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ABSTRACT: Biologic drugs have emerged as a rapidly expanding and important modality, offering promising therapeutic solutions 
by interacting with previously 'undruggable' targets, thus significantly expanding the range of modern pharmaceutical applications. 
However, the inherent complexity of these drugs also introduces liabilities and poses challenges in their development, necessitates 
efficient screening methods to evaluate the structural stability and behavior. Although NMR spectroscopy is well-suited for detecting 
weak interactions, changes in dynamics, high-order structure, and association states of macromolecules in fully formulated samples, 
the inherent low sensitivity limits its utility as a fast screening and characterization tool. In this study, we present two fast pulsing 
NMR experiments, namely the SOFAIR (band-Selective Optimized Flip-Angle Internally-encoded Relaxation) and the SOFIT (band-
Selective Optimized Flip-angle Internally-encoded Translational diffusion), which enable rapid and reliable measurements of trans-
verse relaxation rates and diffusion coefficients with more than 10-fold higher sensitivity compared to commonly used methods, like 
CPMG (Carr-Purcell-Meiboom-Gill) and DOSY (Diffusion-Ordered Spectroscopy), allowing the rapid assessment of biologics even 
at low concentrations. We demonstrated the effectiveness and versatility of these experiments by evaluating several examples, in-
cluding thermally stressed proteins, proteins at different concentrations, and a therapeutic protein in various formulations. We antic-
ipate that these novel approaches will greatly facilitate the analysis and characterization of biologics during drug discovery. 

INTRODUCTION 

The discovery and development of biologics have undergone remarkable progress in recent decades, making substantial contribu-

tions to the treatment of diverse diseases and conditions1-3. However, it is important to recognize the costly and challenging nature of 

progressing a biologic from discovery to the market, which is often accompanied by high attrition rates4, 5. Consequently, significant 

efforts have been made in the industry to enhance success rates and reduce overall discovery costs by developing methods that can 

detect liabilities early in the discovery process6. 

One crucial aspect that has garnered increased attention in biologics discovery and development is the characterization of their 

biophysical properties6, 7. This entails assessing key attributes of the target molecules such as stability, solubility, aggregation pro-

pensity, formulation suitability, and resistance to various stressors like UV light, temperature, humidity, agitation, and freeze/thaw 

cycles8, 9. Such evaluations are essential in helping researchers identify and eliminate candidates with poor developability at an early 

stage10. 

An integral component of the biophysical characterization of biologics involves understanding the structural and dynamic behavior 

of biologics in solution, which are often closely tied to their functions11. Some of the widely used biophysical tools include size-

exclusion chromatography (SEC), static light scattering/dynamic light scattering (SLS/DLS), UV, fluorescence, circular dichroism 

(CD), and Fourier transform infrared spectroscopy (FTIR), which can be straightforwardly implemented, but lack in resolution12. In 

this regard, Nuclear Magnetic Resonance (NMR) spectroscopy offers a unique advantage, as it possesses sensitivity to even subtle 

changes in protein behavior, sparsely populated species, and weak interactions13-16. Moreover, NMR also has the unique capability to 

detect proteins, excipients, and their interactions in situ17-20, eliminating the need for buffer dilution, exchange, or the addition of 

organic modifiers. 

Typically, obtaining atomic resolution details of proteins in NMR experiments entails the use of multidimensional methods with 

isotopically labeled samples21, 22. Two-dimensional (2D) experiments may be acquired at natural abundance, but doing so can be time-

consuming and demand a substantial sample. As a practical alternative, one-dimensional (1D) NMR-based approaches can offer 
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valuable insight and provide a wealth of useful information through the analysis of signal dispersion, line shape, or chemical shift 

changes23. More recently, 1D NMR spectra have proven valuable in molecular fingerprinting and profiling of biologics24. Further-

more, some advanced NMR methods can also be employed in their 1D forms to investigate the dynamic and translational properties 

of proteins17, 25. This can be achieved by monitoring changes in the signal intensity of the proton spectra as specific parameters are 

incrementally varied. The Carr-Purcell-Meiboom-Gill (CPMG) and Diffusion-Ordered Spectroscopy (DOSY) methods, for instance, 

have enabled the measurements of proton transverse relaxation rate (R2) and translational diffusion coefficient (D), which are two 

parameters widely applied for characterizing proteins’ behavioral changes under diverse conditions25-27. The correlation between these 

two parameters has been proposed as a means to profile therapeutic protein motions and interactions26. While useful, the relatively 

long data acquisition required to obtain high signal-to-noise ratios in these NMR experiments can limit their practical utility. 

The SOFAST (band-Selective Optimized Flip-Angle Short-Transient) technique is an NMR method originally developed for fast 

2D data acquisition28, 29, but its potential applications as a 1D experiment have also been explored in conjunction with other NMR 

building blocks commonly utilized in atomic-resolution methods. One notable example is the HET-SOFAST30, which could be used 

to rapidly obtain information on protein folding and structural compactness. In this work, we present a pair of modified 1H SOFAST 

NMR experiments, which we termed SOFAIR (band-Selective Optimized Flip-Angle Internally-encoded Relaxation) and SOFIT 

(band-Selective-Optimized-Flip-angle Internally-encoded Translational diffusion), to enable more time-efficient measurements of 

proton R2 and D compared to CPMG and DOSY. These experiments were tested on various examples, including thermally stressed 

proteins, proteins at different concentrations, and a proprietary therapeutic protein in different formulations. Through our investiga-

tions, we demonstrated that these modified SOFAST experiments provide estimations of R2 and D values that are sensitive to struc-

tural stability and molecular interactions. Notably, the improved sensitivity and short acquisition time make these methods highly 

suitable for screening purposes, particularly in the drug discovery stage, where sample quantity may be limited and multiple sequence 

variants are compared. 

EXPERIMENTAL SECTION 

Materials. Lyophilized Bovine Serum Albumin (BSA) powder (≥98%) was acquired from Sigma-Aldrich. BSA was dissolved in 

the desired buffer (10 or 20 mM sodium phosphate, pH 7.5). Biologic A was acquired internally.  

The catalytic domain of diphtheria toxin (DTA) was expressed and purified in-house. DTA tagged with an uncleavable His6 tag on 

the C-terminal end was overexpressed in BL21(DE3) E. coli. Cells were grown in Luria-Bertani (LB) broth and induced with 0.5 

mM isopropyl-β-D-thiogalactopyranoside (IPTG) at 37 °C after reaching an OD600 of 0.6. Cells were incubated overnight at 20 °C 

(16 hrs) and harvested the next day. The purification of the protein followed closely to what was described by Sauvé et al31. The 

protein was exchanged into a final 10 mM sodium phosphate buffer, pH 7.0 at a concentration of 14 mg/mL. 

BSA Thermal Stress. A BSA sample at 20 mg/mL concentration was prepared. To increase the susceptibility of BSA to thermal 

stress, the BSA sample was mixed with a denaturant, 1M guanidinium hydrochloride (GdnHCl). The resulting mixture was then 

divided equally into two halves. One-half of the GdnHCl-treated BSA sample was subjected to thermal stress by incubating it at 57 

°C for 60 minutes. Following the denaturation process, this sample was stored at 4°C. The other half of the sample remained at 4°C 

throughout this process without undergoing thermal denaturation. In order to create BSA samples with varying levels of stressed 

protein for subsequent NMR experiments, the two samples were combined in different proportions, including 0%, 25%, 50%, 75%, 

and 100% of the thermally stressed sample. These samples were mixed right before data acquisition. 

NMR Experiments. 8 – 10% of D2O was added to each sample. Generally, relaxation experiments were conducted with 5 mm 

NMR tubes and 600 µl total sample volume, diffusion experiments were conducted in 3 mm NMR tubes and 180 µl sample volume 

to minimize convection. All experiments on biologic A were performed in 3 mm NMR tubes. 
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NMR data for BSA and Biologic A were collected on a Bruker Avance Neo 500 MHz spectrometer equipped with a 5mm Prodigy 

TCI probe. NMR data for DTA were acquired on a Bruker Avance III HD 600 MHz spectrometer equipped with a 5 mm Prodigy 

BBO probe. All experiments were collected at 298K unless specified otherwise. Relaxation experiments were processed and analyzed 

using MestReNova (Version 14.2.1). Diffusion experiments were processed and analyzed in Topspin (Version 4.0.6), MestReNova 

(Version 14.2.1), and Python (Version 3.8.5). 

Diffusion-Filtered CPMG. The diffusion-filtered CPMG pulse sequence (in-house coding) used to measure protein proton R2 

values contained a standard CPMG block followed by a pulse field gradient stimulated echo block to suppress any signals from small 

molecules, buffer, and water26. Specifically, a bipolar gradient of 1500 µs at 100% amplitude and a diffusion of 100 ms was used. 

For the CPMG echo train, the relaxation time was varied up to 0.2 s with a fixed νcpmg of 500 Hz. The recycle delay time was set to 5 

s. The total data acquisition time for each experiment was approximately 40 minutes. 

SOFAIR Experiments. To observe amide protons or methyl protons, the selective excitation pulse was typically applied to some-

where between 9.0 – 9.5 ppm or 0 – 1.5 ppm, respectively, covering a bandwidth of 2.5 – 3.0 ppm. The specific selection depends on 

the presence of any overlapping small molecule or buffer signals. The relaxation encoding period (2τ), was varied from 0 s to up to 

0.2 s. Unless otherwise specified, the recycle delay, d1 was set to 0.25 s. All experiments were collected with a total data acquisition 

time of approximately 10 minutes for each experiment. 

DOSY Experiments. The Bruker 1H 2D DOSY pulse sequence stebpgp1s19 was used as the conventional DOSY experiment to 

measure D. A total of 300 ms diffusion encoding period (Δ) was used, along with 1.5 ms bipolar SMSQ10.100 gradient (δ/2) shape 

pulses varied quadratically from 10 to 95%. Each experiment was acquired with a total of 16 gradient increments for a total data 

acquisition time of approximately 20 minutes. For the catalytic domain of diphtheria toxin, the experiment was collected using 16 

increments with a total experiment duration of ~5 hours to highlight the sensitivity differences between DOSY and the novel SOFIT 

experiment. 

SOFIT Experiments. The excitation pulse was applied to somewhere between 9.0 – 9.5 ppm or 0 – 1.5 ppm to selectively observe 

amide or methyl protons, respectively, each covering a bandwidth of 2.5 – 4.0 ppm. A diffusion encoding period (∆) of 20 ms and 6 

ms SMSQ10.100 gradient shape pulses (δ) were used. The gradient was quadratically varied from 10% to 95% of the maximum 

gradient amplitude. A total of 16 gradient increments were acquired with a total data acquisition time of approximately 10 minutes. 

Relaxation (R2) and Diffusion (D) Measurements. Unless otherwise specified, R2 and D measurements were performed by area 

integration over two regions: the methyl proton region (1.2 to -0.8 ppm, denoted ‘Methyl’) and the amide proton region (9.5 to 7.5 

ppm, denoted ‘H(N)’). For R2, the resulting integrals were fit to Eq. 1: 

I =  I∘e−t𝑅𝑅2 + B  (1) 

where t is the delay time and R2 is the transverse relaxation. For D, measurements were performed by area integration over the same 

methyl and amide proton regions. The resulting integrals were fit to Eq. 2: 

I = I∘e
−(γδG)2𝐷𝐷(Δ−δ3)  (2) 

where I∘ is the signal integral at a gradient strength of zero, γ is the observed nuclei gyromagnetic ratio, G is the gradient strength, δ 

is the gradient pulse duration, Δ is the diffusion encoding period, and D is the diffusion coefficient (for a squared shape field gradient 

pulse). The new pulse sequences and corresponding analysis are detailed in the Supporting Information. 

For biologic A characterizations, hydrodynamic radius (Rh) was reported instead of D. Rh was derived from the Einstein-Stoke 

equation: 

𝐷𝐷 = 𝑘𝑘BT
6πη𝑅𝑅ℎ

  (3) 

https://doi.org/10.26434/chemrxiv-2024-nj5cc ORCID: https://orcid.org/0000-0003-0822-882X Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-nj5cc
https://orcid.org/0000-0003-0822-882X
https://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

Public 

where kB is Boltzmann constant, T is temperature, and η is viscosity, which was determined  using a calibration curve from a previous 

study accounting for viscosity changes of additives32. 

RESULTS AND DISCUSSION 
1H SOFAIR and SOFIT Experiments. D and R2 are typically obtained through the use of the DOSY and the CPMG experiments, 

respectively26. The DOSY experiment involves acquiring a series of 1D spectra applying a series of increasing gradient pulse 

strengths, leading to the distance-dependent dephasing of spins based on the translational diffusion of the species in solution33. As 

such, the diffusion coefficient of a molecule is tied to its hydrodynamic properties and interactions with other molecules and can be 

extracted by fitting the attenuation of the NMR signal as a function of the gradient strength. For measuring D of biologics, the standard 

Bruker library pulse sequence stebpgp1s19 is commonly used. This pulse program utilizes stimulated echo with bipolar gradient 

pulses for diffusion encoding and also 3-9-19 water suppression. 

On the other hand, The CPMG experiment involves the repetition of refocusing pulses separated by equidistantly spaced dephasing 

delays. By increasing the number of repetitions, one can observe signal attenuation caused by transverse relaxation34. The R2 relaxa-

tion rate can then be estimated from the decay curve. The relaxation behavior of macromolecules, such as proteins, is linked to their 

molecular motions, which in turn reflect size, conformational changes, unfolding, interactions, or aggregation27. In our experience, 

the inclusion of an additional diffusion filter in the pulse sequence is highly beneficial26. This filter effectively suppresses signals 

originating from excipients, buffer, and water, and is commonly employed for measuring R2 of biologics using CPMG. 

Ideally, R2 and D should be measured by examining isolated peaks' relaxation and diffusion-induced decays. However, for biologics 

where peaks are broad and contain many overlapping signals, analyses often rely on integration over selected regions of the 1D 1H 

spectrum. In these cases, particular emphasis is placed on the amide and methyl protons.  

While the CPMG and DOSY experiments have proven valuable for characterizing protein behavior in solution, their relatively low 

sensitivity has limited their utility, primarily to study proteins with solution concentrations > 1-5 mg/ml. The incorporation of water 

and/or excipient suppression blocks in the pulse sequences further compounds this limitation, making them less suitable for screening 

purposes. To address these potential drawbacks, we have decided to take advantage of the highly sensitive SOFAST experiment28, 29.  

The 1D SOFAST experiment, illustrated in Fig. 1A, employs a band-selective PC9 excitation pulse with a 120° flip angle, followed 

by an RSNOB refocusing pulse. The distinctive characteristic of the SOFAST experiment is its ability to achieve high sensitivity 

through a very short recycle delay, thereby enabling an increased repetition rate. The band-selective nature of the SOFAST experi-

ments also allows for the selective excitation of regions devoid of excipient or other undesired signals, eliminating the need for 

additional pulse sequence blocks for signal suppression. Both relaxation and diffusion elements were incorporated into the SOFAST 

pulse sequence through internal encoding (Fig. 1B/C), allowing R2 and D to be measured without sensitivity loss and need for addi-

tional phase cycling35-37. 

For R2 measurements, the SOFAST pulse sequence is modified to include delays (τ) flanking the refocusing pulse34, 38. This delay 

is incremented in pseudo-2D experiments to encode the transverse relaxation, which we named SOFAIR, as shown in Fig. 1B.  

Unlike the CPMG experiment, this modified SOFAST approach, in certain cases, does not suppress J-modulation. When selectively 

exciting and refocusing amide protons, the J-evolution is refocused because the Hα atoms, to which the amide protons are coupled 

with, are outside the refocusing bandwidth. However, when analyzing methyl protons, the measured R2 could be affected by J-mod-

ulation. While these effects exist, the influences, as examples will demonstrate, is limited only to the absolute rate values. These are 

less impactful for developability than the relative values and trends observed when comparing different sequences or the effects of 

different excipients. 
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For D measurements, instead of changing the delays, the gradient strength G2 is varied to encode diffusion, which we named 

SOFIT, depicted in Fig. 1C. By incrementing the gradient strength G2, the diffusion coefficient is encoded through a single echo 

scheme, differ from the stimulated echo employed for typical DOSY experiments. As a result, during the diffusion period, the sample 

is subject to effects from transverse relaxation. Therefore, the diffusion encoding period (∆) was kept at a maximum of 20 ms to 

mitigate the impact of relaxation. In contrast, the gradient pulse (δ) duration was set to a very high 6 ms to maximize the efficiency 

of the diffusion-encoding process.  

 

Figure 1. Pulse sequence schemes to record A) 1H SOFAST, B) 1H SOFAIR, and C) 1H SOFIT spectra. The band-selective excitation is 
achieved by a 120° PC9 shaped pulse with a typical duration of 4.67 ms; the selective refocusing uses a RSNOB shaped pulse with a typical 
duration of 1.56 ms; both selective pulses, unless specified otherwise, are centered at 1 ppm for Methyl and 9 ppm for HN excitation, with a 
bandwidth of 3 ppm. The recycle delay d1 is set to 250 ms. Delay ∆2 is to compensate for chemical shift evolution during the excitation 
pulse, which corresponds to 52.9% of PC9 pulse width. For SOFAIR (B), the transverse relaxation is encoded through the incrementation of 
the delay τ in pseudo-2D experiments, which typically ranges from 0 to 100 ms for therapeutic proteins. For SOFIT C), the diffusion encoding 
period ∆ is set to 20 ms, and the diffusion coefficient is encoded through a single echo scheme by incrementing the gradient pulse strength 
G2, which ranges between 4.82 – 45.74 G/cm with a duration (δ) of 6 ms. The phase cycles used for SOFAIR and SOFIT are identical to that 
from 1H SOFAST; φ1 = x, x, x, x, -x, -x, -x, -x; φ2 = x, y, -x, -y; φR = x, -x, x, -x, -x, x, -x, x. 

R2 Measurements from SOFAIR Are Sensitive to Protein Structural Stability and Self-Interactions. To demonstrate the 

reliability of the new SOFAIR experiment, we evaluated the results of this approach and the traditional CPMG experiments. 

using a well-behaved protein, bovine serum albumin (BSA, 66.5 kDa) under different conditions.  

First, we tested the sensitivity of these NMR methods to detect protein destabilization and unfolding. To this end, a sample of BSA 

mixed with 1M guanidinium hydrochloride (GdnHCl) was prepared. Although GdnHCl alone was insufficient to fully denature BSA, 

it increased the protein's susceptibility to thermal stress. Initially, half of the GdnHCl-containing sample was incubated at an elevated 

temperature, resulting in a higher degree of protein denaturation, which was evident from the narrower dispersion of the amide and 

methyl proton signals observed (Fig. S1). To generate a series of samples with varied quantities of heat stressed protein, the thermally 

stressed BSA sample was mixed with the unstressed sample (also containing 1M GdnHCl) in different proportions. The R2 values 

were then determined from these samples using SOFAIR, revealing a linear correlation between these R2 values and the amount of 

heat-stressed protein present. Notably, samples with higher levels of heat-stressed protein exhibited substantially slower relaxation, 

likely attributable to a combination of protein unfolding, chemical modifications, and degradation (Fig. 2A, Table S1). Remarkably, 

the same trend was observed with the values measured by CPMG. 

Second, we compared the two NMR methods for the detection of self-association. Here, a series of samples with different concen-

trations of BSA (10, 20, 50, 100, 200 mg/mL) were prepared. BSA is known to exist in a monomer/dimer/trimer equilibrium. Higher-

order aggregates have also been observed in a concentration-dependent manner39. Thus, faster relaxation rates (i.e. larger R2) can be 
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anticipated at higher BSA concentrations due to increased self-association. The R2 values were measured for both the Methyl and the 

H(N) regions, the same as in the previous example. In both cases, a linear response with a positive slope was observed, indicative of 

faster relaxation. This is consistent with an increase in self-interactions and protein-protein association at higher BSA concentrations 

(Fig. 2B, Table S2). Once again, a similar trend was observed using the CPMG method. However, we showed that the estimated 

uncertainties of R2 measurements were much larger when using the CPMG experiment as compared to SOFAIR, despite using a 

longer acquisition time (~40 min CPMG vs. ~20 min SOFAIR for both Methyl and H(N) regions). The difference was particularly 

evident for the lower BSA concentration samples at 10 and 20 mg/mL. Of note, if CPMG was collected with the same number of 

scans as SOFAIR, the duration of the experiment would extend to approximately 2 hours, and the signal-to-noise ratio of CPMG 

would still be approximately 6 times lower due to the implementation of the diffusion filter (Fig. S2).  

 
Figure 2. SOFAST-derived relaxation parameters are sensitive to protein structural stability and protein self-interactions. Comparison of 
apparent R2 values measured from 1H SOFAIR and R2 from diffusion-filtered CPMG experiments for (A) mixture of unstressed and temper-
ature-stressed BSA (0, 25, 50, 75, 100% of unstressed sample) both in the presence of 1M GdnHCl; and (B) Native BSA at various concen-
trations (10, 20, 50, 100, 200 mg/mL). Two different regions were integrated for R2 measurements: the methyl proton region (Methyl, 1.2 to 
-0.8 ppm) and the amide proton region (H(N), 9.5 to 7.5 ppm).  A) The relaxation parameters track linearly with the amount of heat-stressed 
protein mixed in the sample. Stressed proteins showed considerably slower relaxation than their unstressed counterparts. The outstanding 
sensitivity of SOFAIR compared to CPMG allows for highly accurate parameter extraction and quantification of the stressed species. B) 
Extracted R2 values for both regions also exhibited a linear response to increased BSA concentration; this is consistent with an increase in 
self-interactions at higher protein concentrations, indicative of a shift in equilibrium of BSA from monomer to oligomer. 

It is worth reiterating that the R2 measured with SOFAIR has differential contributions for the H(N) and the Methyl region. Apart 

from local motions, for the H(N) region, the protons are only coupled with the Hα atoms, which are unaffected by the band-selective 

refocusing pulse, and, as a result, any unwanted J-modulation is effectively suppressed. The additional relaxation contribution com-

pared to CPMG comes from the slow pulsing, which does not suppress the in-phase with anti-phase relaxation averaging40. This 

explains why the R2 values for the amide proton region generally appear larger in the SOFAIR method compared to a fast pulsing 

CPMG. The differences in relaxation contributions between the two types of relaxation encoding are elegantly demonstrated in the 

work of Kiraly et al.38, which served as inspiration for the development of SOFAIR. 

In contrast, measuring R2 for the Methyl region using SOFAIR presents additional complexity. Since the methyl protons may also 

have couplings with other protons within the selectively refocused region, the extracted R2 is potentially influenced by J-evolution. 

Nevertheless, as demonstrated in the above examples, the general trends observed have consistently aligned with measurements from 

the CPMG method. In our opinion, the notable advantages of improved sensitivity and reduced acquisition time offered by SOFAIR, 

still hold substantial value even in the absence of absolute measurement matches between the two methods. 

Lastly, we examined the potential influence of the short recycle delay on R2 measurements as well as the potential effects related 

to differential heat deposition during the experiments. Our investigations revealed that these factors had a negligible impact on the R2 

values obtained here (Fig. S3 and S4). 
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D Measurements from SOFIT Are Comparable to Conventional DOSY Experiments. To assess the performance of the SOFIT 

pulse sequence, diffusion coefficients of BSA at various concentrations were measured using both the SOFIT experiment and the 

standard DOSY experiment with stimulated echo pulsed field gradient (Fig. 3A).  

 

Figure 3. Evaluation of SOFIT using BSA at various concentrations and diphtheria toxin domain A. A) Diffusion measurements of both 
SOFIT and DOSY were obtained by fitting the integrals of either the methyl or H(N) regions to Eq. 2. SOFIT measurements revealed a 
decrease in D as the concentration of BSA increased. This trend aligns with the results obtained from the conventional DOSY experiment 
using stimulated echo pulse field gradient. The observed decrease in D is likely attributed to both BSA self-association and an increase in 
sample viscosity resulting from higher protein concentration, consistent with R2 results. B) DOSY experiments of the diphtheria toxin cata-
lytic domain were carried out at 14 mg/mL in 10 mM sodium phosphate buffer, pH 7. The SOFIT and regular DOSY experiments were 
acquired for 14 min and 292 min, respectively. Both experiments yielded comparable D measurements, while the SOFAST approach demon-
strated better sensitivity in both methyl and amide proton regions. 

Expectedly, both methods led to the extraction of nearly identical D values, with a discrepancy of less than 5% (Table S2). As 

noted above, BSA tends to self-interact at higher concentrations, resulting in a decreased diffusion coefficient. Both SOFIT and 

DOSY measurements consistently demonstrated a gradual reduction in the diffusion coefficient with increasing concentration, indi-

cating an increase in the oligomeric states to monomer ratios of BSA, as expected. It is worth mentioning that the change in D is 

likely the result of both BSA self-association and also increased viscosity due to increased protein concentration. 

Additionally, we note that the SOFIT method has a potential limitation due to incomplete signal attenuation. This limitation arises 

from the fact that in SOFIT the translational diffusion is encoded using a single echo scheme, and the relaxation characteristics of the 

biologic constrain the maximum diffusion encoding period used. The total decay in our SOFIT experiments of BSA ranged from 40 

– 60%, whereas regular DOSY experiments typically achieved more than 90% signal decay. Consequently, SOFIT is primarily ap-

plicable to the study of smaller therapeutic proteins and biologics with favorable relaxation and diffusion properties, where sufficient 

gradient-induced decay can be achieved without compromising sensitivity. However, its effectiveness and sensitivity boost may be 

diminished for higher molecular weight species, like oligomers, which can be in the 100s kDa to MDa range. 

In a separate example, the diffusion of a small protein domain (Fig. 3B), the catalytic domain of diphtheria toxin (~22 kDa), was 

examined. In this case, the methyl region of the DOSY spectra obtained from both SOFIT and conventional DOSY methods exhibited 

a nice overlap. However, the conventional DOSY method suffered from low sensitivity, making it difficult to observe any signals in 

the amide proton region of the DOSY spectrum. Conversely, the SOFIT experiment showed decent sensitivity when the amide protons 

were selectively excited, enabling the extraction of diffusion coefficients from that region. Although not necessary in this case, the 

good sensitivity in the H(N) region can be useful in characterizing therapeutic proteins, especially when excessive excipient signals 
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obscure the methyl region of the spectrum. Analyzing data from such regions with multiexponential fittings is possible, but these 

efforts often result in poor fits due to the complexity caused by high degrees of overlap and differential line broadening25.  

Assessment of Biologic Formulation Suitability through the Combination of SOFAIR and SOFIT. To demonstrate the po-

tential of SOFAIR and SOFIT experiments in the developability of biologic drugs, we applied the methods presented here to a pro-

prietary therapeutic protein (biologic A). For this study, we compared the behavior of the biologic A in three different formulations. 

To minimize interference from excipient peaks, the amide protons were selected for analysis rather than the methyl proton region. 

The SOFAIR measurements revealed that R2 was the largest in formulation 1 and the smallest in formulation 3, as shown in Fig. 

4A. On the other hand, SOFIT measurements provided information about D, which was also found to be the largest in formulation 1 

and the smallest in formulation 3, as depicted in Fig. 4B. The simultaneous decrease in both the transverse relaxation rate and the 

diffusion coefficient (which corresponds to an increase in the average hydrodynamic radius, Rh, calculated from the Stokes–Einstein 

equation, Eq. 3) suggests the molecules appear to have larger average size but relax slower in formulation 2 and 3, indicative of a 

loss of conformational stability of the biologic in those two formulations26. In another word, the biologic is the most stable in formu-

lation 1, where R2 and Rh values are more consistent with that of a globular protein26, 41 (Fig. 4C). All relevant parameters are summa-

rized in Table S3.  

 

Figure 4. Assessment of the structural stability and formulation suitability of Biologic A using SOFAIR and SOFIT. The behavior of Biologic 
A in three different formulations was evaluated using (A) SOFAIR and (B) SOFIT. The concomitant decrease in transverse relaxation rate 
and diffusion coefficient (and correspondingly an increase in the average hydrodynamic radius) indicates a decrease in the biologic’s struc-
tural stability, as shown in (C).  

We would like to stress that this conclusion was derived from experiments with a total data acquisition time of fewer than 20 

minutes for each sample. In contrast, the fitting uncertainty associated with employing CPMG and DOSY experiments for a low 

concentration sample, such as the one studied here, and in particular for analyzing the low sensitivity amide proton region, could take 

more than 10 hours to obtain reliable results.  

CONCLUSIONS 

In conclusion, we have introduced a pair of simple yet highly effective NMR experiments for rapid measurement of proton trans-

verse relaxation rate (R2) and translational diffusion coefficient (D), two parameters that serve as sensitive indicators of protein 
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behavioral changes in solution. By combining these two complementary methods, valuable information can be obtained rapidly re-

garding the protein's structural stability and association states. This capability makes the SOFAIR and SOFIT techniques well-suited 

for screening and characterizing low concentration and/or fully formulated samples. 

These newly proposed experiments offer significant advantages over CPMG and DOSY for measuring R2 and D: (1) Due to the 

very short recycle delay required for SOFAST experiments, measurements can be performed with significantly reduced experimental 

duration, achieving high sensitivity per time unit. Furthermore, additional increments can be acquired within each experiment without 

adding too much experiment time. This could improve multiexponential fits to observe differential changes in the behavior of bio-

logics. (2) The band-selective nature of the SOFAST experiments allows for the selective excitation of regions devoid of excipient 

or other undesired signals, providing accurate measurements that correspond only to the biological target of interest. This also elim-

inates the need for water suppression, as R2 and D measurements are typically performed on the methyl and/or amide proton regions. 

For low-concentration samples (e.g., less than 5 mg/mL), the experiment duration can improve from 10 – 20 hours to less than 15 

minutes for a comparable signal-to-noise ratio, saving time while avoiding any potential property changes of the sample during data 

acquisition. Furthermore, rapid R2 and D measurements can also be interpreted alongside results from other 1H 1D NMR techniques, 

such as comparability studies like PROFILE24, to provide comprehensive assessments of large number of samples without sacrificing 

throughput. (3) By fixing the relaxation or diffusion encoding parameters, SOFAIR and SOFIT can be effectively utilized as highly 

sensitive relaxation and diffusion-filtered experiments. Together, these advancements enable the proposed NMR experiments to serve 

as bona fide screening and characterization tools to influence molecular design in drug discovery, particularly in situations where 

sample quantities are scarce. We anticipate that these novel methods will strongly impact the analysis of biologics, especially in the 

context of pharmaceutical research.  
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