L:D- and D-KYFIL in wa-

ter at 0.75% (w/v) and 3% (w/v) and in PBS (pH 7.4) at 0.75% 

(w/v), 1.5% (w/v) and 3% (w/v) (method 1). Samples imaged 

on carbon grids after staining with 2% (w/v) uranyl acetate in 

an F20 electron microscope (Thermo-Fisher) operating at 120 

kV at magnifications ranging from 3200X-62000X and rec-

orded on a TVIPS XF416 camera (Teitz). 

Proteolytic stability measurements. To assess the impact of ste-

reocomplexation on proteolytic stability, we incubated the L-, 

1:1 L:D-, and D-KYFIL hydrogels in Proteinase K and moni-

tored the concentration of intact peptide as a function of incu-

bation time (1 h, 12 h, 36 h and 72 h). Hydrogels were prepared 

similarly in the absence of enzyme for control experiments. Fol-

lowing incubation of the hydrogels for the desired time, DMSO 

was added to dissolve the gels and deactivate Proteinase K, and 

then HPLC was performed on a Waters Alliance e2695 XC 

HPLC system to measure the percentage of intact peptide by the 

comparison of the peak corresponding to intact peptide relative 

to the total integration of peptide peaks. Elution of peptide and 

degradation products were monitored at 214 nm.  

X-ray diffraction (XRD) experiments. Powder x-ray diffraction 

patterns were recorded for L-KYFIL, D-KYFIL, and their 1:1 

blends. The samples were mounted on a MiTeGen MicroLoop 

holder and then diffraction patterns were acquired using Bruker 

D8 Venture Photon III Kappa four-circle diffractometer system. 

The patterns were analyzed with APEX4 Software.   
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