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ABSTRACT: Addition of sugars such as sucrose to aqueous protein solutions generally stabilizes 

proteins against thermal denaturation, by preferential exclusion of sugars from proteins (preferential 

hydration of proteins). In this study, we investigated the effect of sucralose, a chlorinated sucrose 

derivative, on protein stability and preferential solvation. Circular dichroism and small-angle X-ray 

scattering measurements showed that sucrose increased the denaturation temperature of myoglobin and 

was preferentially excluded from the protein, whereas sucralose decreased the denaturation temperature 

of myoglobin and was preferentially adsorbed to the protein. No clear evidence was obtained for indirect 

effects of sucralose on protein destabilization via the structure and properties of solvent water from the 

physicochemical properties (mass density, sound velocity, viscosity, osmolality) of aqueous sucralose 

solutions; therefore, we concluded that a direct protein-sucralose interaction induced protein 

destabilization. 

 

1. INTRODUCTION 

The stability of protein structure in aqueous solution is affected by coexisting small molecules 

(cosolvents). For example, the addition of sugars such as sucrose protects proteins against denaturation.1-

3 This enhancement of protein stability by the addition of sugars has been applied in both the food and 

pharmaceutical industries.4,5 The stabilizing effect of sugars on proteins has also attracted attention in the 

field of biology, with some organisms shown to accumulate sugars in cells to help them tolerate extreme 

environments.6  

Sucralose (1,6-dichloro-1,6-dideoxyfructose-4-chloro-4-deoxygalactose) is a chlorinated derivative of 
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sucrose, with three hydroxyl groups substituted by chlorine atoms. It is approximately 600 times sweeter 

than sucrose and has been widely used as a non-nutritive sweetener.7 In spite of structural similarity 

between the two sugars, several recent studies have reported that, in contrast with its precursor sucrose, 

sucralose reduces protein stability.8-10  

It has been known for some time that the effect of cosolvents on protein stability is correlated with 

preferential solvation: stabilizers (e.g., sugars, polyols) are preferentially excluded from proteins 

(preferential hydration of proteins) and so stabilize the native state that exposes less surface area to 

solvent contact with respect to the denatured state, whereas destabilizers (e.g., ureas, guanidine 

hydrochloride) are preferentially adsorbed to proteins and so stabilize the denatured state that exposes 

more surface area to solvent contact with respect to the native state.1,3,11-13 The preferential 

exclusion/adsorption of cosolvents by proteins has been observed by densitometry,1,11,12 osmometry,14 

calorimetry,15 and scattering techniques.16-19 However, the preferential solvation of protein by sucralose 

has not been clarified experimentally. The modulation of protein stability by cosolvents is not only caused 

by direct interactions between the protein and the cosolvents but also by indirect effects via the change 

in the structure and properties of the solvent water.2,3,20,21 There have been far fewer studies investigating 

the properties of aqueous solutions of sucralose compared with the number of studies that have 

investigated aqueous solutions of sucrose.22   

In the present study, we investigated the thermal stability and the preferential solvation behavior of 

myoglobin in mixtures of sucralose and water. Physical properties of aqueous sucralose solutions (mass 

density, sound velocity, viscosity, and osmolality) were measured to investigate the mechanism 

underlying the effect of sucralose on protein stability. Circular dichroism (CD) measurements showed 

that the thermal stability of myoglobin was decreased by sucralose. Small-angle X-ray scattering (SAXS) 

measurements indicated that sucralose had a greater tendency than sucrose to be adsorbed to myoglobin. 

The physical properties of aqueous solutions of sucralose were not significantly different from those of 

sucrose, suggesting that sucralose destabilized protein structure through direct interaction with proteins 

rather than indirect effects on the structure and properties of the solvent water.    

 

2. EXPERIMENTAL METHODS 

Myoglobin from horse skeletal muscle (Sigma-Aldrich), sucralose (Sigma-Aldrich), and sucrose 

(FUJIFILM Wako Pure Chemical Co.) were used without further purification. The buffer solvents used 

were 20 mM Na2HPO4/NaH2PO4 at pH 7.0 for CD measurements and 10 mM HEPES (N-(2-

hydroxymethyl)-piperazine-N'-(2-ethane-sulfonic acid)) and 50 mM NaCl at pH 7.0 for SAXS 

measurements. The stock solution of myoglobin (25 mg/ml for CD and 100 mg/ml for SAXS) and sugar 
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solutions of various concentrations were mixed in a 1:4 ratio to prepare protein solutions of 5 and 20 

mg/ml for CD and SAXS, respectively. The protein solutions were clarified by centrifugation at 16,000 

× g for 15 min, before the measurements were made. The sugar concentration ranged from 0 to 20 w/v% 

for sucralose and 0 to 40 w/v% for sucrose.  

The CD spectra were measured from 260 to 180 nm under an N2 gas atmosphere using a vacuum-

ultraviolet circular dichroism spectrophotometer (BL12) at the Hiroshima Synchrotron Radiation Center 

(HiSOR, Higashi-Hiroshima, Japan).23 An optical cell with CaF2 windows was used, and the path length 

of the cell was adjusted with a Teflon spacer to 50 μm. The temperature of the cell was controlled in the 

range from 20℃ to 90℃ using a Peltier temperature control unit.  

The SAXS measurements were performed using the BL-6A24 and BL-10C25 spectrometers at the High 

Energy Accelerator Research Organization (KEK, Tsukuba, Japan). The X-ray wavelength was 1.5 Å at 

BL-6A and 1.0 Å at BL-10C. The sample-to-detector distance was 50 cm. The X-ray scattering intensity 

was recorded with a PILATUS 1M detector (Dectris) at BL-6A and a PILATUS 2M detector (Dectris) at 

BL-10C. The exposure time was 20 to 30 s. The temperature of the solutions in the sample cells was 

maintained at 25℃ using a temperature controller (mK2000, Instec). The two-dimensional SAXS data 

were circularly averaged, converted into one-dimensional scattering intensity data, and background 

subtracted to obtain the scattered intensity profile 𝐼(𝑞) as a function of the scattering vector length 𝑞, 

defined as	 𝑞 = (4𝜋 𝜆⁄ ) sin(𝜃 2⁄ ), where 𝜃 and 𝜆 are the scattering angle and the wavelength of the 
X-rays, respectively. The zero-angle scattered intensity 𝐼(0)  and the radius of gyration 𝑅!  were 

calculated by applying the Guinier approximation formula to the scattering data in the small-angle 

region.26,27 

ln 𝐼(𝑞) = ln 𝐼(0) −
1
3𝑅"

#𝑞#. (1) 

The mass density of the sugar solutions and the speed of sound in the sugar solutions were measured 

using a density and sound velocity meter (DSA 5000, Anton-Paar) at 20℃. The average electron-density 

of the sugar solutions was calculated from the mass-density data, as shown in the Results and Discussion 

section. The hydration number of sugars was also estimated from the mass density and sound velocity 

data, as follows. The adiabatic compressibility coefficient 𝜅 can be calculated from Laplace’s equation:  

𝜅 =
1
𝜌𝑢#

(2) 

where 𝜌 and 𝑢 are the mass density and the speed of sound, respectively.28 According to the Passynsky 

method,28,29 the hydration number 𝑛$  of a sugar molecule in a sugar solution consisting of 𝑛%&'() 
moles of water and 𝑛*+!&) moles of sugar was calculated from the following equation:   
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𝑛$ =
𝑛%&'()
𝑛*+!&)

<1 −
𝜅

𝜅%&'()
= (3) 

where 𝜅%&'() is the compressibility of water. The hydration number defined by eq. 3 represents the 

average number of water molecules that are affected by interaction between the sugar and water and 

show strongly reduced compressibility compared with pure bulk water.28  

The osmolality of sugar solutions was measured using a vapor pressure osmometer (Vapro 5600, 

Wescor). The water activity 𝑎% in the sugar solutions was calculated from the following equation:    

𝑎% = exp(−𝑉%&'() ∙ Osm) (4) 
where 𝑉%&'() and Osm represent the molar volume of water and the osmolality, respectively.30 The 

viscosity measurement of sucralose solutions was performed with an Ubbelohde-type capillary 

viscometer at 20℃.  

 

3. RESULTS AND DISCUSSION 

3.1 Effect of Sucralose on the Thermal Stability of Myoglobin 

Figure 1 shows the CD spectra of myoglobin in the buffer solvents with and without sugars. The 

spectra showed negative peaks at 208 and 222 nm, stemming from the α-helix structure in myoglobin, 

independent of the addition of sugars. The shape of the spectra below 200 nm for the myoglobin solutions 

containing sucralose or sucrose was different from that without sugars, which was due to the CD signals 

of sucralose and sucrose (Fig. S1). On the other hand, the spectra at 20℃ with and without sugars 

coincide with each other at wavelengths above 200 nm, indicating that both sucralose and sucrose did 

not affect the secondary structure of myoglobin. The temperature dependences of the ellipticity at 222 

nm are shown in Fig. 2. The abrupt change in the ellipticity with increasing temperature was attributed 

to the denaturation of myoglobin. The denaturation temperature of myoglobin was increased by the 

addition of sucrose but decreased by the addition of sucralose. This result shows that sucralose 

destabilized the structure of myoglobin, whereas sucrose stabilized it.  

 

3.2 Excluded Molecular Volume and Electron Density of Sugars 

In the X-ray scattering of solutions, the scattered intensity depends on the difference between the 

average electron densities of the solute and the solvent (referred to as contrast). The electron density of 

myoglobin was calculated to be 0.424 e/Å3 on the basis of the crystal structure of myoglobin (code 1WLA, 

registered in the Protein Data Bank (PDB)). The electron density of aqueous sugar solutions at the 
concentration 𝐶*+!&) (w/w%) can be calculated using the following equation:19  
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𝐷 =
𝑁,𝜌
100

I
𝐶*+!&)𝑣*+!&)𝐷*+!&)

𝑀*+!&)
+
M100 − 𝐶*+!&)N𝑣%&'()𝐷%&'()

𝑀%&'()
O , (5) 

where 𝑣*+!&), 𝑣%&'(), 𝐷*+!&), 𝐷%&'(), 𝑀*+!&), and 𝑀%&'() are the excluded molecular volume, the 

electron density, and the molar masses of sugar and water molecules, respectively; 𝑁, is Avogadro’s 

number.  

Figure 3 shows the concentration dependences of the mass density for aqueous solutions of sucralose 

and sucrose. The mass density of a mixture of sugar and water is given by the following equation:19  

𝜌 =
100

𝑁, IQ
𝐶*+!&)𝑣*+!&)
𝑀*+!&)

+
M100 − 𝐶*+!&)N𝑣%&'()

𝑀%&'()
RO
. (6)

 

The value of 𝑣*+!&) was determined by fitting eq. 6 to the data shown in Fig. 3. The values of 𝑣*+!&) 
and 𝐷*+!&) obtained for sucralose and sucrose are shown in Table 1. The electron density of the aqueous 

solution of sucralose calculated using eq. 5 and the values in Table 1 coincided with that of sucrose (Fig. 

S2). The calculated values for the electron density were used in the SAXS simulation, as described later.    

 

3.3 Effect of Sugars on SAXS of Myoglobin Solutions 

Figure 4 shows the Guinier plots of the SAXS curves of myoglobin in the aqueous solutions of 

sucralose and sucrose. As the sugar concentration increased, the scattered intensities of X-rays slightly 

decreased for sucralose (Fig. 4a) but significantly decreased for sucrose (Fig. 4b). As shown in eq. 1, the 
slope and the intercept of the Guinier plot give 𝐼(0) and 𝑅!, respectively. Figure 5 shows the plots of 

𝐼(0) and 𝑅! as a function of the sugar concentration. The addition of sucrose clearly decreased 𝐼(0)-/# 
but did not change 𝑅! significantly, which is consistent with previous reports.19 On the other hand, the 

addition of sucralose decreased 𝐼(0)-/# less sharply and clearly increased 𝑅!.  

Hirai et al. investigated the effect of sugars and polyols on the SAXS of protein solutions.18,19 They 
showed that the change in the observed scattering function (and therefore the values of 𝐼(0) and 𝑅!) 

could be attributed to the change in the contrast between protein and solvent, when the solvation shell 

surrounding the protein surface was taken into consideration. They simulated X-ray scattering curves 

from the atomic structure of protein registered in PDB, using the CRYSOL program developed by 

Svergun et al.,32 and assuming that the electron densities of solvent and the solvation shell are variable. 

They compared the results of experiments and simulations and concluded that sugars and polyols were 

preferentially excluded from protein (preferential hydration). In the present study, we adopted a similar 

approach to investigate the preferential solvation of myoglobin in a mixture of sucralose and water. We 

used the CRYSOL program to calculate theoretical SAXS curves based on the structure of myoglobin 
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(1WLA in PDB) and the electron densities obtained in Section 3.2. The electron density 𝐷*/(00 of the 

solvation shell was given by: 
𝐷*/(00 = 𝛽𝜙𝐷*+!&) + (1 − 𝛽𝜙)𝐷/12)&'345, (7)	

where 𝜙 is the volume fraction of sugar, 𝛽 is a parameter, and 𝐷/12)&'345 is the electron density of 

the hydration shell around the protein. The value of 𝐷/12)&'345 was set to be 1.1-times higher than that 

of the bulk water, based on the value found in the literature.33 The parameter 𝛽 in eq. 7 represents the 

preferential solvation behavior: the preferential exclusion of sugar from protein occurs when 0 ≤ 𝛽 <
1, and the preferential adsorption of sugar to protein occurs when 𝛽 > 1. The values of 𝐼(0) and 𝑅! 

for the theoretical scattering curves were obtained from the Guinier plots. Figure 6 compares 𝐼(0)-/# 
and 𝑅! calculated for various values of 𝛽 with those obtained experimentally. The experimental data 

of 𝐼(0)-/# fall on theoretical curves of 𝛽 > 1 for sucralose and those of 𝛽 < 1 for sucrose. which 
concludes that sucralose was preferentially adsorbed to the protein and sucrose was preferentially 
excluded from the protein (Fig. 6a). Although the experimental data for 𝑅! are scattered, the larger 𝑅! 

values for sucralose than for sucrose also indicate that sucralose had a tendency toward preferential 
adsorption in comparison with sucrose (Fig. 6b). In this analysis, the experimental values of 𝑅! were 

slightly larger than the theoretical ones calculated for the value of 𝛽 that gave a theoretical curve of 

𝐼(0)-/# fit to the experimental data. This discrepancy could be attributed to the fact that the width of 
the solvation shell is fixed at 3 Å in the CRYSOL program.32 The present study showed that protein 

structure was destabilized by sucralose exhibiting preferential adsorption and stabilized by sucrose 

exhibiting preferential exclusion. This result is consistent with theoretical considerations based on 

thermodynamics1,11,12 and statistical thermodynamics.13 The observed adsorption of sucralose to protein 

is also in agreement with the results of a recent molecular dynamics simulation.34  

 

3.4 Physical Properties of Aqueous Sucralose Solution and a Mechanism for the Destabilization of 

Protein by Sucralose 

Recent studies have reported that the addition of sucralose lowered the denaturation temperature of 

proteins, including bovine serum albumin,8 staphylococcal nuclease,8 lysozyme9, and whey protein 

isolate.10 However, the mechanism via which sucralose destabilizes protein has not yet been clarified. In 

general, the effects of cosolvents on proteins are twofold: direct binding to proteins and indirect effects 

through changes to the structure and properties of water. In terms of direct binding, the binding of 

sucralose to proteins via electrostatic interactions,8,9,34 hydrophobic interactions,9 hydrogen bonds10,34, 

and van der Waals interactions10 has been suggested based on the results of docking simulations,9,10 

molecular dynamics simulations,34 time-resolved fluorescence anisotropy of tryptophan,8 and isothermal 
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titration calorimetry.9,34 The SAXS measurements in the present study showed that sucralose was 

preferentially adsorbed to myoglobin, which supports the notion of direct binding of sucralose to proteins. 

For indirect effects, although they have been mentioned in the literature,9 they have not been thoroughly 

investigated, probably because of a lack of data about the physical properties of aqueous sucralose 

solutions.  

One of the indirect effects of cosolvents on the stability of proteins comes from the entrapment of 

water molecules by the cosolvents. Sugars and polyols are strongly hydrated, therefore they reduce the 

water molecules available to hydrate proteins. This leads proteins to assume their folded (native) state, 

which suffers less from water loss. Figure 7 shows the hydration number, 𝑛$, of sucralose and sucrose 

as a function of the sugar concentration obtained from the sound velocity data. The values of 𝑛$ of 

sucralose and sucrose were 14–16 and 12–14, respectively, depending on the sugar concentration. These 

values are similar to those reported in the literature.28 The larger hydration number for sucralose 

corresponds to the results of neutron diffraction experiments35 that showed sucralose had a greater 

number of water molecules in its hydration shell compared with sucrose. As this large hydration number 

for sucralose compared with sucrose predicts enhancement of protein stability, the water-entrapment 

hypothesis does not seem to explain the protein destabilization caused by sucralose. 

The hydration of sugars in aqueous solution lowers water activity.36 Miyawaki proposed a 

thermodynamic model to analyze protein stability with explicit consideration of the change in the 

hydration state of proteins following the unfolding process; this showed that protein stability was 

enhanced by a decrease in water activity.37 Figure 8 shows the water activity determined from the 

osmolality of the sucralose and sucrose solutions. The water activity monotonically decreased with the 

sugar concentration for both sucralose and sucrose, with the decrease in the water activity of sucralose 

being slightly less than that of sucrose. This result indicates that the water-activity effect on the 

enhancement of protein stability was slightly less for sucralose than for sucrose but did not lead to a 

decrease in protein stability following the addition of sucralose.  

Another indirect effect of cosolvents is the enhancement/disruption of water structure that they induce. 

Sugars and polyols enhance the hydrogen-bonded structure of water. This strengthens hydrophobic 

interactions within proteins, resulting in the stabilization of protein structure.2,3 In contrast, cosolvents 

that disrupt the water structure destabilize proteins.21 The degree of water structuration is given by the 

parameter 𝐵 (𝑀#𝑉#)⁄ , in which 𝑀# , 𝑉# , and 𝐵  are, respectively, the molecular weight, the partial 

specific volume of the solute, and the viscosity coefficient 𝐵, defined as  

𝜇 𝜇6⁄ = 1 + 𝐵𝑚 + 𝐶𝑚#, (8) 
where 𝜇 and 𝜇6 are the viscosity of the solution and water, respectively, 𝑚 is the molality of the 
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solute, and 𝐶 is a coefficient.38 In Fig. 9, the viscosity of aqueous sucralose solutions measured in the 

present study is compared with viscosity values for sucrose obtained from the literature.31 The viscosity 

data for the solutions of sucralose and sucrose coincided with each other. The values of 𝐵 (𝑀#𝑉#)⁄  

calculated from the data in Fig. 9 were 4.0 × 10-3 g/cm3 for sucralose and 4.1 × 10-3 g/cm3 for sucrose, 

which are almost the same. The viscosity data appeared to show no differences in the degree of water 

structuration between the sucralose and sucrose solutions. This suggests that, even though sucralose 

reduces protein stability, sucralose is, like sucrose, a water-structure maker. The enhancement of water 

structure by sucralose has previously been suggested by Shukla et al., on the basis of results they obtained 

showing the bulk hydration dynamics of tryptophan in a sucralose solution, measured using time-

resolved fluorescence spectroscopy.9  

Oshima and Kinoshita conducted a theoretical investigation into the stability of proteins in sugar 

solutions. They showed that the higher denaturation temperature of proteins in sugar solutions was due 

to the increase in the solvent-entropy gain upon protein folding, which was induced by the enhancement 

of the entropic correlations among solvent molecules (solvent crowding) in the presence of sugar 

molecules.39 A similar theoretical explanation for the stabilizing effect of sugars based on the solvent-

entropy change induced by the solvent-excluded volume effect has been proposed by Graziano.40 Oshima 

et al. also indicated that the effect of cosolvents on the thermal stability of proteins was determined by a 

complex function of the diameter of cosolvent molecules and the total packing fraction of the solution. 
According to their method,39 the diameter of sugar molecules 𝑑*+!&) and the total packing fraction of 

the solutions 𝜂 for both sucralose and sucrose were calculated from the data of the crystal density31,41 
and the mass density of the solutions (Fig. 3). The calculated value of 𝑑*+!&) for sucralose was 0.83 nm, 

which was almost the same as that of sucrose (0.80 nm). The value of 𝜂 for the 20 w/w% aqueous 

solution was 0.43 for both sucralose and sucrose. These results show that the addition of sucralose or 

sucrose contributes equally to the solvent-entropy gain upon protein folding. Murakami and Kinoshita42 

showed that the addition of polyols and monohydric alcohols stabilized and destabilized proteins, 

respectively, due to the enhancement and the reduction of the solvent-entropy gain upon protein folding, 

respectively, using the same theoretical procedure as Oshima et al.39 Murakami et al.42 also found that, 

similar to sugars and polyols, the addition of urea increases the solvent-entropy gain upon protein folding, 

although urea destabilizes the native structure of proteins. They proposed two essential factors that affect 

protein stability: the solvent-entropy gain and the loss of protein-solvent interaction energy upon protein 

folding and concluded that the latter factor was dominant for urea, i.e., the effect of attractive interaction 

energy between protein and urea surpassed that of the solvent-entropy gain. The case of sucralose in the 

present study is analogous to that of urea. The physical properties of the sucralose solutions were similar 
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to those of the sucrose solutions, and there was no evidence that sucralose destabilized proteins via 

indirect effects through changes in the structure or properties of water. The preferential adsorption 

revealed by our SAXS measurements indicates that the attractive interaction between protein and 

sucralose is stronger than that between protein and water. Therefore, the destabilization of protein by 

sucralose is mainly driven by the direct binding of sucralose to protein rather than indirect effects on the 

structure and properties of water.  

Types of interactions and sites in the binding of sucralose to proteins, though they could not be deduced 

from the results of the present study, have been a subject of controversy. Shukla et al. demonstrated by 

using the docking simulation that sucralose bound at the hydrophobic pocket on the surface of lysozyme, 

at which sucrose did not bind.9 Simončič and Lukšič carried out the molecular dynamics simulation and 

showed that sucralose formed more hydrogen bonds with acidic/basic and polar surface amino acid 

residues of lysozyme.34 They inferred from the results that electrostatic forces (dipole-dipole, ion-dipole, 

hydrogen bonds) were predominantly responsible for the binding between sucralose and lysozyme. 

Zhang et al. concluded that both hydrophobic and hydrophilic amino acid residues took part in the 

binding interaction between sucralose and whey protein isolate, based on their docking simulation 

results.10 Most recently, it emerged that urea, a common chemical denaturant of proteins, interacted 

favorably with both polar and nonpolar residues of proteins.43 As sucralose has a dipole moment which 

is larger than that of sucrose and close to that of urea8,34 and, at the same time, appears more hydrophobic 

than sucrose,9 sucralose would be able to interact with various protein amino acid residues, independently 

of their physico-chemical properties. The attractive interaction energy destabilizes the native structure of 

proteins because a greater number of binding sites is available on the surface of unfolded proteins.  

 

4. CONCLUSIONS 

Although sugars such as sucrose are commonly used as stabilizer molecules for proteins, we found 

that sucralose decreased the thermal stability of myoglobin. Protein destabilization by sucralose was 

mainly due to the preferential adsorption of sucralose to proteins, which we observed using the SAXS 

technique.  

 

Supporting Information. CD spectra of sucrose and sucralose, electron density of aqueous solutions 

containing sucrose and sucralose.    

 

ACKNOWLEDGMENTS 

SAXS measurements were performed under the approval of the Photon Factory Program Advisory 



 10 

Committee (Proposal No. 2021G131). VUVCD spectra were measured with the approval of the 

Hiroshima Synchrotron Radiation Center of Hiroshima University (Proposal No. 21AG027 and 

21BG021). The density and sound velocity measurements were conducted at the Analytical Research 

Center for Experimental Sciences, Saga University.  

 

REFERENCES 

(1) Arakawa, T; Timasheff, S. N. Stabilization of protein structure by sugars. Biochemistry, 1982, 21, 

6536-6544.  

(2) Back, J. F.; Oakenfull, D.; Smith, M. B. Increased thermal stability of proteins in the presence of 

sugars and polyols. Biochemistry 1979, 18, 5191-5196.  

(3) Gekko, K.; Koga, S. Increased thermal stability of collagen in the presence of sugars and polyols. J. 

Biochem. 1983, 94 199-205.  

(4) Semenova, M. G.; Antipova, A. S.; Belyakova, L. E. Food protein interactions in sugar solutions. 

Curr. Opin. Colloid Interf. Sci. 2002, 7, 438-444.  

(5) Arakawa, T.; Kita, Y.; Carpenter, J. F. Protein-solvent interactions in pharmaceutical formulations. 

Pharm. Res. 1991, 8, 285-291.  

(6) Yancey, P. H.; Clark, M. E.; Hand, S. C.; Bowlus, R. D.; Somero, G. N. Science 1982, 217, 1214-

1222.  

(7) Grotz, V. L.; Munro, I. C. An overview of the safety of sucralose. Regul. Toxicol. Pharmacol. 2009, 

55, 1-5.  

(8) Chen, L.; Shukla, N.; Cho, I.; Cohn, E.; Taylor, E. A.; Othon, C. M. Sucralose destabilization of 

protein structure. J. Phys. Chem. Lett. 2015, 6, 1441-1446.  

(9) Shukla, N.; Pomarico, E.; Hecht, C. J. S.; Taylor, E. A.; Chergui, M.; Othon, C. M. Hydrophobic 

interactions of sucralose with protein structures. Arch. Biochem. Biophys. 2018, 639, 38-43.  

(10) Zhang, H.; Sun, S.; Wang, Y.; Cao, J. Interaction of sucralose with whey protein: Experimental and 

molecular modeling studies. Spectrochim. Acta A Mol. Biomol. Spectrosc. 2017, 187, 92-97.  

(11) Gekko, K.; Timasheff, S. N. Mechanism of protein stabilization by glycerol: Preferential hydration 

in glycerol-water mixtures. Biochemistry 1981, 20, 4667-4676.  

(12) Timasheff, S. N. Water as ligand: Preferential binding and exclusion of denaturants in protein 

unfolding. Biochemistry 1992, 31, 9857-9864.  

(13) Shimizu, S. Molecular origin of the cosolvent-induced changes in the thermal stability of proteins. 

Chem. Phys. Lett. 2011, 514, 156-158.  

(14) Courtenay, E. S.; Capp, M. W.; Anderson, C. F.; Record, M. T. Vapor pressure osmometry studies of 



 11 

osmolyte-protein interactions: Implications for the action of osmoprotectants in vivo and for the 

interpretation of “osmotic stress” experiments in vitro. Biochemistry 2000, 39, 4455-4471.  

(15) Spinozzi, F.; Ostore, M. G.; Sinibaldi, R.; Mariani, P. Esposito, A.; Cinelli, S.; Onori, G. 

Microcalorimetric study of thermal unfolding of lysozyme in water/glycerol mixtures: An analysis 

by solvent exchange model. J. Chem. Phys. 2008, 129, 035101.  

(16) Sinibaldi, R.; Ortore, M. R.; Spinozzi, F.; Carsughi, F.; Frielinghaus, H.; Cinelli, S.; Onori, G.; 

Mariani, P. Preferential hydration of lysozyme in water/glycerol mixtures: A small-angle neutron 

scattering study. J. Chem. Phys. 2007, 126, 235101.  

(17) Sinibaldi, R.; Ortore, M. R.; Spinozzi, F.; de Souza Funari, S.; Teixeira, J.; Mariani, P. SANS/SAXS 

study of the BSA solvation properties in aqueous urea solutions via a global fit approach. Eur. 

Biophys. J. 2008, 37, 673-681.  

(18) Hirai, M.; Ajito, S.; Sugiyama, M.; Iwase, H.; Tanaka, S.; Shimizu, N.; Igarashi, N.; Martel, A.; 

Porcar, L. Direct evidence for the effect of glycerol on protein hydration and thermal structural 

transition. Biophys. J. 2018, 115, 313-327.  

(19) Ajito, S.; Iwase, H.; Tanaka, S.; Hirai, M. Sugar-mediated stabilization of protein against chemical 

or thermal denaturation. J. Phys. Chem. B 2018, 122, 8685-8697.  

(20) Parsegian, V. A.; Rand, R. P.; Rau, D. C. Osmotic stress, crowding, preferential hydration, and 

binding: A comparison of perspectives. Proc. Natl. Acad. Sci. USA 2000, 97, 3987-3992.  

(21) Franks, F. Protein stability: The value of ‘old literature.’ Biophys. Chem. 2002, 96, 117-127. 

(22) Jenner, M. R.; Smithson, A. Physicochemical properties of the sweetener sucralose. J. Food Sci. 

1989, 54, 1646-1649.  

(23) Matsuo, K.; Sakai, K.; Matsushima, Y.; Fukuyama, T.; Namatame, H.; Gekko, K. Optical cell with 

a temperature-control unit for a vacuum-ultraviolet circular dichroism spectrophotometer. Anal. Sci. 

2003, 19, 129-132.  

(24) Takagi, H.; Igarashi, N.; Mori, T.; Saijo, S.; Ohta, H.; Nagatani, Y.; Kosuge, T; Shimizu, N. Upgrade 

of small angle x-ray scattering beamline BL-6A at the photon factory. AIP Conf. Proc. 2016, 1741, 

030018.  

(25) Shimizu, N.; Mori, T.; Nagatani, Y.; Ohta, H.; Saijo, S.; Takagi, H.; Takahashi, M.; Yatabe, K.; 

Kosuge, T.; Igarashi, N. BL-10C, the small-angle x-ray scattering beamline at the photon factory. 

AIP Conf. Proc. 2019, 2054, 060041.  

(26) Glatter, O.; Kratky, O. Small-Angle X-ray Scattering; Academic Press: London, New York, 1982.  

(27) Guiner, A. X-ray Diffraction in Crystals, Imperfect Crystals, and Amorphous Bodies; W. H. Freeman 

and Company: San Francisco and London, 1963.  



 12 

(28) Burakowski, A.; Gliński, J. Hydration numbers of nonelectrolytes from acoustic methods. Chem. 

Rev. 2012, 112, 2059-2081.  

(29) Passynsky, A. Solvation of non-electrolytes and the compressibility of their solutions. Acta 

Physicochim. URSS 1947, 22, 137-152.  

(30) Kawasaki, H.; Sasaki, S.; Maeda, H.; Mihara, S.; Tokita, M.; Komai, T. Saccharide-induced volume 

phase transition of poly(N-isopropylacrylamide) gels. J. Phys. Chem. 1996, 100, 16282-16284.  

(31) Weast, C. W. CRC Handbook of Chemistry and Physics, 58th ed.; CRC Press, Inc.: Boca Raton, 1978.  

(32) Svergun, D. I.; Barberato, C.; Koch, M. H. J. CRYSOL - a Program to evaluate x-ray solution 

scattering of biological macromolecules from atomic coordinates. J. Appl. Cryst. 1995, 28, 768-773.  

(33) Svergun, D. I.; Richard, S.; Koch, M. H. J.; Sayers, Z.; Kuprin, S.; Zaccai, G. Protein hydration in 

solution: Experimental observation by x-ray and neutron scattering. Proc. Natl. Acad. Sci. USA 1998, 

95, 2267-2272.  

(34) Simončič, M.; Lukšič, M. Mechanistic differences in the effects of sucrose and sucralose on the 

phase stability of lysozyme solutions. J. Mol. Liq. 2021, 326, 115245.  

(35) Imberti, S.; MacLain, S. E.; Rhys, N. H.; Bruni, F.; Ricci, M. A. Role of water in sucrose, lactose, 

and sucralose taste: The sweeter, the wetter? ACS Omega 2019, 4, 22392-22398.  

(36) Starzak, M.; Peacock, S. D.; Mathouthi, M. Hydration number and water activity models for the 

sucrose-water system: A critical review. Crit. Rev. Food Sci. Nutr. 2000, 40, 327-367.  

(37) Miyawaki, O. Hydration state change of proteins upon unfolding in sugar solutions. Biochim. 

Biophys. Acta 2007, 1774, 928-935.  

(38) Herskovits, T. T.; Kelly, T. M. Viscosity studies of aqueous solutions of alcohols, ureas, and amides. 

J. Phys. Chem. 1973, 77, 381-388.  

(39) Oshima, H.; Kinoshita, M. Effects of sugars on the thermal stability of a protein. J. Chem. Phys. 

2013, 138, 245101.  

(40) Graziano, G. How does sucrose stabilize the native state of globular proteins? Int. J. Biol. Macromol. 

2012, 50, 230-235.  

(41) Kanters, J. A.; Scherrenberg, R. L.; Leeflang, B. R.; Kroon, J. The crystal and molecular structure of 

an intensely sweet chlorodeoxysucrose; 4,1’,6’-trichloro-4,1’,6’-trideoxy-galacto-sucrose. 

Carbohydr. Res. 1988, 180, 175-182.  

(42) Murakami, S.; Kinoshita, M. Effects of monohydric alcohols and polyols on the thermal stability of 

a protein. J. Chem. Phys. 2016, 144, 125105.  

(43) Paladino, A.; Balasco, N.; Vitagliano, L.; Graziano, G. A structure-based mechanism for the 

denaturing action of urea, guanidinium ion and thiocyanate ion. Biology 2022, 11, 1764.  



 13 

 

 

 

 

Table 1. Excluded volumes and electron densities of sucralose and sucrose 

 Sucralose Sucrose 

Excluded volume (Å3) 397.5 353.7 

Electron density (e/Å3) 0.518 0.515 
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Figure 1. CD spectra of myoglobin in phosphate buffer solvents with and without sugars and measured 

at various temperatures: (a) without sugars, (b) with 20 w/v% sucralose, and (c) with 20 w/v% sucrose.   
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Figure 2. Temperature dependences of ellipticity at 222 nm for myoglobin in phosphate buffer solution 

without sugars (triangles), with 20 w/v% sucrose (squares), and with 20 w/v% sucralose (circles).  
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Figure 3. Mass density of aqueous solutions containing sucrose (squares) and sucralose (circles) at 

various concentrations. The dashed line shows data for sucrose obtained from the literature.31 
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Figure 4. Guinier plots of SAXS curves of myoglobin in HEPES buffer solution containing sucralose (a) 

and sucrose (b) at various concentrations.  
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Figure 5. Normalized values of squared zero-scattering intensity (a) and radius of gyration (b) for 

myoglobin in HEPES buffer solution containing sucrose (squares) and sucralose (circles) at various 

concentrations. 
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Figure 6. Comparison between the experimental (symbols) and theoretical (dashed lines) values of the 

normalized squared zero-scattering intensity (a) and the normalized radius of gyration (b). The symbols 

are the same as in Fig. 5. The theoretical curves obtained are for 𝛽 = 0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.5, 2.0, 

2.5, and 3.0, from the bottom to the top.  
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Figure 7. Hydration number of aqueous solutions containing sucrose (squares) and sucralose (circles) at 

various concentrations.  
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Fig. 8. Water activity of aqueous solutions containing sucrose (squares) and sucralose (circles) at various 

concentrations. The dashed line shows data for sucrose obtained from the literature.31 
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Fig. 9. Viscosity of aqueous sucralose solutions at various concentrations. The dashed line shows data 

for sucrose obtained from the literature.31 
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