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ABSTRACT

Purpose To assess the effect of sugar molecules on solution

viscosity at high protein concentrations.

Methods A high throughput dynamic light scattering method

was used to measure the viscosity of monoclonal antibody

solutions. The effects of protein concentration, type of sugar

molecule (trehalose, sucrose, sorbitol, glucose, fructose, xylose

and galactose), temperature and ionic strength were evaluated.

Differential scanning fluorimetry was used to reveal the effect of

the same sugars on protein stability and to provide insight into

the mechanism by which sugars increase viscosity.

Results The addition of all seven types of sugar molecules

studied result in a significant increase in viscosity of high

concentration monoclonal antibody solutions. Similar effects of

sugars were observed in the two mAbs examined; viscosity

could be reduced by increasing the ionic strength or

temperature. The effect by sugars was enhanced at higher

protein concentrations.

Conclusions Disaccharides have a greater effect on the

solution viscosity at high protein concentrations compared to

monosaccharides. The effect may be explained by commonly

accepted mechanisms of interactions between sugar and

protein molecules in solution.

KEY WORDS dynamic light scattering . high throughput .

monoclonal antibody . preferential exclusion . preferential

hydration . sugar molecule . viscosity

ABBREVIATIONS

cP centipoise

DLS dynamic light scattering

DSF differential scanning fluorimetry

Igg Immunoglobulin G

mAb monoclonal antibody

INTRODUCTION

Monoclonal antibodies are one of the most common classes of

biotherapeutic molecules, with more than 150 products on the

market and in development (1). To improve patient conve-

nience, there has been a movement towards the use of high

concentration protein solutions (i.e. > 100 mg/mL) in pre-

filled syringes. At these concentrations, many protein solutions

become highly viscous, posing considerable challenges for

both processing and delivery (2). In ultrafiltration/diafiltration

systems, high viscosity leads to high membrane backpressures

and reduction in the flow rate. In pre-filled syringes, increases

in viscosity may lead to difficulties during injection. Conse-

quently, controlling solution viscosity is a high priority when

developing high concentration protein formulations.

Protein-protein interactions are a primary cause of high

viscosity and have received considerable attention from

researchers. Both reversible self-interactions and electro-

static repulsions have been implicated as causes for the

viscosity of protein solutions (3–5). When these interactions
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are electrostatically based, they can frequently be controlled

by screening charges on the protein surface through the

addition of salt. However, in some cases, salts can have

detrimental effects on the stability of mAbs (6), and the

observed destabilizing effects have been linked to increased

levels of aggregation, particulation (6) and opalescence (7).

Sugars are frequently used for formulation of mAbs (8). As

a major component of many formulations, they may form

up to 10% (w/v) of the formulation components. They are

included for the dual roles of increasing protein stability

and maintaining tonicity (8,9). Their ability to stabilize

proteins is explained by the preferential exclusion and

hydration model introduced by Timasheff and colleagues

(10–12). The sugars are excluded from the region immedi-

ately surrounding the protein, leading to preferential

hydration of the protein shell and increased chemical

potential of the solution. This, in turn, shifts the equilibrium

towards the more compact, natively folded state. The

model was developed using low concentration solutions of

proteins with relatively few interactions among the protein

molecules. In high concentration protein solutions, protein-

protein interactions lead to more complex behaviors, and

the solution exhibits non-ideality. Molecular crowding forces

protein molecules and other solutes into limited spaces, which

increases the chance of protein-protein and protein-solvent

interactions (13). These interactions include charge-charge

attraction and repulsion, hydrogen bonding, hydrophobic

interaction, etc. (14). Preferential exclusion of osmolytes, such

as sugars, is enhanced at high protein concentrations (11).

These interactions among protein and other solutes can lead

to changes in physical properties of the solution, including

light scattering patterns (15) and protein diffusion parameters

(14). Recently, it has been demonstrated that increased

viscosity at high protein concentrations may also be

attributed to enhanced protein-protein interactions (3).

Although sugars have been used as microviscogen agents to

mediate enzymatic reaction rates by increasing solution

viscosity (16,17), to the best of our knowledge, the effect of

sugars on solution viscosity at high protein concentrations has

not been fully characterized. These types of studies are

complicated by the fact that the traditional rheological

techniques, such as the cone-and-plate method, require

significant amounts of material and time (3,18–20). Recently,

a high throughput analytical method utilizing dynamic light

scattering (DLS) was developed and applied to protein

viscosity measurements (21). The method was derived from

a technique used to measure polymer solution viscosity (22).

In the current study, the DLS method was employed to

evaluate the viscosity of sugar-protein solution complexes.

While the method cannot reveal shear effects, it is an excellent

tool to compare relative viscosities among a large number of

samples with minimal material requirements. In this report,

we present a thorough viscosity characterization of solutions

containing high protein concentrations and a variety of sugar

molecules. To examine the possible role of preferential

hydration and exclusion, we employed viscosity measurements

at higher ionic strength and various temperatures, both of

which strongly altered the solution viscosity of the sugar-

protein system. These results are consistent with the effect of

preferential hydration and exclusion reported in the literature.

Furthermore, evaluations of protein thermal stability demon-

strated that the effect of sugar molecules was enhanced at

higher protein concentrations, where a significant increase in

viscosity was also observed. This provides additional evidence

that the effect of sugars on protein solution viscosity may be

explained by preferential hydration and exclusion.

MATERIALS AND METHODS

Preparation of mAb and Sugar Solutions

MAb1 (an IgG1) and mAb2 (an IgG2) were purified by

Amgen Inc. as described elsewhere (23). The purified mAbs

were dialyzed (1:100,000 volume ratio) against a solution

containing 10 mM sodium acetate, pH 5 at 4°C using

dialysis cassettes with a 30,000 MWCO (Thermo Scientific,

Rockford, IL). The dialyzed protein solutions were then

concentrated by centrifugation using 10,000 MWCO

Amicon Ultra-15® centrifugal filters (Millipore Corporation,

Billerica, MA).

Sugars were purchased from Sigma-Aldrich Inc. (St.

Louis, MO) at the highest chemical grades commercially

available. Dry sugar powders were dissolved into distilled

water, and 100 mM sodium acetate (pH 5) buffer was

spiked into the sugar stock solutions to achieve a final buffer

concentration of 10 mM sodium acetate. Sugar stocks

contained the following sugar concentrations: trehalose and

sucrose, 1.5 M; sorbitol, glucose, fructose, xylose, and

galactose, 3 M. Concentrated mAb solutions were directly

mixed with sugar stocks to achieve the desired protein and

sugar concentrations, while 10mM sodium acetate (pH 5) was

used to adjust sample volume. For measurements of mAb

solution viscosity in the presence of salt, 10 mM sodium

acetate (pH 5) with 4.5 M sodium chloride was spiked into

samples accordingly. All the final sugar concentrations were

based on dilutions from the stock solutions.

Viscosity Measurements by Dynamic Light Scattering

(DLS)

The solution viscosity was measured using a DLS method

developed previously (21). In this method, the viscosity of

the solution is determined based on a difference in the

movement of beads in solution compared to the expected

light scattering behavior due to Brownian motion alone.
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Viscosity samples were prepared by mixing 49.5 μL of

sample solution with 0.5 μL of polystyrene beads with a

101.5 nm nominal radius at 1.05 g/cm3 density (Thermo

Scientific Inc., Fremont, CA). The DLS measurement was

performed using a DynaPro™ Plate reader dynamic light

scattering system (Wyatt Technology, Santa Barbara, CA)

and a 384-well clear-bottom plate containing 25 μL of

liquid sample in each well. The plate was centrifuged at

2,000×g for 3 min to eliminate air bubbles. Experimental

temperature was reached by a block-heating system with

flushing using nitrogen gas. Samples were allowed to

equilibrate for 30 min prior to the first measurement. Each

measurement contained 10 acquisitions and 30 s of data

collection per acquisition. Assuming water viscosities as

input, the hydrodynamic radii of the polystyrene beads

were determined using the “Legacy” method available in

the Dynamics™ software (Wyatt Technology, Santa

Barbara, CA). The micro-viscosity was calculated by

applying the Stokes-Einstein equation.

Protein Melting Detected by Differential Scanning

Fluorimetry (DSF)

The high throughput DSF technique was employed to

monitor mAb unfolding during temperature melting

according to the previously described method (24). Briefly,

a 96-well microplate was used during DSF with each well

containing 19.5 μL of protein sample and 0.5 μL of

SYPRO® Orange (Invitrogen Inc., Carlsbad, CA) that was

diluted from the purchased stock 1:125 in water. The final

dye concentration was 1/5000 of the initial product and

equivalent to 1× working concentration used for protein gel

staining. A CFX96 Real-Time PCR instrument (Bio-Rad

Laboratories, Inc., Hercules, CA) was used, and the

“FRET” channel setting was applied to record fluorescence

changes during the DSF measurement. Samples were

incubated at 20°C for 3 min prior to melting, during

which the temperature was increased from 20 to 95°C at

0.2°C increments and an equilibration time of 12 s at each

temperature. The hydrophobic exposure temperature, Th,

was reported as an indication of the transition mid-point of

protein unfolding. The first-order derivative curves and the

Th values were determined using the CFX Manager™

software (Bio-Rad Laboratories, Inc., Hercules, CA).

RESULTS

Viscosity Assessment of mAb Solutions Containing

Sugars

The sugar molecules included in this study are listed in

Fig. 1. Among these sugars, trehalose and sucrose are

disaccharides, while the other five are monosaccharides.

These sugar molecules were selected to test the effect of

differences in sugar structure and their hydrogen bonding

propensity. While sugar solutions alone can be highly

viscous, i.e. 60% (w/v) sucrose possesses a viscosity of

60 cP at room temperature (25), the sugar concentrations

used in this study did not contribute significantly to the

solution viscosity in the absence of protein. The viscosity

values of buffer controls containing these sugars are

summarized in Table I and as shown resulted in less than

2 cP of viscosity at 25°C.

The viscosity of protein solutions increases nonlinearly as

the protein concentration increases (2,3,5,21,26). In this

study, we evaluated two mAb molecules in combination

with seven sugars using a high throughput DLS method

described previously (21). In addition, viscosity measure-

ments using a cone-and-plate instrument on selected

samples at high protein and sugar concentrations agreed

with the data obtained by DLS (not shown). Solution

viscosity was measured as a function of protein concentra-

tion, and the results are shown in Fig. 2. The viscosity

increase at lower protein concentrations is minimal, while

the slope of viscosity change increases significantly at higher

protein concentrations. The addition of sugars increased

the solution viscosity at all protein concentrations studied

with a greater increase observed as the protein concentra-

tion increased. The sugar concentrations (300 mM for

disaccharides and 600 mM for monosaccharides) were

selected to ensure that there was the same number of

monosaccharide units in all the samples. For both mAb

molecules, trehalose displayed the highest viscosity,

followed by sucrose and sorbitol, while xylose manifested

the smallest viscosity increase. The viscosity of sugar-protein

solutions are significantly higher than that observed in

protein-free solutions at the same sugar concentrations or

sugar-free protein solutions.

Solution viscosity is also highly dependent upon sugar

concentration. Both mAb1 and mAb2 were subjected to

viscosity measurements as sugars were titrated into the

solution. In general, the increase in viscosity appeared

linear over the sugar concentrations examined (shown in

Fig. 3). The increased viscosity showed a strong dependence

on the number of monosaccharide units in both IgG types.

To further evaluate the effect by sugars, mAb2 was used as

a model protein in the following studies.

The Effect of Sugar on Viscosity is Altered by Salt

and Temperature

Ions can significantly change the protein solution viscosity

(3,4,21). Charged ions are thought to interact with charged

amino acid side chains on the protein surface, altering

protein-protein interactions and, as a result, decreasing the
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solution viscosity (3,4). To study the combined effects of ions

and sugar molecules, mAb2 was evaluated at 177 mg/mL in

the absence and presence of sodium chloride. The concen-

tration of salt, 150 mM, was derived from a report published

elsewhere (3) in order to achieve 50% of the viscosity

mitigation. The results of the salt effect are illustrated in

Fig. 4. The addition of salt reduced both the absolute

solution viscosity, and the increase in viscosity induced by

sugars. The monosaccharides generally showed lower

viscosities than disaccharides, with the exception of

sorbitol, which has viscosities similar to sucrose in both

the absence and presence of salt. While NaCl certainly

alters the general viscosity properties of the whole

solutions, the data with NaCl suggest that the effect of

sugars on protein viscosity can also be mitigated by ions in

solution. Polyethylene glycol (PEG) is known to mediate

solution osmolality and is widely used in pharmaceutical

development. In this study, we used PEG-300 since it is

the smallest PEG commercially available and the molecular

mass is close to that of a disaccharide. PEG-300 displayed

similar behavior to sugars in mAb solutions, increasing the

viscosity as well, in spite of having a different structure (Fig. 4).

Solution % Sugar (w/v)a Viscosity (cP)b

10 mM sodium acetate, pH 5 NA 0.91±0.06

10 mM sodium acetate, pH 5, 300 mM Trehalose 10.27 1.53±0.01

10 mM sodium acetate, pH 5, 300 mM Sucrose 10.27 1.26±0.01

10 mM sodium acetate, pH 5, 600 mM Sorbitol 10.93 1.73±0.06

10 mM sodium acetate, pH 5, 600 mM Glucose 10.81 1.19±0.01

10 mM sodium acetate, pH 5, 600 mM Fructose 10.81 1.22±0.03

10 mM sodium acetate, pH 5, 600 mM Xylose 9.01 1.18±0.01

10 mM sodium acetate, pH 5, 600 mM Galactose 10.81 1.23±0.03

Table 1 Viscosity of Buffers Con-

taining Sugar Molecules

a
Percentage of sugar was calculated

based on the anhydride form
b
Solution viscosities were measured

using the DLS method at 25°C as

described in Materials and Methods.

The results are presented as average

value ± standard deviation, calculat-

ed from duplicate experiments

Fig. 1 Molecular structure of the

sugars studied.
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Another factor that contributes significantly to solution

viscosity is temperature. In general, as temperature

increases, the solution viscosity decreases (27). The impact

of temperature was fully assessed in this study over a range

of 5–35°C. The viscosity values followed a decreasing trend

as temperature increased in all samples (Fig. 5a). In

addition, the relative impact of added sugar on viscosity

increase was also significantly affected by temperature

(shown in Fig. 5b). Overall, the increase of viscosity due

to sugars decreased as the temperature increased from 5 to

35°C. This observation confirms that the mechanism by

which sugars increase protein solution viscosity is strongly

mediated by temperature.

The Effect of Sugars on mAb Thermal Melting

Sugar molecules, such as trehalose and sucrose, have been

shown to offer protection of a protein’s structural integrity

under environmental stresses (9,28–31). Traditionally, this

protective effect has been assessed by differential scanning

calorimetry (DSC) via temperature melting of the protein,

where the stabilization is reflected by a shift of the transition

to higher temperatures in the presence of sugars (30).

Liquid-based DSC, however, is limited to relatively low

protein concentrations, making it impossible to apply to

high protein concentration solutions directly. Differential

scanning fluorimetry (DSF) employing SYPRO Orange, on

the other hand, is a tool that can be used to evaluate

protein thermal stability over a wide range of protein

concentrations during melting (24). Representative melting

curves of mAb2 at two different concentrations with and

without sucrose are shown in Fig. 6a. The effect by sucrose

is minimal at 1 mg/mL protein, as shown by the nearly

overlapping fluorescence traces. In contrast, a significant

delay of thermal transition is observed in samples contain-

Fig. 2 Solution viscosity as a function of mAb concentration. All samples

contained 10 mM sodium acetate, pH 5. Samples were measured by

DLS, and the data points reflect average values and standard deviations

calculated from duplicate experiments at 25°C. Lines are for guiding

purposes only.

Fig. 3 Solution viscosity as a function of sugar concentration. All samples

contained 10 mM sodium acetate, pH 5. Protein concentrations were

constant: mAb1 at 172 mg/mL and mAb2 at 200 mg/mL. Sugar

concentration was plotted as monosaccharide unit concentration. Average

viscosities and standard deviations were determined from duplicate DLS

measurements employed at 25°C. Lines are for guiding purposes only.
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ing 177 mg/mL mAb2. The hydrophobic exposure

temperature, Th, has been shown to correlate well with Tm

as detected by DSC at low protein concentrations (24). The

Th values of mAb2 at both low and high concentrations are

presented in Table II. At 1 mg/mL protein, the transition

temperature of mAb2 is only mildly altered by all of the

sugars, while the addition of sugar shifted it to higher

temperature at 177 mg/mL protein. Figures 6b and c

display the Th values as a function of mAb2 concentration

in the presence and absence of sucrose. The transition

temperature of protein alone decreased with increasing

concentration, presumably as a result of enhanced protein-

protein interactions (24). The addition of 300 mM sucrose

stabilized mAb2, as indicated by the rise in Th (Fig. 6b).

Furthermore, ΔTh caused by sucrose increased with protein

concentration from 80 to 180 mg/ml (Fig. 2). The Th value

increases shown in Fig. 6c as a function of sucrose

concentration are also consistent with the viscosity results

presented in Fig. 3.

DISCUSSION

Preferential interactions of protein with water and co-

solvents and preferential exclusion of sugar molecules have

been well characterized and reported (9–12,28–35). The

surrounding hydration layer is known to modulate protein

dynamics, which are reflected in changes of physical and

chemical properties (11). When sugars are present in

protein solutions, the preferential exclusion effect drives

sugar molecules away from proteins and causes the local

sugar concentration in the bulk solution to rise. This effect

can be estimated by theoretical calculations of the solution

volume occupied by proteins. For a mAb solution at

150 mg/mL with a hydrodynamic radius of 5 nm, the

volume available for sugar molecules is 30% less than the

same sugar concentration in a protein-free solution. If the

protein radius increases to 6 nm, the volume available for

sugars decreases by 55%. Although it is nearly impossible to

accurately measure the exact hydrodynamic parameters of

IgG molecules at high concentrations (15), it is reasonable

to assume that the hydration layer can increase the effective

Fig. 4 The effect of NaCl on solution viscosity in the presence of sugars.

All samples consisted of 177 mg/mL mAb2 in 10 mM sodium acetate,

pH 5. Samples were measured at 25°C using DLS and results obtained

from duplicate experiments. Polyethylene glycol at 300 Da (PEG-300) was

included as a control.

Fig. 5 The effects of temperature on the mAb2 solution viscosity in the

presence of the studied sugars. Samples contained 177mg/mLmAb2 in 10mM

sodium acetate, pH 5. (a) Solution viscosity as a function of temperature. Lines

are for guiding purposes only. (b) Percent of viscosity increase by sugars. The

Y-axis in (b) represents the percent of viscosity increase that was calculated

as % viscosity increase ¼ 100" viscositywith sugar # viscositywithout sugar
! "

=
viscositywithout sugar . The data presented in (b) were calculated using the

average viscosities obtained from duplicate DLS measurements for each

sample. Sugar concentrations trehalose and sucrose at 300 mM; sorbitol,

glucose, fructose, xylose and galactose at 600 mM.
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volume of a protein molecule, leaving less volume and

water molecules in which to dissolve sugars. As a result, the

effective sugar concentrations increase significantly, and this

alone might lead to higher solution viscosities. In this study,

we demonstrate that the mAb solution viscosity is increased

by the seven different sugars examined. This effect is

dependent upon both protein and sugar concentration

(Figs. 1 and 2), consistent with the preferential hydration

and exclusion mechanism. However, additional mathemat-

ical and experimental analyses are required to fully

understand the role of sugar concentration in mediating

protein solution viscosity. It is also not clear whether sugar

and protein molecules form network interactions that may

potentially lead to increased viscosity. The sugars selected

for this study possess differences in their structure and

molecular weight, but did not reveal any specific viscosity

patterns that would indicate the involvement of any

particular functional group(s). The results indicate that the

effect of sugar molecules on protein solution viscosity is

similar in both mAbs studied. A global mechanism that

could explain these results is preferential hydration and

exclusion (11,30,33,36). It has been shown that the degree

of preferential exclusion from proteins is different among

commonly used osmolytes (10). For example, trehalose

has a smaller exchange constant, Kex, than sorbitol,

leading to a greater degree of exclusion from the protein

surface (10). This could explain why the viscosity is higher

among disaccharides such as trehalose than it is with

monosaccharides such as sorbitol at similar monosaccha-

ride concentrations. This would also be consistent with

trehalose producing a higher viscosity than sucrose, as the

trehalose has been shown to have a higher degree of

Fig. 6 Thermal melting results for mAb2. (a) Representative curves of

normalized fluorescence intensity of SYPRO Orange are shown as a

function of temperature. Samples contained 10 mM sodium acetate,

pH 5. Protein unfolding was monitored by differential scanning fluorimetry.

(b) Thermal melting results for mAb2 in the absence and presence of

300 mM sucrose. Th was determined by differential scanning fluorimetry as

described in Materials and Methods. All samples contained 10 mM sodium

acetate, pH 5. (c) Th as a function of sucrose concentration in 10 mM

sodium acetate, pH 5, and 177 mg/mL mAb2. Both figures represent

results obtained from duplicate measurements.

Table II Stabilization of Sugar Molecules Measured by Differential

Scanning Fluorimetry (DSF)

Sugara ΔTh
b

1 mg/mL mAb2 177 mg/mL mAb2

Trehalose 1.0±0.0 2.5±0.1

Sucrose 0.4±0.0 2.4±0.0

Sorbitol 0.4±0.0 2.3±0.1

Glucose 0.3±0.1 2.3±0.1

Fructose 0.5±0.1 2.1±0.1

Xylose 0.2±0.3 1.7±0.1

Galactose 0.3±0.1 2.0±0.0

a
All solutions contained 10 mM sodium acetate, pH 5. Sugar concentrations:

trehalose and sucrose, 300 mM; sorbitol, glucose, fructose, xylose, galactose,

600 mM
b
ΔTh values were calculated as Th (with sugar) - Th (without sugar). DSF

measurements were employed according to Materials and Methods. All ΔTh
values were determined by duplicate experiments and presented in the format

of average value ± standard deviation
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exclusion from proteins (10). In addition, disaccharides are

usually excluded more from protein molecules compared

to monosaccharides (10). This is consistent with the

observation in this study that disaccharides result in higher

viscosity than monosaccharides.

In a solution environment, co-solutes such as charged

ions can occupy protein surfaces via preferential interac-

tions, altering the dynamic features and compactness of

proteins (10,11). In some cases, ions can also effectively

decrease viscosity by modifying the protein surface charges

and influencing protein-protein interactions (3,4,6,37,38).

While cations often have similar effects on viscosity, anions

display significant differences (3). This is probably due to

the fact that many amino acid side chains are positively

charged in the slightly acidic buffers typical of mAb

formulations, and anions possess different binding affinities

for these side chains. In this study, we evaluated the effect

of ionic strength on solution viscosity in the presence of

sugars (Fig. 4). Salt reduced both the overall viscosity and

the degree of increase observed upon the addition of sugar.

This may be explained by the rearrangement of the protein

surface hydration layer induced by ions, reducing the

exclusion of sugars from protein molecules, and thus

decreasing the impact of sugars on the viscosity. Polyethylene

glycols are also thought to be excluded from the surface of

proteins (32), but to a lesser degree (10). Our results, on the

other hand, show that the addition of PEG-300 results in

slightly higher viscosity compared to sugars. This may be due

to the interactions between the protein and PEG that lead to

additional networking among molecules in addition to

preferential exclusions (39).

It has been shown that the degree of preferential

exclusion of sugar molecules from proteins is significantly

decreased when temperature increases (32,35). As the

temperature rises, protein molecules have higher mobility

in solution, and sugar solubility increases, altering disper-

sion patterns among molecules. The temperature effect on

solution viscosity is shown in Fig. 5. Although it is not

surprising that protein viscosity decreases as temperature

increases, the increased viscosity in the presence of the

sugars also attenuates.

Sugars, such as sucrose, have been shown to provide

structural protection to proteins and to delay unfolding

transitions during thermal melting (30). The protective

effect is presumably achieved through the ability of

sugars to restrict the overall mobility of the protein

molecules and shift the protein dynamics to favor the

folded, compact structure. Sugars can also increase the

chemical potential of the protein. All of these effects

mentioned above can be attributed to the preferential

exclusion of the sugar molecules from the protein in

solution (33). The stabilization of the native conformation

of a protein can be detected by DSC and other

biophysical measurements at low protein and high sugar

concentrations (29,30). The same measurements at high

protein concentrations, however, are challenging due to

the limitations of these techniques. DSF possesses distinct

advantages in characterizing highly concentrated protein

samples, and the results indicate that sugar molecules

significantly delay the mAb melting transitions at high

protein concentrations (Fig. 6). Although other protein

behaviors at high concentrations, such as reversible

aggregation and precipitation, might contribute to the

fluorescence detection, our results clearly indicate that

sugar molecules can delay the transitions at higher

protein concentrations. At these conditions, it is safe to

assume that sugar molecules are excluded more from the

protein, and, simultaneously, the solution exclusion

volume decreases significantly due to protein occupancy.

As a result, the restriction of the native conformation and

mobility of a protein by sugars is enhanced. DSF does not

reveal significant differences among the sugars studied

(Table II), indicating the sugar effect is governed by

global, rather than specific mechanisms.

CONCLUSIONS

High viscosity is a major hurdle during the manufacturing,

storage and delivery of high concentration protein thera-

peutics. Characterizations of the effects of sugars as

excipients at different temperatures will help guide the

process and product development of these pharmaceutical

entities. The results presented here demonstrate that the

sugar molecules increase protein solution viscosity, while

disaccharides have a greater effect than monosaccharides.

This may be explained by the preferential hydration/

exclusion mechanism that mediates the interactions

between sugar and protein molecules. The preferential

interactions among sugar, solvent and protein molecules

can be used to explain the mitigation of viscosity increase

by sugars in the presence of salt and at higher temperatures.

The observation of enhanced sugar effect on protein

melting at higher protein concentrations can also be

consistent with the preferential hydration and exclusion

principle.
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