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Paolo Foggi,2,6 Marco Paolantoni,6,* Raffaele Mezzenga,3,7,* and Renato Torre2,5,*

SUMMARY

Reactive amyloid oligomers are responsible for cytotoxicity in amyloid pathol-
ogies and because of their unstable nature characterizing their behavior is a chal-
lenge. The physics governing the self-assembly of proteins in crowded conditions
is extremely complex and its comprehension, despite its paramount relevance to
understanding molecular mechanisms inside cells and optimizing pharmaceutical
processes, remains inconclusive. Here, we focus on the amyloid oligomerization
process in self-crowded lysozyme aqueous solutions in acidic conditions. We
reveal that the amyloid oligomers form at high protein concentration and low
pH. Throughmulti-length scale spectroscopic investigations, we find that amyloid
oligomers can further interconnect with each other by weak and non-specific in-
teractions forming an extended network that leads to the percolation of the
whole system. Our multi-length scale structural analysis follows the thermal
history of amyloid oligomers from different perspectives and highlights the
impact of hierarchical self-assembly of biological macromolecules on functional
properties.

INTRODUCTION

The transition of human soluble proteins into insoluble amyloid aggregates is the cause of an increasing

number of degenerative amyloidogenic diseases (Chiti and Dobson, 2017). In parallel to this threating

pathological frame, amyloid aggregates also perform functional roles in a wide span of living organisms,

which range from bacteria to mammals (Knowles and Mezzenga, 2016). A deeper understanding of how

nature synthesizes functional amyloids sheds light on the conditions in which pathological amyloids

form. Additionally, amyloid structures can also be artificially synthetized in vitro and applied for designing

novel functional materials with promising applications (Rajagopal and Schneider, 2004; Hanczyc et al.,

2013; Mains et al., 2013; Bolisetty and Mezzenga, 2016; Chaves et al., 2016; Knowles and Mezzenga,

2016; Abdelrahman et al., 2020). Owing to the breadth of fields that seek an accurate definition of amyloid

structures, pursuing fundamental and systematic studies on the proteins’ hierarchical self-assembly mech-

anisms is of paramount importance.

A key factor is the specific molecular aggregation pathways that proteins experience during the hierarchi-

cal structuring from the molecular to the macroscopic length scales. At the molecular level, the structural

building blocks that generate amyloid aggregates are independent of the protein type (Knowles and Mez-

zenga, 2016). They consist of amyloidogenic portions arranged into cross-b structures. At the mesoscopic

length scale, amyloid aggregates reveal a wide morphological differentiation, like rigid fibers, curvilinear

fibers, spheres, tubes, and so on, which depends on the pursued specific molecular aggregation pathway

(Wei et al., 2017). The active research on amyloid aggregation points toward important aspects that should

be further investigated. The first is the comprehension of the molecular paths that form reactive amyloid

oligomers, indeed, because of their high cytotoxicity, the knowledge of themolecular steps leading to their

formation could help design new inhibition strategies (Miti et al., 2015; Hasecke et al., 2018; Dear et al.,

2020). The second concerns protein behavior in high concentrated environments, referred to here as

crowded (>100 mg/mL) (Roosen-Runge et al., 2011; von Bülow et al., 2019). Crowded conditions are a

requirement of several biotechnological topics, such as pharmaceutical formulation for the synthesis of

monoclonal antibodies and understanding of proteins behavior in the cytoplasm of living cells with concen-

trations that can reach 400 mg/mL (Pastore and Temussi, 2012). At this level of crowding, the physical
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8092 Zürich, Switzerland

4ENEA Centro di Ricerche
Frascati, Via E. Fermi 45,
00044 Frascati, Italy

5Dipartimento di Fisica ed
Astronomia, Università di
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mechanisms that govern protein behavior are highly complex, and physical parameters, such as excluded

volume effect and molecular diffusion, become relevant to determine the hierarchical self-assembly path-

ways (Giugliarelli et al., 2016; McManus et al., 2016).

Here we address the complex processes occurring to proteins in self-crowded conditions through contact-

less and non-destructive spectroscopic techniques over multiple length scales. Previously, some of us used

Fourier transform infrared (FTIR) spectroscopy to uncover the thermal denaturation and aggregation ki-

netics of highly concentrated solutions of the globular protein hen egg white lysozyme (LYS) (Catalini

et al., 2021). Lysozyme has been chosen because is a small protein of 14.6 kDa often used as amodel system

to investigate the amyloid aggregation mechanisms owing to its propensity to form amyloid aggregates

in vitro.

The present work unifies the molecular scale information from FTIR with the structural information in the

nano andmesoscale obtained by small-angle X-ray scattering (SAXS). This approach enables us to describe

the thermal unfolding, aggregation, and disaggregation processes of highly concentrated lysozyme solu-

tions, and identify the molecular interactions that generate the oligomeric structures, together with their

length scales. The balance between protein-protein and protein-solvent molecular interactions influences

the size and the morphology of the formed nanoaggregates, and the macroscopic viscoelastic properties.

The latter information is obtained by heterodyne transient grating (HD-TG) non-linear spectroscopy (Cat-

alini et al., 2019). The multi-length scales probed through FTIR, SAXS and HD-TG provide an unprece-

dented overview of the hierarchical self-assembly of LYS solution in self-crowded condition and low pH.

The complementary information provided by these spectroscopies enables deep insight into the unfolding

of LYS structure, which is a necessary requirement for triggering all the other processes. The thermal history

of the transient amyloid oligomers is revealed, and the possibility to generate an extended hydrogel

network, in the thermodynamic region where the amyloid oligomers are stable, established. The weak

and non-specific interactions among the amyloid oligomers are responsible for the hydrogel network

and provide the thermal reversibility of the hydrogel phase.

RESULTS AND DISCUSSION

Thermal unfolding of self-crowded lysozyme solution

Unfolding relates to the exposition of the hydrophobic portions of protein monomers to the surrounding

solvent. To examine the effect of crowding during the unfolding of LYS, we apply FTIR, SAXS, and time-

resolved HD-TG on a self-crowded LYS solution, here referred to as LYS120 (120 mg of LYS in 1 mL of

D2O). Figures 1A–1C report the raw signals that cover the multi-length scales of the hierarchical system.

We comparemeasurements at 25�C, when LYSmonomers are in the folded state, to 70�C, when LYSmono-

mers are in the unfolded state.

Focusing on the FTIR spectra (Figure 1A), we obtain molecular scale conformational changes in the LYS

monomer owing to the unfolding process. The broad asymmetric peak centered at about 1650 cm�1 is

the amide I (AmI) signal, which is mainly generated by the carbonyl stretching vibration. The carbonyl group

of one amino acid residue, together with the aminic part of another residue, interacts and generates the so-

called protein secondary structure. The carbonyl group interacts with the aminic portion to create second-

ary structural motifs such as a-helix, b-sheet, and turns (Pelton and McLean, 2000). Different secondary

structures relate to different frequencies of carbonyl vibration, and lead to the consequent asymmetry of

the amide I band. The percentage of unfolded LYS, obtained as described in the STAR Methods section

(Sassi et al., 2011), is shown as a function of temperature (Figure 1D). The data identify the melting temper-

ature of LYS at �51�C, when 50% of the protein structure is unfolded, in agreement with the previous anal-

ysis (Catalini et al., 2021).

Moving from the molecular to the mesoscopic length scale, information about the structural changes in the

LYS globule is obtained through SAXS measurements (Figure 1B). In self-crowded conditions, the small-

angle scattering intensity, I(q), is generated by two contributions: the form factor, P(q), and the structure

factor, S(q). The first reflects intra-monomers electron density correlations and is used to extract informa-

tion on the size and the shape of the monomers. The structure factor, S(q), reflects inter-monomers corre-

lations and yields information about their interaction (Kikhney and Svergun, 2015). The concentrations at

which the protein solutions were considered for the determination of the form factor ranged from 5 to

307 mg/mL (Figure S1). Both Figures 1B and S1 show a decrease in I(q) at small q-values for all the SAXS
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profiles, owing to inter-monomer repulsions. Only LYS with 5 mg/mL exhibits a plateau, characteristic of

spherical form factor. These outputs highlight that for concentrations higher than 5 mg/mL, the monomers

of LYS undergo a repulsive interaction potential (Bonnete et al., 1999; Finet et al., 2004). The SAXS curves

have a broad peak between q = 0.1–0.2 Å�1 (identified as P1 in Figure 1B), related to the shape and size of

the LYS monomer, and to the monomer-monomer correlation distance owing to the interactions among

proteins (Kikhney and Svergun, 2015). With enhanced self-crowding (i.e., increasing concentration), the

LYSmonomers become closer, owing to the excluded volume effect, leading to lower correlation distances

among them. This phenomenon is highlighted by the progressive shift at higher q value of broad peak (Fig-

ure S1), which reflects shorter correlation distances. Another broad peak, identified as P2 in Figure 1B, is

present in the SAXS profiles between q = 0.3–0.6 Å�1. This peak seems to be independent of the LYS con-

centration, and it reflects the structural inter-domain correlation related to the spatial disposition of the

polypeptide chain, i.e. the protein tertiary structure (Hirai et al., 1998, 2004). We mainly relate P2 to the

P(q) of foldedmonomers; however, we cannot exclude that it also has partial contributions from local peaks

of S(q).

Figure 1E shows the q value at the maximum (qmax) of the P1 in the SAXS curves as a function of heating and

cooling thermal cycles. This controls if LYS can recover its structure in such extreme conditions of low pH

and self-crowding. The trend of qmax during heating points out that the SAXS signal at the length scale of

Figure 1. Thermal unfolding of self-crowded LYS solution

(A–C) Raw spectroscopic signals of the LYS120 solution at 25�C (black curves) and at 70�C (red curves), acquired using FTIR

(A), SAXS (B), and HD-TG (C). Impact of temperature increase on the different parameters used to highlight the thermal

behavior of the LYS120 solution.

(D) Percentage of unfolded LYS monomers as a function of temperature.

(E) Scattering vector (q) position of SAXS peak plotted vs temperature during heating (green points) and cooling (blue

points) cycles.

(F) Viscosity coefficient, DV, as a function of temperature at two different scattering vectors: 2.1 mm-1 and 1.4 mm-1; the

trend of DV of the LYS120 solution is compared with the trend of the pure solvent, D2O.
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ca. 6 nm remains unchanged until 40�C, meaning that the LYS structure remains practically unaltered. At

50�C, the scattering curve moves toward lower q, as the globular protein unfolds and assumes in the

unfolded state an extended spatial conformation. The thermal behavior of the SAXS curves in the self-

crowded regime (Figure 1B) resembles the behavior found for the 5 mg/mL diluted LYS solution (Figure S2)

and indicates that is mainly caused by variations of the form factor, dependent on the LYS globule elonga-

tion as a consequence of protein unfolding. Obviously, the temperature variation and the exposition of the

protein hydrophobic portions influence the interaction potential and thus the structure factor, although to

a lesser extent than the form factor. The persistence of P1 at the highest temperature of 90�C, Figure 1B,

suggests that LYS monomers even if in an unfolded state retain certain globular compactness and are not

fully denatured. Contrastingly, P2 disappears at high temperatures (Hirai et al., 1998; Arai and Hirai, 1999).

We suggest that LYS elongation reduces specific intramolecular correlation distances between different

domains. Moreover, the cooling curve follows the heating one, suggesting the high degree of structural

reversibility of LYS even in the self-crowded regime (Figure S3).

As a control experiment, we compare these self-crowded results to the SAXS profiles obtained for the

diluted LYS solutions using the same thermal ramp. We confirm the reversibility of the LYS structure (Fig-

ure S2). The molecular and structural changes of LYS in solution have a strong influence on the interactions

occurring between the monomers and the surrounding hydration water molecules. Indeed, conformational

changes have an impact on the macroscopic viscoelasticity, and therefore influence the propagation of the

sound wave into the sample (Chiarelli et al., 2010, 2014). Figure 1C shows the HD-TG signal at low and high

temperatures, whereas Figure 1F reports the thermal dependence of the viscosity coefficient, DV, for the

two investigated wave vectors, 2.1 mm-1 and 1.4 mm-1, comparing the trend of the LYS120 solution with

that of the pure solvent. The viscosity coefficient is defined in the STAR Methods section and accounts

for the viscoelasticity variation of the system. The temperature dependence of DV shows a linear decrease

until 45�C, like the thermal behavior of D2O; however, while the D2O signal continues to decrease between

50 and 60�C, the one of the protein solutions remains constant. The quasi-stationary value of DV in the tem-

perature range where the protein unfolding occurs is connected to the transition of the LYSmonomers from

the folded structural conformation to the unfolded one (Kessler and Dunn, 1969; Catalini et al., 2019). On

one hand, enhanced thermal motion breaks the hydrogen bonds among water molecules more efficiently,

leading to a viscosity drop. On the other hand, the temperature increase unfolds the protein globule with a

consequent exposition of its hydrophobic parts. This process leads to a variation of the hydration shell,

which increases the viscosity of the system (Kessler and Dunn, 1969; Pavlovskaya et al., 1992; Corredig

and Dalgleish, 1996). These two competing effects determine the overall stationary value of DV during

the unfolding process.

To sum up, the processes involving proteins such as unfolding are highly dependent on thermodynamic

variables and solvation environment. The protein concentration falls within these parameters. In our exper-

imental conditions, the low solution pH strongly charges the surface of the LYS monomers (as LYS isoelec-

tric point is at pH 11) and increases the repulsive potential among monomers, disfavouring the hierarchical

self-assembly. We have verified that even at such high concentration (120 mg/mL) is possible to describe

the unfolding process with a two-state model. At room temperature, LYS has a compact globular shape

with the hydrophobic portions embedded into the core and has a positively charged surface. As the tem-

perature increases, the chains acquire flexibility, but the overall structure remains practically unchanged up

to 40�C. At 51�C, the greatest structural change occurs and the shape of the LYS monomers elongates

becoming less globular. This structural variation causes the exposition of the hydrophobic portions to

the solvent, generating an increase in the system viscosity. Even if the system is fully in a self-crowded

regime, (> 100 mg/mL) there is no evidence of amyloid hierarchical self-assembly.

Thermal behavior of transient lysozyme amyloid oligomers

To increase the environmental crowding, we have studied a doubly concentrated LYS solution, here

referred to as LYS240 (240 mg of LYS in 1 mL of D2O). Figure 2 combines the measurements performed

with the three spectroscopic techniques on the sample LYS240. Figures 2A–2C are acquired at temperatures

of 25 and 60�C. Indeed, for temperatures higher than 60�C, two molecular pathways became relevant: one

leads to the dissociation of the amyloid oligomer, and the other leads to amorphous self-assembly. The size

of the amorphous aggregates, being presumably in the order of the wavelength of visible light, making the

samples opaque and prevent the HD-TG signal recording, because of limitations in the used experimental

geometry.
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The FTIR spectrum recorded at 60�C reported in Figure 2A clearly shows a peak at ca. 1620 cm�1, which is a

spectroscopic marker for intermolecular b-sheet interactions, considered a fingerprint of amyloids (Barth

and Zscherp, 2002; Zandomeneghi et al., 2009; Sarroukh et al., 2013; Zou et al., 2013). Moreover, the pres-

ence of a shoulder at ca. 1690 cm�1 suggests antiparallel cross-b interactions (Barth and Zscherp, 2002;

Zandomeneghi et al., 2009; Sarroukh et al., 2013; Zou et al., 2013). Self-crowded regime, low pH, and short

waiting times of about 20 min favor the formation of small amyloid oligomers, both energetically and kinet-

ically (Zou et al., 2013; Dear et al., 2020). Oligomers, after long waiting times of about 1 week, could evolve

and form curvilinear fibrils (Mulaj et al., 2014; Miti et al., 2015; Cao et al., 2021). From the ratio of the areas of

the intermolecular b-sheet signal and the whole amide I signal, a rough estimation of the percentage of

intermolecular cross-b structures, with respect to the total amount of amide carbonyl groups is calculated

(Figure 2D) as explained in more detail in the STARMethods. The clearest evidence is that an unfolded pro-

tein structure is needed to stimulate the aggregation process. Once the cross-b aggregation starts, it

rapidly evolves up to 55�C reaching the maximum number of amyloid oligomers. However, they are ther-

mally unstable and dissociate at temperatures above 60�C. The possibility of dissociating amyloid aggre-

gates at high temperature seems to be a quite peculiar feature of LYS (Sassi et al., 2011; Catalini et al.,

2021), which is not common in all proteins (Cao et al., 2021; Comez et al., 2021). The formation of the am-

yloid oligomers has repercussion even at the mesoscopic length scale. Indeed, the SAXS recorded at 60�C

Figure 2. Thermal Behavior of Transient LYS Amyloid Oligomers

(A–C) Raw spectroscopic signals of the LYS240 solution at 25�C (black curves) and at 60�C (red curves), acquired using FTIR

(A), SAXS (B), and HD-TG (C). Impact of temperature increase on the different parameters used to follow the hierarchical

self-assembly process.

(D) Percentage of cross-b structures as a function of temperature.

(E) Scattering intensity value, I(q), at q = 0.044 A�1 plotted vs temperature during heating (orange points) and cooling

(blue point).

(F) Viscosity coefficient, DV, as a function of temperature at two different scattering vectors: 2.1 mm-1 and 1.4 mm-1; the

trend of DV of LYS240 solution is compared with the trend of the pure solvent, D2O.
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(Figure 2B) shows an enhancement of I(q) at low q-values owing to the hierarchical self-assembly of the LYS

monomers that form amyloid oligomeric species. In fact, unfolded monomers self-assemble into these

oligomers, which are larger than the individual building blocks, and scatter more at lower scattering vec-

tors. Figure 2E reports the scattering intensity at a fixed wave vector, of q = 0.044 A�1 as a function of tem-

perature. It is the scattering vector at which the maximum increase in scattered intensity is found. The data

plotted in Figures 2D and 2E show a similar trend as a function of temperature. This experimental evidence

enables us to follow the thermal history of these transient species: oligomers with antiparallel cross-b struc-

tures develop at temperatures higher than 40�C and are most abundant between 50 and 55�C, with a size

that falls within the length scales associated with the q-vectors with enhanced scattering signal, at about

14.2 nm (2p/0.044 A�1). The comparison of the SAXS curves collected at 25�C before and after the thermal

treatment is reported in Figure S5 and is superimposed in the middle-high scattering vector region,

evidencing high structural reversibility of the protein monomer (Hirai et al., 1998; Arai and Hirai, 1999).

A decrease of I(q) in the low q-region, for temperatures higher than 60�C, evidence that those amyloid olig-

omers are thermally stable until 60�C and for higher temperature dissociate, in agreement with the thermal

trend observed for the cross-b signal in FTIR spectra (Figure 1D). These results suggest that LYS amyloid

oligomers are small structures, mainly generated by thermo-labile cross-b interactions. The partial revers-

ibility of the system is evidenced by the residual higher intensity at low q after cooling (Figure S5). Thus,

while a large fraction of amyloid oligomers dissociates at higher temperatures, some aggregate remains

after the thermal treatment.

The formation of amyloid oligomers has a strong influence on the viscoelastic properties of the whole sys-

tem. The thermal behavior of the viscosity coefficient of the LYS240 sample is shown in Figure 2F and is very

different with respect to that of the LYS120 solution where the hierarchical self-assembly does not occur.

Above 40�C, the DV trend reverses and strongly increases with temperature, owing to the formation of

amyloid oligomers (Corredig and Dalgleish, 1996; Corredig et al., 2004; Catalini et al., 2019). In fact, the

formation of amyloid oligomers can contribute to damping the acoustic wave in the material: the most

probable phenomenon is the overall increase of the viscosity of the solution, owing to the formation of

weak physical interactions among the oligomers. Even the increase in the system complexity (Bryant and

McClements, 1999a) and acoustic scattering phenomena could contribute (Bryant and McClements,

1999a, 1999b) to the acoustic wave damping.

To sum up, the increase of LYS concentration (double-concentration) allows the hierarchical self-assembly

process. Even if the surface of protein is highly charged, self-crowding favors the interaction among LYS

monomers. Concerning the molecular length-scale, FTIR data evidence the formation of antiparallel

cross-b interactions among monomers, i.e. amyloid aggregates. The temporal scale of their growth (about

20 min and not 1 week) is compatible with the formation of small amyloid oligomers and not with long am-

yloid fibrils. Even the thermal instability of these aggregates is compatible with the formation of small labile

oligomers. Information on the nanometre length scale confirms themolecular one and reveals that the olig-

omers’ size is about 14.2 nm. Macroscopically, the growth of amyloid oligomers leads to an overall increase

in the solution viscosity, which might be explained by considering their reciprocal interactions.

Thermal behavior of amyloid oligomer-based hydrogel

The formation of the amyloid oligomers and their propensity to interact with each other through weak

interactions opens possibilities to design oligomeric-based hydrogels. The protocol for the hydrogel for-

mation foresees leaving the LYS240 solution at a high temperature (50�C) for 2 h, during which the amyloid

oligomers are formed, and after a quick cooling of the sample, the system percolates forming a transparent

hydrogel, hereafter referred to as GEL50 (Catalini et al., 2021). This protocol enables the quick formation of

the hydrogel, which has been exploited to investigate the thermal behavior of the amyloid oligomers that

form the network gel matrix. The raw signals obtained through the three spectroscopic techniques are

reported in Figures 3A–3C.

Figure 3D points out the evolution of the intermolecular b-sheet signal as a function of temperature,

revealing the same thermal behavior found for the LYS240 sample: the intermolecular b-sheet structures in-

crease starting at ca. 45�C and then break at temperatures higher than 60�C. The SAXS profiles of the GEL50
(Figure S6) samplematch the outputs obtained through the FTIR spectra, revealing that both spectroscopic

techniques can probe the transient amyloid oligomers directly in solution during their formation and disso-

ciation (Figures 3D and 3F). The DV thermal trend, reported in Figure 3F, shows amarked change from 0.045
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to 0.032 cm2/s with temperature: DV decreases up to 45�C, and then a plateau appears at higher temper-

atures. The kink can be associated with the gel to liquid phase transition at 45�C (Catalini et al., 2021). In

fact, the increase of the sound attenuation in the gel phase appears to be a generic occurrence of biologic

systems, already observed in gelatine (Bacri et al., 1980; Dwyer et al., 2005; Parker and Povey, 2012) and in

polysaccharides (Audebrand et al., 1995). Our data suggest the possibility to use HD-TG spectroscopy as

non-destructive and contactless approach to follow phase transitions in biomaterials over length scales of

4-6 mm, as revealed by Figure S7 where the DV values of all the samples are plotted together.

The results obtained with the three different techniques can be rationalized, considering that there are two

typologies of interactions that play a key role in the mentioned system. The first consists of cross-b motifs

that self-assemble into oligomers, as probed by FTIR and SAXS experiments. The second consists of weak

physical interactions such as hydrophobic and hydrogen bonds, which hold the oligomers together to form

the gel matrix and is revealed by HD-TG. Up to 45�C, both interactions are present: cross-b motifs result

from the quenching of LYS240 solution at 50�C, and weak interactions provide elasticity to the hydrogel sys-

tem. At 45�C, thermal energy breaks the weak interactions, driving consequently a gel-to-sol transition

(Catalini et al., 2021), while cross-b motifs are further encouraged to form up to a temperature of 60�C.
At higher temperatures, also the content of cross-bmotifs decreases and the monomers assemble instead

Figure 3. Thermal Behavior of Amyloid Oligomer-Based Hydrogel

(A–C) Raw spectroscopic signals of the GEL50 sample at 25�C (black curves) and at 65�C (red curves), acquired using FTIR

(A), SAXS (B), and HD-TG (C).

Impact of temperature increase on the different parameters used to follow the amyloid oligomers’ thermal behavior.

(D) Percentage of cross-b structures as a function of temperature.

(E) Scattering intensity value, I(q), at q = 0.044 A�1 plotted vs temperature during heating (lilac points) and cooling (blue

point).

(F) Viscosity coefficient, DV, as a function of temperature at two different scattering vectors: 2.1 mm-1 and 1.4 mm-1; the

trend of DV of the GEL50 sample is compared with the trend of the pure solvent, D2O.
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into amorphous aggregates, the presence of which is suggested by the increased turbidity of the

solution. Turbidity is related to the formation of structures with sizes in the order of the wavelength of light

or larger.

Discussion on lysozyme clusters

To complete the discussion of our results it is important to analyze the relationship between our findings

and previous observations about the presence or absence of clusters at low temperatures (between 5 and

25�C) in concentrated lysozyme suspensions (Sciortino et al., 2004; Cardinaux et al., 2007; Shukla et al.,

2008). Both lysozyme and colloids were shown to form equilibrium clusters in concentrated states, owing

to a subtle interplay between a short-ranged attraction potential and long-ranged electrostatic repulsion

(Stradner et al., 2004). Experimental findings, based on X-ray and neutron scattering experiments, were

corroborated through theoretical consideration and MD simulations (Sciortino et al., 2004; Cardinaux

et al., 2007).

A later X-ray scattering work described the behavior of lysozyme in concentrated solutions through the

introduction of a repulsive potential among individual monomers, however, without ascribing the features

of the scattering functions to the presence of equilibrium clusters (Shukla et al., 2008).

In our experiments, the low pH of the solution (1.8) should prevent the formation of clusters. This consid-

eration is based on the modeling of equilibrium clusters in lysozyme concentrated systems (Cardinaux

et al., 2007), in which short-range attraction potential was modeled through a generalized Lennard-Jones

potential (VSR ), while the long-range repulsion with a Yukava potential (VY ). In the conditions of both the

experimental works mentioned above (Stradner et al., 2004; Shukla et al., 2008) (pH = 7.8), the net charge

of lysozyme molecules was assumed to be Z0 = + 8e. Such a pH condition leads to a repulsive potential

that, at short distances (r/s / 1), assumes a characteristic value VY

kBT
� 2, while the attraction potential

has a minimum VSR

kBT
� � 6. The sum of the two potentials gives rise to a local minimum compatible with

the inter-monomer distance in clusters.

At pH 1.8, the surface charge of lysozymemonomers was shown to double Z0 � + 16e (Kuehner et al., 1999).

As a consequence, as the Yukawa potential scales on Z0 with a power of 2, the value of the potential in-

creases of a factor 4 (neglecting the correction factor X, in Equation 2 in ref. (Cardinaux et al., 2007)). In

these conditions, VY

kBT
� 8 and VSR

kBT
� � 6: the combination of the two potentials does not allow, therefore,

a local minimum, which is compatible with the formation of equilibrium clusters.

Because of these latter considerations, the interpretation of the scattering data in the present work

ascribed the peak in small-q regions (q � 0:1 A�1) to the repulsive potential among monomers, while

the peak in high-q regions (q � 0:3 � 0:5 A�1) to intra-monomer features. In the latter case, the peak

showed no dependency on concentration and disappeared on melting of the lysozyme monomers.

Conclusion

The multi-length scale spectroscopic approach here proposed, allows for a non-destructive and contact-

less in situ study of the processes involving proteins, and in general, biologic systems, proving to be an

alternative and/or integrative method to the more conventional ones such as fluorescence, calorimetry,

and rheology techniques. The coherent view, obtained by matching the outputs of the used spectroscopic

techniques, allows for sketching the thermal history of the transient amyloid oligomers as pictured in Fig-

ure 4. The unfolding process follows the same molecular pathway regardless of the protein concentration,

even if the macroscopic viscosity changes and unspecific transient clustering contacts could occur (Scior-

tino et al., 2004; Stradner et al., 2004; Liu et al., 2005; Shukla et al., 2008; Cardinaux et al., 2011; Assenza and

Mezzenga, 2019). The thermal unfolding induces the exposition of the protein hydrophobic chains, which

alter the arrangement of water molecules around the protein surface. For sufficient protein content, the

exposure of the hydrophobic chains triggers the lysozyme aggregation in a controlled and specific way.

The present experimental conditions (low pH and crowded conditions) favor the formation of transient am-

yloid oligomers with a relatively small size, which are composed by intermolecular b-sheet (Figure 4). The

formed amyloid oligomers reveal a marked thermal instability and a tendency to interact among them-

selves by weak interactions. On the other hand, mature fibrils show high thermal stability and inertia

(Chen et al., 2022). Our protocol for the preparation of the amyloid oligomer-based hydrogel is based

on keeping the LYS240 solution at 50�C for 2h to achieve a high content of amyloid oligomers and then
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quickly cooling it at room temperature to incentivize the formation of the hydrogel network. The amyloid

oligomers, which have been formed during the incubation of the solution at 50�C, can interact among them

through weak bonds, forming an extended network that retains the water molecules and the non-aggre-

gated lysozyme monomers inside the matrix, leading to the percolation of the system. Hydrogel based

on amyloid oligomers transit to the liquid state at 45�C, as revealed by the Dv thermal trend. Although

the system starts to flow, the amyloid oligomers are still present and the intermolecular b-sheet

Figure 4. Thermal History of the Transient Amyloid Oligomers

Sketch of the thermal-induced hierarchical self-assembly of LYS240 solution from the molecular (top side of the scheme) to the macroscopic length scale

(bottom side of the scheme). The scheme of the protocol for the formation of the GEL50 is reported in the bottom part of the figure. The incubation for 2h

at 50�C of the LYS240 solution guarantees the formation of high content of amyloid oligomers and the quick cooling at 25�C promotes the system

percolation.
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aggregation process restarts at 60�C (Catalini et al., 2021). The amyloid oligomers are responsible for the

existence of the gel matrix, but they do not interact among them through cross-b interactions but rather

through weak non-specific interactions that involve other portions of their structure.

Limitations of the study

Our in situ spectroscopic work investigates the self-assembly mechanism of lysozyme as a simple model

protein. An important step forward could be to extend the proposed approach to other proteins in

crowded conditions to infer the generality of the presented picture. Another improvement could be

combining the spectroscopic techniques used in this work with a detailed morphological characterization

of the hydrogel network.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY

B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND SUBJECT DETAILS

d METHOD DETAILS

B Samples preparation

B FTIR spectra

B SAXS experiment

B HD-TG experiment

d ADDITIONAL RESOURCES

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.2022.104586.

ACKNOWLEDGMENTS

This research was funded by Ente Cassa di Risparmio di Firenze (prog. 2018.1042), Ministero dell’Istruzione
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact, Sara Catalini (catalini@lens.unifi.it).

Materials availability

This study did not generate new unique reagents.

Data and code availability

All data reported in this paper will be shared by the lead contact upon request. This paper does not report

original code. Any additional information required to reanalyze the data reported in this paper is available

from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

This work does not use experimental models typical in the life sciences.

METHOD DETAILS

Samples preparation

The lyophilized powder of Hen Egg-White Lysozyme (Sigma Aldrich, L6876) is dissolved in deuterium oxide

(99.9 atom% D, Sigma Aldrich), to prepare solutions with different protein concentration ranging from 5 to

307 mg/mL. The protein solubilisation has been incentivized leaving the sample at 40�C for an hour. After

the total dissolution, the solution pH is adjusted with deuterium chloride (2M), to reach a final pH value of

1.8. The protein-based hydrogels have been prepared starting from the 240 mg/mL concentrated solution,

leaving the system at high temperatures (45, 50 and 55�C) for two hours and then quickly cooled to room

temperature. After few hours transparent gels are formed.

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Hen Egg-White Lysozyme Sigma Aldrich L6876

Deuterium Oxide (99.9 atom % D) Sigma Aldrich 7789-20-0

Deposited data

All data reported in this paper will be shared by the lead contact upon request.

Software and algorithms

Opus 5.5 software Bruker Optics https://www.bruker.com/en/products-and-solutions/

infrared-and-raman/opus-spectroscopy-software.html

Saxsgui program Rigaku N/A

Matlab software MathWorks https://it.mathworks.com/products/get-matlab.html?s_

tid=gn_getml

Origin 2018 software OriginLab https://www.originlab.com/

Other

FTIR spectrometer Bruker N/A

SAXS spectrometer Bruker AXS Micro instrument N/A

CD spectrometer JASCO N/A

HD-TG set-up home made at LENS N/A

FTIR spectrometer Bruker N/A
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FTIR spectra

Infrared absorptionmeasurements are collected using a FTIR Bruker spectrometer model Tensor27, equip-

ped with a DTGS detector. Transmission spectra are obtained employing a homemade cell equipped with

CaF2 windows that is placed into a jacket whose temperature is controlled by a Haake F6 circulating water

thermostat. The spectra are acquired with a resolution of 2 cm�1 by averaging over 20 scans for each spec-

trum. The software Opus 5.5 Bruker Optics is used for the acquisition and manipulation of the spectra. The

spectra are corrected employing the atmospheric compensation routine (Opus 5.5) to reduce the interfer-

ence due to CO2 and water vapor.

The fraction f(T) of unfolded LYS monomers as a function of temperature (Figure 1D) has been estimated,

based on a two-state model, from the T-dependence of the Amide I (AmI) band absorbance at 1650 cm-1

considering the relationship: f(T)=(AF�AT)/(AF�AU). Here AF is the absorbance at 25�C, taken as reference

value for the folded state, AU the absorbance at 87�C, taken as reference value for the unfolded state, and

AT the value at the intermediate T (Sassi et al., 2011).

The percentage of cross-b structures has been estimated by the ratio of the areas of the peaks associated

with the intermolecular b-sheet components over the entire amide I band. The amide I bands of LYS120 and

LYS240 samples have been normalized for the maximum absorbance value as reported in Figure S4. This

comparison indicates that the amide I bands only differ because of the spectral components related to

the amyloid oligomers. In these conditions the amyloid components at 1620 cm-1 and 1685 cm-1 can

been isolated by subtracting form the spectrum of LYS240 the normalized spectrum of the LYS120 at the cor-

responding temperature. The percentage of cross-b structures has then been estimated by the ratio of the

areas of the residual intensity, due to the intermolecular b-sheet components, over the entire Amide I band

obtained for the LYS240 solution.

SAXS experiment

SAXS measurements are performed on a Bruker AXS Micro instrument. The source is a micro focused X-ray

operating at voltage and filament current of 50 kV and 1000 mA, respectively. The CuKa radiation (l CuKa =

1.5418 Å) is collimated by a 2D Kratky-collimator, and the data are collected by a 2D Pilatus 100 K detector.

The scattering vector is calculated as q = (4p/l) sinq, 2q is the scattering angle calibrated using silver behenate.

Data are collected and azimuthally averaged using the Saxsgui software to yield one-dimensional intensity

versus scattering vector q, with a q range from 0.004 to 0.5 Å-1. All the samples are filled into 2 mm diameter

quartz capillaries which are sealed with epoxy glue (UHU). Measurements are performed as a function of tem-

perature and the scattered intensity is collected between 2 or 6 h, depending on the sample concentration.

The small angle scattering intensity, I(q), is generated by two contributions. The first contribution is the so-

called form factor, P(q), that gives intra-monomer information (like shape and size). The second contribu-

tion is due to the structure factor, S(q), that is generated by the inter-monomer interactions. Once that the

scattering intensity of the sample is recorded and corrected for the solvent contribution, the equation that

describes I(q) can be summarize as I(q)= n P(q) S(q) (Kikhney and Svergun, 2015). In this relationship n is a

constant which accounts for the monomer contrast. Figure S1A shows that I(q) forms a plateau from 0 until

0.07 Å-1 for the 5 mg/mL LYS solution. Such a plateau is characteristic of monodisperse dilute protein so-

lutions. Figure S1B shows the Guinier plot of the experimental scattering curves. In the 0.01–0.05 Å-2 range

the data of the 5 mg/mL LYS solution fall into a straight line, highlighting themonodisperse character of the

sample and suggesting the possibility of neglecting inter-monomer correlations (Kikhney and Svergun,

2015). In such a context the structure factor can be approximated to 1, simplifying the relation to I(q) = n

P(q) (Kikhney and Svergun, 2015). Increasing the protein concentration from 30 up to 307 mg/mL the

SAXS curve is generated by both P(q) and S(q) contributions. The descent of I(q) at small q-values indicates

a repulsive interaction potential between themonomers. Indeed, at pH 1.8 the LYSmonomers surface has a

high positive charge and consequently the strong repulsive potential between monomers leads to I(q) sup-

pression at low scattering wave vectors (Bonnete et al., 1999; Finet et al., 2004). At high concentrations, a

broad hump (0.1–0.2 Å-1) that characterizes the SAXS profiles is related to the inter-monomers correlation

distance due to their interactions and S(q) s 1 (Kikhney and Svergun, 2015).

HD-TG experiment

A single 1064 nm laser beam is divided in two pulses, which interfere and produce into the sample an impul-

sive spatial modulation of thematerial optical properties, characterized by the wave vector q. The temporal
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evolution of the induced modulation is probed through a third laser beam at 532 nm. The angle between

the exciting beams and consequently the q-vector induced in the sample, are changed using different

spacing of the grooves of the phasemask. A q-vector value of 2.1 and 1.4 mm-1 are investigated. The grating

diffracts the beams, passes through a doublet of achromatic lenses, and the second lens of the achromatic

doublet recombined and focused the beams on the sample, reproducing the same spatial modulation of

the phase mask. A reference beam is used to produce the heterodyne detection. The HD-TG signal is opti-

cally filtered and measured by a photodiode with a bandwidth of 1 GHz. The signal is then amplified and

recorded by a digital oscilloscope with a 7 GHz bandwidth. We record the data using a fast time window (0-

80 ns range with a 50 ps time step of sampling) and a long one (0-2 ms range with 800 ps time step). The

measurements are merged in a single data file. Each signal are the average of 1000 records, producing

an excellent signal to noise ratio. The samples are kept directly in the cuvette, introduced in a copper

cell holder, connected to a thermostat and a thermocouple to feedback the temperature control. The tem-

perature is varied from 20 to 80�C.

The parameter that we discuss in the manuscript is the viscosity coefficient, Dv, that is extracted from

the oscillating part of the HD-TG signal and is calculated as Dv = 1=ðts , q2Þ (valid in the approximation

of Cp=Cv � 1 (Taschin et al., 2006), where Cp=Cv is the specific heat ratio). The parameters are ts that is

the damping time of the acoustic wave oscillation and q that is the scattering vector imposed by the exper-

imental geometry. The uncertainty associated with Dv is 1% that is related to the fitting procedure. From the

viscosity coefficient, it is possible to obtain information on the viscoelastic behaviour of the medium.

Usually, the phase transitions of materials are monitored through calorimetry, which is sensitive to heat

induced structural changes, and/or by mechanical rheology, which is sensitive to the low-frequency visco-

elastic properties of the system. HD-TG spectroscopy provides an alternative and complementary non-

invasive and non-destructive approach to study the phase transitions of soft materials (Catalini et al., 2019).

ADDITIONAL RESOURCES

This work does not include any additional resources.
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