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Abstract 

Materials based on ordered protein aggregates have recently received a lot of attention for their application as drug 

carriers, due to their biocompatibility and their ability to sequester many biological fluids. Bovine serum albumin (BSA) 

is a good candidate for this use due to its high availability and tendency to aggregate and gel under acidic conditions. 

In the present work, we employ spectroscopic techniques to investigate the heat-induced BSA aggregation at the 

molecular scale, in the 12-84°C temperature range, at pH=5 where two different isoforms of the protein are stable. 

Samples at low and high protein concentration are examined. With the advantage of the combined use of FTIR and 

CD, we recognize the aggregation-prone species and the different distribution of secondary structures, conformational 

rearrangements and types of aggregates, of millimolar compared to micromolar BSA solutions. Further, as a new tool, 

we use the Maximum Entropy Method to fit the kinetic curves to investigate the distribution of kinetic constants of 

the complex hierarchical aggregation process. Finally, we characterize the activation energy of the initial self-

assembling step to observe that the formation of both small and large aggregates is driven by the same interactions.  
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Introduction 

Serum albumin is a transport protein of the blood, the most abundant serum protein in mammals (50 mg/ml ca.). Due 

to its availability and stability, it is one of the most used model proteins in biophysical studies, both in the animal and 

human variants. Its structure is highly flexible and depends on the solvation conditions. At neutral pH, a negative net 

charge is distributed over a typical heart-shaped structure, having a 70% α-helical conformation, and divided into the 

three different homologous domains I, II, and III [1,2]. It is known that the soft BSA molecule undergoes multi-stage 

transformations and that the transformations are complex since all the three domains of the protein can rearrange 

independently [3]. They can be observed and characterized by thermal treatments or pH changes[4–9]. On increasing 

pH at room temperature, reversible transformations have been identified among five isomeric forms of BSA,[10] from 

the expanded (E), fast (F), normal (N), basic (B), and aged (A) forms. The F to E transition is assigned to the unfolding 

of the helical structure of the domain I. The N to F transition is assigned to the unfolding of the domain III; in this 

conformational change, the protein transits through its isoelectric point and reaches a +100 net charge at pH=3.5. 

In a recent work, Baler et al.[11] give a detailed description of the charge distribution in BSA, allowing to recognize 

hydrophilic and hydrophobic regions of the molecule which strongly contribute to defining protein-solvent and 

protein-protein interactions. Concerning self-aggregation, they observe that this is particularly favored when the 

protein is in the F form due to the exposure of the hydrophobic groups to the solvent. Because of its open structure, 

the high positive surface charge is neutralized by counter-ions which are present in the solvation environment; this 

makes the hydrophobic interactions prevail and eventually lead to the formation of hydrogels. 

The study of the aggregation properties of globular proteins is of great interest both in the biological field and in 

materials science. The formation of highly ordered aggregates having a β-sheet structure is related to the onset of 

neurodegenerative diseases such as Parkinson's and Alzheimer's[12]; moreover, these aggregates have recently been 

used as a highly biocompatible matrix for drug delivery [5,13–15].  

Both the structure of BSA and the morphology of its aggregates are highly dependent on pH. While the self-assembling 

of the N form leads to conformationally disordered aggregates, for pH values lower than the isoelectric point (approx. 

5) in which the F form prevails, the aggregates are more ordered, characterized by the beta-sheet conformation typical 

of amyloid species. In the present study, we follow the thermal denaturation of BSA at pH 5 at different concentrations, 

where both N and F isoforms are stable at room temperature[4]. Despite the numerous studies on the aggregation of 

this model protein, a detailed characterization of small pre-fibrillar aggregate formation from BSA F-isoform is still 

lacking.  
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Protein self-assembling is the result of a delicate balance between hydrophilic and hydrophobic interactions; in this 

respect, the low surface charge should emphasize the hydrophobic contribution to aggregation. To characterize these 

interactions is important in defining the properties of materials derived from protein aggregates or preventing the 

formation of amyloid species and prolonging the protein shelf-life. At pH 5 BSA shows a maximum of apparent partial 

specific volume, and a maximum specific adiabatic compressibility [16]. Besides, it has a surface charge equal to 9 

[16,17], and SAXS measurements show that the dimeric species are stable at room temperature when the 

concentration is equal to 50 mg/ml; in fact, not only pH but also protein concentration play a fundamental role to 

define the type and strength of intermolecular interactions between native and non-native structures. While many 

denaturation and aggregation studies are conducted on micromolar BSA solutions, in this work we present a 

characterization conducted on millimolar solutions (30-60 mg/ml), to probe, together with the effect of the surface 

charge, that of self-crowding, closer to the natural conditions that occur for this protein[18] .We characterized the 

heat-induced conformational rearrangement by using IR absorption and circular dichroism (CD) from both a 

thermodynamic and kinetic point of view. It is known that the high temperature or the presence of additives, is able 

to favor the formation of aggregates, even of considerable size, within a few minutes when the concentration is high 

[19-21]. In the case of BSA, however, the formation of oligomers of limited size can also occur at room temperature, 

especially for very low pH values [22]. Many microscopic and spectroscopic techniques have been used to characterize 

the process leading to the formation of large supramolecular structures [22–25]. IR absorption and CD spectroscopy 

are two effective techniques in studying the conformational variations of proteins and their intermolecular 

aggregation processes; the different sensitivity they show to reveal reversible and irreversible denaturation processes 

makes them somewhat complementary in the characterization of the protein systems. The information one can obtain 

from the two techniques allows to characterize the protein structure at the molecular level (secondary and tertiary 

structural properties of the single polypeptide chain). Furthermore, FTIR spectroscopy allows to selectively probe the 

process of small species formation, thus allowing to distinguish the oligomerization from the much more extensively 

studied fibrillation process [21,22,26]. The conformational investigation is supported by an analysis of the kinetics data 

through the Maximum Entropy Method (MEM), which is a valuable tool for gathering information at the molecular 

level. [27]The evolution of the characteristic CD signals of the secondary structure of the protein as the temperature 

varies in the range between 12 and 84°C has been studied in detail [28,29]; however, the high protein concentration, 

close to the physiological value of tens of milligrams per milliliter, is always considered as an issue with this technique. 

In the present work we perform CD measurements on both low (0.2 mg/ml) and high (60 mg/ml) concentration 

https://paperpile.com/c/tOk9Zm/F5bvF
https://paperpile.com/c/tOk9Zm/F5bvF+Uy6ZB
https://paperpile.com/c/tOk9Zm/pTcGP
https://paperpile.com/c/tOk9Zm/fkPJ0+V7Hay
https://paperpile.com/c/tOk9Zm/hFTZ7
https://paperpile.com/c/tOk9Zm/hFTZ7+CvMei+WG2mw+fsEjT
https://paperpile.com/c/tOk9Zm/veu4
https://paperpile.com/c/tOk9Zm/LKr3n+XutgT


solutions: significant differences have been evidenced between BSA molecular structure in the two concentration 

regimes. Moreover, the IR marker band of intermolecular β-structures is used as a probe of the aggregation kinetics 

[30–34], and the mechanism of assembling at different concentrations is described. We characterize this aggregate 

formation using MEM to fit the kinetic curves obtained in the melting range; this allows recognizing the main steps of 

the first two hours of assembling. For the initial few minute reaction, we evaluated the activation energy of the 

aggregation rate to be compared with the one obtained for BSA fibrillation. 

 

Materials and Methods 

Samples  

Bovine serum albumin (98%) and D2O was purchased from Sigma—Aldrich and used without further purification. The 

solutions were prepared by dissolving a known mass of protein in a given quantity of deuterated water (pH = 5 

obtained by adding HCl). Concentration comes expressed as the mass of solute per volume of water (mg/ml). Each 

mixture has been sonicated to ensure complete solubility of the solute and homogeneity of the solution. 

 

Circular Dichroism 

Circular dichroism measurements were performed using the Jasco J810 spectropolarimeter. Each spectrum was 

collected in the range from 220 to 350 nm, with a scan speed of 50 nm/min. Quartz cuvettes with path-length of 1 

mm, and 0.01 mm were used, to obtain the optimum signal-to-noise ratio for the BSA samples with concentrations of 

0.2 mg/ml – 3 μM and the 60 mg/ml - 900 μM, respectively. Temperature was controlled through a thermal bath, with 

steps of 3 °C, and equilibration time of 3 min. The exact protein concentration was checked by means of a Jasco V-570 

Spectrophotometer, using the extinction coefficient of BSA at 280 nm.[35] The temperature evolution of CD spectra 

was monitored on the variation of intensity at 222 nm with respect to the profile measured at 12°C, thus evaluating 

the relative ellipticity (𝜃𝜆𝑟𝑒𝑙) in the 12-84°C range. 

 

FTIR  
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Infrared absorption measurements were carried out using a Bruker Tensor 27 FTIR spectrometer (Ettlingen, Germany) 

with a resolution of 1 cm−1 in the 5000-900 cm−1 range. For FTIR measurements, 10 μl of protein solution was 

sandwiched between two calcium fluoride windows. The temperature was controlled using an FTIR600 Infrared Stage 

(Linkam Scientific Instruments, Tadworth, Surrey, UK). The temperature dependence of the FTIR spectra was studied 

by cooling the sample from room temperature down to a minimum of 12°C at a rate of approximately 1°C min−1; the 

sample was thermally equilibrated at 12°C for 30 min and subsequently heated up at a rate of 1°C min−1. The 12-84°C 

temperature range was explored by measuring one spectrum every 2°C with a step-scan routine:  120 s heating and 

120 s thermalization to record the FTIR spectrum at a fixed temperature. The time dependence of the Amide I band 

was also monitored at a fixed temperature in the 60-75°C range, by recording the FTIR spectrum every 60 s for two 

hours. 

 

Maximum Entropy method  

The kinetics of aggregate formation have been fitted by the function (1) and the Maximum Entropy method using the 

MemExp Software[36]. MEM entails the maximization of the function Q defined in eq (4): 

𝑄 = 𝑆 − 𝜆𝜒2 − 𝛼𝐼         (4) 

where S is the information entropy, I is a normalization factor, and λ and 𝛼 are Lagrange multipliers. In the definition 

of 𝜒2, the standard errors in the measured data were assumed to be Gaussian type. The choice of the best-fit function 

was made by considering the magnitude of 𝜒2 and of the correlation length of the residuals. MEM has revealed a 

powerful tool for analyzing kinetics and gaining insights into the conformational distributions and the micro-

heterogeneity of different samples[37,38].    
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Results and discussion 

In Fig. 1 the CD profiles of a dilute (0.2 mg/ml - 3μM) and a concentrated (60 mg/ml - 900 μM) BSA solutions are shown 

in the region of π−π* and n−π* transitions of amidic groups: some differences are evidenced both at the lowest (12°C) 

and the highest (84°C) temperatures between spectra of these two samples. 

The 208-222 nm double minimum in the low temperature spectra suggests that the dominating conformation of BSA 

in the diluted sample is α-helix.[35,39] As the temperature increases, the profile of the double minimum becomes 

broader and broader and the relative intensity of the two components is altered to such an extent that they cannot 

be distinguished anymore, thus signaling the protein unfolding. Quite interestingly, in the more concentrated sample 

the 208 nm minimum at T=12°C is much reduced with respect to the 222 nm component, a feature that is related to 

the instability observed by Baler et al. [8]: on increasing the BSA concentration a smaller helix fraction is expected due 

to protein-protein interactions and to solvent exposure of the side chains. The temperature evolution of helical 

structures can be followed on the CD intensity at 222 nm, as shown in Fig. 1 (panels c,d); these curves easily allow 

recognizing the melting range in the region where the negative peak of (δ𝜃𝜆𝑟𝑒𝑙/δT) is observed. 

However, the description of the unfolding process in both dilute and concentrated solutions can be inspected by 

BestSel deconvolution analysis[40] to reproduce, in a selective manner, the different components of BSA secondary 

structure as a function of temperature (see Fig.2).  

At room temperature, we obtain an estimate of 52% helix content for the dilute BSA solution, in very good agreement 

with MD simulation results, estimated for both N and F isoforms .[8] Our deconvolution results of 0.2 mg/ml solution 

suggest that the average melting temperature is observed at about 55°C (Fig.2b) with most helices converted into 

unordered arrangements, and a simultaneous increase of β structures. Besides, a two-state van’t Hoff model allows 

to reproduce the increase (decrease) of unordered (ordered) structures and determine an average enthalpy change 

of about 100 kJ mol-1, in agreement with recent data of Precupas et al. .[41] 

The wide temperature melting range observed in our measurements, is related to the various structural changes of 

BSA[3,30]: as a result of the different thermal stability of the three protein domains, the melting range of dilute 

solution extends from 35° to 65°C.  

The conformation of BSA changes significantly at 60 mg/ml concentration; also in this case we describe the 

rearrangement of secondary structure in the whole 12-84°C temperature range. The data shown in Fig. 3 evidence 

that the helix fraction for the concentrated solution is lower even at room temperature, and this is in favor of a larger 

fraction of antiparallel β-strands; at T>60°C the fraction of α-helix is less than 10%.  
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The melting temperature observed for this sample is roughly the same as for the dilute case, while the melting range 

is much narrower. On the other hand, the melting enthalpy turns out to be much higher (500 kJ mol-1 ca.) than what 

was found for the low concentration system. Although the estimate was performed in a different regime (micromolar), 

our results follow the same trend as those obtained by DSC measurements [42]: the melting enthalpy increases with 

concentration. In the high concentration regime, the less stable domain III unfolds at lower temperatures which 

explains the lower helix fraction obtained for the 60 mg/ml solution, and the higher transition enthalpy as due to the 

unfolding of the more stable domains. This indicates the N⇄F equilibrium to be shifted toward the F isoform at room 

temperature, thus favoring the formation of ordered aggregates on increasing temperature. In fact, in the 50-65°C 

range the fraction of helices shows a rapid decrease, while that of β-strands shows a rapid increase: this latter is related 

to the ordered aggregation of BSA to give supramolecular oligomeric β-structures. Fig. 3 also shows  a constant 

increase of unordered structures upon the entire thermal path from 12 to 84°C.  

To monitor the ordered aggregation, we followed the heating process of the concentrated solution by FTIR absorption 

spectroscopy. Two characteristic absorptions at 1618 and 1690 cm-1 ca. are assigned to the Amide I band (AmI) of 

intermolecular antisymmetric β-structures and act as selective probes of the pre-fibrillar aggregation[43]. Besides, due 

to isotopic substitution on NH groups of amidic functionalities, the open structure of the polypeptide chain can be 

efficiently monitored by the intensity of the 1540 cm-1 band, which is expected to be proportional to the concentration 

of amide groups that are not solvent exposed. H/D complete exchange on NH groups causes the Amide II band, 

assigned to N-H(D) in-plane bending motion, to shift to 1450 cm-1, and the intensity at 1540 cm-1 ca. to be completely 

vanishing (see spectral profile in the green rectangle of the figure below): except for some oscillating noise, no signal 

is revealed in the 1530-1550 cm-1 range, even at low temperatures.  

In Figure 4b the position of AmI (νAmI) is shown. The AmI band results from the contributions of different secondary 

structures of polypeptide chains, with three components in the ranges 1615-1630 cm-1, 1650-1655 cm-1, and 1670-

1690 cm-1 from the inter- and intra-molecular β-sheet, the α-helix, and the turns and loops conformations, 

respectively. In this context, the slight increase of νAmI in the 12-50°C range is reasonably due to the loss of helices in 

favor of disordered conformations; at T>50°C the lower values of this parameter on increasing temperature are due 

to the increase of β structures. The conformational changes suggested by the frequency shift of νAmI are in excellent 

agreement with the results from CD spectroscopy shown in Fig.3.  

In Fig. 4c the integrated intensity of the 1618 cm-1 shoulder (Iagg) is plotted against temperature. The growth of 

supramolecular ordered species as inspected by this feature is detected for T>58°C. This latter seems to be a critical 
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value for the high concentration BSA solutions. In fact, at the same temperature and pH=7.45, Dmitriev et al. observed 

a crossover from reversible (unfolding) to irreversible (aggregation) phase transition for a 100 mg/ml solution, leading 

to gelation at T>70°C.[44]  

By monitoring Iagg we also followed the kinetics of BSA self-assembling at T≥60°C for the 60 mg/ml and 30 mg/ml BSA 

solutions: data are shown in Fig. 5. The log-log plot is to evidence that no lag-time was revealed at any experimental 

temperature and that the concave profile of Iagg vs. time is in accord with a downhill polymerization as observed for 

this protein at different pH and concentration conditions .[45,46]  

According to this type of polymerization, the rate-limiting step of the process is not the formation of a nucleus having 

a critical size; it is rather the conformational rearrangement of the monomer or oligomers to give a structure P* that 

is prone to aggregation.[47] As suggested by the name, the model considers that the transition to these activated 

species P* is energetically favored (no lag time is observed) and has a weak concentration dependence: our data agree 

with these assumptions. Moreover, we do not observe any increase of intensity at 1618 cm-1 by monitoring the AmI 

profile at 58°C for two hours: this could probably suggest that P* corresponds to the state where the BSA chain has 

the largest fraction of β-structures (see Fig. 3), or/and that an extremely low aggregation rate is observed at this 

temperature. The first of these two hypotheses was also proposed for BSA aggregation at physiologic conditions and 

lower concentrations[7]. On the other hand, the situation is completely different from what we observed for lysozyme 

under denaturing conditions: in that case, we noticed the appearance of ordered aggregates as soon as unfolded 

species were formed and evidenced the participation of native structures to the aggregation process[32]. A further 

difference is recognized with respect to lysozyme self-assembling: the aggregate band is more and more intense on 

increasing temperature. On the contrary, we observed that the thermal stability of lysozyme oligomers has a maximum 

at about 65°C [30,32]. 

Fig. 5 evidences that, within one hour from the beginning of the reaction, a different plateau is reached at different 

temperatures (Ifinal), both for the 30 and 60 mg/ml solutions. The temperature dependence of this limit concentration 

is shown in Fig. 6a: it resembles the trend reported in Fig. 4c.  

We incubated the 60 mg/ml solution at 75°C for 1 h and obtained the transparent gel shown in Fig.6b, which is 

indicative of the presence of rather small aggregate dimensions and a homogeneous distribution of species.  

To glean insights on the complex mechanism of aggregate formation in the entire explored time range, we reproduced 

the curves of Fig. 5 by using the Maximum Entropy Method and the following formula: 

𝐴 = ∑𝑁
𝑖=1 𝐴0𝑖(1 − 𝑒−𝑘𝑖𝑡)      (1) 
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In equation (1), A is the absorbance value at 1618 cm-1, which grows in time as a sum of N exponential functions, each 

characterized by a specific kinetic constant, 𝑘𝑖, and an initial spectral contribution, 𝐴0𝑖. The outputs of the fitting 

procedure through the Maximum Entropy Method (see the Materials and Methods section for more details) are 

reported in Figure 7 for both the 30 (on the left) and the 60 (on the right) mg/ml BSA solutions.  

It is evident that in every case, there is a broad distribution of species and hence of kinetic constants’ values. The 

percentage weight for each contribution is estimated through the following equation: 

 

%𝑤𝑒𝑖𝑔ℎ𝑡𝑖 =
𝐴0𝑖

∑𝑁𝑖=1 𝐴0𝑖
∗ 100      (2) 

 

In the case of the 30 mg/ml sample at 60°C, BSA shows a broad distribution of kinetic constants included between 0.01 

and 1 min-1, and with a maximum at 0.102 min-1; at higher temperatures, the distribution shrinks. This evidence is 

quantitatively proved by the values of the Fuzzy Entropy, 𝐻, reported in Table 1. The Fuzzy Entropy for any sample of 

conformers is given by the following equation [48]: 

𝐻 = −
1

𝑙𝑜𝑔(𝑁)
∑𝑁
𝑖=1 (𝑤𝑖𝑙𝑜𝑔(𝑤𝑖))      (3) 

In equation (3), 𝑤𝑖 =
%𝑤𝑒𝑖𝑔ℎ𝑡𝑖

100
. 𝐻, as defined in equation 3, is normalized and can assume values included between 0 

and 1. The broader the distribution of conformers, the larger the value of 𝐻[49,50]. For the 30 mg/ml solution, H=0.92 

at 60°C, and it decreases at higher temperatures. At 62 °C, there are two distinct groups of conformers , whose 𝑘𝑖 

values are peaked at 0.268 min-1 and 0.053 min-1, respectively. At the three other temperatures, the distributions show 

just one maximum that shifts from 0.409 min-1 (at 65°C) to 0.442 min-1 (at 68°C), up to 0.602 min-1 (at 75°C); a shoulder 

is present on the low 𝑘𝑖-value side. The reduced distribution of the aggregation kinetics on increasing temperature is 

quantified by the small H value (=0.69) of 30 mg/ml solution at 75°C; at 60 mg/ml BSA concentration, a minimum H 

value (=0.70) is obtained at 70°C. 

In the case of the concentrated sample, the distribution of conformers always appears as constituted by two families: 

one for large values of the kinetic constants and responsible for the initial parts of the process, and the other for 

smaller values of the 𝑘𝑖, which is responsible for the slower parts of the kinetics. The fastest conformers of the 

concentrated solution have kinetic constants that are always larger than those characterizing the 30 mg/ml sample 

counterpart. In other words, the higher concentration catalyzes the conformational rearrangement, which is the rate-

determining step of the aggregation process.  
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The detailed analysis of temperature dependence of the initial aggregation rate was evaluated from the initial slope 

of curves reported in Fig.5; the Arrhenius plot of this rate v0 is shown in Fig.8. 

The Arrhenius plot of v0 allows estimating a 108±20 kJ mol-1 activation energy for the aggregation process observed at 

60 mg/ml; except at the lowest temperature, the same energy is also assessed for the 30 mg/ml solution. A similar 

value was obtained by Bhattacharya et al.[45] for BSA fibrillation and this is a confirmation that the formation of small 

and large aggregates has the same energetics, as suggested by the downhill polymerization. By comparison of our data 

with those reported in the literature, one can notice the absence of a lag phase for both small and large ordered 

aggregate formation, at acidic and physiologic conditions, in the 5-60 mg/ml range :[51] this is a further confirmation 

that, under this wide range of experimental conditions, the aggregation kinetics follows the same mechanism. It is 

worth noting that, since the activation energy is the same irrespective of protein concentration, the catalytic effects 

observed with the Maximum Entropy Method could have an entropic origin. As observed with CD measurements, at 

60 mg/ml the protein is more prone to favor the conformational transition leading to ordered oligomers: this could be 

related to a higher activation entropy rather than a lower energy cost. 

 

Conclusions 

Fibrillar or pre-fibrillar species giving rise to amyloid fibers, and smartly replicated in vitro from a wide number of 

proteins, besides being notorious for their involvement with neurodegenerative disorders, are discovered to be also a 

benchmark as drug carriers for new biotechnological and medical applications. This makes them a multifaceted and 

always challenging research topic. Among the multitude of proteins, BSA is discovered to be a very suitable model for 

studying the physico-chemical features of the fibril-like supramolecular structures, thanks to its large availability and 

tendency to aggregate and to gel under acidic conditions.  

In the present work, CD analysis performed on a millimolar BSA solution (60 mg/ml) evidenced different stability 

of the protein subunits (domains) and different conformational rearrangement with respect to the solution at 

micromolar concentration (0.2 mg/ml), which is by far the regime usually explored to follow the changes of the 

secondary structure[28,29]. The different stability of BSA subdomains has a strong impact on the extent and type of 

protein aggregation and our conformational analysis suggests that at room temperature the F isoform prevails over 

the N structure which is stable in the low concentration regime. 

The combined use of FTIR and CD techniques allowed us to follow, on a molecular scale, the heat-induced BSA 

aggregation, at pH=5, over the 12-84°C temperature range. We evidenced that aggregation occurs at T>58°C, at the 
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unfolding of the helical structure. This confirms the exposure of hydrophobic regions to the solvent as the initiation 

step of the self-assembling process. However, differently to what was observed at lower concentrations[6], 

aggregation led to ordered β-structures which usually require a change of both tertiary and secondary structure. 

Thanks to the possibility to perform CD and FTIR measurements in the same experimental conditions, we were able 

to identify the aggregation-prone species at the unfolding of the F isoform and to confirm the process as a downhill 

polymerization. In fact, no lag-time and weak concentration dependence were observed in the self-assembling 

reaction. The Maximum Entropy Method, applied for fitting the kinetic curves, has then provided the distribution of 

kinetic constants of the hierarchical aggregation path, within two hours reaction. One or two distributions of kinetic 

constants (depending on temperature and concentration) were recognized for the process. We derived the activation 

energy of the initial self-assembling step leading to the formation of small/intermediate aggregates, observing that 

the growth of both small and large species is controlled by the same interactions, in agreement with the nature of the 

downhill polymerization. The methods of investigation here adopted could be favorably extended to study character 

and typology of aggregation processes of human proteins under different environmental conditions. 
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Table 1. Fuzzy Entropy H for the conformers’ distributions of the BSA samples. 

  BSA 30 mg/mL BSA 60 mg/mL 

60°C 0.92±0.01 0.84±0.01 

62°C 0.91±0.01 0.91±0.01 

65°C 0.77±0.01 0.75±0.01 

68°C 0.78±0.01 0.75±0.01 

75°C 0.69±0.01 0.79±0.01 

 

  



Figure captions 

 

Figure 1. CD spectra as a function of temperature of diluted (a) and concentrated (b) BSA solutions in the region 

of π−π* and n−π* transitions of amide groups.  Relative variation of ellipticity at 222 nm wavelength and 

corresponding derivative plot for dilute (c) and concentrated (d) samples. 

 

Figure 2. (a) Curve fitting results obtained for CD spectra of a diluted BSA solution. Cyan, red and green points 

indicate respectively the helix, unordered and beta fractions obtained at each temperature; solid lines are the 

van’t Hoff fitting curves. (b) The first derivative of the cyan curve is shown on panel a. 

 

Figure 3. (a) Curve fitting results obtained for CD spectra of a concentrated BSA solution. Cyan, red and green points 

indicate respectively the helix, unordered and beta fractions obtained at each temperature; solid lines are the van’t 

Hoff fitting curves. (b) The first derivative of the cyan curve is shown on panel a. 

 

Figure 4. (a) FTIR spectra in the region of the Amide I band (BSA=30 mg/ml). Red asterisks mark the two components 

assigned to β-sheet intermolecular structures. (b) Wavenumber position of Amide I band maximum. (c) The integrated 

intensity of the 1618 cm-1 feature (Iagg) as a function of temperature. 

 

Figure 5. Integrated intensity of 1618 cm-1 feature (Iagg) as a function of time for a 30 mg/ml (left), and a 60 mg/ml 

(right) solution. 

 

Figure 6. (a) Limiting value of Iagg obtained for BSA solutions after two hours reaction. (b) Transparent gel obtained by 

heating the 60 mg/ml BSA solution at 75°C for 1 h 

 

Figure 7. Distributions of the kinetic constants (𝑘𝑖) as functions of temperature for the BSA samples at different 

concentrations.  

 

Figure 8. Arrhenius plot of the initial aggregation rate v0. 
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Figure 3 
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Figure 4 
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Figure 6 
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Figure 7 
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Figure 8 

 


