Adaptive and Space-Filling Peptide Self-Assembly Upon Drying
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Abstract: Peptides have tremendous potential as building blocks of designer materials with wide-
ranging applications. These materials are stabilized by strongly directional hydrogen bonding
patterns giving rise to one-, or two-dimensional assembly. It remains a challenge to mimic
biology’s context-adaptive and flexible structures. Here, we introduce minimalistic tripeptide
sequences that form dynamic ensembles through incorporation of multivalent sidechain
interactions that collectively self-optimize depending on their context. Notably, we observed that
these dispersions undergo drying-induced liquid to solid phase separation involving interface
stabilization and expansion, resulting in formation of films of stiff, and densely packed, porous
peptide microparticles that can be instantaneously redispersed upon re-introduction of water. Air-
drying of aqueous peptide dispersions in the presence of proteins or small molecule payloads
results in spontaneous and efficient encapsulation, and retention of protein stability after
redispersion. These supramolecular tripeptide dispersions show promise for emulsification,
encapsulation, and storage of biomacromolecules.
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Introduction

All life forms share conserved sets of building blocks. Biomolecular covalent and non-covalent
interactions dictate the rich structural design space, supporting wide-ranging functions, including
recognition, self-assembly, catalysis, shape-shifting. Beyond their critical roles in the chemistry of
life, these structures provide inspiration for supramolecular materials'™ and systems® for (bio-
)technological applications® and more.”®

Peptide materials usually contain patterns of backbone hydrogen-bonding derived from protein
secondary structures,”!® typically giving rise to one-dimensional (1D)'*!> or two-dimensional
(2D) structures.'6!” These H-bond patterns may be further stabilized by aromatic stacking,'® giving
rise to architectures that are remarkably stiff and stable.!” This is exemplified by ‘dry’
diphenylalanine (FF) zippers?*?! that have remarkable mechanical, optical and electronic
properties.” We previously established that aromatic tripeptides with polar groups, such as lysine-
tyrosine-phenylalanine (KYF), retain strong directional self-assembly tendencies complemented
with favorable solvent interactions, leading to hydrogelation. 2-2*

Besides 1D and 2D structures, the notion of non-directional assembly is also common in biology,
e.g., in liquid condensates!'>2* typically leading to spherical morphologies dictated by surface
tension. In these systems, side-chain interactions dictate the assembly complementing flexible
backbone interactions.?®2” Short peptide motifs that display liquid-liquid phase separation have
been reported,?®?” including through flexible linkers separating aromatic dipeptides to disrupt
directionality.?

Beyond structures with intrinsic (non-) directionality through backbone or side-chain interactions,
biology frequently employs architectures that display structural agility in response to external
factors. This may be achieved through dynamic selection and adjustment from the complex side-
chain interaction space available. This concept has been demonstrated in synthetic systems, where
the adaptive versatility of biomimetic random heteropolymer sequences with flexible backbones
and multiple (randomized) functional sidechain have been shown to adaptively decorate and wrap
proteins®’, or recapitulate dynamic features of protein ensembles in biofluids.’!

Here, we introduce sequence designs of tripeptides that are not isotropic through backbone H-
bonding interactions, but instead form dynamic ensembles through multiple possible combinations
of weak and reversible interactions, by combining polar, H-bonding aromatic and basic residues
(tryptophan, tyrosine, lysine, W/Y/K) (Figure 1a) (Figure 1b). We show that these peptides form
aqueous dispersions (Figure 1¢) with unique properties, including formation of mechanically stiff
particles that instantaneously redisperse, and the ability to wrap, encapsulate and stabilize proteins.
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Results
Directionality and dispersibility in peptide self-assembly: sidechain vs backbone interactions

We reasoned that systematically modulating aromatic interaction strength and directionality
through variation of side-chains (F, Y, W) could lead to motifs with richer and dynamic sidechain
interactions (Figure 1a, b). Indeed, it has been observed that exchanging F or Y for tryptophan (W)
removes the strong directionality from minimalistic self-assembling peptide systems.?”-32-33
Compared to phenylalanine, tryptophan’s non-covalent interaction space is expanded to include
not only ™ — m, cation-m, but also H-bonding (distinct from tyrosine due to the indole NH), NH-
7 and dipole-dipole interactions, importantly, including with water (Figure 1a).’*3° It is worth
noting that tryptophan supports precise roles in proteins enabled by its unique heteroaromatic
nature, such as specific interfacial functions in proteins, e.g., near lipid bilayers and ion
channels.?>3¢ Thus, we first examined the self-assembling behavior of KFF, KYF, KYY, KYW,

known to aggregate based on coarse-grained molecular dynamics (MD) simulations.?*

We used atomistic MD simulations to reveal differences in molecular interactions (Figure 1b, d,
Figure S11). First, exchanging F>Y->W leads to an increase in the aggregation propensity (AP)
(Figure 1d, Supplemental Figures S12). We analyzed the contribution of the backbone-backbone
(as a proxy for 1D self-assembly), backbone-sidechain, and sidechain-sidechain hydrogen bonds
(Figure 1d, Supplemental Figures S13-16). Consistent with the increased AP scores, we observed
a concomitant increase in the total number of hydrogen bonds in F>Y-2>W variants. Of these
hydrogen bonds, backbone-backbone interactions decreased, while participation of the sidechain-
backbone and sidechain-sidechain hydrogen bonds increased in the Y and W containing sequences
(Figure 1d). The data show that the introduction of H-bonding capabilities from the rotationally
flexible sidechains can favor non-directional assembly, especially for KYW (Figure 1d).

The relative contributions of sidechains and backbone interactions when substituting F2>Y-2>W
are also evident in the circular dichroism (CD) spectra (Figure le). At a concentration of 5 mM,
which is just above the critical aggregation for KYF and KYY show a carbonyl n—n* transition
peak at 203 nm which is a consequence of backbone-backbone interactions (Supplemental Figures
S17a-c). For KYW, this transition is less intense, while the appearance of the 229 nm positive
signal confirms the dominating influence of tryptophan sidechains interactions.’” We also
monitored the CD for the three tripeptides (KYF, KYY and KYW) at concentrations ranging from
0.5 mM up to respectively 10, 5 or 20 mM (Supplemental Figures S18a-c). KYF and KYY
eventually undergo gelation and phase separation, but KYW remarkably retains the appearance of
a clear solution up to 20 mM (Figure 1c). The CD data was in agreement with previously reported
characterization using TEM, where KFF, KYF and KYY images show nanoscale fibers whereas
KYW displayed amorphous aggregates (Supplemental Figure S19, Figure S20 shows formation of
soluble aggregates by DLS)?*. Thus, while KFF, KYF, KYY show directional assembly because
of backbone H-bonds, KYW forms soluble ensembles that are stabilized by dynamic side chain
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interactions. No evidence of phase separation was observed by microscopy, indicating that these
ensembles are dynamic and have less defined boundaries.

Sequence-dependence in tripeptide dispersions

We previously demonstrated differential assembly of tripeptide sequence isomers driven by side-
chain induced conformation selection.?*> We speculated that in a system that is stabilized by a
multitude of possible side-chain and water interactions, these would not be defined by one
dominant conformation, but instead represented by an ensemble of conformers. We studied the six
K/Y/W sequence isomers to determine the sequence-dependent self-assembly (Figure 1f,
Supplemental Figure S21-26) and found comparable AP scores (Figure 1f, Supplemental Figure
S21) and similar ratios of sidechain/backbone interactions (Figure 1f, Supplemental Figure S22-
25), consistent with formation of non-directional ensembles. We also analyzed the solvent
exposure of tryptophan, measured through Solvent-Accessible Surface Area (SASA) (Figure 1f,
Supplemental Figure S26) of the indole sidechain. This was found to be sequence-dependent, with
WYK and WKY the most contrasting in terms of AP and tryptophan solvent exposure (Figure 1g).

Tryptophan exposure in peptide ensembles could be experimentally verified by measuring the
tryptophan emission, which is widely used as a probe to detect the tryptophans’ environment and
solvent exposure in proteins,*$-3
and blue-shifts indicating hydrophobic environments.*®*? These ensembles (20 mM) did not show
evidence of phase separation when observed by optical microscopy, and they displayed a faint blue
emission under UV light (shown for KYW in Figure 1c¢). We measured the emission spectra of all

sequence isomers in soluble dispersions (Figure 1h) and found that emission maxima (Aex = 280

with red-shifted emissions indicating an increase in local polarity

nm) range from 357 nm to 370 nm with the most red-shifted emission corresponding to the most
hydrated tryptophan (WYK) and the most blue-shifted emission corresponding to the most
hydrophobic tryptophan environment (WKY) (Figure 1g). The 3D excitation/emission spectra of
contrasting sequences (Figure 1h) differed by the appearance of a new band in WYK’s spectrum
at Aex = 318 nm, which is also prominent in YKW and YWK. We also found that the intensity and
absence/presence of the band is concentration dependent, suggesting its origin from an emissive
state of a supramolecular arrangement (Supplemental Figure 27a-b).

In order to verify the existence of dynamic, but discrete ensembles, the contrasting sequences
WKY and WYK were analyzed by DLS, and we observed similar diameter sizes (450-500 nm size
range) but with a distinct narrower size dispersion for WYK (Supplemental Figure S20). To further
confirm differential environments experienced by tryptophans, the 'TH-NMR spectra of WYK and
WKY solutions at variable concentrations show contrasting concentration-dependent chemical
shifts of W protons (Supplemental Figure S28). The indole ring protons in WYK shift downfield
as the concentration increases from 1 to 5 to 20 mM indicating their positioning in an electron poor
environment and formation of a polar network/hydrogen bonding while (minimal) upfield shifts
were observed for WKY, in line with the formation of n-n stacking driven aggregation.
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Evaporation-driven assembly

Upon investigation of the fluorescence of KYW peptide assemblies using confocal microscopy, to
our surprise we observed a remarkable phase separation behavior that was triggered by localized
evaporation during drying. Given the important (competing) role of water in modulating
interactions in these dynamic ensembles, in particular those involving tryptophan, the observation

led us to study assembly during gradual removal of water through evaporation of sessile droplets
(Figure 2a).444

Macroscopically, when observing tripeptide assembly in drying droplets starting from 20 mM
peptide dispersions, we observed surprising contrasting behaviors. A strongly scattering ring upon
drying for KYW in contrast to KFF, KYF, and KYY that give rise to heterogeneous semi-
transparent structures (Figure 2b, Supplemental Videos 1-2). When observed by microscopy
(Figure 2c, Supplemental Figure S29), the differential morphologies (1D fibers versus 3D
spherical objects) are evident (Supplemental Figure S30 showing KFF and KYF). When observed
over time, KYW displays a remarkable interfacial phase separation behavior, giving rise to
formation of films composed of densely packed spherical particles (Figure 2d, Supplemental Video
3), contrasting KFF, KYF, KYY that give rise to 1D structures with varying degrees of bundling,
resembling previous observations for evaporation-driven assembly of peptide derivatives
(Supplemental Figure S29, Supplemental Videos 4-6).%> We propose that the multitude of possible
interactions and the flexibility of the backbone enable the K/Y/W peptides to more effectively
reconfigure and adapt to the newly formed interfaces that form upon water evaporation. The
observed (lack of) directionality initiates at the molecular level, and clearly translates
hierarchically to macroscopic scales. We observe complex drying patterns, related to solvent and
solute gradients in drying of droplets,*® with phase separation occurring at the drying front due to
concentration gradients inside the drying droplet.

Based on previously reported interfacial supramolecular aggregation of tripeptides in oil/water
4 we hypothesized that the sequence-dependent tryptophan exposure in ensembles
would lead to interfacial aggregation and reduction in surface tension. We measured the dynamic
tension profile via the pendant drop method*” of tripeptides WYK, WKY, and KYW, which have
contrasting W solvent-exposure and environments. We found that surface adsorption of peptide
ensembles reduced surface tension correlating with W-solvent exposure (sequence dependence)

emulsions,

(Supplemental Figure S31), demonstrating that the peptide ensembles dynamically interact at the
air/water interface.

Despite these differences in collective conformations and sequence-dependent W exposure both
in solution and at interfaces, upon drying inside droplets we observed that each of the sequences
gave rise to similar sequential phase separation behavior, forming droplets followed by
solidification to form solid particle films, similar to KYW (Figure 2e, Supplemental Figure S32).
Upon analysis of the tryptophan emission in the dried films at 5% relative humidity (RH), we note
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a general loss of emission from the 318 nm band in the 3D excitation/emission spectra with spectra
of the dried films now suggesting a redistribution of conformations (Figure 2e, Supplemental
Figure S33). The original variable W exposure was in part recovered by temporarily exposing the
solid film to high humidity (95% RH). These data highlight the adaptive nature of the assemblies
where tryptophan partitioning reversibly changes depending on competing water via weak
multivalent interactions.

Formation of buovant droplets and porous particles

Upon microscopy analysis of the dried particulate films, we observed the expected spherical
objects, but also porous, disk-shaped particles of varying sizes with flat surfaces (Figure 3a.i).
These structures are found at the top of the sample (Figure 3b-c, Supplemental Figure S34),
suggesting that they are formed at the air-water interface. The observation suggests that, in contrast
to typical dense coacervate droplets that sediment, the structures studied here are low-density,
buoyant condensates. The observation of flattened 2D hemi-spherical objects suggests that these
particles are initially liquid and due to their low density, they rise to the interface, where they
deform, flatten, and solidify. This observation is confirmed using FIB SEM (Figure 3c), which
shows a part-circular cross-section. The pore size distribution ranged from 30-500 nm
(Supplemental Figure S35).

We propose that the observed buoyancy is related to the formation of gas bubbles inside liquid
droplets (Figure 3a.i). This may be a consequence of a secondary phase separation event where
the condensate interface nucleates gas bubble formation, which is stabilized by adherence of
indoles to gas/aqueous interfaces (Figure 3a.ii). Notably, degassing of the peptide dispersion prior
to evaporation-driven assembly lead to smaller particles of more spherical morphology (Figure
4e). This observation indicates that the buoyant nature of the droplets relates to their gas content,
and it can be regulated. Non-surface particles are smaller and spherical, indicating fusion and
flattening at the air-water interface (Figure 3b). TEM analysis of glutaraldehyde crosslinked KWY
particles reveals highly and fine porous and spherical structure of the non-surface particles (Figure
3c-d). The hemispherical porous structure was further confirmed by AFM (Figure 3e). Young’s
Modulus analysis demonstrated that these particles are mechanically stiff (6 GPa) due to the
efficient and packing (Figure 3f) in line with previously reported FF derivatives?!.

Size control, reversibility, and drying-induced encapsulation

We propose that the spontaneous formation of tightly packed particles upon air drying — could be
useful in emulsification, encapsulation and drying strategies that do not rely on input of strong
mechanical forces. We first investigated whether the size distribution of the particles formed could
be controlled. Given the important role of water evaporation in this process, we reasoned that by
simply increasing the temperature, evaporation will occur faster, and consequently, the formation
of solid particles is accelerated. We observed that temperature increase gives rise to a more
homogeneous and smaller particles (Figure 4a-b, Supplemental Figure S36a-b). The combination
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of reduced buoyancy, due to lower gas content at elevated temperature, with acceleration of phase
transition and solidification, yields particles that are monodisperse (Supplemental Figure S36¢-¢).

As an alternative method to control particle size, we removed the air from the solution through
sonication under vacuum followed by storage under argon gas and examined the drying process in
a degassed solution under argon. Live confocal time-lapse imaging of the particle forming process
revealed smaller droplets (Supplemental Figure S37a). Further Imaris 3D reconstruction and
analysis demonstrated a 20-fold reduction in particle volume and increase in sphericity in the
degassed samples compared to prevalence of disk-shaped particles non-degassed samples (Figure
4c-e, Supplemental Videos 7-8). Consistent with the role of air in pore formation, degassed peptide
particles show fewer and smaller pores (Supplemental Figure S37b).

Next, we probed the reversibility of the process. Upon re-introduction of 5 ul droplet of water on
top of a dried film, the structures immediately re-dispersed as shown in Figure 4f. When this
droplet was left to dry again, the particle film reappeared after a few minutes, demonstrating that
the process is fully reversible (Supplemental Video 9). These observations strongly contrast
previously reported peptide materials, where formation of 1D and 2D structures are highly stable
due to large enthalpic gain from cooperative H-bonds which are not readily reversed. Peptide
ensembles with multivalent, weak, and dynamic interactions offer more reversible assemblies as
water solvation can compete with the energetics of the interaction space.

We proceeded to test whether the approach could be potentially useful for encapsulation. We used
the small organic fluorophore Alexa 488, which has been previously demonstrated to non-
covalently conjugate through the sulfonate group and lysine side chains.*® Upon introduction of
the dye, it is encapsulated during droplet formation and solidification (Supplemental Figure S38,
Supplemental Video 10). Analysis of the fluorescence intensity of the pre-load mixture of peptides
and dye, the formed liquid droplets, and the post-load solution, revealed highly efficient
enrichment of dye inside particles (Supplemental Figure S38b).

Next, inspired by the ability of dynamic interacting polymers with random distributions of side
chain functionalities to stabilize proteins through adaptive of matching of side chain interactions
to complementary patches on the protein surface’®*’, we investigated the ability to encapsulate
and stabilize Enhanced Green Fluorescent Protein (EGFP). We observed efficient encapsulation
inside the structures for the dynamically assembling peptide, WKY (Figure 4g-h, Supplemental
Figure S39). As EGFP fluorescence requires a folded conformation, we evaluated the preservation
of structure in the dried state (Figure 4i-j, Supplemental Video 11). After drying and subsequent
rehydrating the EGFP solution loses its fluorescence (Figure 4k-1), whereas WKY+EGFP sample
shows retention of fluorescence emission after drying, storage in dried form for five days, followed
by instantaneous re-dissolution. The control KYF+EGFP (fibrous assembly) reveals a decrease in
the fluorescence suggesting a level of stabilization through protein/peptide interactions. These

results highlight that the drying peptide ensembles provide an environment where proteins are
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stabilized, including in the dried state, possibly through mechanisms analogous to dynamic
interfacial complexation through self-organization of side chains with protein surface (Figure 4j).*
These data suggests that K/Y/W isomer tripeptides offer potential as minimalistic modalities for
encapsulation, drying, storage, and redispersion of proteins.

Conclusions

Introduction of combinations of side chains able that cover a rich interaction space in self-
assembling tripeptides enables context-adaptive assembly. Through air-drying, dynamically
assembly tripeptides give rise to spontaneous formation of high-porosity solids upon water
evaporation that are instantaneously redispersed. The observed assembly and phase behavior is
governed by side chain interactions in contrast to rigid hydrogen-bond patterns that typically
dictate 1D or 2D architectures in self-assembling molecules. MD simulations and fluorescence
data collectively demonstrate that the six sequence isomers of K/W/Y form soluble ensembles with
the sequence dictating the preferred interactions, but upon drying-induced assembly, all sequences
give rise to particle films with comparable emission in the dried state, suggesting that regardless
of sequence tryptophan plays comparable stabilizing interactions. The phase separation process
enables encapsulation of small molecule and protein payloads, and they are rapidly and fully
reversible upon re-introduction of water. We propose that this peptide-based evaporation-driven
emulsification and encapsulation approach, combined without mechanical energy input may find
applications in storage and formulation of biomacromolecules.
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Figure 1. Directionality in peptide self-assembly. a. Chemical structures of tripeptides KFF, KYF, KYY, KYW and
representation of the interaction space of sidechains. b. Selected snapshots of simulations for KFF (only backbone
shown for clarity) and KYW, with predominant H-bond interactions highlighted. c. (Left) Macroscopic images of the
materials formed by the indicated tripeptides (20 mM in phosphate buffer at pH 7), under visible light (top) or UV
light (bottom). Phosphate buffer (PBS) was used as a control. (Right) Snapshot from MD trajectory of KYW showing
assembly inside a water box. d. (Top) Sequence-dependent aggregation propensity, AP=(SASAinitial/SAS Alastsons) and
(Bottom) distribution of hydrogen bond interactions between simulated peptides from MD trajectories. Backbone and
sidechain as an indication of directionality of self-assembly. Averages and s.d. error bars from 3 replicate trajectories
e. Circular Dichroism spectra of KYF, KYY and KYW measured at 5 mM concentration at pH 7.5. f. AP score, W
Solvent accessible surface area (SASA) and hydrogen bonding interaction distribution analyses for K/Y/W sequence
isomer MD trajectories. Averages and s.d. error bars from 3 replicate trajectories g. Snapshots for WKY and WYK
showing non-directional self-assembly resulting in differential tryptophan environments and water binding (shown in
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blue) with zoomed areas showing a dry (top) and water bound (bottom) tryptophan. h. 3D fluorescence spectra
showing the differential polarity and water-interactions of tryptophan residues in solution.

a b
KYW
dynamic, soluble
EHEAGAIRN D
[lowe
T e ) 0 10 15 30 Time (min)
ot ~~..evaporation
\;\" A / C kyw
e LLPS Ooo: O o
[peptide] gradient [peptide] gradient \\\ NG
@- 0 N Ol AR EFC 2
Fiber network solid particeles k &% T
N N\ OO
X Q)% LA Topdnel T AT
= N SRR
| | v
8 10 Time (min)
e ~ -
Solution —2N9 5o, gy Rehumidity o o
95% RH
400 - o
:'Q:} 00 400 —Exc 280
wky | %007 600 300 —Exc318
009 |20 400 200
| 100 { 200 100
o 0 0 0
S| 200 350 410 470 200 350 410 470 200 350 410 470
S (1500 o, 1200 1 15007
@ H0
KYW g 1000 4 &t‘:.: 800 1000 A
o .$ 500 400 500
2
] 0 -+ 04 04
2| 200 350 410 470 200 350 410 470 200 350 410 470
S (1000 HO 3000 - 1500 -
2| 800 0 g0H:
WYK 51 o no 8% 2000 1000
[ 2 & J Ho
400 1000 500
200
0 0 - 0 +
200 350 410 470 200 350 410 470 290 350 410 470

Wavelength (nm)

Figure 2. Sequence-dependance in evaporation-driven assembly. a. Representation of evaporation-driven self-
assembly in sessile droplets. b. Evaporation patterns over time with differential assembly of KYW clearly visible.
Scale bar = 1 mm. c¢. Microscopy time course for evaporation-driven assembly of KYW. Scale bar = 50 um d. Final
optical microscopy image showing 1D assembly for KYY) and space-filling assemblies for KYW, WKY and WYK
(left) (right). Scale bar = 10 um. e. Fluorescence emission spectra at two different excitation wavelength (280 and 318
nm) of the different sequences in solution, dried foams (visual appearance shown in d) and rehydrated foams reveals
similar packing in dried particle film, suggesting comparable evaporation-driven assembly regardless of sequence and
recovery of sequence dependent conformation selection in hydrated state.
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Figure 3. Formation of porous particles and half-domes during evaporation-driven tripeptide assembly. a.
Schematic representation of evaporation-driven assembly of buoyant liquid droplets that settle at the droplet interface
and upon drying form half-dome shaped particles. Images of KWY dried foam b. SEM image showing half-dome
particles at the interface and also showing surface pores. c. FIB-SEM analysis confirming half-dome shape and
revealing the porous structure inside of foam particles. Note that the fine granular structures on the surface are from
sputtered-coated gold. e. TEM analysis of glutaraldehyde crosslinked KWY dissociated particles reveals that non-
surface particles are highly porous spheres. e. AFM analysis showing porous half-dome particles. f. The plot of
Young’s Modulus stiffness of fibers or particles formed by indicated peptides. Total 15-36 particles or fibers were
profiled for each sequence.
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Figure 4. Evaporation-driven emulsification and encapsulation in dynamic peptide ensembles. a-b. Temperature
dictates the size distribution of particle films. The example of KWY shows reduction in particle size and more
homogeneous size distribution, which correlated with the increased temperature during evaporation. Scale bar = 10
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pm. Total 368 - 1456 particles at each temperature were analyzed. c. The peptide solution was degassed followed by
evaporation assay, and the example of WKY is shown. Imaris 3D rendering demonstrated reduction in particle size
and increase in sphericity as plotted in d and e respectively. Scale bar =5 pum. f. Fully reversible formation of porous
peptide foams upon addition of water and re-evaporation. Representative time-lapse images of KWY were shown.
Scale bar = 50 um. The macroscopic images of 5 ul peptide solution drop at each stage were shown in the insertion.
g. Confocal live imaging of KWY peptide particles incorporating EGFP shows significant enrichment of EGFP protein
in peptide droplets. Scale bar = 20 pm. h, Fluorescence intensity analysis of the pre-load solution, the droplet, and the
post-load solution at the frontier of emulsification. A total of 20 regions of each indicated groups from 6 time-lapse
frames were quantified, and the average intensity of pre-load solution was set as 100 arbitrarily. Error bar represents
s.d. i. Confocal and bright field imaging of dried peptide particles reveal that the green fluorescence signals of EGFP
retain in WKY peptide particles under ambient condition for 5 days after solidification. j. Schematic showing EGFP
protein with residue nature color coded and potential interactions with peptides during encapsulation. k-1. Experiment
to test the storage and re-dispersion ability of WKY with a schematic representation of the experiment and the
fluorescence emission at 510 nm (Aexc. = 488 nm) of the corresponding solution (EGFP, EGFP+KYF and
EGFP+WKY) over time. Error bars represent s.d. from 3 replicate experiments.
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