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ABSTRACT: A simple dipeptide WR (tryptophan−arginine) in the form of salts
with organic acids tartaric acid or crotonic acid is shown to form glasses through a
benign preparation route by evaporation of aqueous solution. The glasses have a
remarkable range of properties including moldability, high transparency across a
broad range of wavelengths, and fluorescence. The glasses show self-healing and
adhesive properties, and have accessible glass transition temperatures. The glasses are
shown to be amorphous via small-angle and wide-angle X-ray scattering (SAXS/
WAXS) and scanning electron microscopy (SEM). Remarkably, the glasses are found
to have a chiral structure, as shown by circular dichroism (CD) spectroscopy.
Investigation of glass precursor dipeptide salt solutions shows that the glasses form
from an initial unordered solution containing chiral peptide molecules. The diverse
properties of the dipeptide glass materials points to a wide range of potential future
applications.

■ INTRODUCTION
Glasses have been known to humanity for thousands of years,
primarily in the form of silicates and other inorganic oxides and
carbonates used in windows, bottles and optical applications.
More recently glassy polymers have been developed for
applications in containers or in eyewear. Glasses are
amorphous solids, often considered to have a liquid-like
structure with considerably reduced molecular dynamics.
Peptides are present in nature as chains of amino acids with

a range of biological functions as hormones, in host defense,
signaling, and others. Peptide sequences can be designed to
target many other applications and can be routinely
synthesized using automated methods such as solid phase
peptide synthesis (SPPS). Peptides can form well-known
secondary structures such as α-helices and β-sheets.1−3 They
can crystallize or, depending on sequence, they can self-
assemble or aggregate in solution as in the case of “amyloid”
peptides forming β-sheet fibrils for example4−6 or due to
surfactant-like structure7−10 or from specific intermolecular
interactions such as π-stacking.11−13 Many peptides can also
form gels in water or organic solvents.14−16 However, there are
few reported examples of peptide glasses although these
materials hold promise due to the biocompatibility and/or
biofunctionality of peptides, and their easy production from
renewable resources. The distinct processes of self-assembly of
peptides forming ordered nanostructures or disordered
structures including droplets from liquid−liquid phase
separation (LLPS) or glasses have recently been discussed.17

The tyrosine tripeptide (YYY) has been shown, upon
dehydration of an aqueous solution, to form a glass with a
remarkable variety of properties including self-healing, strong
adhesion and a wide spectral range of transparency.18 The glass

formation was ascribed to the formation of an extensive
hydrogen bonding network of the tyrosine hydroxyl groups (as
well as backbone amide groups) with water molecules. In fact a
wide range of amino acids, short peptides and even longer
peptides and peptide conjugates complexed with organic acids
have been shown to form glasses with a remarkable diversity of
properties including tunable refractive index, ability to be 3D
printed, drawn into fibers or molded and with programmable
recyclability and/or humidity responsiveness.19 N-terminally
modified (with Fmoc, 9-fluorenylmethoxycarbonyl or Cbz,
benzyloxycarbonyl) peptides or amino acids (without organic
salts) can also form glasses through a melt-quench process.20

In another recent study, Li and co-workers have reported
glasses formed by basic amino acids including histidine with
organic acids such as tartaric acid (or acidic amino acids with
organic bases).21 In the case of histidine with tartaric acid,
either a glass or a crystal can be formed depending on the
evaporation rate of a solution of the amino acid/tartaric acid
solution. The glass formation was ascribed to the formation of
an extensive hydrogen bonding network of histidine and
tartaric acid molecules (the packing was modeled based on the
crystal structure). The resulting glasses demonstrate a range of
interesting properties including high transparency over a broad
spectral range and multicolor fluorescence when excited with
light of different wavelength. Doping the glass with a
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phosphorescent compound leads to extended time phosphor-
escence (with long afterglow).21 Examples of previous work on
glass-forming peptides are summarized in Supporting In-
formation Table S1.
We have recently been studying model sequenced peptides

containing tryptophan and arginine. These show interesting
self-assembly behavior and functionality due to combination of
the aromatic tryptophan residue along with the basic arginine
residue. Self-coacervation (liquid−liquid phase separation,
LLPS) occurs for W2R2 and W3R3 peptides in basic solutions,
arising from π−π and cation−π interactions of the tryptophan
residues.22 The complex coacervation of the shorter peptide
WR with ATP was also noted. We further investigated the
influence of sequence length in (WR)n peptides with n = 2−5
on self-assembly/aggregation.23 Whereas (WR)2 and (WR)3
can form coacervate droplets due to LLPS, depending on pH,
the longer (WR)4 and (WR)5 peptides form extended β-sheet
structures (twisted nanotapes). The longer peptides also form
hydrogels comprising β-sheet fibrillar structure at higher
concentration.23

Here we report on glass formation by a dipeptide WR. We
show that when slowly evaporated from peptide salts in the
presence of hydrogen-bonding capable organic acids, tartaric
acid or crotonic acid, it is possible to prepare glasses. The
glasses have a great range of interesting properties of which the
chirality of the glass is particularly notable. Other features
include moldability, high transparency (high UV/vis trans-
mission), fluorescence, adhesion to form load-bearing joints,
and self-healing. Notably, the glasses show accessible glass
transition temperatures near body temperature that may be
useful for future activities in biomedicine. We also show that
the glasses are amorphous, using cryo-TEM and SAXS/WAXS
along with FTIR spectroscopy to probe conformation. The
structure of the precursor solutions from which the glasses was
prepared was also determined via SAXS/WAXS, CD and FTIR
and this shows that the glasses are formed from peptide in
unaggregated form.

■ MATERIALS AND METHODS

Materials
Peptide salts (with tartaric acid or crotonic acid) of WR (NH2-
tryptophan-arginine−OH) were obtained from Peptide Synthetics
(Peptide Protein Research, Farnham, UK) with >95% purity as
confirmed by RP-HPLC. The peptide molar mass by ESI-MS is 360.4
g mol−1 (360.4 g mol−1 expected). Tartaric acid and crotonic acid

were obtained from Merck Sigma-Aldrich (Gillingham, UK). Scheme
1 shows the molecular structures of WR and the organic acids.

Glass Preparation
Glasses were prepared using 10 wt % WR crotonate or 10 wt % WR
tartrate solutions in water. Both solutions, prepared by weighing
convenient amounts of peptide and water were homogenized by 20
min of alternated ultrasound and vigorous vortex cycles. Thereafter, a
20 or 30 μL drop of the final solution was placed on the
corresponding substrate, as detailed below, and left to dry for 24 h
inside a sealed desiccator loaded with silica gel.

It was found that a nonadhesive silicone rubber substrate produced
flat glass disks for both WR crotonate and WR tartrate. However, flat
glass disks of WR tartrate were more efficiently produced by using a
self-adhesive silicone rubber tape substrate. Interestingly, the self-
adhesive silicone rubber tape surface produced concave-textured disks
for WR crotonate; a result correlated to the surface tension of the
drop placed on the substrate. Glass disks were detached from the
silicone surface by careful manual bending of the substrate.

A separate set of glasses, for healing experiments, was prepared
using a microscope slide as a substrate. This produced multiple cracks
on the peptide glass surface, which were healed by humidified thermal
healing experiments detailed below.

Scanning Electron Microscopy
Glass disks were placed on a stub covered with a carbon tab (Agar
Scientific, U.K.) and then coated with gold. A FEI Quanta FEG 600
environmental scanning electron microscope (SEM) in high vacuum
mode (5 kV high tension) was used to record SEM images.

Differential Scanning Calorimetry
Experiments were performed using a TA Instruments Multi-Sample
X3 DSC instrument. For the experiments, each glass sample was
loaded in a TA Instruments standard hermetic pan. A ramp rate of 10
°C/min was used for all experiments. The temperature was first
decreased from 40 °C to −40 °C. The sample was left to equilibrate at
−40 °C for 10 min. A temperature ramp −40 °C → 120 °C was
started following equilibration at −40 °C. This was followed by a final
temperature ramp 120 °C → −40 °C.
Thermogravimetric Analysis
Experiments were performed using a TA Instruments TGA Q50. Both
glass samples were loaded in a TA Instruments standard hermetic pan.
Experiments were run using a 10 °C/min T-ramp. The first derivative
of the experimental data was calculated using Origin-Lab software.

Fourier Transform Infrared Spectroscopy
Experiments were performed using a PerkinElmer Spectrum 100
FTIR-ATR instrument. A portion of glass disk was pressed against the
crystal using the high-pressure clamp accessory while measuring the
FTIR-ATR spectra of the glasses. Precursor solutions containing 10

Scheme 1. Molecular Structure of WR and Tartaric Acid and Crotonic Acid
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wt % WR with salt were prepared in D2O; a drop of the solution was
placed on the crystal to measure the spectrum.
UV−Vis Absorption
Spectra were recorded using a Varian Cary 300 Bio UV−vis
spectrometer. A 0.1 mm light path parallel plaque quartz cell,
consisting of a dented plaque and a flat plaque, was used for the
experiments. The well of one was filled with 10 wt % precursor
peptide salt solution and left to dry for 24 h in a sealed desiccator
loaded with silica gel. After drying, the precursor solution turned into
a glass. Following glass formation, a flat plaque was placed on top of
the plaque holding the glass and the sandwiched cell was used for
UV−vis experiments.
Circular Dichroism Spectroscopy
Far-UV CD spectra were collected using a Chirascan spectropolarim-
eter (Applied Photophysics, Leatherhead, UK). Spectra were recorded
from 180 to 400 nm. Samples were mounted in a quartz cell with
detachable windows, with 0.01 mm path length. The CD signal from
the samples was corrected by water background subtraction. The CD
signal was smoothed using the Chirascan Software for data analysis.
The residue of the calculation was chosen to oscillate around the
average, to avoid artifacts in the smoothed curve. For solutions, CD
data, measured in mdeg, was normalized to molar ellipticity using the
molar concentration of the sample and the cell path length. For the
solid glass samples, WR salt precursor solution was dried between
0.01 mm quartz parallel plaques (one with a shallow well to hold
solution) and data is presented in mdeg.
Fluorescence Spectroscopy
Experiments were performed using a Varian Cary Eclipse spectro-
fluorimeter. Fluorescence emission experiments were measured from
300 to 500 nm using an excitation wavelength λex = 280 nm. Peptide
solutions were placed inside a quartz cell with 10.0 × 5.0 mm2 internal
cross section. For the solid glass sample, WR crotonate or tartrate

precursor solutions were dried between 0.01 mm quartz parallel
plaques.

Small-Angle X-ray Scattering Experiments and Wide-angle
Scattering

SAXS/WAXS experiments were performed on beamline B2124 at
Diamond (Didcot, UK). Sample solutions were loaded into the 96-
well plate of an EMBL BioSAXS robot and then injected via an
automated sample exchanger into a quartz capillary (1.8 mm internal
diameter) in the X-ray beam. The quartz capillary was enclosed in a
vacuum chamber, to avoid parasitic scattering. After the sample was
injected into the capillary and reached the X-ray beam, the flow was
stopped during the SAXS data acquisition. Glass samples were
mounted in custom built polycarbonate multipurpose sample
holders,25 held with Superio (Mitsubishi Chemical) UT F-type
poly(ether imide) film (7 μm thickness) (which provides very low
SAXS background) which were inserted into the sample chamber in
the beamline.

Beamline B21 operates with a fixed camera length (3.9 m) and
fixed energy (12.4 keV). The SAXS images were captured using a
PILATUS 2M detector. The WAXS data was acquired using a Dectris
EIGER 2 R 1M M detector, and the q-axis was calibrated using the
diffraction spectrum of silver behenate and the SAXS intensity was
normalized using the signal of water. Data processing was performed
using dedicated beamline software ScÅtter.

X-ray Diffraction

Measurements were performed on tartaric acid crystals mounted on
an Oxford Diffraction Gemini Ultra instrument. The sample−detector
distance was 60 mm. The X-ray wavelength λ = 1.54 Å was used to
calculate the scattering vector q = 4π sin θ/λ (2θ: scattering angle).
The detector was a Sapphire CCD.

Figure 1.WR dipeptide glasses: molding and morphology. (a) Image of disk of WR tartrate prepared from a 10 wt % peptide solution, (b) image of
disk of WR crotonate prepared from a 10 wt % peptide solution, (c) cross-section SEM image of WR tartrate glass, (d) SAXS/WAXS from WR
glasses as indicated. The data has been scaled by multiplication of the intensity for ease of visualization.

Biomacromolecules pubs.acs.org/Biomac Article

https://doi.org/10.1021/acs.biomac.5c02634
Biomacromolecules XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/10.1021/acs.biomac.5c02634?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.5c02634?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.5c02634?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.5c02634?fig=fig1&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.5c02634?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Humidified Thermal Healing Experiments
A 20 μL drop of 10 wt % WR crotonate or tartrate in water was placed
on the surface of a microscope slide and left to dry for 24 h inside a
sealed desiccator loaded with silica gel. The glass formed on the
microscope slide was cracked. An Olympus BX-41 optical microscope
was used to take images. A few drops of water were placed around the
peptide glass on the surface of the microscope slide. Thereafter, the
microscope slide was enclosed inside two Petri dishes and placed in
an oven at 75 °C for 9 min. Afterward the microscope slide was
observed under the microscope to examine the healed surface of the
peptide glass.

■ RESULTS
Glass formation was observed (Figure 1) for dipeptide WR
salts after slow evaporation from aqueous solutions of the
tartaric acid or crotonic acid (Scheme 1), which contain
hydroxyl and/or carboxyl groups able to form hydrogen bonds
with the amide units. The development of a network of
hydrogen bonds is believed to underpin the formation of
peptide glasses.18,19,21 Dipeptide WR is also able to interact
with the salts through electrostatic interactions. The glasses
can easily be molded as shown in Figure 1a,b which present
images of disks formed from WR tartrate and crotonate.
Supporting Information Figure S1 shows an additional image
of a patterned glass molded from WR crotonate, with structural
features arising from surface tension/adhesion to the surface.
The structure of the glasses was examined by cryo-SEM and
SAXS/WAXS. The representative cross-section cryo-SEM
image in Figure 1c (additional images provided in Supporting
Information Figure S2 for both WR salt glasses) shows an
amorphous structure, i.e. no internal morphology could be
discerned. The surfaces of the glasses are also smooth and
featureless (Supporting Information Figure S3). The amor-
phous structure of the glass was also confirmed by SAXS/

WAXS. The SAXS data in Figure 1d is featureless, with a
featureless upturn in the scattered intensity at low q due to
density fluctuations in the glass. The WAXS data (Figure 1d)
for the crotonate glass is also featureless (same shape as the
background curve) whereas for the tartrate glass there is a
series of small Bragg reflections superposed on the amorphous
scattering. This is assigned to the presence of small tartrate
crystallites within the glass, as confirmed by comparison with a
measured diffraction pattern of tartaric acid (Supporting
Information Figure S4).
SAXS data for aqueous salt solutions of WR shown in

Supporting Information Figure S5 demonstrates that the
peptide is present in monomeric form in the 10 wt % peptide
salt precursor solutions from which glasses were prepared, with
a characteristic plateau for intermediate q and smooth
downturn at high q, features of SAXS scattering from
monomers,22,26 with only a small upturn observed at low q
due to irregular aggregation. The 1 wt % peptide solutions
show scattering from monomeric unaggregated peptide
(Supporting Information Figure S5) These measurements
indicate that the glasses form from initial disordered, largely
monomeric, solutions of the peptide salts.
The thermal properties of the glasses were analyzed. The

glass transition temperature (Tg) was first determined using
differential scanning calorimetry (DSC) and the data obtained
using these methods is shown in Figure 2. The glass transition
is clearly defined for WR tartrate at 32.3 °C (Figure 2a) and for
the crotonate glass at 35.6 °C. These accessible glass transition
temperatures, close to body temperature may be beneficial for
applications such as in vivo release of encapsulated cargo.
Thermogravimetric analysis (TGA) was used to determine the
thermal degradation of the glasses, which were found to be
stable up to temperatures above 200 °C (Figure 2c,d) showing
the high thermostability of the glasses. The first derivative

Figure 2. Thermal properties of glasses prepared from 10 wt % WR solution. (a) DSC heating scan for WR tartrate, (b) DSC heating scan for WR
crotonate, (c) TGA scan for WR tartrate, (d) TGA scan for WR crotonate.
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analysis of the TGA thermograms provides the weight loss
onset, maximum degradation rate and complete degradation
temperatures (Supporting Information Figure S6).
The glasses are amorphous as shown by cryo-SEM and

SAXS/WAXS, and spectroscopic methods were also used to
probe peptide ordering/conformation in the glassy state.
Figure 3a shows FTIR spectra obtained for the glasses. The
conformation of the peptide salts in the precursor solutions
was also examined to shed light on the initial state prior to
vitrification and the corresponding FTIR for precursor
solutions is shown in Figure 3b. The FTIR spectra for the
glasses show very distinct peaks compared to those for
powders of tartaric acid27,28 or crotonic acid,29 which were
measured for comparison. There are peaks for the WR tartrate
at 1660 cm−1 due to turn structure30,31 and 1562 cm−1 and
1622 cm−1 due to Arg and Trp side chain deformation
modes.31,32 The peaks at 1656 cm−1 and 1631 cm−1 for the
WR crotonate may be associated with red-shifted peaks from
crotonic acid29 or, since peaks in similar positions are observed
for the tartrate (while the tartaric acid itself shows no peaks in
this wavenumber range), they are more likely due to peptide
turn structure or side chain deformation modes. The peaks at
1567 cm−1 and 1524 cm−1 are assigned to Trp side chain

modes.31,32 The FTIR spectra for the peptide salt precursor
solutions are shown along with that for the trifluoroacetic acid
(TFA) salt (which does not show glass formation) in Figure
3b. The spectra for WR tartrate and WR crotonate show a
strong peak in the amide I region at 1660−1664 cm−1 due to
hydrogen bonded amide groups, possibly with significant turn
structure.30,31 The WR TFA salt shows a peak at 1672 cm−1

due to bound TFA ions.33−35 The spectra show a peak at 1598
cm−1 for all three salts (thus not a signal of glass formation)
assigned to an arginine side chain mode.31,32 The peak at 1543
cm−1 observed for the crotonate salt suggests a specific
interaction between crotonic acid and the WR peptide (it is
not present for crotonic acid, Figure 3a nor for WR TFA
solution) probably involving interaction of the crotonic acid
with Arg and/or Trp side chains. There is also a featureless
peak for each WR peptide salt solution due to hydrogen-
bonded N−H stretch deformations at 3400 cm−1.30,36 The
FTIR spectra for the glasses and precursor solutions both
indicate that the peptide does not have an ordered
conformation (β-sheet or α-helix) in either state. This is
consistent with the amorphous nature of the glass.
The dipeptide glasses have a range of interesting optical

properties. They are transparent as shown by the images in

Figure 3. FTIR spectra highlighting amide A and amide I regions. (a) glasses with reference spectra for powders of the organic acids, (b) 10 wt %
peptide salt precursor solutions and nonglass forming 10 wt % WR TFA (trifluoroacetic acid) solution.

Figure 4. Optical properties. (a,b) Images of WR crotonate showing transparency. Measured UV/vis transmission/absorbance spectra for (c) WR
tartrate, (d) WR crotonate. Images of fluorescent glasses upon illumination with 395 nm light (e) WR tartrate, (f) WR crotonate, (g) CD spectra of
glasses.
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Figure 4a,b. The measured transmittance is above 75% in the
wavelength range 300−800 nm for WR tartrate and nearly
100% for the crotonate salt in the same range (Figure 4c,d).
The transmittances are reduced below λ = 300 nm due to the
absorption features from the tryptophan residue, as evident
from the absorption spectra in Figure 4c,d. As is apparent from
the images in Figure 4e,f the glasses are fluorescent (an
additional image of WR crotonate glass fluorescence is
provided in Supporting Information Figure S7). The
fluorescence spectra of the glasses are shown in Supporting
Information Figure S8. The peak in the spectra results from the
tryptophan fluorescence, the precursor solutions showing a
fluorescence maximum near λ = 360 nm when excited at λ =
280 nm (Supporting Information Figure S9). Circular
dichroism (CD) spectroscopy reveals that the peptide glasses
are chiral, reflecting the chirality of the dipeptide. The spectra
for both salts in Figure 4g features a positive maximum at λ =
239 nm (crotonate) or λ = 233 nm (tartrate) which is assigned
as a red-shifted peak due to tryptophan absorbance, In addition
each spectrum has a negative maximum around λ = 270−280
nm due to the Cotton effect from the local chiral environment.
It should be noted that the magnitude of the CD signal was
found to depend on the glass preparation conditions as well as
the sample thickness.
CD spectroscopy was also used to probe peptide

conformation in precursor solutions. The spectra are presented
in Supporting Information Figure S10 and show contributions
from the WR peptide and, in the case of chiral tartaric acid, the
salt. The CD spectrum from L-tartaric acid with a minimum at
216 nm resembles that previously reported.37 Crotonic acid is
nonchiral. The spectra for the WR peptide salts in solution
have similar features to those in the spectra for the TFA

(trifluoroacetate) salt,22 as shown in Supporting Information
Figure S10, in particular a positive maximum a 225 nm due to
the W residue, a negative minimum at 210 nm and a positive
shoulder maximum at 198 nm. The lack of features from an
ordered secondary structure is consistent with the FTIR
spectroscopy data, and again confirms that the glass forms
from a precursor solution comprising unaggregated peptide in
a disordered conformation, although with features due to the
chirality of the peptide with electronic transitions of the
tryptophan indole group.
The glasses can be used to form adhesive bonds as

exemplified in Figure 5a, in which a WR tartrate glass was
formed in situ between two glass slides, which are then
bonded. The bonded assembly can support significant weights,
as illustrated by the 200 g load-bearing capacity in Figure 5b. It
should be noted that the glasses presented here, prepared by a
simple drying method from aqueous precursor solutions are
water-soluble, therefore the adhesive bonds illustrated in
Figure 5a,b can be dissolved by water, i.e. the peptide-based
system serves as washable adhesive, with potential for easy-
clean and no-mess applications. Considering the glass
transition temperatures reported above, the adhesive bonds
can also be thermally broken at modest temperature (for
practical application the Tg should be tuned by adjustment of
the initial peptide and/or salt concentration and/or by
blending with other components38). The glasses were also
observed to exhibit self-healing when exposed to water vapor in
a Petri dish heated to 75 °C, as illustrated by the image of an
initially cracked WR crotonate glass in Figure 5c, which self-
heals such that the appearance of cracks is eliminated within 10
min (Figure 5d). An additional image showing healing of a
glass is provided in Supporting Information Figure S11. Full

Figure 5. Adhesion and load-bearing capacity of WR tartrate glass. (a) An adhesive bond is formed between two glass slides and (b) the assembly is
used to bear a load of at least 200 g (right). (c,d) Optical microscopy images showing self-healing under humid conditions of a cracked glass of WR
crotonate as prepared (c), and after 10 min self-healing (d).
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healing was not observed in a control experiment performed
without a humid atmosphere. Self-healing was also observed
for a WR tartrate glass as shown by the images presented in
Supporting Information Figure S12, healing occurring within 4
min. The images show that the cracks appear to heal via
intermediate arrays of drop-like structures which form within
1−2 min and are then annealed out over a few more minutes.
Higher magnification optical microscopy images shown in
Supporting Information Figure S13 show that the self-healing
of WR tartrate is accompanied by partial crystallization of the
tartaric acid, consistent with the WAXS data discussed above
(shown in Figure 1d and XRD data in Supporting Information
Figure S4). The images suggest that this crystallization
(formation of tartaric acid crystallites within the glass) is
complete within 20 min, as no further development was
observed after longer times. This was confirmed by images
obtained after the thermal annealing for samples at room
temperature shown in Supporting Information Figure S14.
A further interesting property of the glasses that was noted

was their surface static charge, which leads to the property that
glass particles are repelled from similarly charged surfaces due
to electrostatic phenomena. A movie showing this effect is
included as Supporting Information Movie S1. The charge on
the particles must arise from a net charge on the peptide/salt
complexes.

■ CONCLUSIONS
In summary, salts of dipeptide WR with the organic acids can
be used to produce glasses under benign conditions from
aqueous solution based on biocompatible and renewable
materials. The glasses are amorphous as revealed by SAXS/
WAXS and SEM (with some crystallinity for the tartrate
glasses). The glasses are formed from amorphous peptide salt
precursor solutions and the dipeptide chirality is retained in
the glass. The amorphous structure revealed by SAXS/WAXS
and SEM indicates the absence of supramolecular chiral
structures and suggests the chirality of the glasses arises from
the local vitrified environment of the peptide molecules. The
formation of glasses is ascribed in part to the development of a
hydrogen bonding network facilitated by the presence of
carboxyl and/or hydroxyl groups (crotonic acid lacks hydroxyl
groups) on the organic salts and amine and amide group H-
bond donors and carboxyl group donors/acceptors on the
peptides.21 Electrostatic interactions are also likely to play a
significant role in the stabilization of molecular aggregates in
the glass, in particular involving the carboxylic acid groups on
the organic acids and the peptide N-terminus and arginine
residue. The effects of H-bonding and electrostatic interactions
are manifested by changes in the FTIR spectra. As noted in our
previous studies,22,23 cation−π interactions are important in
the aggregation of the WR peptide itself in the absence of the
organic salts (due to the presence of cationic arginine and
aromatic tryptophan), and these self-interactions are likely to
be influenced by distinct electrostatic and hydrogen bonding
interactions in the mixed salt system.
The WR crotonate glass shows very high transmittance of

light in the 300−800 nm wavelength range. The WR tartrate
glass shows lower transmittance, and apparently higher peak
molar ellipticity, although it should be considered that both the
tartaric acid and the peptide are chiral. The WR crotonate also
shows a glass transition temperature Tg near body temperature,
potentially useful for future biomedical applications for
instance in vivo degradation and release of encapsulated

cargo. A further advantage of accessible Tg and humidity
responsiveness may be for read/write data storage applications
and to detect environmental conditions (temperature,
humidity)19 detection, e.g. for food packaging. The glass
transition temperature and other properties (solubility) can be
tuned by blending or incorporation of other materials, for
example metal ions39 which can be used to create much more
resilient glasses, where this is needed for specific applications.
It will also be interesting to examine in the future peptide
glasses formed from other hydrogen-bond capable organic
salts.
The dipeptide glasses exhibit diverse properties including

their processability (here molding is demonstrated but other
methods such as fiber drawing and 3D printing will be
examined in future studies) and optical properties, notably
fluorescence upon exposure to visible 385 nm light, which may
be valuable for future development of fluorescence tags or
labeling systems. The glasses can serve as water-based
adhesives, providing high strength bonds that are nevertheless
water-soluble, suggesting future applications in washable
adhesives. The glasses show self-healing properties in humid
atmospheres, again under benign conditions in contrast to high
temperature processing required for many self-healing systems.
Glasses are considered as nonequilibrium states, although in
many cases very long-lived, and it will be interesting in future
to examine the long-term stability of the glasses, which may
depend on the salt. Here we present evidence that the tartaric
acid in the WR glass crystallizes within 10−20 min, whereas
this was not observed for the crotonate salt. Although chiral
glasses are known for inorganic materials, especially super-
conductors, and are modeled as three-dimensional Heisenberg
spin glasses, there are few reports to date on peptide-based
chiral glasses40,41 and the simple WR dipeptide salts are
notable new examples with a combination of other intriguing
properties.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.biomac.5c02634.

Additional image of molded glass, additional cryo-SEM
images, WAXS and XRD data, SAXS data for precursor
solutions, TGA first derivative plots, additional images of
fluorescent glasses, fluorescence spectra, CD spectra
from precursor solutions, additional images showing self-
healing (PDF)
Movie S1 showing electrostatic repulsion of tartaric acid
glass fragment from a rubbed silicone tape (blue) (MP4)

■ AUTHOR INFORMATION
Corresponding Author

Ian W Hamley − School of Chemistry, Food Biosciences and
Pharmacy, University of Reading, Reading RG6 6AD, U.K.;
orcid.org/0000-0002-4549-0926; Email: I.W.Hamley@

reading.ac.uk

Author
Valeria Castelletto − School of Chemistry, Food Biosciences
and Pharmacy, University of Reading, Reading RG6 6AD,
U.K.; orcid.org/0000-0002-3705-0162

Complete contact information is available at:

Biomacromolecules pubs.acs.org/Biomac Article

https://doi.org/10.1021/acs.biomac.5c02634
Biomacromolecules XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.5c02634/suppl_file/bm5c02634_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.5c02634/suppl_file/bm5c02634_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.5c02634/suppl_file/bm5c02634_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.5c02634/suppl_file/bm5c02634_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.5c02634/suppl_file/bm5c02634_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.5c02634?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.5c02634/suppl_file/bm5c02634_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.5c02634/suppl_file/bm5c02634_si_002.mp4
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ian+W+Hamley"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4549-0926
https://orcid.org/0000-0002-4549-0926
mailto:I.W.Hamley@reading.ac.uk
mailto:I.W.Hamley@reading.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Valeria+Castelletto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3705-0162
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.5c02634?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


https://pubs.acs.org/10.1021/acs.biomac.5c02634

Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by EPSRC Fellowship grant
(reference EP/V053396/1) to IWH. We thank Diamond for
the award of SAXS beamtime on B21 (ref 38954-2) and
Barbara Gerbelli, and Katsuaki Inoue for assistance. We
acknowledge use of the Chemical Analysis Facility at the
University of Reading. We thank Saeed Moham for help with
the SEM experiments and Lucas de Mello for assistance with
photographic images.

■ REFERENCES
(1) Creighton, T. E. Proteins. Structures and Molecular Properties.
FEBS Letters 1993.
(2) Voet, D.; Voet, J. G. Biochemistry; John Wiley, New York, 1995.
(3) Hamley, I. W. Introduction to Peptide Science; Wiley: Chichester,
2020.
(4) Hamley, I. Peptide Fibrillization. Angew. Chem. Int. Ed. 2007, 46,
8128−8147.
(5) Wei, G.; Su, Z. Q.; Reynolds, N. P.; Arosio, P.; Hamley, I. W.;
Gazit, E.; Mezzenga, R. Self-assembling peptide and protein amyloids:
from structure to tailored function in nanotechnology. Chem. Soc. Rev.
2017, 46, 4661−4708.
(6) Ke, P. C.; Zhou, R. H.; Serpell, L. C.; Riek, R.; Knowles, T. P. J.;
Lashuel, H. A.; Gazit, E.; Hamley, I. W.; Davis, T. P.; Fandrich, M.;
Otzen, D. E.; Chapman, M. R.; Dobson, C. M.; Eisenberg, D. S.;
Mezzenga, R. Half a century of amyloids: past, present and future.
Chem. Soc. Rev. 2020, 49, 5473−5509.
(7) Zhang, S. G.; Marini, D. M.; Hwang, W.; Santoso, S. Design of
nanostructured biological materials through self-assembly of peptides
and proteins. Curr. Opin. Chem. Biol. 2002, 6, 865−871.
(8) Hauser, C. A. E.; Zhang, S. G. Designer self-assembling peptide
nanofiber biological materials. Chem. Soc. Rev. 2010, 39, 2780−2790.
(9) Hamley, I. W. Self-Assembly of Amphiphilic Peptides. Soft
Matter 2011, 7, 4122−4138.
(10) Dehsorkhi, A.; Castelletto, V.; Hamley, I. W. Hamley Self-
Assembling Amphiphilic Peptides. J. Pept. Sci. 2014, 20, 453−467.
(11) Gazit, E. A possible role for π-stacking in the self-assembly of
amyloid fibrils. FASEB J. 2002, 16, 77−83.
(12) Gazit, E.. In Annual Review Biochemistry.; Kornberg, R. D., Ed.;
Annual Reviews: Palo Alto, 2018; Vol. 87, pp 533−553.
(13) Hamley, I. W. Self-Assembly, Bioactivity and Nanomaterials
Applications of Peptide Conjugates with Bulky Aromatic Terminal
Groups. ACS Appl. Bio Mater. 2023, 6, 384−409.
(14) Escuder, B.; Rodriguez-Llansola, F.; Miravet, J. F. Supra-
molecular gels as active media for organic reactions and catalysis. New
J. Chem. 2010, 34, 1044−1054.
(15) Yan, C.; Pochan, D. Rheological properties of peptide-based
hydrogels for biomedical and other applications. Chem. Soc. Rev. 2010,
39, 3528−3540.
(16) Rodriguez, L. M. D. L .; Hemar, Y.; Cornish, J.; Brimble, M. A.
Structure-mechanical property correlations of hydrogel forming beta-
sheet peptides. Chem. Soc. Rev. 2016, 45, 4797−4824.
(17) Chang, R.; Yuan, C.; Zhou, P.; Xing, R.; Yan, X. Peptide Self-
assembly: From Ordered to Disordered. Acc. Chem. Res. 2024, 57,
289−301.
(18) Finkelstein-Zuta, G.; Arnon, Z.; Vijayakanth, T.; Messer, O.;
Lusky, O.; Wagner, A.; Zilberman, G.; Aizen, R.; Michaeli, L.; Rencus-
Lazar, S.; Gilead, S.; Shankar, S.; Pavan, M.; Goldstein, D.;
Kutchinsky, S.; Ellenbogen, T.; Palmer, B.; Goldbourt, A.; Sokol,
M.; Gazit, E. A self-healing multispectral transparent adhesive peptide
glass. Nature 2024, 368.

(19) Fan, W.; Xing, R.; Zhou, P.; Shen, G.; Cao, S.; Yuan, C.; Yan, X.
Programmable Bio-Derived Noncovalent Glass via Reconfigurable H-
Bonding Networks. Angew. Chem. Int. Ed. 2025, 64, No. e202517982.
(20) Xing, R.; Yuan, C.; Fan, W.; Ren, X.; Yan, X. Biomolecular glass
with amino acid and peptide nanoarchitectonics. Sci. Adv. 2023, 9,
No. eadd8105.
(21) Li, X.; Yang, Y.; Zhao, Z.; Bai, S.; Li, Q.; Li, J. General and
Versatile Nanoarchitectonics for Amino Acid-Based Glasses via Co-
Assembly of Organic Counterions. Angew. Chem. Int. Ed. 2025, 64,
No. e202422272.
(22) Castelletto, V.; Seitsonen, J.; Pollitt, A.; Hamley, I. W. Minimal
Peptide Sequences That Undergo Liquid-Liquid Phase Separation via
Self-Coacervation or Complex Coacervation with ATP. Biomacromo-
lecules 2024, 25, 5321−5331.
(23) Castelletto, V.; de Mello, L.; Seitsonen, J.; Hamley, I. W.
Fibrillization versus Coacervation in Arginine-Tryptophan Repeat
Peptides: Effects of Sequence Length and pH. Mater. Adv. 2025, 6,
8670−8685.
(24) Cowieson, N. P.; Edwards-Gayle, C. J. C.; Inoue, K.; Khunti, N.
S.; Doutch, J.; Williams, E.; Daniels, S.; Preece, G.; Krumpa, N. A.;
Sutter, J. P.; Tully, M. D.; Terrill, N. J.; Rambo, R. P. Beamline B21:
high-throughput small-angle X-ray scattering at Diamond Light
Source. J. Synchrotron Radiat. 2020, 27, 1438−1446.
(25) Edwards-Gayle, C. J. C.; Khunti, N.; Hamley, I. W.; Inoue, K.;
Cowieson, N.; Rambo, R. Design of a multipurpose sample cell holder
for the Diamond Light Source high-throughput SAXS beamline B21.
J. Synchrotron Radiat. 2021, 28, 318−321.
(26) Hamley, I. W. Small-Angle Scattering: Theory, Instrumentation,
Data and Applications; Wiley: Chichester, 2021.
(27) Dhas, S.; Suresh, M.; Bhagavannarayana, G.; Natarajan, S.
Growth and characterization of L-Tartaric acid, an NLO material. J.
Cryst. Growth 2007, 309, 48−52.
(28) Chemica lbook, ht tps ://www.chemica lbook.com/
SpectrumEN_87-69-4_IR1.htm, accessed Dec 12, 2025.
(29) Chemica lbook, ht tps ://www.chemica lbook.com/
SpectrumEN_3724-65-0_IR1.htm, accessed Dec 12, 2025.
(30) Stuart, B. Biological Applications of Infrared Spectroscopy; Wiley:
Chichester, 1997.
(31) Barth, A. Infrared spectroscopy of proteins. Biochim. Biophys.
Acta-Bioenerg. 2007, 1767, 1073−1101.
(32) Barth, A. The infrared absorption of amino acid side chains.
Prog. Biophys. Mol. Biol. 2000, 74, 141−173.
(33) Pelton, J. T.; McLean, L. R. Spectroscopic methods for analysis
of protein secondary structure. Analyt. Biochem. 2000, 277, 167−176.
(34) Gaussier, H.; Morency, H.; Lavoie, M. C.; Subirade, M.
Replacement of trifluoroacetic acid with HCl in the hydrophobic
purification steps of pediocin PA-1: A structural effect. Appl. Environ.
Microbiol. 2002, 68, 4803−4808.
(35) Eker, F.; Griebenow, K.; Schweitzer-Stenner, R. Ab1−28
fragment of the amyloid peptide predominantly adopts a polypropy-
line II conformation in acidic solution. Biochemistry 2004, 43, 6893−
6898.
(36) Bellamy, L. J. The Infra-red Spectra of Complex Molecules;
Chapman and Hall: London, 1975.
(37) Huizi-Rayo, U.; Gastearena, X.; Ortuño, A.; Cuerva, J.;
Rodríguez-Diéguez, A.; García, J.; Ugalde, J.; Seco, J.; San
Sebastian, E.; Cepeda, J. Influence of Tartrate Ligand Coordination
over Luminescence Properties of Chiral Lanthanide-Based Metal-
Organic Frameworks. Nanomaterials 2022, 12..
(38) Yuan, C.; Fan, W.; Zhou, P.; Xing, R.; Cao, S.; Yan, X. High-
entropy non-covalent cyclic peptide glass. Nat. Nanotechnol. 2024, 19,
1840−1848.
(39) Cao, S.; Fan, W.; Chang, R.; Yuan, C.; Yan, X. Metal Ion-
Coordinated Biomolecular Noncovalent Glass with Ceramic-like
Mechanics. CCS Chem. 2024, 6, 2814−2824.
(40) Nie, F.; Yan, D. Macroscopic Assembly of Chiral Hydrogen-
bonded Metal-free Supramolecular Glasses for Enhanced Color-
tunable Ultralong Room Temperature Phosphorescence. Angew.
Chem. Int. Ed. 2023, 62, No. e202302751.

Biomacromolecules pubs.acs.org/Biomac Article

https://doi.org/10.1021/acs.biomac.5c02634
Biomacromolecules XXXX, XXX, XXX−XXX

H

https://pubs.acs.org/doi/10.1021/acs.biomac.5c02634?ref=pdf
https://doi.org/10.1016/0014-5793(93)81360-c
https://doi.org/10.1002/anie.200700861
https://doi.org/10.1039/C6CS00542J
https://doi.org/10.1039/C6CS00542J
https://doi.org/10.1039/C9CS00199A
https://doi.org/10.1016/S1367-5931(02)00391-5
https://doi.org/10.1016/S1367-5931(02)00391-5
https://doi.org/10.1016/S1367-5931(02)00391-5
https://doi.org/10.1039/b921448h
https://doi.org/10.1039/b921448h
https://doi.org/10.1039/c0sm01218a
https://doi.org/10.1002/psc.2633
https://doi.org/10.1002/psc.2633
https://doi.org/10.1096/fj.01-0442hyp
https://doi.org/10.1096/fj.01-0442hyp
https://doi.org/10.1021/acsabm.2c01041?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsabm.2c01041?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsabm.2c01041?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b9nj00764d
https://doi.org/10.1039/b9nj00764d
https://doi.org/10.1039/b919449p
https://doi.org/10.1039/b919449p
https://doi.org/10.1039/c5cs00941c
https://doi.org/10.1039/c5cs00941c
https://doi.org/10.1021/acs.accounts.3c00592?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.3c00592?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41586-024-07408-x
https://doi.org/10.1038/s41586-024-07408-x
https://doi.org/10.1002/anie.202517982
https://doi.org/10.1002/anie.202517982
https://doi.org/10.1126/sciadv.add8105
https://doi.org/10.1126/sciadv.add8105
https://doi.org/10.1002/anie.202422272
https://doi.org/10.1002/anie.202422272
https://doi.org/10.1002/anie.202422272
https://doi.org/10.1021/acs.biomac.4c00738?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.4c00738?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.4c00738?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D5MA01006C
https://doi.org/10.1039/D5MA01006C
https://doi.org/10.1107/S1600577520009960
https://doi.org/10.1107/S1600577520009960
https://doi.org/10.1107/S1600577520009960
https://doi.org/10.1107/S1600577520013831
https://doi.org/10.1107/S1600577520013831
https://doi.org/10.1016/j.jcrysgro.2007.09.008
https://www.chemicalbook.com/SpectrumEN_87-69-4_IR1.htm
https://www.chemicalbook.com/SpectrumEN_87-69-4_IR1.htm
https://www.chemicalbook.com/SpectrumEN_3724-65-0_IR1.htm
https://www.chemicalbook.com/SpectrumEN_3724-65-0_IR1.htm
https://doi.org/10.1016/j.bbabio.2007.06.004
https://doi.org/10.1016/S0079-6107(00)00021-3
https://doi.org/10.1006/abio.1999.4320
https://doi.org/10.1006/abio.1999.4320
https://doi.org/10.1128/AEM.68.10.4803-4808.2002
https://doi.org/10.1128/AEM.68.10.4803-4808.2002
https://doi.org/10.1021/bi049542+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi049542+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi049542+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/nano12223999
https://doi.org/10.3390/nano12223999
https://doi.org/10.3390/nano12223999
https://doi.org/10.1038/s41565-024-01766-3
https://doi.org/10.1038/s41565-024-01766-3
https://doi.org/10.31635/ccschem.024.202303832
https://doi.org/10.31635/ccschem.024.202303832
https://doi.org/10.31635/ccschem.024.202303832
https://doi.org/10.1002/anie.202302751
https://doi.org/10.1002/anie.202302751
https://doi.org/10.1002/anie.202302751
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.5c02634?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(41) Li, N.; Chang, L.; Gu, Z.; Zhang, J. Chiral Noncovalent Peptide
Glasses for Highly Circularly Polarized Luminescence. Adv. Mater.
2026, 38, No. e12857.

Biomacromolecules pubs.acs.org/Biomac Article

https://doi.org/10.1021/acs.biomac.5c02634
Biomacromolecules XXXX, XXX, XXX−XXX

I

https://doi.org/10.1002/adma.202512857
https://doi.org/10.1002/adma.202512857
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.5c02634?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs

