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A B S T R A C T   

Molecular insights on the β-lactoglobulin thermal unfolding and aggregation are derived from FTIR and UV 
Resonance Raman (UVRR) investigations. We propose an in situ and in real-time approach that thanks to the 
identification of specific spectroscopic markers can distinguish the two different unfolding pathways pursued by 
β-lactoglobulin during the conformational transition from the folded to the molten globule state, as triggered by 
the pH conditions. For both the investigated pH values (1.4 and 7.5) the greatest conformational variation of 
β-lactoglobulin occurs at 80 ◦C and a high degree of structural reversibility after cooling is observed. In acidic 
condition β-lactoglobulin exposes to the solvent its hydrophobic moieties in a much higher extent than in neutral 
solution, resulting on a highly open conformation. Moving from the diluted to the self-crowded regime, the 
solution pH and consequently the different molten globule conformation select the amyloid or non-amyloid 
aggregation pathway. At acidic condition the amyloid aggregates form during the heating cycle leading to the 
formation of transparent hydrogel. On the contrary, in neutral condition the amyloid aggregates never form. 
Information on the secondary structure conformational change of β-lactoglobulin and the formation of amyloid 
aggregates are obtained by FTIR spectroscopy and are related to the information of the structural changes 
localized around the aromatic amino acid sites by UVRR technique. Our results highlight a strong involvement of 
the chain portions where tryptophan is located on the formation of amyloid aggregates.   

1. Introduction 

Globular proteins are the most abundant proteins in nature, existing 
in a huge variety of three-dimensional structures. The conversion of 
soluble globular proteins into extended amyloid aggregates is one of the 
foundational causes for the onset of relevant amyloid pathologies [1]. 
However, amyloid aggregates are also found to play vital functional 
roles in different living organisms spanning from bacteria to human [2]. 
Moreover, some properties of amyloid aggregates such as their 
morphology, high mechanical strength, and chemical stability, to 
mention only a few, make them good candidates to fabricate new 

functional materials with emergent properties [3]. Indeed, the natural 
existence of protein amyloid aggregates that act as cellular self-defence 
systems and as highly engineered machines has been discovered [4,5], 
opening interesting perspectives for their application in material science 
field [4,5]. In this context, nanofibrillar aggregation might be exploited 
to develop specific protein hydrogels, as novel tuneable biomaterials 
[6]. Overall, a deep understanding of amyloid formation is of relevance 
in different fields other than medicine and cellular biology, such as for 
instance, tissue engineering, nanotechnology and food science [6–8]. 

The molecular mechanism responsible of the protein self-assembly is 
very complex, it involves the interplay of different types of interactions 
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and remains among the most puzzling problems in biophysics. The 
capability of forming amyloid aggregates, which are characterized by 
cross-β structures, is a rather general property of non-native proteins 
[5]. On the other hand, the amyloid aggregation pathways, which are 
protein-type dependent, can be differentiated by changing the experi
mental conditions (protein concentration, pH, temperature, or solvation 
properties) to select the final aggregation structuring. Often amyloid 
fibrils and protein hydrogels are produced in vitro starting from low 
concentrated protein samples (tens of mg/mL), with relatively long 
treatments (hours or days) at high temperatures and low pH [6,9]. In 
these conditions, fragments produced by hydrolytic processes often 
initiate the aggregation process. On the other hand, investigations on 
amyloid formation in concentrated samples have been more rarely 
accomplished, despite the importance of crowded and self-crowded 
protein systems in several areas, including cellular biology and phar
maceutics [10–13]. To fill the gap, in recent works [14–16] the heat- 
induced amyloid aggregation of the model protein lysozyme has been 
deeply investigated in self-crowded samples (>100 mg/mL) and acidic 
conditions. The aggregation process was monitored in situ and in real- 
time by spectroscopic approaches, demonstrating that amyloid oligo
mers develop quickly in denaturing conditions, leading to the formation 
of transparent thermoreversible hydrogels. These are constituted by 
interconnected (kinetically trapped) amyloid oligomers (not fibrils), 
which have a limited thermal stability and tend to dissociate at high 
temperatures. To note that amyloid oligomers are expected to be cyto
toxic species with high reactivity [14–17] while amyloid fibrils are 
stable and less reactive products [17–19]. Recent studies indicate that 
the formation of reversible or irreversible aggregates depends on the 
conformations assumed by the proteins during the unfolding pathways 
[20]. 

Among globular proteins, β-lactoglobulin (β-Lg) reveals a strong 
propensity to aggregate [21], forming amyloid species with emergent 
properties [22]. β-Lg is a small globular protein present in the milk of 
most mammals and is the most abundant of the whey proteins (ca. 60 
%). β-Lg boasts attractive functional qualities such as high solubility, 
emulsification capacity, strong viscosity, gelation propensity and 
foaming [23]. Moreover, it has high nutritional values and thus it is 
often used as additive in a wide number of food products [24]. Because 
of its high natural abundance, high nutritional value and interesting 
physicochemical properties, β-Lg is a promising candidate for several 
industrial large-scale applications. β-Lg has high bond affinity with hy
drophobic nutrients and lipophilic drugs, typical of the lipocalin protein 
family [25]. It presents a strong resistance against digestion [26], 
making it a good acid-resistant carrier useful for the delivery of nutrients 
and pharmaceuticals in the gastrointestinal tract [24]. Recently, aero
gels formed by amyloid fibrils of β-Lg evidence high conductivity and 
the capability to adsorbs organic pollutants from water, revealing 
interesting engineering applications for sensors [27,28] and water pu
rification [29,30]. Many of the β-Lg interesting properties and its great 
versatility for the different applications are related to the hydrophobic 
cavity present in the structure, reported in Fig. S1 of the supporting 
material. β-Lg is composed by 162 amino acids, with a molecular weight 
of 18.4 kDa and an isoelectric point at pH 5.1. It has been subjected to 
several investigations concerning its structure and aggregation, 
demonstrating that different unfolding and aggregations pathways 
occur in different experimental conditions [8,9,21,31–36]. 

The present work aims at investigating heat-induced aggregation of 
amyloid-type in highly concentrated solutions of β-Lg (100 and 200 mg/ 
mL) and at two pH values (1.4 and 7.5). The selected experimental 
conditions allowed us monitoring in real-time and in situ thermal- 
induced variations of the β-Lg conformation, as well as the formation 
of amyloid cross β-structure by Fourier transform infrared (FTIR) spec
troscopy. Moreover, synchrotron-based Ultraviolet Resonance Raman 
(UVRR) spectroscopy was employed to probe local conformational 
variations around the aromatic amino acids [37,38] during the aggre
gation process. A comparative investigation of diluted β-Lg samples (20 

mg/mL) was performed as a benchmark to evidence temperature- 
induced structural changes when aggregation processes can be neglec
ted [14–16,39]. 

2. Experimental section 

2.1. Samples preparation 

The lyophilized powder of β-lactoglobulin from bovine milk (Sigma 
Aldrich, L0130-5G) is dissolved in deuterium oxide (99.9 atom % D, 
Sigma Aldrich), to prepare solutions with different protein concentra
tion. Depending on the sensitivity of the used experimental techniques, 
the diluted protein samples are prepared with a content of 3.5 mg of 
protein/mL of solvent (here referred as mg/mL) and 20 mg/mL to 
perform UVRR and FTIR measurements, respectively. The concentrated 
samples reach a protein content of 100 mg/mL and 200 mg/mL. The 
protein total solubilisation is achieved by using a vortex mixer and 
subsequently the solution pH is adjusted with small amount of deute
rium chloride (2 M), to reach final pH values of 1.4 and 7.5. 

2.2. FTIR spectra 

Infrared absorption measurements are collected using a FTIR Bruker 
spectrometer model Alpha. The software Opus 6.5 Bruker Optics is used 
for the acquisition of the spectra and the version 8.1 for their analysis. 
Spectra are performed using a homemade cell equipped with CaF2 
windows and optical path length is adjusted with Teflon spacers. After 
loading the sample between the windows, the cell is placed into a jacket 
whose temperature is controlled by a Peltier system. The spectra are 
acquired with a resolution of 2 cm− 1, by averaging 30 scans and ana
lysed in the spectral range from 1750 to 1350 cm− 1. During the thermal 
ramp, before recording the spectrum, the sample is left to reach the set 
temperature for 5 min. 

2.3. UVRR spectra 

UV Resonance Raman (UVRR) experiments using synchrotron radi
ation (SR) are carried out at the BL10.2-IUVS beamline of Elettra Sin
crotrone Trieste (Italy) [37]. The exciting wavelength is set at 226 nm by 
regulating the aperture of the undulator gap and using a Czerny-Turner 
monochromator (Acton SP2750, focal length 750 mm, Princeton In
struments, USA) equipped with a holographic grating with 3600 
grooves/mm for monochromatizing the incoming SR. The UVRR spectra 
are collected in a back-scattered geometry by a single pass Czer
ny–Turner spectrometer of 750 mm focal length equipped with holo
graphic grating with 1800 grooves/mm. The spectral resolution is set to 
about 2 cm− 1/pixel. The calibration of the spectrometer is standardized 
using cyclohexane (spectroscopic grade, Sigma Aldrich), which does not 
absorb UV within the wavelength range of interest. The UVRR spectra of 
protein solutions are collected in the amide region (1000–1700 cm− 1). 
During all the experiments the power radiation on the sample is kept 
low, about 24 μW, and the sample cell is continuously horizontally 
displaced during the measurements to avoid possible photodamage ef
fects or heating of the sample. The Raman spectra of solutions are ac
quired at different values of temperature ranging from 25 ◦C to 95 ◦C 
using a sample holder equipped with a thermal bath coupled to a 
resistive heating system to keep the temperature of the sample at a fixed 
value with a stability of ±0.1 ◦C. 

3. Results and discussion 

3.1. β-Lg global conformation probed by FTIR spectroscopy 

Fig. 1a–c shows the temperature dependence of FTIR spectra of the 
diluted and the concentrated β-Lg solution at pH 1.4, in the amide fre
quency region. 
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The FTIR spectra of β-Lg reported in Fig. 1a,c show the amide II (AII) 
signal at 1550 cm− 1 that is mainly attributed to a CNH bending vibration 
[14]. Dissolving the protein in D2O, the deuterium atoms of the solvent 
exchange with the protein hydrogen atoms that are solvent accessible 
and the AII signal shifts at lower frequency, going from ca. 1550 cm− 1 to 
ca. 1450 cm− 1 (AII′) [14,40]. When the globular protein is folded, the 
hydrogen atoms located in the internal part of the structure are not 
exposed to the solvent and cannot exchange with deuterium atoms. 
Indeed, the FTIR spectra recorded at 20 ◦C have an intense AII′ band but 
still show the AII signal. With the temperature increasing, the protein 
tends to expose its hydrophobic portions and internal groups to the 
solvent, facilitating the H/D exchange [14]. In the spectra recorded at 
95 ◦C the AII signal disappeared while the intensity of the AII′ band 
increased with respect the spectra recorded at 20 ◦C. The amide I (AI) 
band falls at 1650 cm− 1 and is mostly ascribed to a CO stretching vi
bration of amide groups. The AI band is highly sensitive to the protein 
conformational changes because the amide carbonyl groups are directly 
involved in determining the protein secondary structure. Thus, by 
following the frequency position of the AI band, information on the 
protein conformational changes can be obtained. The β-Lg thermal 
unfolding is monitored recording the FTIR spectrum at each temperature 
in both heating and cooling scans, to verify the process reversibility. 
Fig. 1b reports the AI peak position as a function of temperature for the 
diluted protein solution. A sigmoidal-like curve is obtained with the 
largest variation appearing between 70 ◦C and 95 ◦C. This points out 
that the greatest conformational change takes place in this temperature 
range, as additionally supported by circular dichroism (CD) spectra re
ported in Fig. S2. In line with these findings, a structural rearrangement 
of the native β-Lg was found to occur at 80 ◦C and was attributed to the 
formation of a molten globule [41]. The process involves the loss of the 
tertiary structure and only a partial modification of the secondary one, 
with the formation of some disordered regions. The FTIR spectra 
recorded during the cooling scans highlight a good structural recovery of 
native β-Lg. 

Increasing the β-Lg concentration up to 200 mg/mL, the system be
cames self-crowded, and the protein monomers can aggregate at high 
temperature, as testified by the strong increase of the component cen
tred at 1617 cm− 1 in the FTIR spectrum recorded at 95 ◦C (Fig. 1c). This 
component is diagnostic for protein aggregates with amyloid structure 

[40]. The absorbance changes observed at 1550 cm− 1 (AII) and at 1617 
cm− 1 (amyloid aggregates) for the concentrated solution are reported in 
Fig. 1d. The full H/D exchange is reached at ca. 80 ◦C in proximity of the 
melting temperature estimated for the diluted sample; this indicates that 
the thermal-induced conformational change from the folded to the 
molten globule state, is not concentration-dependent. Overall, the 
occurrence of a cooperative two-state process, between the folded and 
partially unfolded (molten globule) species in thermal equilibrium can 
be conjectures [14]. In such a case, for temperatures close to the melting 
one, the increased fraction of the molten globule species, promotes the 
quick H/D exchange of the protein [14]. Fig. 1d also indicates that 
amyloid aggregation requires a fraction of molten globule species. Our 
finding remarks the idea that, in the case of β-Lg as for lysozyme [14], 
the formation of amyloid aggregates requires the exposition to the sol
vent of the proteins amyloidogenic portion. At the end of the heating 
cycle a transparent hydrogel is obtained at high temperature (inset of 
Fig. 1d). Results of FTIR measurements performed as a function of time 
in isothermal conditions (85 ◦C), reported in Fig. S4, clearly indicate that 
amyloid structures rapidly develop (within tens of minutes). Moreover, 
the system percolation is visually observed after 1 h of the isothermal 
cure at 85 ◦C for both samples (100 and 200 mg/mL). Comparing the 
thermal behaviour of β-Lg and lysozyme [14–16] in similar experi
mental conditions, i.e. similar concentration and pH, both globular 
proteins exhibit different unfolding mechanisms and different thermal 
stability of the formed amyloid aggregates. Indeed, the unfolding pro
cess of β-Lg passes through the molten globule intermediate state and the 
complete unfolding takes place at about 130 ◦C. Differently, lysozyme 
unfolding path can be described by a two-state model without inter
mediate species involvement, and the estimated melting temperature 
occurs at 53 ◦C [14–16]. The β-Lg molten globule in acidic conditions 
can form thermally stable amyloid aggregates that do not dissociate 
within the thermal range under consideration. These amyloid aggre
gates can reticulate directly at high temperature and the hydrogel phase 
is obtained. On the contrary, lysozyme amyloid oligomers are thermo
labile and dissociate for temperature higher than 60 ◦C; in fact, the 
hydrogel forms at low temperatures, after the cooling back [14–16]. 

Fig. 2 reports the FTIR spectra as a function of temperature of the 
diluted and concentrated β-Lg solution at pH 7.5. 

In Fig. 2b is reported the AI frequency position as a function of 

diluted solution

concentrated solution

Fig. 1. Panels (a) and (c) show the FTIR spectra of 
β-Lg solutions at pH 1.4, recorded at 20 ◦C and at 
95 ◦C, of the diluted (20 mg/mL) and of the concen
trated (200 mg/ml) β-Lg solutions, respectively. Panel 
(b) reports the frequency centre of gravity of the AI 
signal during the heating and the cooling thermal 
treatments of the diluted β-Lg solution. Panel (d) 
displays the temperature dependence of IR absor
bance of the AII (1550 cm− 1) and the amyloid (1617 
cm− 1) signals for the concentrated β-Lg solution. After 
the heating cycle, the formation of a transparent 
hydrogel is observed for the concentrated solution of 
protein (see photo inside panel d).   
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temperature. The data trend highlights a strong variation of the β-Lg 
conformation from 70 ◦C to 95 ◦C as in the acidic conditions (Fig. 1b), 
also confirmed by CD experiments (Fig. S3). However, in a neutral 
environment the data show a smoother variation, suggesting a more 
gradual transition from the native to the molten globule state. The 
process is reversible as evidenced by the good superimposition of the 
heating and cooling curves. An important aspect to note from Fig. 2a,c is 
the behaviour of the AII band. In this case (neutral solution), unlike in 
the previous one (acid solution), the AII band does not disappear at 
95 ◦C, despite the transition falls within the same range (70–95 ◦C). The 
persistence of the AII band at high temperatures suggests that some 
portions of β-Lg remain not accessible to the solvent, preventing the 
complete H/D substitution. Thus, the data indicate that the transition 
from the native to the molten globule state occurs at about 80 ◦C in both 
acidic and neutral conditions. Nevertheless, the molten globule 
conformation appears different at the two pH values. It can be conjec
tured that in acidic conditions, the molten globule has a more open 
structure, with the amyloidogenic portions more exposed to the solvent. 
As such, the system easily self-assembles at high concentrations to 
generate amyloid aggregates. On the contrary, in neutral conditions, the 
structure of the molten globule is relatively less opened, with modified 
aggregation propensity. In fact, in these conditions, the amyloid ag
gregates do not form and the sample gelation is not observed, even in 

very concentrated conditions. However, an overall broadening of the AI 
band is observed at increasing temperature (Fig. 2c), and the data trend 
of the cooling ramp (Fig. 2d) indicate some degree of irreversibility. 
These features can be explained considering that amorphous aggrega
tion might partially take place in the concentrated sample at high 
temperatures. Overall, FTIR findings indicate that the formation of 
transparent gel in concentrated β-Lg solutions is related to the devel
opment of amyloid aggregates that, in turn, requires the presence of a 
specific molten globule conformation. 

Comparing these results with those obtained previously with lyso
zyme, we observe a totally different behaviour of the melting temper
ature value as a function of the solution pH. In fact, the melting 
temperature of lysozyme is strongly dependent on the pH value, that 
moving from 4.5 to 1.8 strongly affects the lysozyme melting tempera
ture reducing its value of about 20 ◦C [14]. Instead, as regards the 
transition temperature from the folded to the molten globule state, the 
stronger conformational variation of β-Lg always takes place between 
70 ◦C and 85 ◦C. However, the molten globule intermediate states 
reached at acidic and at neutral conditions are different among them as 
asserted by the AII band thermal behaviour and by the totally different 
development of aggregation paths in the two experimental conditions. 

diluted solution

concentrated solution

Fig. 2. Panels (a) and (c) show the FTIR spectra of β-Lg solutions at pH 7.5, recorded at 20 ◦C and at 95 ◦C, of the diluted (20 mg/mL) and of the concentrated (100 
mg/ml) β-Lg solutions, respectively. Panels (b) and (d) report the temperature-dependence of the frequency centre of gravity of the AI signal during the heating and 
the cooling thermal treatments of the diluted and the concentrated β-Lg solutions, respectively. After the heating cycle the formation of gel is not observed even at 
protein concentrated conditions (see photo inside panel d). 
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3.2. β-Lg local conformation probed by UVRR spectroscopy 

Resonance Raman spectroscopy allows to enhance those bands due 
to vibrational modes that are coupled to the selected electronic transi
tion. Therefore, it provides specific information on the structure of 
proteins thanks to the sensitivity of the enhanced signals to the local 
chemical environment. Using excitation wavelength in the near UV (>
210 nm), the Raman spectrum of a protein is dominated by the signals 
coming from the phenol and the indole chromophores, which are the 
side groups of tyrosine and tryptophan amino acid residues, respec
tively. The absorption spectrum of tryptophan (Trp) and tyrosine (Tyr) 
at 226 nm, that is the used excitation wavelength of the present Raman 
experiments, derives from the π − π* electronic transition to the Bb state 
in Trp and La state in Tyr [42]. Consequently, a selective enhancement of 
Trp and Tyr bands occurs with negligible interference from amide bands 
and from bands associated with any other amino acid side chains. 

The UVRR spectrum of β-Lg dissolved in D2O (Fig. 3a) is dominated 
by the in-plane aromatic ring vibrations of Trp and Tyr, as supported by 
the spectra of Trp and Tyr solutions reported in Fig. 3b,c. 

Tryptophan bands appear at 1018 cm− 1 (Trp16), generated by the 
symmetric benzene/pyrrole out-of-phase breathing mode, at 
1340–1360 cm− 1 (Trp7), attributed to the Fermi resonance between N1- 
C8 stretching in pyrrole ring and combination bands of out-of-plane 
bending and at 1554 cm− 1 (Trp3), related to the C2-C3 stretching 
mode of the pyrrole ring [42]. 

Tyrosine bands are observed at 1184 cm− 1 (Tyr9a), generated by the 

in-plane C–H bending, at 1220 cm− 1 (Tyr7a), related to the ring C-Cβ 
stretching and at 1616 cm− 1 (Tyr8a) due to the in-plane ring stretching 
[42]. 

The UV–Vis absorption band position and shape of Trp and Tyr is 
influenced by their surrounding chemical environment. In resonance 
conditions this effect modulates the Raman cross section and thus the 
intensity of the Raman bands of both aminoacidic residues. In proteins, 
the amino acid side-chain environment depends on several factors such 
as, the local packing of the neighbouring side chains, the contact with 
the backbone amide bonds, the exposure of the residue to the solvent 
and the interactions among protein monomers when aggregation or 
clustering occurs [43–45]. Therefore, in principle, it is possible to draw 
some conclusions concerning conformational rearrangements around 
the portions of the polypeptide chains where Trp and Tyr are located, by 
looking at the intensity variations of resonance Raman spectra recorded 
with 226 nm excitation. 

Fig. 4a,b displays the UVRR spectra of the diluted and the concen
trated β-Lg solutions at pH 1.4 collected at 22 ◦C (blue curves) and 85 ◦C 
(red curves). The intensity of the Trp Raman signals significantly varies 
when the temperature of the system is increased from 22 ◦C to 85 ◦C. The 
band that shows the greatest intensity variation is the Trp3 one. Fig. 4c 

Fig. 3. UVRR spectra recorded with 226 nm excitation wavelength of (a) β-Lg, 
(b) tryptophan and (c) tyrosine dissolved in deuterium oxide at pH 1.4. 

diluted solution

concentrated solution

Fig. 4. UVRR spectra recorded at 22 ◦C and 85 ◦C with 226 nm excitation 
wavelength of (a) β-Lg 3.5 mg/mL and (b) β-Lg 100 mg/mL at pH 1.4. Panel (c) 
reports the Trp3/Tyr8a intensity ratio as a function of temperature estimated 
for diluted and concentrated solutions of β-Lg at pH 1.4. The empty symbols 
represent the cooling. 
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reports the Trp3/Tyr8a intensity ratio (ITrp) for the investigated samples 
as a function of temperature in the 22–85 ◦C range and at 22 ◦C (empty 
symbols) after a fast-cooling back, performed to verify the reversibility 
of the process. 

It is important to remark that the Raman signals related to Trp and 
Tyr are the result of the contribution of all the residues present in the 
β-Lg chain and it is not possible to discriminate among the different Trp 
and Tyr present in the structure [46]. As expected, the signal Tyr8a has a 
higher intensity compared to the Trp3 since the β-Lg contains four Tyr 
and two Trp residues [35,36]. The two Trp residues are located in 
different portions of the chain, one is into the protein hydrophobic core 
and the other is near the surface in an extremely mobile loop. 

For the lower temperatures (<35 ◦C), ITrp (see Fig. 4c) increases 
going from the diluted (3.5 mg/mL) to the concentrated (100 and 200 
mg/mL) solutions. Considering that Trp(19) is buried into the β-barrel, it 
can be argued that a minor local rearrangement of the mobile loop 
where Trp(61) is located might take place upon concentration increase. 
In fact, the physical chemistry of self-crowded protein solutions becomes 
very complex. To describe their behaviour, it is necessary to consider 
additional parameters such as the interaction potential between proteins 
and both excluded volume and diffusive effects. Interestingly, for the 
diluted sample (3.5 mg/mL), ITrp strongly increases with temperature in 
the 22–35 ◦C, becoming T-independent at T > 35 ◦C. This would suggest 
that the modifications involving the Trp(61) moiety occur at lower 
temperatures and that these are not connected with the extended global 
rearrangement, detected by FTIR and CD within 70–95 ◦C. 

Concerning the concentrated samples, ITrp is basically T-independent 
up to ca. 70 ◦C, showing a strong decrease (from 0.70 to 0.35) in the 
70–85 ◦C range. This decrease occurs in the thermal range where the 
formation of amyloid aggregates takes place. These findings are 
consistent with previous UVRR studies on both lysozyme [47,48] and 
insulin fibrillation [49,50], where similarly the intensity damping of the 
UVRR signals of the aromatic residues was found to occur during amy
loid aggregation. As a general explanation of the Trp Raman bands in
tensity variation, Asher and co-workers [51–53] suggest that this is 
related to the shift of the Trp absorption band, which depends on the 
involvement of the NH group of the indole ring in the formation of 
hydrogen bonds. When the NH group acts as H-donor, the electron 
density increases on the nitrogen atom and the energy of the HOMO 
molecular orbital rises up, causing the red shift of the absorption band 
and the enhancement of the Raman signal. On the contrary, when the 
NH acts as proton acceptor the heteroatom electron density decreases 
resulting in a stabilization of the HOMO energy level with a blue shift of 
the absorption band resulting in a decrement of the Raman signals in
tensity [51–53]. Thus, our experimental results highlight how the β-Lg 
amyloid aggregation also involves modifications of the local environ
ment of Trp. This might include modulations of the H-bonding in
teractions formed by the Trp NH group either with other amino acid 
residues and/or with the solvent. The data corresponding to the cooling 
back of the systems in Fig. 4c provide evidence of a good recovery of the 
β-Lg structure in diluted conditions, when the aggregation does not 
occur, while confirming the persistence of amyloid aggregates in the 
concentrated solutions. The fact that ITrp decreases upon formation of 
amyloid structures, is further confirmed by the UVRR spectra recorded 
at 85 ◦C as a function of time, shown in Fig. S5. 

Fig. 5a,b reports the UVRR spectra of the diluted and the concen
trated β-Lg solution at pH 7.5, while panel c reports the ITrp obtained at 
different temperatures. 

As observed for the acidic β-Lg solutions (Fig. 4c), the ITrp obtained at 
22 ◦C (Fig. 5c) increases passing from the diluted (3.5 mg/mL) to the 
concentrated (100 mg/mL) sample. As before, this might tentatively be 
ascribed to minor variations of the mobile loop, where Trp(61) is 
localized, upon concentration increase. The ratio does not depend on the 
protein amount starting from about 35 ◦C, showing similar trends in the 
whole temperature range. In particular, the ITrp progressively increases 
with temperature above 60 ◦C, when major structural changes are 

evidenced by FTIR spectra. Thus, at pH = 7.5 the transition from the 
folded to the molten globule state should involve modifications around 
the Trp residue. We remark that in the neutral conditions the thermal 
treatment does not lead to the formation of amyloid aggregates as in 
acidic conditions, when a substantial decrease of the ITrp is observed. 
The cooling back of the systems (empty symbols in Fig. 5c) evidences a 
good recovery of the β-Lg structure at the two investigated protein 
concentrations, suggesting that the possible formation of amorphous 
aggregates is of minor importance and/or does not modify substantially 
the Trp environment. 

The sketch of Fig. 6 summarizes the two different aggregation paths, 
i.e. amyloidogenic and non- amyloidogenic, occurring in concentrated 
solution of β-Lg protein during the heating of the sample. As mentioned 
above, the acid conditions lead to the formation of amyloidogenic ag
gregates that result in the transition from liquid to gel state for the 
concentrated solutions of β-Lg. 

By combining the information obtained from the FTIR and UVRR 
spectra of the crowded samples we can schematize a different mecha
nism occurring in acidic and neutral conditions. Fig. 6A reports the 
structure of β-Lg in the folded state. Upon temperature increase, in a 
thermal range between 70 ◦C and 85 ◦C, the β-Lg starts to open leading 
to the molten globule state, as shown in Fig. 6B. The conformation 

diluted solution

concentrated solution

Fig. 5. UVRR spectra recorded at 22 ◦C and 85 ◦C with 226 nm excitation 
wavelength of (a) β-Lg 3.5 mg/mL and (b) β-Lg 100 mg/mL at pH 7.5. Panel (c) 
reports the Trp3/Tyr8a intensity ratio as a function of temperature estimated 
for diluted and concentrated solutions of β-Lg at pH 7.5. The empty symbols 
represent the cooling. 
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assumed by the molten globule in acidic conditions is different from that 
in neutral conditions. Indeed, the molten globule conformation at 
neutral pH is not able to promote the amyloid aggregation route, 
probably weakly interacting clusters or some disordered aggregates can 
be formed. On the other hand, the molten globule conformation 
assumed by β-Lg at low pH is more open, triggering the amyloid ag
gregation, as pictured by Fig. 6C. The latter is spectroscopically identi
fied through the growth of the FTIR signal at 1617 cm− 1 which is 
peculiar to cross-β interaction and the drastic decrease of the Trp signal 
at 1554 cm− 1 on the UVRR spectra. This suggests that the Trp located 
inside the β-barrel resides in the amylogenic portion (or very close to it), 
contributing to the stabilization of amyloid aggregates. 

4. Conclusions 

A general method, based on in situ FTIR and UVRR spectroscopy, is 
proposed here to shed light on the thermally-promoted aggregation 
behaviour of β-Lg as a function of the solution pH in a self-crowded 
milieu, for mimicking biomolecular dense packing in real natural sys
tems [54]. Our experimental approach identifies specific IR and Raman 
spectroscopic markers that are strongly sensitive to both the β-Lg 
conformational changes and the self-aggregation mechanisms, in turn 
affected by the surrounding environment. Previous measurements on 
β-Lg conformational variation as a function of temperature, indicated 
the formation of a molten globule state at about 80 ◦C, identifying a 
second denaturation transition at 130 ◦C [55,56]. Here FTIR and UVRR 
spectra are recorded in the thermal range from 20 ◦C to 95 ◦C and thus 
the β-Lg transition from the folded to the molten globule state is fol
lowed in real-time conditions. As main achievement of our investigation, 
we can correlate specific IR and UVRR spectral changes to amyloido
genic or non-amyloidogenic aggregation pathways that the β-Lg protein 
experiences during the heating process. Our coherent view, obtained by 
matching the spectroscopic results coming from complementary non- 
destructive techniques, allows for revealing the existence of two 
different molten globule conformations able to select or not the amyloid 
aggregation route, as pictured in Fig. 6. These two different routes can 
be efficiently selected through the control of pH, i.e. the variation of β-Lg 
superficial charge. Indeed, the molten globule structure of β-Lg is less 
compact in acidic condition compared to the neutral one, even if the 

greatest conformational variation occurs in the same thermal range. A 
highly open conformation of β-Lg allows the exposition to the solvent of 
amyloidogenic portions, triggering the amyloid aggregation process that 
can occur only at low pH, when the formation of a transparent hydrogel 
is observed. The presence of amyloid aggregates is testified by the strong 
upturn of the marker signal in the medium IR region and by the greatest 
suppression of the ITrp in the UVRR spectra occurring in the melting 
thermal range and in the self-crowded regime. The achievements of this 
work confirm the capability of the UVRR technique, in combination with 
conventional IR and CD experiments, to provide a local structural view 
on the complex macromolecular phenomena taking place during protein 
aggregation. Overall, results demonstrate that protein-based amyloid 
hydrogels can be quickly formed in self-crowding conditions at low pH. 
The formation of this type of amyloid hydrogel might be of relevance in 
cellular biology and in industrial sectors such as the pharmaceutical and 
food areas, when proteins denaturation occurs in concentrated systems. 
Amyloid-based hydrogels formed in crowded conditions can represent 
an interesting class of functional biomaterials and can be further 
exploited for studying aggregates networking. On this framework our 
future studies concern the understanding of proteins co-aggregation 
using the food proteins β-Lg and lysozyme together. Indeed, these two 
proteins are already amply used in food and pharmaceutical manufac
ture and might be employed as suitable model systems to investigate 
aggregate formation in crowded multicomponent samples. Multiprotein 
(amyloid) hydrogels could be developped to better control the bioma
terial properties such as viscoelasticity, crucial for real applications. 
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