Effects of Salts and Surface Charge on the Biophysical Stability of a low pI Monoclonal Antibody
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Abstract: The impact of five representative Hofmeister salts (NaCl, KCl, MgCl2, Na2SO4, and NaSCN) on the thermal stability and aggregation kinetics of a slightly acidic monoclonal antibody (mAb) were investigated under different pH conditions. The thermal stability of the mAb was assessed by measuring the lowest unfolding transition temperature, Tm, with differential scanning fluorimetry. MgCl2 and NaSCN significantly decreased Tm at all three charged states of the mAb, but to the greatest extent when the mAb surface charge was net positive. Non-native aggregation kinetics was monitored by measuring Rayleigh light scattering. When the mAb surface charge was net positive or net neutral, the nucleation rate increased non-monotonically with MgCl2 and NaSCN but decreased monotonically with NaCl, KCl, and Na2SO4. By contrast, when the mAb surface was negatively charged, there were only minor changes in the nucleation rate with all salts tested. Furthermore, there was less structural perturbation and slower aggregation rates when the mAb was net negatively charged than when it was net neutrally or positively charged. The observed salt effects on thermal unfolding are consistent with ion-specific mechanisms dominated by short-range amide backbone binding. On the other hand, the salt effects on nucleation rates appear to be influenced by both amide backbone binding and long-range electrostatic binding of ions to charged amino acid side chains.
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Introduction
Developing therapeutic monoclonal antibodies (mAbs) into liquid drug solutions with long-term physicochemical stability remains to be a significant challenge faced by the biopharmaceutical industry. A mAb can often undergo various pathways of unfolding and aggregation, which may cause loss of product quality, therapeutic efficacy, and immunogenic reactions in patients.1 Factors that drive these deleterious mAb behaviors include not only excipient-protein interactions and protein-protein interactions but also the effects of excipients on protein-protein interactions. Various classes of excipients are routinely used for formulating mAbs, such as sugars, surfactants, and salts, all with the goal of optimizing the stability of the solution. For example, salts are used throughout the development process, from purification by chromatography2 to formulation screening.3 However, the complexity of salt-protein interactions and their effects on modulating protein-protein interactions has made it difficult to predict the solution behavior of mAbs at the molecular level.
Thermal unfolding and subsequent accelerated, nonnative aggregation experiments are commonly employed during early development to screen the stability of antibody molecules against a series of different solution conditions. Several groups have reported the specific ion effects of Hofmeister salts on the thermal unfolding and aggregation propensity of commercial mAbs and mAb fragments.4–7  Zhang-van Enk and coworkers5 showed that Na2SO4 was an effective salt for decreasing the unfolding temperature of the FC fragment of a mAb at pH’s below and near the isoelectric point (pI) of the protein. They also found that the subsequent rates of aggregation were accelerated in the presence of the same salt at pH below the pI, but not at pH near the pI. Majumdar and coworkers4 found that Na2SO4 also accelerated the aggregation rates of a canonical mAb, but in contrast to the above FC fragment results, the unfolding temperature increased. The results of the two studies highlight the fact that net protein surface charge and protein charge density can both significantly impact the interactions with ions in solution.
Most commercial antibodies are basic and have a pI > 8.8 Under most pharmaceutically representative formulation conditions, the mAb will be prepared with buffers at pH values below its pI to avoid chemical degradation pathways such as asparagine deamidation.9,10 Consequently, most formulation development reports and excipient screening studies of mAb physicochemical stability published in the literature are under conditions where the protein has a net positive charged surface. However, it is of practical interest to investigate whether an antibody with a negative surface charge in solution has different physical stability from one with a positive surface charge. Interestingly, Kramer and coworkers11 previously demonstrated a strong, direct correlation between negative surface charge and increased solubility (e.g., colloidal stability) for several globular proteins. As such, we hypothesized that a mAb carrying a negative surface charge in solution might display different unfolding and aggregation behavior from that of a positive surface charge.
In this paper, we explored the impact of salts on thermal unfolding and non-native aggregation kinetics of a slightly acidic mAb (pI 6.4) at various pH conditions. The influence of Hofmeister salts of varying ionic charge density on thermal stability and accelerated aggregation kinetics over positive, neutral, and negative surface charge states of the mAb was investigated.
Materials and Methods
Materials and Sample Preparation
The low pI mAb was developed at Medimmune-AstraZeneca (Gaithersburg, MD) at a stock concentration of 80.2 mg/mL and dialyzed into 20 mM acetate buffer. The antibody has a pI of 6.4, which was determined by using an automated capillary-based isoelectric focusing system (Convergent Biosciences Ltd., Toronto, ON, Canada). Sodium thiocyanate (NaSCN), sodium chloride (NaCl), Na2SO4 (sodium sulfate), KCl (potassium chloride), MgCl2 (magnesium chloride), CH3COONa (sodium acetate), Na2HPO4 (dibasic sodium phosphate) and NaH2PO4 (monobasic sodium phosphate) were at least 99% pure and used as received from Sigma-Aldrich (St. Louis, MO). Acetate buffer was prepared at pH 5.4 by titration of acetic acid and sodium acetate. Phosphate buffers at pH 6.4 and 7.4 were prepared using Na2HPO4 and NaH2PO4. All buffers were prepared at a concentration of 20 mM. All stock salt solutions were prepared by dissolving the appropriate mass amount of salt in buffer. Stock salt solutions were then diluted with buffer to achieve the desired salt concentrations. Buffers and buffered salt solutions were sterile filtered using 0.22 µm polyethersulfone (PES) membrane filters. Antibody sample solutions were prepared by spiking 13 µL of the stock antibody solution to 1 mL of a salt solution. The final antibody concentration in all measurements was 1.0 mg/mL.
Differential Scanning Fluorimetry (DSF)
A Sypro Orange dye stock solution (Invitrogen, Carlsbad, California) was diluted by 1:1000 to a final concentration of 5x with antibody sample solutions. DSF measurements were conducted on a thermal cycler instrument (Bio-RAD, Hercules, CA). Fluorescence intensity was continuously measured as samples were heated from 20 °C to 90 °C in 0.2 °C steps at an excitation wavelength of 450 nm and detection range of 560 nm – 580 nm. From the fluorescence intensity, the lowest thermal unfolding temperature, Tm, was determined where the second derivative of the fluorescence intensity with respect to temperature first crosses zero. The uncertainty of Tm is < 0.05 °C, which was determined by the standard deviation of three separate measurements of identical stock samples.
Isothermal Light Scattering
Accelerated aggregation kinetics were monitored by measuring Rayleigh light scattering intensity as a function of time by using a fluorescence spectrometer (Photon Technology International Inc., Birmingham, NJ, United States). The incident light was directed from a continuous-wave laser of a wavelength of 633 nm. The scattered light was detected at the perpendicular angle to the incident beam. 500 µL of sample solution was incubated in a quartz cuvette at room temperature for 10 min prior to the start of the measurement. The temperature of a Peltier-controlled cuvette holder (Quantum Northwest Inc., Liberty Lake, WA, United States) had been held at 60 °C before the cuvette was inserted. Data collection began immediately after the sample cuvette was placed in the sample cuvette holder. Scattering intensity data were collected every 1 s, and the total measurement time was up to 5400 s (90 min). The uncertainty of the onset time is < 5 s, which was determined by the standard deviation of three separate measurements of identical stock samples.

Results and Discussion
Thermal Unfolding Transitions of mAb by DSF
DSF is a high throughput optical technique routinely used for monitoring conformational structure perturbations and thermal unfolding transitions of mAbs.12,13 DSF detects fluorescence intensity changes due to the quantum yield increase of dye molecules when they interact with hydrophobic regions of a mAb. Figure 2 shows a representative DSF curve of 5X Sypro Orange dye in a 1 mg/mL mAb solution prepared at 20 mM acetate buffer, 100 mM NaSCN, pH 5.4. As shown, the fluorescence intensity of the dye is at baseline values at lower temperatures, but as the solution was slowly heated, the fluorescence intensity gradually increased. The increase in fluorescence intensity resulted from the association of dye molecules with the newly exposed hydrophobic surface of the mAb as it partially unfolded. The multiple peaks observed in the thermogram represented the sequential unfolding of multiple protein domains. The lowest unfolding transition temperature, Tm, is often used to indicate antibody thermal stability. To determine Tm from each DSF curve, the zero-crossing point of the second derivative of the fluorescence intensity was used (Figure S1, supporting information). The Tm values decreased by adding NaSCN, indicating that the salt made the mAb thermally unstable.
Salt effects on the Thermal Unfolding of mAb by DSF
Figure 3 shows the influence of sodium and chloride salts on Tm of the mAb at various pH values. The plots in the left column of Figure 3 represent pH 5.4 solutions, which are one pH unit below the pI of 6.4, in which the antibody surface charge was net positive. By having sodium as the common cation or chloride as the common anion, the effects of anions and cations on Tm were elucidated, respectively. When no significant change in the value of Tm was observed, the mAb underwent only small conformational changes as a result of the ions having neither a preference for staying in the bulk solution nor binding to folded or unfolding protein states. By contrast, the value of Tm went down when the mAb experienced large conformational changes as the salt ions destabilized by preferentially binding and lowering of the Gibbs free energy of partially unfolded states.14 Figure 3A shows Tm as a function of sodium salt concentration. As seen, Cl- and SO42- slightly decreased Tm at high concentrations in contrast to SCN- which began to cause significant thermal destabilization of the antibody at 75 mM. SCN- is known to directly bind to the amide groups of proteins and polypeptides15 via short-range ion-dipole interactions and can significantly decrease Tm, whereas Cl- and SO42- bind more weakly and decrease Tm less. This result of ion-specificity on the influence of Tm is consistent with the direct Hofmeister series. Furthermore, the common Na+ counterion appeared to have minimal effect on Tm. It is interesting to compare these salt effects to the previous report5 on the Fc fragment. In the paper, SCN-,  Cl- and SO42- significantly decreased Tm under pH conditions at and below the pI (pH 7.2 and pH 4.8, respectively) presumably due to these anions binding electrostatically to positively charged residues near the CH2 domain. The results of our study, however, suggest that the electrostatic binding of anions to positively charged histidine, lysine, and arginine side chains was not a dominant mechanism of destabilization of this relatively low pI mAb. Tm plotted as a function of chloride concentration for KCl, NaCl, and MgCl2 is shown in Figure 3B. As the concentration of Na+ and K+ increased, Tm only slightly decreased. Mg2+ ions, on the other hand, significantly destabilized the antibody, as evidenced by the large decreased values of Tm at Cl- concentrations greater than 75 mM. These results are consistent with the notion that Mg2+ ions generally bind to the amide groups of protein backbones tighter than K+ and Na+.16,17
To understand the role that protein surface charge plays in these specific ion effects, we studied the influence of salt concentration on Tm when the antibody surface charge was net neutral by setting the solution pH value at the pI of 6.4. Plots of Tm as a function of NaCl, Na2SO4, and NaSCN salt concentration at pH 6.4 are shown in the middle column panels of Figure 3. There was no appreciable change in Tm with increasing concentrations of Cl- and SO42-, whereas SCN- showed a substantial decrease in Tm of the mAb at high salt concentration. Interestingly, the threshold concentration of the observed destabilization by SCN- in Figure 3C (>200 mM) is higher than in Figure 3A (>50 mM), suggesting that these ions became less attracted to the unfolded state, or the protein had a more stable and compact conformational structure at this higher pH. Figure 3D shows the concentration dependence of Tm for the three different cations at pH 6.4. Na+ and K+ did not significantly change the value of Tm at any tested concentration at this pH. On the other hand, Mg2+ caused a significant decrease in Tm at Cl- concentrations above 50 mM and was slightly more potent at destabilizing than when the antibody surface carried a net positive charge. The observed effects of these salts on Tm of the net neutral mAb suggest that SCN- and Mg2+ may have destabilized via short-range ion-dipole binding with amide groups at the backbone.
Next, we investigated salt effects at a solution pH of 7.4, one pH unit above the pI, where the antibody surface was negatively charged. The right column panels in Figure 3 shows the salt effect on Tm of the negatively charged mAb. Like the previous pH results, Cl-, SO42-, Na+, and K+ all had no significant influence on Tm. By contrast, SCN- and Mg2+ both still decreased Tm, but at concentrations greater than 200 mM. It should be noted that the Tm drops caused by these two salts at pH of 7.4 were about one half of the drop at pHs 5.4 and 6.4. The difference indicates that the destabilizing effect was reduced when the antibody surface charge became negative.
In contrast to the other ions studied, SCN- and Mg2+ displayed significant destabilization effects across all three charged states of the antibody, as seen in Figure 3. Had the electrostatic binding interactions of ions with charged side chains dominated the thermal stability of the first unfolding domain, we expected opposite or reversed trend effects of anions versus cations depending on whether the solution pH was below or above the pI, respectively.18 Our observations suggest that unfolding was not directly driven by electrostatic binding interactions of ions with charged side chains but was only weakly influenced by the surface charge of the antibody. As such, we hypothesize that salt effects on the thermal unfolding of the low pI mAb were driven by non-electrostatic interactions such as short-range ion-dipole binding of ions with the amide backbone. In fact, it has been reported15,17 that of all the ions employed in this study, Mg2+ and SCN- are the only two that bind to protein backbones. If there was a greater contribution from the electrostatic binding of salt anions with the charged side chains of histidine, lysine, and arginine, not only SCN-, but also Cl- and SO42- should have decreased the thermal stability when the antibody was positively charged.19 Furthermore, Mg2+, Na+, and K+ could bind to aspartate and glutamate residues and decreased Tm when the antibody was negatively charged.
The impact of ions on thermal stability was not dominated by electrostatic interactions; nonetheless, these effects were not negligible. The ability of SCN- to destabilize decreased as the antibody surface became less positively charged with increased solution pH. These observations are consistent with both the increasing electrostatic repulsion between negatively charged carboxylate groups on the antibody surface and SCN-, and also having an increase in the effective negative surface charge on the antibody surface as positively charged histidine residues should deprotonate moving from pH 5.4 to pH’s 6.4 and 7.4; surface exposed histidine residues have pKa’s of approximately 6.0.20 Furthermore, the destabilizing effects of Mg2+ became slightly more pronounced as the antibody went from net positive charge to net neutral charge, but did not become more potent as the antibody became negatively charged; the latter result is surprising. We expect that there was preferential hydration of carboxylate groups on the protein surface over the electrostatic binding to cations in the solution.
Accelerated Aggregation Kinetics by Light Scattering
During formulation screening, accelerated stability studies can be performed to provide information about aggregation kinetics which may potentially help to evaluate the long-term storage stability of mAb solutions.21–23 In addition, it is well known that partial unfolding or subtle changes in the conformational structure can lead to non-native aggregation.24 Size-exclusion chromatography (SEC) and dynamic light scattering (DLS) are techniques routinely used to follow the aggregation of antibodies. However, the methods have a low sample throughput and require rigorous interpretation of raw data, respectively. We have employed Rayleigh light scattering as a fast and relatively simple optical method to study in situ the non-native, accelerated aggregation behavior. Figure 4A shows a representative plot of the time-dependent scattering intensity of a 1 mg/mL mAb solution prepared with 20 mM acetate buffer and 100 mM NaSCN, pH 5.4; the solution was held at 60 °C. At earlier times, before aggregates were generated, the sample solution was transparent and displayed minimal light scattering. As time progressed, however, the scattering intensity increased as antibody aggregates were produced and eventually led to the formation of a turbid solution. This aggregation process involves many different protein states, including intact and partially unfolded monomer structures, as well as dimers, oligomers, and other higher-order aggregates. The light scattering method that we employed, however, is sensitive only to aggregates whose size is larger than or similar to the incident light wavelength (e.g., 633 nm). Therefore, the observed scattering intensity was affected not only by the number of aggregates but also by the size of the aggregates. To interpret the isothermal light scattering, we used a model based on the minimal two-step, two-state Finke–Watzky (F-W) mechanism,25 which has been successfully used to explain the aggregation kinetics of several protein types measured by various optical methods, including circular dichroism, thioflavin T fluorescence, and light scattering. This simplified mechanism is based on having antibody molecules initially as active (partially unfolded) monomers that slowly but continuously convert to aggregates of any size, followed by a rapid autocatalytic step where aggregates convert other active monomers to aggregates (Scheme 1).
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Scheme 1. The Finke–Watzky (F-W) mechanism25 for nucleation and growth of aggregates. A represents any partially unfolded monomers, and B represents dimers, oligomers, or other higher-order aggregates. k1 represents the nucleation rate coefficient, and k2[A]0 represents the growth rate coefficient, where [A]0 is the initial concentration of partially unfolded monomers.

A sigmoidal-like expression that models the raw scattering intensity versus time data has been derived25 to represent the relationships between the monomer and aggregate species with kinetic parameters for the aggregation process.

											Eq. 1
In Eq.(1), [B]t is the concentration of B (i.e., aggregates) at time t. It takes a period of time for aggregates to grow to a size and quantity that is detectable by the light scattering system. The period is called a lag time or an onset time (tonset) and is affected by both the nucleation rate and the growth rate of aggregation. We note that the “observed” onset time should be the sum of an unfolding period and an aggregation nucleation period (see Figure 4B), although the original F-W model assumes that the protein is unfolded at t = 0. In addition, a finite growth period may need to be added for light scattering detection because an aggregate particle needs to be sufficiently large for light scattering. However, we assume that the observed onset time is dominated by the nucleation rate for qualitative discussion of relative salt effects on the aggregation kinetics. In addition to the observed nucleation rate represented by the onset time, the growth rate of the aggregates using this model can be represented by the slope of the scattering intensity with respect to time in the linear growth region. We found however that from some solutions, the linear region was significantly distorted by precipitation of insoluble aggregates, and the measured slope values became unreliable (Figures S2 and S3, supporting information). Therefore, we did not use the slope values for analysis.
Salt Effects on the Rates of Aggregation
The onset time of aggregation has been used as a metric to assess the impact of excipients on the colloidal stability of non-native proteins.12 Specifically, the 1/tonset value determined from a plot of scattering intensity versus time can represent the nucleation rate of aggregate formation. Increasing concentrations of NaCl, Na2SO4, and KCl slowed down the nucleation rate of aggregation as observed by monotonic decreases in 1/tonset (Figure 5). The monotonic decrease in nucleation rate at pH 5.4 in the presence of these three salts can be explained by two mechanisms. One is a salting-in effect driven by the binding of both cations and anions binding to the protein surface at low salt concentration, and the other is co-ion effects26,27 of cations at the higher salt concentrations that lead to electrostatic repulsion of protein monomers. Interestingly, the results of this study are different from a study of Cl- and SO42- effects on the aggregation of the mAb fragment with a pI slightly greater than 7.5 It is difficult to elucidate the mechanism for the differences between the two studies with only this dataset. However, the fact that our mAb pI is below pH of 7 should be considered as a contributing factor to these differences due to overall proton donor or proton acceptor abilities and hydration effects as a function of the protein surface charge. The electrostatic neutralization and screening of negatively charged carboxylates by Na+ and K+ can make the net surface charge shift towards more positive values, resulting in electrostatic repulsion between antibody monomers. Also, the solution pH in the mAb fragment study was 2.4 units lower than the pI, while our pH (5.4) condition was 1.0 unit lower than the pI of the protein. The large pH difference can affect the overall electrostatic environment of the protein, resulting in the different salt effects. Additionally, the further the solution pH is away from the isoelectric point, the greater the magnitude of the net surface charge of the protein.
Interestingly, NaSCN and MgCl2, on the other hand, have very different effects on the nucleation rate. When the concentrations of SCN- and Mg2+ are below 50 mM, the nucleation rate decreases as the salt concentration increases. However, above 50 mM, the nucleation accelerates with the higher salt concentration. Similar salt effects were observed at pH 6.4 (the middle column of Figure 5). 1/tonset shows a monotonic decrease with increasing concentrations of Cl-, SO42-, Na+, and K+ ions. In contrast, 1/tonset decreases at lower concentrations but increases at higher concentrations of SCN- and Mg2+ ions. The non-monotonic behavior observed with SCN- and Mg2+ can be considered a result of competition between aggregation-slowing factors and aggregation-accelerating factors. The slowing factors appear to be important at the lower concentrations (≤ 50 mM), while the accelerating factors become more important at the higher concentrations (≥ 100 mM). The salting-in of protein monomers induced by the local binding of anions and cations to carboxylates and other co-ion interactions, which were previously discussed to explain the monotonic salt effect for NaCl, Na2SO4, and KCl, can be considered as the common aggregation-slowing factor. The rapid suppression of aggregation was similar for all salts at lower concentrations. In addition, the 1/tonset plot for Mg2+ exhibits a slightly faster decrease in the nucleation rate than those for Na+ and K+ (Figure 5B). The difference is consistent with more efficient repulsion of monomers attributed to tighter binding of Mg2+ to carboxylates and amide carbonyls than Na+ or K+.16 As an aggregation-accelerating factor, we considered the effective destabilization by SCN- and Mg2+ due to their protein unfolding ability that would lead to the larger area of exposed hydrophobic surfaces,28 which appeared at higher salt concentrations (see Tm data at ≥ 100 mM, in Figures 3).
At pH 7.4 where the surface of the antibody is net negatively charged, the nucleation rate did not change appreciably for any of the salts studied (the right column of Figure 5). Surprisingly, even the cations did not accelerate the rates of aggregation, even though they should bind electrostatically to the carboxylates on the antibody surface to screen the negative charge. Kramer and coworkers previously demonstrated that several globular proteins had higher relative solubility as their surface charge became more negative.11 The carboxylate groups on the protein surface may have preferential hydration with bulk water over ion binding. In this case, the Gibbs’s free energy of hydration of the negatively charged protein would be more negative than the free energy of ion-protein interactions. This may explain why none of the tested ions had an appreciable effect on changing the nucleation rates of aggregation. There was only a slight increase in the nucleation rate at 25 mM for Mg2+, but no further changes with increasing concentrations.

Conclusion
We have investigated the thermal stability and aggregation kinetics of a relatively low pI mAb at various surface charge states in the presence of selected Hofmeister ions. The chaotropic ions employed generally decreased thermal stability and increased rates of aggregation, especially when the mAb surface charge was net positive. A decrease in the unfolding temperature, however, did not necessarily directly correlate with an increase in aggregation rate. Other studies have also shown that changes in the conformational structure of antibodies are not always predictive of long-term colloidal stability.29 It has been debated whether the first unfolding transition always leads to aggregation. Recent reports have shown that the unfolding of the CH2 domain is sufficient to cause aggregation.5,30 In contrast, other researchers have shown that additional domain unfolding is required in order for aggregation to occur.31,32 A thorough investigation of the aggregation kinetics for each unfolding state is needed to elucidate the mechanisms of domain-specific unfolding that lead to aggregation.
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[bookmark: _Hlk22718148]Figure 1. A schematic diagram depicting possible mechanisms of the effects of chaotropic ions such as magnesium (Mg2+) and thiocyanate (SCN–) on the physical stability of a slightly acidic mAb. At pH below pI, the mAb carries a net positive surface charge, and Mg2+ and SCN– are very potent thermal destabilizers and cause large conformational changes leading to fast aggregation. At pH above pI, the surface charge is now negative, and the destabilizing effects of these ions are reduced.
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Figure 2. A representative differential scanning fluorescence (DSF) plot of 5x Sypro Orange dye in a 1.0 mg/mL mAb solution prepared with 20 mM acetate buffer, 100 mM NaSCN, pH 5.4. The lowest unfolding temperature, Tm, is indicated on the melt curve.
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Figure 3. The effects of Na+ salts (top panels) and Cl– salts (bottom panels) on Tm at three different pH values.(B)
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Figure 4. (A) Representative isothermal light scattering intensity plot as a function of time for a 1.0 mg/mL mAb sample solution prepared at 20 mM acetate, 100 mM NaSCN, pH 5.4. The temperature was 60 °C. The dashed lines are the linear fit used to obtain the slope of aggregation growth, and the aggregation onset time. (B) Schematic representation of the kinetic pathway of aggregate formation. The rates of antibody unfolding and the rate of early nucleation formation are not separable under these experimental conditions. Therefore, the observed nucleation rate represents a value limited by the detection threshold of the 633 nm wavelength used in this study.
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Figure 5. The effects of Na+ salts (top panels) and Cl– salts (bottom panels) on the onset time of aggregation at three different pH values.
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