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REPORT

Ranking mAb–excipient interactions in biologics formulations by NMR spectroscopy 
and computational approaches
Chunting Zhanga, Steven T. Gosserta, Jonathan Williamsa, Michael Littlea, Marilia Barrosa, Barton Deara, Bradley Falkb, 
Ankit D. Kanthea, Robert Garmisea, Luciano Muellerb, Andrew Ilotta**, and Anuji Abrahama

aDrug Product Development, Bristol Myers Squibb, New Brunswick, NJ, USA; bDrug Discovery, Bristol Myers Squibb, Lawrenceville, NJ, USA

ABSTRACT
Excipients are added to biopharmaceutical formulations to enhance protein stability and enable the 
development of robust formulations with acceptable physicochemical properties, but the mechanism by 
which they confer stability is not fully understood. Here, we aimed to elucidate the mechanism through 
direct experimental evidence of the binding affinity of an excipient to a monoclonal antibody (mAb), 
using saturation transfer difference (STD) nuclear magnetic resonance (NMR) spectroscopic method. We 
ranked a series of excipients with respect to their dissociation constant (KD) and nonspecific binding 
constants (Ns). In parallel, molecular dynamic and site identification by ligand competitive saturation 
(SILCS)-Monte Carlo simulations were done to rank the excipient proximity to the proteins, thereby 
corroborating the ranking by STD NMR. Finally, the excipient ranking by NMR was correlated with mAb 
conformational and colloidal stability. Our approach can aid excipient selection in biologic formulations 
by providing insights into mAb–excipient affinities before conventional and time-consuming excipient 
screening studies are conducted.
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Introduction

Therapeutic proteins, if not formulated well, are susceptible to 
physical (e.g., aggregation) and chemical degradation from 
small perturbations in their structures that can affect drug 
potency and lead to immune response in vivo.1,2 Overcoming 
stability issues and maintaining the stability of therapeutic 
proteins expected to be commercially viable have been sub-
stantial challenges for formulation development.3,4 The addi-
tion of excipients to the protein solution is the most commonly 
used approach to enhance protein stability and stabilize the 
drug product.5 The most common composition of 
a biopharmaceutical formulation consists of a buffer (e.g., 
histidine, phosphate), stabilizer (e.g., carbohydrates, sugars, 
polyols, amino acids), surfactant (e.g., Polysorbate 20, 
Polysorbate 80) and antioxidant (e.g., ethylenediaminetetraa-
cetic acid (EDTA); diethylenetriaminepentaacetic acid 
(DTPA)).6–11 The stability of proteins varies widely, depending 
on the protein concentration, pH, buffer, buffer concentration, 
and the type of excipients. Excipient compatibility screening 
and physicochemical stress studies at accelerated conditions 
are conducted to finalize the excipient selection and 
composition.12–15 Lyophilization (freeze-drying) of the protein 
formulation in selected excipients is also done to further 
enhance protein stability, especially for formulations with sig-
nificant stability challenges.16–18

Systematic screening is conducted to choose the right exci-
pients for a given protein, but the mechanisms by which the 

excipients provide stability to the protein are not fully under-
stood. Understanding why some excipients are better stabili-
zers of proteins can help with developing robust 
biopharmaceutical formulations in an accelerated manner. 
Moreover, having an analytical tool to quantify and rank the 
factors leading to their stability simplifies the excipient selec-
tion process, making it systematic and practical. However, few 
studies that provide a mechanistic understanding of the stabi-
lizing effect of excipients to maintain protein stability have 
been published, and no direct evidence for protein–excipient 
interactions was identified.19–22 Preferential exclusion by car-
bohydrates is one of the most prevalent mechanisms by which 
protein can be stabilized, adding beneficial effects on aggrega-
tion and the conformational stability of the protein.19–21 Using 
isothermal titration calorimetry (ITC), Kim et al. identified 
proteins with a high binding affinity to carbohydrates, prob-
ably due to the hydrogen bond formation between the protein- 
binding sites with the carbohydrate molecules.19 Souillac et al. 
used Fourier transform infra-red (FTIR) spectroscopic studies 
to show that, in the presence of carbohydrates, the secondary 
structure was replenished by hydrogen bonds formed between 
the polar groups on the surface of the protein and carbohy-
drate moieties during the lyophilization process.22

The aim of our study is to provide direct experimental 
evidence of the binding affinity of the excipient to 
a monoclonal antibody (mAb), using a saturation transfer 
difference (STD) nuclear magnetic resonance (NMR) 
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spectroscopic method. A series of excipients were ranked 
with respect to their dissociation constant (KD) and non-
specific binding constants (Ns),23,24 and, in parallel, mole-
cular dynamic (MD) and Monte Carlo (MC) simulations 
were conducted to rank the excipient proximity to the 
proteins, thereby corroborating the STD NMR results and 
ranking. The study also provided insights into potential 
specific binding sites on proteins and the preferential con-
formation of the excipient to the protein, especially for 
sucrose and mannitol. Finally, the excipient ranking by 
NMR was correlated to mAb stability by comparing both 
thermal stability (Tm, the mid-point of thermal transition) 
measurements and colloidal stability (B22, the second 
osmotic virial coefficient) measurement. Tm represents 
where the folded and unfolded states of the protein are in 
equilibrium, and a higher value of Tm indicates a higher 
conformational stability of the protein, provided by the 
excipient.25–27 B22 indicates the direction and magnitude 
of the interaction between two protein molecules in solu-
tion in presence of the chosen excipients as measured by 
static light scattering (SLS), with a positive value indicating 
net repulsive interactions, and a negative value indicating 
net attractive interactions.26,27 This approach has aided and 
accelerated the excipient selection in biologic formulations 
by providing insights into mAb–excipient affinities before 
conducting a conventional and time-consuming excipient 
screening study.

Results

Ranking of excipients by STD NMR

In this study, six excipients (sucrose, trehalose, mannitol, sor-
bitol, succinic acid, and glycine) were chosen to investigate and 
compare their binding affinities with a Bristol Myers Squibb 
mAb (BMSmAb, a type of IgG4). From the basic principles of 
saturation transfer, STD experiments rely on intermolecular 
transfer of magnetization from protein (mAb) to its binding 
ligand molecule (excipient) during a selective saturation time. 
Ligand (excipient) protons in closer proximity to the protein 
(mAb) receive higher degrees of saturation, which reflects in 
greater STD effects and can be used to map the mAb–excipient 
molecular interaction at atomic resolution and estimate their 
apparent binding affinities. It can be inferred that the intensity 
of an STD signal corrected by the excess of ligand (STD 
amplification factor, STDaf) gives direct information about 
the concentrations of mAb–excipient complexes in solution. 
STD NMR results from titration experiments (using 
a concentration series) can thus be used to derive mAb–exci-
pient binding affinities.24,28 The derived mAb–excipient bind-
ing can be specific or nonspecific in nature. For specific 
interactions, the ligand resides in a specific binding pocket of 
the protein, and for nonspecific interactions the ligand is most 
likely distributed on the surface of the protein with no specific 
conformation.

It is to be noted that the mAb-excipient molecular interac-
tions that are too strong could not be detected by STD. Also, 
when interactions between excipients and BMSmAb are not 
strong enough to be maintained in vivo, the addition of 

excipients is unlikely to affect the biological activity of 
BMSmAb. The pseudo-2D STD NMR quantitative experi-
ments were used to get specific dissociation constants (KD) 
and nonspecific binding constants (Ns) of the chosen excipi-
ents of the BMSmAb. The STD NMR experiments were 
acquired at 283 K and 293 K for each BMSmAb–excipient 
series. The structures with numbering and 1D NMR spectral 
proton assignments of each excipient are shown in Figure 1.
KD and Ns were determined by monitoring the excipient STD 
NMR signals as a function of the excipient concentration. The 
concentration titrations of excipients ranged from 0 mM to 
500 mM, which is a large excess compared to a typical excipi-
ent concentration in a formulation, which is ~250 mM. The 
STD amplification factor (STDaf ),23 which represents the 
experimentally observed STD effects, was calculated using 
Eq (1) 

STDaf ¼
I0 � Isat

I0
�

L½ �total
P½ �total

(1) 

where (I0 � Isat) represents the ligand signal intensity in the 
STD NMR spectrum, I0 is the ligand peak intensity in an off- 
resonance NMR spectrum (reference), and Isat is the ligand 
peak intensity in an on-resonance NMR spectrum; L½ �total

P½ �total 
is the 

ligand excess relative to a fixed and constant protein 
concentration.

All the STD NMR experiments were collected using 
a recycle time of 12 s (longer than 5 × T1) and the STDaf was 
corrected for different T1 relaxation times as proposed by 
Kemper et al.24 The STDaf s belonging to the same proton 
were combined first. The experimental buildup curves of 
STDaf of each proton with respect to ligand concentration 
were first fitted with the modified Michaelis–Menten equation, 
which assumes single-site binding and includes a nonspecific 
binding term in Eq (2) 

STDaf
T1

¼
/STD � L½ �
KD þ L½ �

þ Ns � L½ � (2) 

where T1 is the relaxation time measured from NMR experi-
ments, /STD is the maximum STDaf , L½ � is the total concen-
tration of free ligand.

If the buildup curves failed to fit Eq (2), they were fitted 
with the Eq (3) for nonspecific binding. 

STDaf
T1

¼ Ns � L½ � (3) 

A 5% permissible error threshold was chosen for 1H STD 
NMR and T1 measurement experiments, given the uncertainty 
of peak position and imperfection of baseline correction. For 
the fitting, the concentration was cut off at 250 mM since 
a typical excipient concentration in a biologic formulation is 
at or below 250 mM due to high viscosity effects at higher 
concentrations. Moreover, excipient–excipient interactions 
could dominate excipient–protein interactions at higher con-
centrations. The viscosity measurement results are shown in 
Supplementary Table S2.

Among all the excipients, only the experimental data for 
sucrose is well fitted to Eq (2) at both 283 K and 293 K. The 
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fitted plots for all the protons at both temperatures are shown 
in Figure 2. The values of KD and Ns are shown in Table 1. KD 
values of proton H5/H9 at 283 K and proton H5/H9/H17/H19 

at 293 K were rejected by P test. Ns values of proton H7/H13 at 
both 283 K and 293 K were rejected by Q test. The average KD 
values are 67.83 mM and 88.63 mM at 283 K and 293 K, 

Figure 1. Structures and 1H 1D solution NMR spectra of sucrose, trehalose, mannitol, sorbitol, succinic acid, and glycine. For each excipient, the peaks under study are 
numbered in the structure and assigned in the spectra. 1H spectra in display were acquired at 283 K using bruker 700 MHz spectrometer.

Figure 2. Experimental data points and fitting plots for sucrose at 283 K (black) and 293 K (blue). Site-specific binding curves fitted by use of Eq (2) are shown in dashed 
lines. Fitting curves with orange marks are outliers based on P test.
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respectively. As for trehalose, mannitol, sorbitol, succinic acid 
and glycine, the buildup curves are fitted to Eq (3) and the 
fitted plots are shown in Figure 3. The values of Ns are shown 
in Table 2. The proton H4/H12/H17/H19 at 283 K and man-
nitol H9 at 293 K were rejected by Q test. All outliers were 
excluded for further investigation.

The nonspecific binding constant (Ns) for all six excipients 
was determined and ranked in Figure 4A. At 283 K, sucrose 
has the largest binding constant (0.065 mM−1 in average), 
trehalose ranks second (0.034 mM−1 in average), and the 
other four excipients have a similar binding constant (range 
of 0.010–0.020 mM−1 in average). The ranking is the same at 
293 K. We observed that the STD effects are stronger at 283 
K than at 293 K for all the excipient protons.

Ranking of excipients by Tm and B22 measurement

The excipient ranking by NMR was validated by correlating 
the NMR ranking to both the thermal stability (Tm, 

Figure 4B) and colloidal stability (B22, Figure 4C) values 
with the chosen excipients. A higher value of Tm indicates 
a higher thermal stability of the protein, provided by the 
excipient. For a single excipient, higher concentration gives 
higher Tm values (Supplementary Figure S1). For the series 
of excipients under study, trehalose and sucrose have the 
highest Tm values and increased the thermal stability of the 
BMSmAb, followed by mannitol and sorbitol, whereas gly-
cine and succinic acid decreased the thermal stability of the 
mAb (Figure 4B) in comparison to mAb with no excipi-
ents, which was used as the control. A higher value of B22 
indicates a decrease in net attractive interactions between 
proteins, suggesting that the excipient is either strengthen-
ing repulsive protein–protein interactions (PPI) or weaken-
ing attractive PPI. Previous studies have shown that 
proteins with more repulsive interactions (or high B22 
values) have higher colloidal stability. For the series of 
excipients under study, sucrose and trehalose have the 
highest B22 values, followed by sorbitol and mannitol. The 

Table 2. T1 relaxation times, nonspecific fitting constants (Ns) and statistics (P test) for trehalose, mannitol, sorbitol, succinic acid, and glycine at 283 K and 293 K.

Trehalose

H2 H3 H4 H5 H6 H10 H11 H12 H13 H17 H19

283 K
T1 (s) 1.507 1.548 1.867 1.637 1.196 1.167 1.655 1.912 1.543 0.612 0.630
Ns (mM−1) 0.035 0.035 0.025# 0.032 0.033 0.036 0.031 0.022# 0.035 0.063# 0.061#

Pstat of Ns 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

293 K
T1 (s) 1.4189 1.456 1.899 1.610 1.149 1.125 1.645 1.965 1.537 0.576 0.605
Ns (mM−1) 0.018 0.016 0.010 0.014 0.018 0.018 0.014 0.009 0.017 0.035 0.028
Pstat of Ns 0.000 0.000 0.000 0.000 0.000 0.005 0.000 0.000 0.000 0.000 0.000

Mannitol Sorbitol Succinic Glycine

H2 H3 H5 H7 H9 H11 H3 H5 H7 H11 H4/H5 H4

283 K
T1 (s) 1.604 0.614 1.412 1.491 1.531 0.637 0.667 1.585 1.064 0.574 1.552 2.808
Ns (mM−1) 0.010 0.018 0.010 0.009 0.007 0.016 0.018 0.009 0.012 0.020 0.016 0.008
Pstat of Ns 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

293 K
T1 (s) 1.849 0.721 1.651 1.724 1.882 0.760 0.910 1.864 1.307 0.745 1.960 3.634
Ns (mM−1) 0.005 0.007 0.003 0.003 0.000# 0.006 0.007 0.003 0.004 0.009 0.008 0.004
Pstat of Ns 0.000 0.000 0.000 0.000 0.040 0.000 0.000 0.000 0.000 0.000 0.000 0.000

*Outliers, rejected by Pstat >0.05. 
#Outliers, rejected by Q test.

Table 1. T1 relaxation times, site-specific dissociation constants (KD), nonspecific binding constants (Ns) and statistics (P test) for sucrose at 283 K and 293 K.

Sucrose

H7 H3 H4 H5 H9 H17 H19 H11 H13 H12 H10

283K
T1 (s) 1.022 1.633 1.312 1.272 0.922 0.626 0.594 1.624 0.539 1.272 1.446
∝STD 49.920 7.800 7.536 14.762 2.362 4.670 5.380 6.967 25.526 21.288 18.678
KD (mM) 88.848 77.102 72.469 152.229* 18.712* 39.626 46.245 48.912 65.449 84.452 87.342
Ns (mM−1) 0.132# 0.054 0.058 0.031* 0.063 0.076 0.076 0.068 0.125# 0.085 0.075
pstat of KD 0.000 0.000 0.000 0.111 0.147 0.003 0.000 0.001 0.000 0.000 0.000
Pstat of Ns 0.000 0.000 0.000 0.102 0.000 0.000 0.000 0.000 0.000 0.000 0.000

293 K
T1 (s) 1.047 1.790 1.423 1.428 0.904 0.793 0.577 1.819 0.531 1.356 1.566
∝STD 30.796 1.997 1.696 0.350 0.219 0.652 0.896 5.329 9.359 7.573 8.496
KD (mM) 108.042 64.131 47.291 6.080* 0.758* 22.794* 22.794* 106.209 84.422 93.957 116.369
Ns (mM−1) 0.085# 0.030 0.034 0.034 0.040 0.033 0.045 0.026 0.076# 0.050 0.040
Pstat of KD 0.000 0.000 0.000 0.488 0.903 0.151 0.151 0.008 0.000 0.000 0.000
Pstat of Ns 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

*Outliers, rejected by Pstat >0.05.

4 C. ZHANG ET AL.



B22 values of glycine and succinic acid are similar to the 
control mAb in buffer (Figure 4C).

Ranking of excipients by MD and SILCS-MC methods

The block average (using 8 ns blocks) for the last 80 ns of the 
simulation of any excipient with an atom within 2 Å of any 
atom on the BMSmAb’s antigen-binding fragment (BMSfAb) 
was counted and ranked for the chosen excipients and 
weighted by the excipient surface area relative to the highest 
surface area excipient, trehalose, which accounts for the size 

difference between different excipients. The plot is shown in 
Figure 4D and the 3D illustrations of excipient clusters with 
BMSfAb are shown in Figure 5. The ranking of excipients by 
MD is in good agreement with the STD-NMR ranking where 
sucrose has the most interaction with the BMSmAb, followed 
by trehalose, mannitol, and sorbitol, whereas glycine and suc-
cinic acid show the least interaction.

Similar observations were noted based on the ligand grid 
free energy (LGFE) values, as depicted in Figure 4E. As LGFE 
indicates the probability of finding the excipient atoms inter-
acting with the protein surface, a lower ΔG value (or more 

Figure 3. Experimental data points and fitting plots for a) trehalose, b) sorbitol, c) mannitol, d) succinic acid and e) glycine at 283 K (black) and 293 K (blue). No site- 
specific binding is observed, and the nonspecific binding curves fitted by use of Eq (3) are shown in solid lines. Fitting curves with orange marks are outliers (Trehalose 
H10 was rejected because of peak overlapping).
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negative value) would indicate a relatively stronger binding 
affinity of the excipient on the protein surface.29 Figure 4E 
shows the number of binding sites as a function of LGFE value 
for different excipients. A larger number of binding sites 
(~200) are observed for glycine at lower LGFE values (−1  
kcal/mol), but the binding clusters decrease rapidly to around 
75 for LGFE = −2 kcal/mol and eventually fall off at −4 kcal/ 
mol. On the other hand, for sucrose, the number of binding 
sites is half that of glycine at −1 kcal/mol, with a more gradual 
fall in the binding sites up to −10 kcal/mol. A lower number of 
binding sites for sucrose are more likely due to its bulkier 
structure than glycine at LGFE = −1 kcal/mol.

Similar numbers of binding sites are observed for sucrose 
and trehalose and mannitol and sorbitol, which can be attrib-
uted to their similar molecular structures. SILCSBio LGFE 
results show a binding free energy cutoff for the clustering 
algorithm below which a cluster is not considered because 
these clusters are too transient to be captured by this analysis. 
Thus, only the lower energy-binding sites are captured by the 
MD clustering algorithm, with the lowest energy-binding sites 
being the densest clusters. This is the reason that, despite 

having the highest number of binding sites at −1 kcal/mol 
(~200) in SILCSBio, glycine does not show many clusters in 
the MD analysis. The dense clusters in MD, which are more 
highly occupied throughout the simulation, most closely agree 
with the strongest binding sites from LGFE of an excipient 
from SILCSBio. The binding sites, however, are likely not 
identical due to differences between the two methods (MC vs 
MD). The observed ranking using MD and SILCS-MC based 
on the LGFE values as binding sites approach zero for excipi-
ents with stronger binding to lower binding onto the protein 
surface is as follows: Trehalose (−10 kcal/mol) ≈ Sucrose (−10  
kcal/mol) > Sorbitol (−7 kcal/mol) > Mannitol (−6 kcal/mol) > 
Succinic acid (−5 kcal/mol) > Glycine (−4 kcal/mol) 
(Figures 4D,E). Our results indicate that SILCSBio is 
a suitable tool for quickly screening excipients for rank order-
ing by the number of binding sites and has potential in pre-
dicting the presence of some stable clusters using sites with the 
lower energy. Taken together, SILCSBio is proved to be a quick 
tool to pre-screen excipient steps before conducting long MD 
trajectories and provide excipient recommendations for 
formulations.

Figure 4. Ranking of excipients of nonspecific binding constant by STDNMR (a), thermal stability measurement (b), B22 measurement (c) and excipient count by MD 
(within 2 Å) (d) of MD simulation with 3D illustration (e). (a) the nonspecific binding constant of each proton (outliers excluded) at 283 K (blue) and 293 K (yellow) were 
ranked with error bar depicted. Ranking: Sucrose > Trehalose > Mannitol ≈ Sorbitol ≈ Succinic acid ≈ Glycine. (b) the thermal stability measurement (Tm) of each 
excipient at 293 K were ranked with error bar depicted. Control: 20 mM His buffer with BMSmAb (bar 1). Sucrose, trehalose, mannitol, and sorbitol increases the thermal 
stability of BMSmAb, whereas succinic acid and glycine decrease it (bar 2–7). Ranking: Sucrose ≈ Trehalose > Mannitol ≈ Sorbitol > Succinic acid > Glycine. (c) the 
colloidal stability measurement (B22) of each excipient at 293 K were ranked with error bar depicted. Control: 20 mM His buffer with BMSmAb (bar 1). Ranking: 
Sucrose ≈ Trehalose > Mannitol ≈ Sorbitol > Glycine > Succinic acid. (d) the block average (using 8 ns blocks) for the last 80 ns of the simulation of each excipient with 
an atom within 2 Å of any atom on the BMSfAb was counted (normalized by SASA) and ranked with error bar depicted. Ranking: Sucrose > Trehalose > Mannitol > 
Sorbitol > Glycine ≈ Succinic acid. (e) the number of binding sites as a function of LGFE value for different excipients. Ranking: Trehalose ≈ Sucrose > Sorbitol ≈  
Mannitol > Succinic acid > Glycine.
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Binding site and conformation of excipient molecules to 
BMSmAb

STD-NMR experiments have been used to characterize the 
interaction between ligands and proteins because the stronger 
STD effects reflect the closer contact of the ligand to the 
protein, enabling binding epitope mapping.23,30,31 In our 
study, the STD amplification factor was corrected for differing 
T1 relaxation times; therefore, the difference in the relative 
STD effects for each proton should reflect the relative distance 
of that proton to the protein-binding site. The potential bind-
ing site and conformation of sucrose and mannitol were stu-
died because their protons could be easily distinguished and 
assigned without much overlap of the peaks in 1D 1H NMR 
experiments, which give more accurate STD effect values. The 
STD effect curves for the assigned protons at 283 K and 293 
K are shown in Figure 6. For an STD effect comparison, the 
proton with the most intense STD effect is set to 100% and all 
other protons are calculated accordingly. The protons with 
relatively large STD effects are circled in the structure of the 
excipients from red to yellow in Figure 6. Single carbons with 
multiple protons were separated by parentheses (1) and (2). 
The proton with shorter distance dominates the STD effect in 
the same carbon. For sucrose at 293 K, H7 should be the most 
involved proton in binding and the closest to BMSmAb, fol-
lowed by H13(1), and then H12 and H10. Other protons are 
more distant from BMSmAb and more solvent exposed. For 
mannitol at 293K, either H3 or H11 is the most involved 
proton at the BMSmAb binding site, followed by H2.

The results from MD simulation greatly support our state-
ments above. We noticed that the STD effect is very sensitive 
and drops from 100% to 30% within 1 Å distance difference. 
For sucrose, five potential binding sites with BMSmAb were 
found by MD simulation based on the occupation time (β 
value). Interestingly, sucrose position 3 best matches the STD- 
NMR results that H7 is closest to BMSmAb, which is 2.0 Å, 
followed by H13(1) with 2.1 Å, H12 with 2.3 Å, and H10 with 

2.6Å. This indicates that the STD effect is mostly affected by 
this position (dominant position). As for mannitol, only one 
potential binding site is found. The STD effect of mannitol is 
much smaller than sucrose and the closest distance of them 
with BMSmAb is 2.6 Å. The 3D illustrations of sucrose posi-
tion 3 and mannitol are shown in Figure 6. The site map, 
density map and interaction profile derived from MD simula-
tion are depicted in Supplementary Figure S2. All the informa-
tion from sucrose positions 1, 2, 4 and 5 are also depicted in 
Supplementary Figure S3. As a summary, the shortest two 
distances of all the models are listed in Supplementary Table 
S3, with the ranking in superscript.

Discussion

STD-NMR results show that, among the six chosen excipients, 
only sucrose has specific binding. As for trehalose, mannitol, 
sorbitol, succinic acid and glycine, their binding is nonspecific, 
which means they do not have a specific binding pocket and 
distribute on the surface without a fixed orientation. Through 
the STD NMR experiments, the excipients were ranked 
according to the nonspecific binding constant (Ns), and direct 
evidence of the stabilizer excipient interactions to the mAb was 
established. This corroborated studies in the literature where 
Kim et al.19 showed that the proteins investigated in their 
study had high binding affinity to the carbohydrates due to 
hydrogen bond formation between protein binding sites with 
the carbohydrate molecules and where FTIR studies by 
Souillac et al.22 showed that, in the presence of carbohydrate, 
the secondary protein structure was preserved by hydrogen 
bonds formed between the polar groups on the surface of the 
protein and carbohydrate moieties. Literature reports have 
hypothesized, however, that mAbs are stabilized by excipients 
via a preferential exclusion mechanism, whereby excipient 
molecules rearrange the solvent molecules surrounding the 
mAbs.19–21 Although increased exothermic enthalpy while 

Figure 5. 3D maps of the screened excipient clusters where dense clusters (>85% occupancy) are shown as space filling models and less dense cluster (>20% 
occupancy) are shown as ball and stick models along a blue-green-red color gradient by occupancy. These 3D illustrations are generated by VMD.
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Figure 6. Binding site of sucrose (left) and mannitol (right) with BMSmAb characterized by STD effect analysis and MD simulation. First row: structure of each excipient 
with the affected proton highlighted in circle (ranking from red for the strongest effect to yellow). Second (283 K) and third (293 K) row: STD effect plot of different 
proton of each excipient at different concentration. Different protons show different amplitude of STD effect. Fourth row: the 3D illustration of most probable binding 
position of each excipient with BMSmAb calculated by MD simulation. The closest two distances of each proton which are less than 3 Å are shown. These 3D 
illustrations are generated by pymol.
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mixing excipients and proteins was seen by Kim et al., no 
specific interactions could be detected between proteins and 
excipients.19 In our work, NMR experiments detected protein– 
excipient interactions at a molecular level and showed specific 
interactions of sucrose molecules with BMSmAb.

Although succinic acid and glycine show similar STD 
effects compared to mannitol and sorbitol, the Tm measure-
ments indicate that succinic acid and glycine destabilize the 
protein, whereas mannitol and sorbitol stabilize the protein. 
Our hypothesis for the decreased thermal stability caused by 
glycine and succinic acid is that mAb destabilization is prob-
ably occurring due to the chemical nature of the molecules, 
which form zwitterionic and charged moieties that are not 
found in the carbohydrate molecules used in the study. The 
trending and the correlation between the degree of binding by 
STD NMR to Tm and B22 (both stability indicators) for the 
excipients under study suggests that stronger excipient binding 
is likely causing improved protein stability (thermal and col-
loidal). Moreover, closer proximity of the excipient to the mAb 
may also provide better conformational stability to the mAb, as 
in the case of nonspecific binding interactions, but the exact 
mechanism for this increase in stability needs to be elucidated. 
Interestingly, Svilenov et al. 32 related the protein–surfactant 
interaction with protein stability, taking a similar approach by 
correlating STD NMR binding affinities to circular dichroism 
(CD), nanodifferential scanning fluorimetry (nanoDSF) and 
long-term storage stability data on protein aggregation. Even 
though the surfactant ligands did not affect the tertiary struc-
ture and the thermal stability of the protein, as evident from 
CD and nanoDSF measurements of the protein with or with-
out surfactants, the long-term stability data showed increased 
protein stability with stronger protein–ligand binding affi-
nities. On the other hand, Zalar et at.33 showed that the overall 
protein–excipient binding can be a poor criterion for choosing 
excipients enhancing formulation stability. However, the 
advantage of techniques like NMR is that the molecular-level 
understanding of protein–ligand binding provided can be used 
to better understand the mechanism by which excipients bind 
to proteins. And such techniques can be used for troubleshoot-
ing and de-risking when unusual or contradictory results are 
obtained by other stability-indicating biophysical methods.

Overall, in this study, we found sucrose to be the best 
stabilizer of the BMSmAb, followed by trehalose, mannitol, 
and sorbitol. The approach of ranking the excipients using 
STD-NMR experiments and computational MD/MC simula-
tions aided and accelerated the excipient selection in biologic 
formulations by providing direct evidence of mAb–excipient 
affinities before a conventional and time-consuming excipient 
screening study was conducted. By validating this approach of 
correlating STD-NMR experiments and MD/MC simulations 
to Tm and B22 values, and therefore to the protein stability, 
future mAb development can perhaps directly rely on using 
the ranking by MD/MC simulations for excipient selection in 
protein formulations. Moreover, STD NMR can be applied to 
help determine the dominant interacting structural motif of 
excipients with mAbs and rule out the less possible positions, 
which will further characterize the excipient interaction with 
mAbs. This level of molecular-level information on protein– 
ligand binding obtained by STD NMR, MD, and MC also 

contributes to a better understanding of the mechanism by 
which stabilizer excipients bind to proteins and can be used for 
troubleshooting and de-risking when unusual results are 
obtained by other stability-indicating biophysical methods. 
We are extending this work to other BMS mAbs for further 
validation of this approach.

Materials and methods

Materials

Deuterium oxide (D2O, CAS #: 7789-20-0), sucrose (CAS #: 
57-50-1), D-mannitol (CAS #: 69-65-8), sorbitol (CAS #: 50- 
70-4), D-(+)-trehalose dihydrate (CAS #: 6138-23-4), glycine 
(CAS #: 56-40-6), succinic acid (CAS #: 110-15-6), sodium 
succinate dibasic hexahydrate (CAS #: 6106-21-4) and sodium 
trimethylsilyl propionate (TSP, CAS #: 37013-20-0) were pur-
chased from Sigma-Aldrich. L-Histidine (CAS #: 71-00-1) and 
L-Histidine monohydrochloride monohydrate (CAS #: 5934- 
29-2) were purchased from JT Baker.

STD NMR method

All stock solutions and NMR samples were prepared in 99.9% 
D2O buffer containing 20 mM histidine at pH 6.0. The exci-
pient stock solution concentration was 750 mM. 
Concentrations of excipient stock solutions were calibrated 
by stock solution containing 80 mM TSP. For each excipient 
series, 16 BMSmAb–excipient samples were prepared with 
various concentrations of excipients (ranging from 0 mM to 
500 mM) and a constant concentration of BMSmAb (final 
concentration 0.3 mM) in final 180 µL histidine D2O buffer 
and transferred into 3 mm NMR tube for STD NMR experi-
ments and T1 measurement experiments. The concentration of 
each excipient is shown in Supplementary Table S1.

All pseudo-2D STD NMR experiments and T1 measure-
ment experiments of BMSmAb-excipient samples were 
acquired at 283 K and 293 K on a Bruker NEO 700 MHz 
(16.4 T) spectrometer equipped with a 3 mm probe head. 
The Larmor frequency was 700.1 MHz for 1H. 1H chemical 
shift was referenced with respect to the internal standard TSP 
at 0.0 ppm. For STD NMR experiments, typical 90° pulse 
length was 8.71 µs for 1H, and the recycle delay was 12 s and 
an STD-pulse train saturation period of 10 s. A total of 64 scans 
were recorded. Selective on- and off-resonance frequencies 
were set at 0.4 and −10 ppm, respectively. The saturation 
pulse trains were composed of selective Gaussian pulses of 
50 ms duration and 200 Hz amplitude. All STD NMR spectra 
were processed and analyzed in Bruker TopSpin (version 4.1.3) 
and ACD Spectrus software. Proton T1-measurements were 
performed in samples containing ~0.18 mM of excipients 
using the inversion recovery method.

Molecular dynamics methodology

System set-up
A homology model of the fAb region of the BMSmAb was 
generated using Molecular Operating Environment (MOE) 
and prepared at pH 6.0 inside a water box of 122 × 122 × 122 
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Å3 using the AMBER parameters.34,35 Water was then substi-
tuted out for a histidine buffer and counter ions to generate 
a starting point for each of the unique excipients. Individual 
systems for each excipient (glycine, trehalose, sucrose, manni-
tol, succinic acid (−1) and sorbitol) were generated using MOE 
by substituting water to place 200 excipient molecules ran-
domly in the box. Each of the excipient systems was then 
prepared for full MD that were run on a p3.2×large AWS, 
with 1 nvidia tesla v100 GPU using NAMD (Nanoscale 
Molecular Dynamics).34,36 MD was performed using NAMD 
starting with minimization for 1 ns, followed by 10 ns of 
equilibration at 300 K and 100 kPa, and 250 ns of production 
run at 300 K and 100 kPa. Where relevant, the Langevin 
thermostat with a damping coefficient of 5 ps−1 and barostat 
with a period of 200 fs and a decay of 100 fs were used with 
particle-mesh Ewald electrostatics with a 1 Å mesh spacing, 
a 10 Å non-bonded cutoff, and a 2 fs time step.36

Post-processing
All the trajectories of each simulation were loaded into Visual 
Molecular Dynamics (VMD), and a new unified trajectory was 
formed for each excipient with the coordinates wrapped 
around the periodic boundary conditions of the simulation 
box.37 A.tcl script that was run through VMD to count the 
nearby excipients at each time step was executed measuring 
the excipients within 2 Å around the BMSfAb. The last 80 ns of 
each of the time traces were then block averaged with 8 ns 
blocks for each excipient to compare how well each excipient 
associates with the BMSfAb and weighted by the excipient 
surface area normalized by the highest surface area excipient, 
trehalose, to account for the size difference between excipients. 
While this showed a clear trend in the preference for excipi-
ents, it is unclear from these results how consistent these 
associations are, so a clustering algorithm was developed to 
measure the frequency of each association.

To start the clustering algorithm, a new trajectory was made 
that moved the fAb to the center of the simulation box, 
oriented the fAb uniformly across all frames, and stripped 
away all water molecules. The coordinates for each nearby 
excipient at every time step were then saved to and exported 
to another script that clusters them together. All the clusters 
for each excipient were then weighted against the densest 
cluster.

SILCS-MC methodology

An alternative approach was also adapted to rank order the 
excipients using a novel in-silico approach – SILCS- 
Biologics. SILCS enables modeling of interactions of differ-
ent excipients in a formulation at an atomistic level. SILCS 
simulations with GROMACS38 were performed using the 
SILCSBio package (provided by SILCSBio, LLC) where the 
homology model of the BMSmAb generated using MOE at 
pH 6.0 was used. A combination of p3.2×large AWS with 1 
nvidia tesla v100 GPU and m5.16×large with x86_64 CPU 
architecture was used to run MC simulations. The protocol 
of SILCS simulations is described in Somani et al.39 Briefly, 
the BMSmAb was divided into its fAb and fc domains and 
10 independent simulation systems involving BMSmAb 

domain (Fab or fc), water, and eight probe molecules that 
represent diverse functional groups that are common in 
small organic molecule to protein interaction, such as hydro-
phobic or nonpolar (benzene, propane), hydrogen bond 
acceptor and donor (methanol, formamide, acetaldehyde, 
imidazole), positive (methylammonium) and negative (acet-
ate) charge interactions, were prepared. The choice of probe 
molecules and the validation of the SILCS approach in 
replicating protein–ligand interactions have been investi-
gated in prior works.40–42 Each system was minimized and 
equilibrated using 1 ns of MD simulation followed by 100 
cycles of grand canonical Monte Carlo (GCMC)/MD 
simulation.39 During each cycle, 200,000 steps of GCMC 
simulation were performed that drive the sampling of 
water and probe molecules, followed by 1 ns of MD simula-
tion of the entire system, resulting into an aggregated simu-
lation time of 1 µs (10 × 100 ns). The protein, probe and 
water molecules were described using the CHARMM36m 
protein force field,43,44 the CHARMM general force field 
(CGenFF),45 and the TIP3P water model modified for the 
CHARMM force field.46

The GCMC/MD-based approach resulted in the generation 
of fragment maps (FragMaps) for fAb and fc domains by 
binning the selected probe atoms into the voxels of a 1Å spaced 
grid spanning the simulation system. The voxel occupancy was 
used to measure a grid-based free energy (GFE, ΔG) using the 
equation ΔGi ¼ � RT ln Ni

Nbulk

� �
where Ris the universal gas 

constant, Tis the system temperature, Ni is the observed 
voxel occupancy of the probe at grid point i and Nbulk is the 
expected voxel occupancy of the probe alone in the bulk solu-
tion. Therefore, GFE is a measure of the free energy change of 
moving an atom from the bulk state to the grid point i. For 
instance, if the GFE of a voxel near protein is −1.5 kcal/mol, 
then the probability of probe atoms is about 12 times more 
likely to be found in the voxels than in the voxels that are far 
away from the protein (“bulk”) at room temperature.

Individual systems for each excipient were generated using 
the excipient docking and screening algorithm (SILCS-MC) to 
rank order excipients, which involves MC sampling of the 
ligand (excipient) in translational, rotational, and torsional 
space.41 The main purpose is to sample ligand binding affinity 
in the field of FragMaps along with the SILCS exclusion map. 
The exclusion map prevents the sampling of the ligand in the 
interior region of the protein where no water or probe mole-
cules visited during the SILCS GCMC/MD step. The energy 
associated with ligand conformation is based on CGenFF 
intramolecular forces along with the LGFE score that is an 
approximate representation of the minimum free energy bind-
ing conformation, defined as the sum of atomic GFEs.41,42 

LGFEs have been shown to correlate well with the binding 
affinities of small, drug-like molecules to a range of proteins.42

Viscosity measurements

All stock solutions and samples were prepared in a 20 mM 
histidine buffer with pH 6.0. For each excipient series, four 
BMSmAb–excipient samples were prepared with various con-
centrations of excipient and constant concentration of 
BMSmAb (final concentration 0.3 mM) in final 1 mL histidine 
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buffer. For sucrose, trehalose, mannitol, and sorbitol, the four 
concentrations were 4 mM, 80 mM, 250 mM, and 500 mM. 
For succinic acid, the four concentrations were 4 mM, 80  
mM, 250 mM, and 470 mM. For glycine, the four concentra-
tions were 4 mM, 80 mM, 250 mM, and 445 mM.

The viscosity of the BMSmAb solutions was determined 
using the m-VROC viscometer (RheoSense Inc.). The samples 
were filtered with 0.1 µm syringe filter and then measured at 
least in duplicate with A05 chip at a shear rate of 3760 s−1 for 
approximately 5 s. The system was washed with water between 
each BMSmAb–excipient set. All the measurements were per-
formed at 20°C.

Differential scanning fluorimetry

All stock solutions and samples were prepared in a 20 mM 
Histidine buffer with pH 6.0. For sucrose, three BMSmAb– 
excipient samples were prepared with various concentrations 
of excipient (4 mM, 80 mM and 250 mM) and constant con-
centration of BMSmAb (final concentration 0.3 mM) in the 
final 0.5 mL histidine buffer. For other excipients, only 250  
mM excipient and 0.3 mM BMSmAb in the final 0.5 mL histi-
dine buffer were prepared. The BMSmAb sample without any 
additional excipient was used as the reference control.

DSF was used to monitor the stability of BMSmAb solu-
tions in the presence of various excipients by measuring the 
thermal unfolding by detecting changes in BMSmAb intrinsic 
fluorescence during a thermal ramp. The measurements were 
performed using Prometheus NT.48 (NanoTemper). Twenty 
microliters of each sample were transferred in duplicate to the 
wells of a 384-well plate and loaded in a standard glass capil-
lary chip simultaneously. Each sample was filtered with 0.1 µm 
syringe filter prior to the measurements. The instrument exci-
tation power was adjusted to 10% to ensure fluorescence was in 
the optimal detection range. Fluorescence intensity at 350 nm 
and 330 nm was collected over a temperature range of 15 to 
100°C with temperature slope of 1°C/min. The data analysis 
was performed on the PR Stability Analysis Software 
(NanoTemper) at which the unfolding temperatures, Tm, cor-
responding to the peaks of the first derivative of the fluores-
cence ratio 350/330 nm were automatically determined.

Static light scattering

All stock solutions and samples were prepared in 20 mM 
histidine buffer with pH 6.0. For each excipient series, samples 
were prepared with 250 mM of each excipient and 0.3 mM 
BMSmAb in final 5 mL histidine buffer. Matching buffers for 
each excipient were prepared without BMSmAb in the final 10  
mL histidine buffer. NaCl stock solution was also prepared in 
water at a final concentration of 1 M. SLS measurements were 
performed to determine the second osmotic virial coefficient, 
B22, which is related to protein–protein interactions in the 
dilute concentration regime and provides direct information 
on colloidal stability properties of the protein solution. The 
experiments were conducted using Wyatt DynaPro Plate 
Reader III (Wyatt Technology) at 25°C.

Due to the sensitivity of the scattering measurements, all the 
stock samples and buffers were filtered through a 0.1 µm 
syringe filter to avoid interference from aggregates or dust 
particles. For each formulation condition tested, 
a concentration series of 2 to 10 mg/ml were prepared by 
diluting the stock solution with matching buffer. The concen-
tration of each sample was confirmed by absorbance 280 nm 
measurements. Scattering measurements were also carried out 
for BMSmAb at the same formulation conditions, but in the 
presence of additional 100 mM NaCl, achieved by spiking 1 M 
NaCl solution in the sample and matching buffer. Sample 
volumes of 60 µl were loaded in a calibrated 384-well 
SensoPlate (Greiner Bio-One Inc). Data was collected with 
a 5 s acquisition time, 10 acquisitions per measurement (3 in 
total) at 20% laser power (Lp) and either 0% or 50% attenua-
tion (At) to maintain the intensity counts in the optimal range. 
Data acquisition and data analysis were performed with 
Dynamics software (Wyatt Technology). Under diluted pro-
tein conditions, B22 is calculated from a linear fit of the equa-
tion below: 

Kc dn
dc

� �2

Rθ
¼

1
Mw
þ 2B22c (4) 

where K is the optical constant determined from the plate 
calibration; c is the protein concentration; dn

dc is the refractive 
index increment of the protein solution; Rθ is the excess 
Rayleigh ratio obtained experimentally and Mw is the apparent 
molecular weight of the protein in solution. Optilab (Wyatt 
Technology), an online refractive index detector, was used to 
measure the absolute refractive index of all excipient formula-
tions (nsolventB). The measured absolute refractive index, spe-
cific density of protein (vp ~0.73 g/mL), refractive index of 
water (nsolventA ~1.330) and refractive index increment of the 
protein in water ( dn

dc

� �

solventA 
= 0.185) to calculate the new dn

dc 

using the equation below47,48: 

dn

dc

� �

solventB
ffi

dn

dc

� �

solventA
� vp nsolventB � nsolventAð Þ (5) 

Since dn
dc 

is effectively independent of salt concentration, the 
same value has been used to calculate B22 for the formulations 
containing NaCl.

Abbreviations

At attenuation
B22 second osmotic virial coefficient
BMSmAb Bristol Myers Squibb mAb
CD circular dichroism
CGenFF CHARMM general force field
D2O Deuterium oxide
DTPA diethylenetriaminepentaacetic acid
EDTA Ethylenediaminetetraacetic acid
FTIR Fourier transform Infra-Red
GCMC grand canonical Monte Carlo
GFE grid-based free energy
ITC isothermal titration calorimetry
KD dissociation constant
LGFE ligand grid free energy
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Lp laser power
mAb monoclonal antibody
MC Monte Carlo
MD Molecular dynamic
MOE Molecular Operating Environment
NAMD Nanoscale Molecular Dynamics
nanoDSF nano differential scanning fluorimetry
NMR nuclear magnetic resonance
Ns nonspecific binding constant
PPI protein-protein interactions
SILCS Site Identification by Ligand Competitive Saturation
SLS static light scattering
STD saturation transfer difference
STDaf STD amplification factor
Tm mid-point of thermal transition
TSP sodium trimethylsilyl propionate
VMD Visual Molecular Dynamics
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