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Abstract 

Thermal denaturation of human serum albumin has been the subject of many studies in 

recent decades, but the results of these studies are often conflicting and inconclusive. To clarify 

this, we combined different spectroscopic and calorimetric techniques and performed an in-

depth analysis of the structural changes that occur during the thermal unfolding of different 

conformational forms of human serum albumin. Our results showed that the inconsistency of 

results in the literature is related to the different quality of samples in different batches, 

methodological approaches and experimental conditions used in the studies. We confirmed that 

the presence of fatty acids (FAs) causes a more complex process of the thermal denaturation of 

human serum albumin. While the unfolding pathway of human serum albumin without FAs can 

be described by a two-step model, consisting of subsequent reversible and irreversible 

transitions, the thermal denaturation of human serum albumin with FAs appears to be a three-

step process, consisting of a reversible step followed by two consecutive irreversible transitions. 

 

Keywords: serum albumin; protein thermal stability; Lumry-Eyring model; thermodynamic and 

kinetic stability; phase diagram method 
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1. Introduction 

As the most abundant protein in blood plasma, human serum albumin (HSA) is involved 

in several vital physiological processes, including maintaining oncotic pressure and transport 

of various endogenous and exogenous compounds through the circulatory system [1–3]. HSA 

is of great interest to the pharmaceutical industry thanks to its ability to bind a wide range of 

small molecules and a long plasma half-life [4–8]. These properties in combination with the 

presence of multiple ligand-binding pockets make HSA an attractive drug delivery vehicle [9–

11]. In addition, HSA represents a well-accepted and established fusion protein partner for 

improving the pharmacokinetics of short-lived therapeutic proteins [12–14]. 

HSA is formed by a single polypeptide chain of 585 amino acids arranged in a 

characteristic heart shape with three homologous α-helical domains (I, II and III) [15,16]. Each 

domain is composed of two antiparallel six-helix and four-helix subdomains A and B, 

respectively [17]. The single tryptophan residue (W214) of HSA is located in subdomain IIA 

[18,19]. According to X-ray structures, seven binding sites for different types of fatty acids 

(FAs) are distributed asymmetrically across all three domains (Fig. 1).  

 

The first FA binding site (FA1) is located in domain I, the two (FA6 and FA7) are in domain 

II, and the other three (FA3, FA4 and FA5) are found in domain III. The FA2 binding site is 

located at the interface between domains I and II [20,21]. The highest affinity binding sites are 

Fig. 1. Schematic representation of HSA showing the three domains and the distribution of 
fatty acid binding sites (PDB ID: 1GNI). Domains I (pink), II (grey) and III (yellow) are 
shown in the surface representation and bound fatty acids (brown) and W214 (red) are shown 
in the stick representation. 
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those located in domain III [22]. The binding of FAs to HSA induces conformational changes 

involving a rotation of domains I and III relative to domain II [23,24]. 

As a consequence of a high number of acidic and basic residues, the HSA structure 

undergoes reversible conformational rearrangement at different pH regions [2]. This can be 

schematically described by the following scheme: 

𝐻𝑆𝐴 − 𝐸
௣௄ೌଶ.଻
ር⎯⎯ሮ𝐻𝑆𝐴 − 𝐹

௣௄ೌସ.ଷ
ር⎯⎯ሮ 𝐻𝑆𝐴 − 𝑁

௣௄ೌ଼.଴
ር⎯⎯ሮ𝐻𝑆𝐴 − 𝐵

௣௄ೌଵ଴.଴
ር⎯⎯⎯ሮ𝐻𝑆𝐴 − 𝐴 

        (Scheme 1) 

At neutral and slightly acidic pH (pH 4.3-8.0), HSA exists in its normal heartlike form 

(HSA-N). Below pH 4.3, HSA assumes a partially expanded cigarlike shape (HSA-F) and upon 

further reduction in pH to less than 2.7, HSA denatures into its fully extended form (HSA-E) 

[25]. The most significant structural changes that occur during HSA-N to HSA-F transition take 

place predominantly in domain III [26–28]. These structural alternations are accompanied by a 

decrease in α-helical content and an increase in interdomain distances and β-sheet content [26]. 

In the alkaline pH region (pH 8.0-10.0), HSA is found in its basic form (HSA-B) [29,30]. Above 

pH 10.0, HSA merges into A form (HSA-A). The transition of HSA-N to HSA-B is 

characterized by a small decrease in α-helical content and contraction of interdomain distances 

[26,31,32].  

All commercially available albumins must pass through various technological steps 

during their manufacture. The most frequently used industrial procedure for HSA purification 

is the Cohn method [33]. This method is based on the fractionation of HSA in ethanol at 

different pHs followed by the incubation of HSA at ~60 °C for 10 hours in order to inactivate 

the hepatitis virus [34–36]. It has been shown that this heat treatment of albumin induces its 

denaturation and aggregation [37–39]. Furthermore, the preparation of bioactive HSA 

nanoparticles also requires heating the protein [40]. Therefore, it is important to understand the 

relationship between the HSA structure and thermodynamic parameters describing its thermal 

stability.     

Whereas chemical-induced denaturation of HSA is fully reversible, the thermal 

unfolding of HSA is only a partially reversible process [41,42]. Wetzel et al. showed that 

temperature-induced denaturation of HSA is completely reversible up to 65 °C. Upon further 

heating, this process becomes irreversible with the formation of aggregates [43]. According to 

Picó, the thermal unfolding of HSA occurs sequentially and can be described by the two-step 

Lumry-Eyring model [44,45]: 



5 
 

𝑁𝑎𝑡𝑖𝑣𝑒
௄
↔ 𝐼𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒

௞మ
→𝑈𝑛𝑓𝑜𝑙𝑑𝑒𝑑 

                                                                                                       (Scheme 2) 

Later Flora et al. proposed an extended three-step model of temperature-induced 

denaturation of HSA where the reversible transition from native to expanded form occurs up to 

50 °C and represents the separation of domains I and II [46]:  

𝑁𝑎𝑡𝑖𝑣𝑒
௄
↔𝐸𝑥𝑝𝑎𝑛𝑑𝑒𝑑

௞మ
→ 𝐼𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒

௞య
→𝑈𝑛𝑓𝑜𝑙𝑑𝑒𝑑 

                                                                                                                    (Scheme 3) 

Further heating up to 70 °C leads to irreversible denaturation of domain II. The last step 

demonstrates the unfolding of domain I at a temperature above 70°C while the denaturation of 

domain I begins after the completed denaturation of domain II [46]. Although the proposed 

model describes the multi-step unfolding pathway of HSA thermal denaturation, it does not 

include the unfolding of domain III. On the other hand, Ahmad et al. found that the temperature-

induced unfolding of HSA-N and HSA-B forms is a cooperative process while the unfolding of 

the HSA-F form is a non-cooperative process [47]. In addition, several other studies showed 

that thermal denaturation of HSA follows different unfolding pathways, including the 

intermediate state within domain III [48–51]. Despite extensive research on the thermal 

denaturation of HSA, the results from these studies remain conflicting and inconclusive.  

In this work, we provide a comprehensive mathematical model that allows clarification 

of inconsistencies concerning the temperature denaturation of both HSA with and without fatty 

acids. Combining different spectroscopic and calorimetric methodical approaches, we perform 

an in-depth analysis of structural changes that occur during the thermal unfolding of distinct 

HSA conformational forms.  

 

2. Materials and methods 

2.1. Materials 

Both HSA without (A-3782) and HSA with (A-8763) fatty acids were purchased from Sigma-

Aldrich, Germany. Different forms of HSA were prepared in 10 mM buffers: glycine (pH 3.3), 

sodium acetate (pH 4.0), cacodylic acid (pH 6.5), phosphate buffer (pH 7.0 and pH 7.4) and N-

cyclohexyl-2-aminoethanesulfonic acid (pH 9.0 and pH 10.0).  

2.2. Sample preparation  

The samples were incubated twelve hours before the experiments. The pH values of all samples 

were determined before as well as after the measurements and no changes were detected. 
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Protein concentration was measured spectroscopically with the following parameters: Mw = 

66.5 kDa, ε280 = 36500 M-1 cm-1. 

2.3. Circular dichroism (CD) measurements  

Jasco J-810 spectropolarimeter (Tokyo, Japan) equipped with a Peltier-type thermostated 

single-cell holder (PTC-423S) was used for circular dichroism measurements. Ellipticities were 

measured at 222 nm in 0.1 cm pathlength quartz cuvette. The temperature was continuously 

varied from 20 to 100 °C with a heating rate of 1.5 °C/min. The protein concentrations were 

0.5 mg/ml (8.0 μM) in all experiments.  

2.4. Fluorescence measurements 

Fluorescence experiments were performed on a Varian Cary Eclipse fluorescence 

spectrophotometer (Varian Australia Pty Ltd) equipped with a Peltier multicell holder. The 

temperature was changed from 10 to 100 °C with a heating rate of 1.5 °C/min. The excitation 

wavelength was 295 nm and emission at 350 nm was collected. The protein concentrations were 

0.5 mg/ml (8.0 μM) in all experiments. 

2.5. Differential scanning calorimetry (DSC) measurements 

DSC experiments were carried out on a VP-Capillary DSC system (Microcal Inc., acquired by 

Malvern Instruments Ltd.) at a scan rate of 1.5 °C/min. An extra pressure of 65 psi was 

maintained during all DSC runs to prevent possible degassing of the solutions during heating. 

Thermograms were corrected by subtraction of the so-called chemical baseline, i.e., the 

sigmoidal curve connecting the signal of excess heat capacity of the native and denatured states, 

and normalized to the molar concentration of the protein. All experiments (except concentration 

dependence experiments) were performed at a protein concentration of 1.5 mg/ml (22.6 μM). 

2.6. Analysis of CD and fluorescence measurements 

Thermodynamic parameters were determined by fitting experimental data according to the 

equation describing the two-state process of denaturation: 

 

𝑌௢௕௦ =
௒ಿାௌಿ.்ା(௒ವାௌವ.்).௘

ష∆ಹೡಹ൫೅ಾష೅൯
ೃ.೅ಾ.೅

ଵା௘

ష∆ಹೡಹ൫೅ಾష೅൯
ೃ.೅ಾ.೅

, 

(Equation 1 ) 

where YN and YD represent intercepts of the pre-transition and post-transition baselines with the 

y-axis, respectively. Slopes of the pre-transition and post-transition baselines are symbolized 

by SN and SD, respectively. The parameter ∆HvH represents an apparent van’t Hoff enthalpy at 
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the transition temperature TM, R is a gas constant (8.314 J K-1 mol-1) and T is temperature. All 

CD and fluorescence curves were finally normalized with the purpose to compare them with 

thermograms obtained from the DSC study. 

2.7. Analysis of DSC measurements  

The thermal denaturation of HSA can be described by a two-step Lumry-Eyring model 

(Scheme 2) [45]. In Scheme 2, K is an equilibrium constant and k2 is a rate constant of the 

corresponding step. The excess heat capacity, which is the parameter measured in the DSC 

experiments, is then expressed by the following equation: 

𝐶௣
௘௫ = −∆𝐻ଵ

𝑑𝑋ே
𝑑𝑇

+ ∆𝐻ଶ ൬
𝑘ଶ𝑋ூ
𝑣

൰, 

(Equation 2) 

where ΔH1 and ΔH2 are molar enthalpy changes of the first and second steps, respectively; XN 

and XI are molar fractions of the native and the intermediate states (Equation 2) of the protein, 

respectively. The parameter v is the scan rate in K/min. 

The thermal denaturation of HSAFA can be described by the three-step model expressed 

by Scheme 3 for which we derived a mathematical equation to express the excess heat capacity 

[52]. In Scheme 3, K is an equilibrium constant and k2 and k3 are rate constants of corresponding 

steps. The excess heat capacity for this equation is given by: 

𝐶௉
௘௫(𝑇) = −∆𝐻ଵ ൬

𝑑𝑋ே
𝑑𝑇

൰ + ∆𝐻ଶ ൬
𝑘ଶ𝑋ா
𝑣

൰ + ∆𝐻ଷ ൬
𝑘ଷ𝑋ூ
𝑣

൰, 

(Equation 3) 

where ΔH1, ΔH2, and ΔH3 are molar enthalpy changes for the first, second and third steps, 

respectively; XN, XE, and XI are molar fractions of corresponding states of the protein (as defined 

in Scheme 3) and v is the scan rate in K/min. The rate constant at any given temperature can be 

obtained from the Arrhenius equation, in the alternative form [45]: 

𝑘 = 𝑒𝑥𝑝 ൤
𝐸௔
𝑅
൬
1

𝑇∗
−
1

𝑇
൰൨ 

where Ea is the energy of activation, R is the gas constant, and the parameter T* equals the 

temperature at which the rate constant equals 1 min-1. However, detailed analysis showed that 

the three-step model describes the thermal transitions of HSAFA only to a limited extent. In fact, 

the thermal denaturation of HSAFA is a complex process and depends both on the scan rate and 

the protein concentration. Therefore, the obtained results were utilized only for comparison 

purposes of kinetic stabilities of HSAFA at the same protein concentration (22.6 M) and scan 

rate (1.5 K/min) in analogy with our previous work [53]. 
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3. Results 

3.1. Albumins from different batches exhibit distinct thermal stabilities 

We analyzed thermal denaturation of four different batches of both human serum 

albumin with (HSAFA) and without fatty acids (HSA) by DSC (Fig. 2).  

 

 

A comparison of DSC scans of albumins from different batches obtained under the same 

conditions clearly demonstrates significant variability in their thermal unfolding. In the case of 

HSA, the difference in apparent transition temperature (the temperature at heat capacity 

maximum) between the least stable (pink curve) and the most stable (orange curve) HSA is 

approximately 3°C. The presence of a small shoulder around 75°C (more pronounced in pink 

and orange curves) indicates that HSA does not undergo one-step thermal unfolding but the 

transition from native to the denatured state must proceed through at least a two-step pathway. 

DSC scans of HSAFA indicate more complex thermal denaturation of albumin-containing FAs 

compared to albumin without FAs. This is probably due to the interaction of FAs with HSA, 

Fig. 2. Comparison of thermal denaturation of HSA (upper panel) and HSAFA 
(lower panel) from different batches represented by a different color. All 
measurements were performed at a protein concentration of 1.5 mg/ml and a scan 
rate of 1.5 °C/min in phosphate buffer with pH 7.4. 
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which differs in the stoichiometry as well as binding affinity in the individual domains (Fig. 1) 

[20]. In addition, the binding of FAs may affect not only a stability of the individual domains, 

as for example FA2 which binds to the interface between domains I and II and thus likely affects 

stability of both domains [24]. On the other hand, weakening of the FAs-HSA interaction or 

release of FAs due to a conformational change of the binding site, e.g. by a change in pH and/or 

temperature, may also lead to changes in the thermograms (Fig. 2). As in the case of HSA, the 

DSC curves of HSAFA from different batches also exhibit a slightly different thermal 

denaturation profile. At least two of four DSC scans of HSAFA (brown and pink curves) seem 

to consist of three distinct thermal transitions corresponding to three-step thermal denaturation.  

3.2. Thermal denaturation of albumin is a kinetically controlled multi-step process 

To further investigate the mechanism of thermal denaturation of albumin, we 

determined whether individual transitions are dependent on protein concentration and heating 

rate. To simplify the analysis, further measurements were performed only with batch 2 (brown 

curves), which represents a kind of compromise among the four batches studied. The 

concentration dependence study of both HSA and HSAFA was carried out with three different 

protein concentrations, specifically 1, 2 and 3 mg/ml (Fig. 3, the upper panel).  

The DSC thermograms of HSA are almost identical at all three protein concentrations 

clearly indicating that the thermal denaturation of HSA is independent of protein concentration. 

On the other hand, the thermal unfolding of HSAFA is slightly dependent on protein 

concentration. The increase in the protein concentration causes the shift of the apparent 

transition temperatures to higher values of approximately 1 °C. Interestingly, with an increase 

of protein concentration, the first apparent transition is shifted to a higher temperature while the 

shoulder position seems to be unaffected. This fact indicates the presence of intermolecular 

interactions, probably due to the formation of dimers with a stabilizing effect on the interacting 

domains. This is consistent with the tendency of HSA to form reversible dimers via 

hydrophobic interactions [54]. The formation of such dimers can be induced by various factors, 

including a high temperature [55–57]. To reveal kinetically driven transitions, we also 

performed DSC runs at three different scan rates, specifically 1, 2 and 3°C/min (Fig. 3, the 

lower panel). In the case of HSA, there is a slight increase in thermal stability with a rise of the 

heating rate. This stabilization is accompanied by a decrease in the molar heat capacity change. 

The presence of bound FAs in the structure of the albumin molecule causes a more complex 



10 
 

scan rate dependence of individual transitions. There is a change of the main peak as well as a 

change of the shoulder. Both these parts are shifted to higher temperatures with increasing of 

the heating rates. Furthermore, the main peak becomes more uniform during faster thermal 

denaturation indicating that the main peak consists at least of two intrinsic transitions. These 

results suggest that the temperature denaturation of HSA and HSAFA probably corresponds to 

two-step and three-step processes, respectively. (Fig. S1 and S2). 

3.3. The stabilizing effect of FAs is not equal in different albumin conformations 

To find out the stabilizing effect of the bound FAs in the particular conformational forms 

of HSA, we performed DSC measurements of three different conformational forms HSA-F, 

HSA-N, and HSA-B, as defined in Scheme 1. Moreover, the denaturation of each form was 

analyzed at two different pH values within the defined pH range of the form. A comparison of 

the effect of FAs on the thermal stability of three different conformational forms of both HSA 

and HSAFA is shown in Fig. 4.  

 

Fig. 3. Concentration (the upper panel) and scan rate (the lower panel) dependence of HSA 
and HSAFA thermal denaturation. DSC scans corresponding to concentration dependence are 
shown in brown (1.0 mg/ml), cyan (2.0 mg/ml) and orange (3.0 mg/ml) at a scan rate of 
1.5 °C/min. The scan rate dependence is shown in brown (1.0 °C/min), cyan (2.0 °C/min) 
and orange (3.0 °C/min) at a protein concentration of 1.5 mg/ml. All measurements were 
carried out in phosphate buffer at pH 7.4.   
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The stabilities of the conformational forms of HSA are represented at two pHs in 

different pH regions, specifically HSA-F form at pH 3.3 and pH 4.0, the HSA-N form at pH 

6.5 and pH 7.0 and the HSA-B form at pH 9.0 and pH 10.0. The stabilization effect of FAs was 

confirmed in all investigated albumin forms. The thermograms of the HSA-F form are broader 

in comparison with HSA-N and HSA-B forms because of the earlier onset of denaturation. 

There is no significant difference between DSC scans of HSA-F performed at pH 3.3 and pH 

4.0. Both DSC scans consist of the main peak around ~67 °C and the shoulder spanning from 

Fig. 4. DSC scans of HSA (cyan) and HSAFA (brown) in different pH regions. All 
measurements were performed at a protein concentration of 1.5 mg/ml and a scan rate of 
1.5 °C/min in the respective buffers (see Materials and methods). Note the different scales 
on the y-axes. 
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~25 to 55 °C. This shoulder points out the presence of a less stable part of the albumin which 

begins to denature even at a room temperature. The stabilizing effect of FAs is not as 

pronounced as in other conformational forms. The most evident stabilization effect of bound 

FAs is reflected in the stabilization of the region represented by the shoulder at lower 

temperatures.  

Despite only a slight change in pH, there is a noticeable difference in the thermal 

unfolding between the studied HSA-N forms. While the transition temperatures are the same 

(~64 °C), the heat capacity change is more than 4 times lower at pH 6.5 than at pH 7.0. Although 

the isoelectric point of HSA is at pH~5, i.e. relatively distant from pH 6.5, a higher tendency of 

HSA to aggregate compared to HSAFA at this pH cannot be excluded. This would explain the 

significantly lower molar heat capacity change observed in the case of HSA-N at pH 6.5 in 

comparison with the heat capacity change at pH 7.0. Moreover, three shoulders begin to appear 

at pH 6.5 while the DSC curve seems to be almost symmetrical at pH 7.0. The presence of the 

shoulders indicates that the HSA-N form at pH 6.5 represents a rather intermediate state 

between HSA-F and HSA-N forms, suggesting that the pKa transition between HSA-F and 

HSA-N is shifted to a more neutral pH for HSA in comparison with HSAFA. On the other hand, 

DSC scans of the HSAFA-N form share similar features at both pH values. In the presence of 

FAs, the position of the maximum of the main peak is shifted about 5-6 °C to ~69 °C. The 

positions of the maximum of the main peaks at pH 6.5 and pH 7.0 are 68.3 °C and 69.6 °C, 

respectively. Compared to HSAFA-F, there is a loss of the shoulder at a lower temperature (left 

side) of DSC scans, which suggests the further stabilization of this part of the protein by FAs. 

In addition, a new shoulder has appeared at the higher temperature (right side) of DSC scans, 

which indicates an unequal stabilization effect of FAs on the individual domains.  

DSC scans of HSA-B form also share similar properties at both pH levels. HSA-B form 

is characterized by thermograms containing two distinguishable transitions. The shoulders on 

the right side of the DSC curves are more pronounced with increasing pH, indicating structural 

changes in HSA that are very likely associated with the conformational transition from HSA-B 

to HSA-A. At pH 10.0 and in the presence of FAs, the position of the maximum of the main 

peak is shifted by ~12 °C to higher temperatures (71 °C), which is the most pronounced 

stabilizing effect of FAs among the studied conformational forms. Moreover, while DSC scans 

of HSAFA-F and HSAFA-N forms consist of two clearly detectable transitions, DSC scans of 

HSAFA-B are composed of three apparent transitions.  

3.4. Different conformational forms of albumin exhibit distinct modes of thermal denaturation 
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To better understand the structural changes that occur during thermal denaturation of 

HSA in more detail, two additional spectroscopic methods were used. Changes in the secondary 

and tertiary structures of the three conformational forms of albumin HSA-F (pH 3.3), HSA-N 

(pH 7.0) and HSA-B (pH 9.0) were monitored by circular dichroism (CD) and intrinsic 

tryptophan fluorescence, respectively. The obtained CD and fluorescence curves were 

normalized and plotted with DSC scans. The apparent transition temperatures determined by 

fitting experimental data are shown in Table S1. A comparison of the thermal unfolding of 

HSA and HSAFA monitored by DSC, CD and Trp fluorescence is shown in Fig. 5. 

 

 

Analysis of ellipticity and Trp fluorescence curves of both HSA-F and HSAFA-F thermal 

unfolding revealed the unequal denaturation of the particular domains. Considering that 

Fig. 5. Comparison of thermal unfolding of three conformational forms of HSA and 
HSAFA monitored by CD (orange) and Trp fluorescence (brown) normalized to the 
corresponding DSC scan (cyan). All measurements were performed at a protein 
concentration of 1.5 mg/ml and a scan rate of 1.5 °C/min in the respective buffers (see 
Materials and methods). The solid lines represent the fits to corresponding models (two-
step model for HSA-N and HSA-B, and three-step model for all other albumin forms). 
The experimental data are shown as dots. 
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albumin contains a single tryptophan residue in its structure, measured fluorescence reflects 

conformational changes of domain II only. A significant difference between ellipticity and Trp 

fluorescence temperature dependences demonstrates: (i) the existence of (at least) one 

intermediate in thermal denaturation transition and (ii) that the unfolding of domain II begins 

at a higher temperature. Thermal denaturation with lower transition temperature observed by 

CD suggests a destabilization of the secondary structure of both HSA and HSAFA at acidic pH 

(Fig. S3). The temperature ellipticity dependencies of both HSA and HSAFA show nearly 

identical transition temperatures, ~52 °C. The lower thermal stability of HSA-F and HSAFA-F 

forms observed by both spectroscopic techniques is consistent with our calorimetric results. In 

fact, DSC thermograms show that thermal denaturation of both HSA-F and HSAFA-F forms 

proceeds through (at least) one intermediate and the transition at a lower temperature well 

correlates with the transition temperatures obtained by CD experiments (Fig. 5, Tables S1-S3). 

Transition temperatures determined by Trp fluorescence for HSA (62.9 °C) and HSAFA (60.5 

°C) demonstrate an absence of stabilization effect of FAs on the albumin in the F form. This 

suggests disruption of the protein tertiary structure at acidic pH to a such degree that FAs do 

not bind to the albumin (Fig. S4).  

The complexity of albumin thermal denaturation was also analyzed by using phase 

diagram methods [58–60]. The basis of this simple but powerful method in revealing hidden 

intermediates is a pairwise correlation of two different extensive parameters (e.g., spectral 

intensities) in a plot. For the two-state transition, the plot of the intensities should be linear. Any 

nonlinearity corresponds to the deviation from an all-or-none transition. The number of linear 

portions, n, indicates n+1 species. This phase diagram method should be applied to data 

measured under identical conditions. Here, fluorescence emission intensities at 333 and 350 nm 

(upon excitation at 295 nm) were interrelated and plotted as F350 versus F333 (Fig. S5). In the 

case of the F forms, the plots are nearly linear, indicating the unfolding of domain II in an all-

or-none fashion. This is in agreement with the expected expanded state of albumins at acidic 

pH. Thermal denaturation of the HSA-N form was found to be seemingly more uniform. 

Transition temperatures determined by CD (~65 °C) and Trp fluorescence (~66 °C) are in a 

good agreement with the transition temperature determined by DSC (~64 °C). The excellent 

overlap of ellipticity and Trp fluorescence temperature dependencies suggests the simultaneous 

unfolding of individual domains, i.e. two-state transition [61,62]. From the comparison of HSA-

N and HSAFA-N forms, the same stabilizing effect of FAs (~5-6 °C) was observed by both 

spectroscopic techniques and DSC. Transition temperatures of thermal denaturation determined 

by monitoring ellipticity in the far-UV region and Trp fluorescence correspond to the maximum 
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of the main peak in DSC scans of HSAFA-N form. The position of the shoulder in thermograms 

(~80 °C) indicates that there is a part of HSAFA-N, which begins to unfold after the denaturation 

of domain II. On the other hand, additional analysis of the fluorescence curves showed that the 

denaturation of HSA-N and HSAFA-N is a multi-step process (Fig. S5). The presence of two 

linears in the phase diagram method in the case of HSA-N and three linears in the case of 

HSAFA-N strongly indicate two-step and three-step thermal denaturation transitions for 

corresponding N forms of albumin. 

Analogous analysis of HSA-B and HSAFA-B forms leads to conclusions that: (i) both 

B-forms of albumin are less stable than the N forms and (ii) the thermal transitions of HSA-B 

and HSAFA-B are two-step and three-step transitions, respectively (Fig. 5 and S5). Moreover, 

the transition temperature determined from the temperature dependence of Trp fluorescence 

corresponds to the first transition in the DSC thermogram of both B forms. In the case of HSA-

B, the transition temperature determined from Trp fluorescence is lower than the transition 

temperature determined by CD which clearly indicates that domain II is not the most stable 

domain in the B forms of albumins.  

 

4. Discussion 

Despite extensive research on the thermal denaturation of HSA, the question about the 

mechanism of this process is still open. A broad range of different techniques has been used to 

solve this problem, but the results are often contradictory [43,46,63–65,51,49]. In this work, we 

showed that the thermal denaturation of human serum albumin depends on: (i) the content of 

FAs, (ii) the scan rate of measurement, and (iii) protein concentration in the case of HSAFA. 

Human serum albumin represents a quite complex thermodynamic system as it consists of three 

domains that can be further separated into six subdomains with a varying amount of bound FAs 

and different binding affinities. The stability of multidomain proteins can significantly depend 

not only on the domain fold but also on the interdomain interactions [66]. 

Comparison of transition temperatures in human serum albumin reported in previous 

studies. A part of the controversy and inconsistency in the results presented in the literature 

appears to be related to different methodological approaches and experimental conditions used 

in these studies (Table 1).  
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Table 1: Previous studies investigating thermal denaturation of HSA-N and HSAFA-N. 

Author 
(year) 

Protein Method 
Transition 

temperature 
(°C) 

Protein 
concentration 

(mg/ml) 

Scan 
rate 

(K/min) 
pH Reference 

Wetzel 
(1980) 

HSA 
CD 
ESR 

71 
73 

0.5 
10 

ND 6.0 [43] 

Shrake 
(1984) 

HSAFA DSC 
66.8 ± 0.1 
78.5 ± 0.1 

48 0.25 7.0 [71] 

Ross  
(1988) 

HSAFA DSC 
69.1± 0.1 
78.0 ± 0.1 

5.2 0.25 7.0 [68] 

Picó  
(1997) 

HSA 
DSC 
FT 

63.2 ± 0.4 
62.1 ± 0.3 

6 
1.3 

1 
0.7 

7.4 [44] 

Flora 
(1998) 

HSA FT ND 0.07 3 7.2 [46] 

Kosa 
(1998) 

HSA DSC 59.7 ± 0.1 6.7 1 7.4 [50] 

Muzammil 
(1999) 

HSA CD ND 1.2 ND 6.0 [74] 

Farruggia 
(2001) 

HSA DSC 
56.1 ± 0.1 
61.6 ± 0.6 

10 1 7.4 [63] 

Michnik 
(2006) 

HSA DSC 
62.5 ± 0.3 
71.9 ± 0.6 

5.0 1 6.0 [64] 
HSAFA DSC 

73.4 ± 0.2 
82.2 ± 0.2 

Celej 
(2006) 

HSA DSC 60.1 ± 0.1 7.3 1 7.2 [65] 

Rezaei-
Tavirani 
(2006) 

HSAFA DSC ND 1 1 7.0 [48] 

Ahmad 
(2015) 

HSA CD ND 0.3 1 7.4 [47] 

This work 

HSA 
DSC 
CD 
FT 

63.8* 
64.8 ± 0.1 
66.0 ± 0.1 

1.5 
0.5 
0.5 

1.5 7.0 - 

HSAFA 
DSC 
CD 
FT 

69.6* 
68.9 ± 0.1 
69.9 ± 0.1 

1.5 
0.5 
0.5 

ESR = electron spin resonance; FT = fluorescence techniques; *value corresponding to the main peak in 
DSC 

 

Another reason for conflicting results can be related to the unequal quality of the 

samples. Our DSC experiments of four different albumin batches performed under identical 

conditions clearly showed that the quality of samples varies from batch to batch. Differences in 

temperature denaturation between samples were found in both HSA and HSAFA. Considering 

that HSA begins to unfold around 60 °C and that the purification process involves several hours 

of incubation of HSA at 60 °C, the variability between samples is likely due to the presence of 

irreversibly denatured fractions of albumin in different batches [36]. The presence of the 

oligomeric fraction in albumin samples has been shown previously [38,39,67].  In the case of 

HSA, the differences reflected mainly in the thermal stability and the presence of shoulders in 
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the DSC curves could be caused by the unequal removal of FAs from the HSAFA structure. Both 

reasons can be expressed at a different level in albumin batches resulting in observed variability 

of determined thermodynamic parameters of the protein denaturation. 

Contradictory results can be found not only in the values of transition temperatures but 

also in conclusions about the thermal unfolding pathway of HSA. Ross and Shrake showed that 

the thermal stability of HSA and the first transition of HSAFA are concentration as well as scan 

rate dependent while the thermal stability of the second transition of HSAFA depends neither on 

the concentration nor on the scan rate [68]. On the other hand, Michnik pointed out that the 

thermal denaturation of HSAFA second transition is concentration-dependent [64]. Further 

confusion was brought by Picó who claimed that HSA thermal unfolding is scan rate 

independent [44].  

To clarify this, we performed two different types of DSC experiments with both HSA 

and HSAFA. The first set of DSC experiments was focused on the dependence of the transition 

temperature on protein concentration. Our results indicate that HSA thermal unfolding does not 

depend on protein concentration while the thermal unfolding of HSAFA is partially 

concentration-dependent. The shift of the main peak position to higher temperatures with 

increasing protein concentration suggests that oligomerization of HSAFA leads to more stable 

albumin forms [45,53]. These findings are not consistent with the results obtained by Wetzel 

and Ross who observed a decrease in stability with an increase in the concentration of both 

HSA and HSAFA [43,68]. However, in these cases, the authors observed the formation of 

aggregates during the thermal denaturation of HSA which may have affected the denaturation 

process. The scan rate dependence experiments revealed that the thermal stability of both 

albumins depends on the heating rate. Our results confirmed also the scan rate dependence of 

the shoulder in HSAFA which is in conflict with the previous findings mentioned above. On the 

other hand, the HSAFA scan rate dependence of both the main peak as well as the shoulder 

reflects the presence of two irreversible transitions, which is in accordance with the proposed 

three-step model by Flora [46]. 

Role of fatty acids in thermal stability of human serum albumin. The stabilization effect 

of bound FAs on the thermal stability of HSA has been shown previously [69–72]. Brandt and 

Andersson suggested FAs migration from the aggregating molecules to the remaining 

monomers and thereby stabilizes the latter against heat denaturation [69]. Later Shrake and 

Ross concluded that biphasic thermal denaturation of HSAFA is due to FAs redistribution during 

denaturation process [73]. This unequal FAs redistribution leads to the formation of two 

fractions with lower and higher FAs content which is reflected as less and more stable fractions 
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of albumin, respectively [71,73]. Even though our DSC experiments confirm the stabilization 

effect of FAs on HSA, we suggest that the accompanying changes in thermograms are rather 

related to the denaturation of individual domains than to the presence of albumin fractions with 

different levels of FAs content. DSC thermograms of HSAFA-B form consist of three distinct 

transitions that correspond to three subsequent unfolding steps or in other words, four albumin 

fractions with differently unfolded conformations. Moreover, thermograms of HSA also 

contain shoulders at all investigated pH values. This disagreement can be explained by the fact 

that Shrake and Ross performed their measurements only at pH 7.0 where the DSC scan of HSA 

is seemingly symmetrical and the DSC scan of HSAFA consists of two distinguishable 

transitions [73]. Next, they showed that palmitate increases the thermal stability of HSA up to 

the concentration of 6.8 palmitate equivalents per one HSA molecule. Further increase of 

palmitate concentration did not lead to further stabilization due to saturation of the binding sites. 

Later Bhattacharya and coworkers confirmed that HSA is able to bind simultaneously seven 

equivalents of palmitic acids under physiological conditions [20]. All these findings suggest 

that FAs binding sites are fully occupied under physiological conditions, and therefore a release 

of FAs during denaturation cannot cause further thermal stabilization. On the other hand, 

individual domains feature different thermal stability and contain a diverse number of FAs 

binding sites which can cause changes between HSA and HSAFA thermograms.  

Analysis of different pH forms of human serum albumins in the presence and absence 

of bound fatty acids. To provide a comprehensive characterization of three conformational 

forms of HSA and HSAFA, we compared the results from CD, Trp fluorescence and DSC 

experiments. Our results suggest that the least stable conformational form is the HSA-F form. 

DSC thermograms of this form are composed of the main peak and a less stable shoulder which 

is consistent with the biphasic thermogram of HSA at pH 4.3 observed by Picó [44]. 

Spectroscopic techniques revealed changes in the secondary and tertiary structures of the 

proteins at 20 °C, resulting in a significant decrease in thermal stability, which was reflected by 

a decrease in the transition temperature of more than 10 °C as well as a decrease in the 

calorimetric enthalpy of HSA-B compared to the HSA-N forms. The position of the DSC 

transition with the highest enthalpy likely corresponds to the thermal denaturation of domain 

II, due to its stabilization through interdomain interface interactions with domains I and III (Fig. 

1). This statement is supported by the fact that the transition temperatures determined from Trp 

fluorescence measurements are higher than those obtained from ellipticity dependencies, 

strongly suggesting that conformation transition of the domain II begins after denaturation of 

domains I and III in the acidic pH region. These results are in agreement with findings obtained 
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by Muzammil and coworkers who showed that tertiary structure is more stable than secondary 

structure at low pH [74]. This conclusion is also in line with our observation that the 

fluorescence maximum of HSA-F is shifted to a lower wavelength in comparison with HSA-N 

indicating increased hydrophobicity, i.e. a single Trp in the domain II is apparently more buried 

in the protein structure [75]. (Albumin) HSA-F form represents a partially unfolded state with 

less secondary structure content in comparison with the normal physiological HSA-N form 

[76]. Structural disturbance of HSA-F form influences probably also the integrity of FAs 

binding sites which results in their weak stabilization effect at this pH region. The HSA-N form 

seems to be more compact and stable than the HSA-F form. Flora and coworkers showed that 

the largest structural changes at pH 7.2 occur above 60 °C which is consistent with our results 

[46]. However, they suggest that the denaturation of domain I takes place after the complete 

denaturation of domain II above 70 °C. In our case, both spectroscopic curves are almost 

identical which indicates the simultaneous denaturation of all domains which is consistent with 

the work of Ahmad [47]. In the case of HSAFA-N, there is uneven stabilization of the domains 

which is reflected by the presence of a shoulder in the DSC curve. Considering that Trp 

fluorescence does not correspond to the position of this shoulder and that most FA binding sites 

(also with the highest affinity) are located in domain III, this transition thus likely represents 

the denaturation of domain III. Therefore, based on the obtained results, we conclude that the 

thermal denaturation of both HSA-N and HSAFA-N forms proceeds in the following order: 

domain I ~ domain II < domain III. DSC scans of HSA-B and HSAFA-B forms are characterized 

by the appearance of a new shoulder located on the higher temperature side of the main peak. 

The presence of the shoulder as well as differences between CD and Trp fluorescence results 

indicate structural rearrangement that occurs in the alkaline pH region. The N-B conformational 

transition has been shown to be accompanied by a decrease in α-helical content and inter-

domain distances, which explains why the HSA-B form is less stable than the HSA-N form 

[27,32]. In addition, Qiu et al. showed that structural isomerization involves predominantly 

domains I and II while domain III is intact [27]. Along with the finding that the Trp fluorescence 

curve also correlates to the first observed DSC transition, it again suggests that denaturation of 

domain III occurs as the last one. Although the high enthalpies of the first thermal transition in 

the HSA-B and HSAFA-B forms suggest that domain II unfolds as the first, our results do not 

allow to unequivocally determine the order of thermal denaturation of domains I and II in the 

HSA-B forms.  

Biological implications. The concentration of albumins in human serum is within the 

range of 35-50 mg/ml [77]. The experimentally determined transition temperature above 65°C 
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for human serum albumin at 48 mg/ml implies sufficient thermal stability of albumins under 

physiological conditions [71]. The thermal denaturation model of HSA and HSAFA presented 

in our work consists of a reversible step followed by one (HSA) or two (HSAFA) consecutive 

step(s). In analogy with immunoglobulin G for which thermal denaturation is described by the 

same model as for HSAFA, the first reversible step in protein thermal transition significantly 

increases the kinetic stability of the protein [52]. Additional stabilization of human serum 

albumin may play a role in the physiological environment of the bloodstream, where the protein 

is subjected to stringent forces and the presence of various ligands that may also have a 

destabilizing effect on albumin. A model that is able to correctly determine the thermodynamic 

and kinetic parameters can significantly help in the analysis of ligand binding to albumin from 

the point of view of localization of the binding sites in the protein structure as well as ligand 

affinity. 

 

5. Conclusion 

In conclusion, we show that the inconsistency of the results obtained in the studies of 

thermal denaturation of serum albumin in the literature is related to different sample quality 

between batches, methodological approaches and experimental conditions used in studies. The 

presence of FAs causes a more complex thermal denaturation of albumin. The thermal 

denaturation of albumin is strongly pH-dependent, even within a single conformational form. 

While the HSA unfolding pathway can be described by a two-step model, the temperature 

denaturation of HSAFA appears to be a three-step process analogous to the thermal denaturation 

of IgG molecules [78,79]. Our findings also indicate that at neutral and basic pH, independent 

of the presence of FAs, domain III is the most stable domain of HSA. The identification of a 

proper model of thermal denaturation of HSA and HSAFA allows correct determination of the 

thermodynamic and kinetic parameters connected with the human serum albumin thermal 

transitions in the presence of different ligands or in conjugation with therapeutic proteins. This 

can be particularly helpful in the development of HSA-based drug delivery systems. 
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