
1 
 

Single-molecule dynamics reflects IgG conformational changes associated with ion-
exchange chromatography 

Anastasiia Misiuraa, Hao Shenb, Lawrence Tauzina, Chayan Duttaa, Logan D.C. Bishopa, Nicole 
C. Carrejoa, Jorge Zepeda Oc, Shahryar Ramezanid, Nicholas A. Moringoa, Amanda B. Marcield, 
Peter J. Rosskyade, Christy F. Landesacde* 

 
aDepartment of Chemistry, cDepartment of Electrical and Computer Engineering, dChemical and 

Biomolecular Engineering, eSmalley-Curl Institute, Rice University, 6100 Main St, Houston, 
Texas 77005, United States 

bDepartment of Chemistry and Biochemistry, Kent State University, 800 E Summit St, Kent, 
Ohio 44240, United States 

* Corresponding Author: cflandes@rice.edu 

 

Abstract:  

Conformational changes of antibodies and other biologics can decrease the effectiveness 

of pharmaceutical separations. Hence, a detailed mechanistic picture of antibody-stationary phase 

interactions that occur during ion-exchange chromatography (IEX) can provide critical insights. 

This work examines antibody conformational changes and how they perturb antibody motion and 

affect ensemble elution profiles. We combine IEX, three-dimensional single-protein tracking, and 

circular dichroism (CD) spectroscopy to investigate conformational changes of a model antibody, 

immunoglobulin G (IgG), as it interacts with the stationary phase as a function of salt conditions. 

The results indicate that absence of salt enhances electrostatic attraction between IgG and the 

stationary phase, promotes surface-induced unfolding, slows IgG motion, and decreases elution 

from the column. Our results reveal previously unreported details of antibody structural changes 

and their influence on macroscale elution profiles. 
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Introduction  

Antibody-based therapeutics compose one of the fastest-growing sectors in the 

pharmaceutical industry, with exponentially increasing sales due to excellent therapeutic 

efficacies.1-4 However, development of a new antibody-based treatment is expensive, at least 

partially due to time consuming empirical optimization of separation and purification processes.5-

6 Predictive design of separations would save time and money but requires a quantitative 

description of antibody interaction with the chromatographic column.7-8 Antibody purification 

involves multiple steps, including ion-exchange chromatography (IEX) that may act as a capture 

step for the specific target molecule, a polishing step, or even in assisting the refolding of unfolded 

molecules.9-11 IEX resins have, historically, been thought not to disrupt protein conformation.12 

Conformational changes are one precursor to aggregation, reducing both activity and reliability of 

the final product.13 However, recent studies have revealed protein unfolding on the surface of 

charged resins that are commonly used for IEX.14-16 The appearance of multiple elution peaks 

during IEX has been attributed to antibody conformational changes.17-18 Hydrogen exchange mass 

spectrometry and Fourier transform infrared spectrometry in combination with size exclusion 

chromatography have demonstrated that model proteins can undergo conformational changes on 

strong cation exchangers.14  

To improve development of antibody separation and purification, it is crucial to understand 

microscopic details about the motion of denatured molecules, chemical factors that might control 

molecular structural stability, and the effects of antibody unfolding on IEX elution profiles. Single-

protein tracking provides a high spatiotemporal resolution picture of antibody motion in a column, 

and can connect structural changes to ensemble chromatographic outcomes.19 By breaking the 

diffraction limit of light, super-localization methods can identify the position of individual 
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molecules with ~30 nm resolution, providing precise tracking of interfacial transport.20-21 Single-

molecule methods have already been used to investigate different modes of protein 

chromatography such as reverse-phase,22-28 normal-phase,29-30 and membrane-based separations.31 

A combination of single-molecule techniques and stochastic theory of chromatography has the 

potential to advance our understanding of antibody IEX by directly connecting elution profiles 

with single-molecule observables.32-33  

Traditional 2D single-molecule studies are not ideal for studying realistic interactions with 

stationary phases.25, 27, 30-31, 34 Point spread function engineering is one way to encode 3D 

information in a 2D image.35-38 The importance of knowledge of analyte motion in three 

dimensions was previously demonstrated by investigating the influence of the types of particle 

structure,39 flow regimes, and dynamics 40 in the column. These examples highlight the advantages 

of investigating not only the kinetics 33, 41-42 of protein interactions at stationary phases but also 

protein motion in 3D.  

In this study, we combine fast protein liquid chromatography (FPLC) with 3D single-

protein tracking and CD spectroscopy to investigate the motion of IgG antibodies as they interact 

with a model IEX support. We track IgG in the presence of a commonly used weak cation 

exchanger, carboxymethyl-functionalized agarose (CM agarose), 43 as it adsorbs from a mobile 

phase under varying salt concentrations. Ensemble chromatograms indicate IgG molecules readily 

elute at high ionic strengths. Using 3D single-molecule fluorescence microscopy, we 

correspondingly observe faster IgG motion in the presence of high concentrations of salt. Finally, 

CD spectra suggest that the negatively charged ligands of the stationary phase can cause surface-

induced unfolding of IgG in absence of added salt, while, consistently, higher concentrations of 

salt prevent such unfolding from occurring.  
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1. Experimental methods 

1.1. Home-built Fast Protein Liquid Chromatography system (FPLC) 

All chromatographic results were obtained using a previously reported home-built FPLC 

(Figure S1).31 Solutions containing 19 μM IgG from bovine serum (>95%; Sigma) and varied salt 

concentrations (0.125 M, 0.25 M, 0.5 M, 1 M ) were prepared in 10 mM HEPES buffer (Sigma, 

pH 7.2) and injected into the FPLC using a 1 mL syringe (Becton Dickinson) with an injection 

volume of 300 μL. A peristaltic pump (Watson-Marlow, 120 Series) was used to create a constant 

mobile phase flow through the FPLC system at 0.9 mL/min for all experiments. A weak cation 

exchanger (G-Trap™ CM Agarose Fast Flow, 5 ml column), a weak anion exchanger (G-Trap™ 

DEAE Agarose Fast Flow, 1 ml column), and affinity column for Immunoglobulins G (G-Trap™ 

Protein G, 1 ml column) were obtained from G-Bioscience (St. Louis, MO, U.S.A.). To elute IgG 

from G-Trap Protein G column 0.1 M glycine-HCl, buffer (pH 2.5) was used. Glycine-HCl buffer 

was prepared by mixing Glycine-HCl (>99%; HPLC, Sigma,) with deionized water and pH was 

adjusted with sodium hydroxide solution (Macron Fine Chemicals). To quantify the relative 

amount of IgG molecules eluted from the column, the FPLC detector (Spectrum Chromatography, 

280 UV Monitor) measured the eluents absorption of light passing through the flow cell at a single 

wavelength (280 nm). The signal was converted from current to voltage after collection on a digital 

recorder (Hantek, 365E) controlled by Hantek 365 software. All components of the FPLC system 

were connected using silicone tubing (MED-X.D., 0.063” internal diameter).  

1.2. Sample preparation 

Microscope coverslips (No. 1; VWR, 22 x 22 mm) were sequentially sonicated in cleaning 

agents: 30 min in soap water (Liquinox 2%), 15 min in deionized water, 15 min in methanol 

(Sigma, ACS grade), and 15 min in acetone (Sigma, ACS grade). They were then cleaned at 80 °C 
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for 30 min in a base piranha solution containing 4% (v/v) H2O2 (Fisher Scientific) and 13% (v/v) 

NH4OH. After rinsing the coverslips with DI water, the coverslips were dried under a stream of 

nitrogen (Airgas, Ultra Pure). After cleaning, silicon templates (Grace BioLabs, Bend, OR) were 

attached to each coverslip, and 1 mL of hot 1% (w/w) agarose solution (US Biological, 

Swampscott, MA) was spun at 3000 rpm in order to exclude any antibody interactions with the 

glass surface. To make conditions in single-molecule measurements mimic conditions inside the 

column, we used the following sample preparation routine. We first placed functionalized agarose 

beads on a microscope cover slip contained within a custom flow chamber (Grace BioLabs). 

Tubing (Scientific Commodities, 0.03” internal diameter) was connected to the inlet and outlet 

ports of the chamber (Figure 1A) and a syringe pump was used to create controlled flow of labeled 

IgG in HEPES buffer (pH 7.2) at 3, 5, 7 or10 µL/min. As a result, directional flow was achieved 

in the chamber. Flow speed inside the flow chamber was calculated by dividing pump flow rate 

by chamber cross-section.44 To take into account the presence of CM agarose beads, we calculated 

the chamber void volume by weighting the amount of CM agarose used for each sample and then 

calculating the total volume of agarose beads that occupy the chamber. 

1.3. IgG preparation for single-molecule experiments 

1.3.1. IgG labeling 

IgG was labeled with Alexa Fluor 555 using a protein labeling kit (Molecular Probes). In 

brief, 50 µl of 1 M sodium bicarbonate buffer (pH 8.3) was added to 500 µl (2 mg/ml in phosphate 

buffered saline) of IgG. After mixing IgG solution with the Alexa Fluor 555 dye, the reactive 

mixture was incubated for 1 hour at room temperature. To remove unreacted free dyes, the reaction 

mixture was exposed to a size exclusion purification resin (BioGel P-30 Fine, Bio-Rad). HEPES 

buffer (pH 7.2) was used for rinsing during purification.  
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1.4. 3D single-molecule microscopy 

To characterize 3D motion of individual fluorescently labeled IgG inside a chromatographic 

column, we used 3D single-molecule imaging 

that combines epi-fluorescence microscopy 

with double-helix point spread function (DH-

PSF) optics36-37 (Figure 1A) (see SI for details). 

In DH-PSF imaging, a phase mask is inserted 

into the Fourier plane in a 4f (f = 100 mm) 

imaging geometry converting the conventional 

Airy disc PSF (Figure 1A, inset left) into a 

double helix PSF (Figure 1A, inset right) whose 

relative azimuthal angle encodes the axial 

position of the emitter (Figure 1B). The lateral 

(x, y) position of the emitter is determined by 

finding the midpoint between the two lobes’ 

centers.45  

3D tracking information was generated by 

recording the motion of molecules through a 

flow chamber packed with agarose beads. We 

used a custom-developed tracking algorithm46 

(see SI for details) to identify and link positions of single IgGs from frame to frame resulting in 

3D trajectories for each molecule that mirror behavior in a chromatographic column. 

  

Figure 1 (A) A cartoon of the experimental setup of a 
wide-field microscope with a DH phase mask. 
Fluorescently labeled IgG flows through a microfluidic 
chamber filled with agarose beads. IgG molecules are 
excited with an epifluorescence-geometry. Fluorescence 
signal is transmitted through a DH phase mask and is 
captured by back-illuminated sCMOS camera at the second 
image plane. The DH phase mask transforms an airy disk 
PSF (depicted along the focal region) (inset, left) into DH-
PSF (inset, right). Relative orientation of the lobes of the 
DH-PSF (B, inset) allows recovery of the z-position of an 
emitter (B) in addition, x- and y-coordinates are encoded at 
the center of the PSF. Images for PSF are simulated. Scale 
bar: 700 nm 
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1.5. Circular Dichroism measurements 

CD spectra were acquired using a Jasco J-1500 spectropolarimeter. IgG unlabeled (19 µM) 

and IgG labeled (0.7 µM) solutions were prepared in 10 mM HEPES buffer (pH 7.2). IgG solutions 

in the presence of stationary phase were prepared by adding stock solutions of agarose stationary 

phase (G-Trap™ CM Agarose Fast Flow, G-Trap™ DEAE Agarose Fast Flow and G-Sep™ 

Agarose 6 Fast Flow). Measurements of each solution were conducted at room temperature in the 

wavelength range of 190−250 nm with a scan speed of 20 nm/min in a 0.01 cm quartz cuvette, 

containing 20 µL of solution. Data were obtained in millidegrees and averaged over 10 

measurements with a data pitch of 0.1 nm. Millidegrees were converted into molar residue 

ellipticity ([θ]) using the equation [𝜃] =
𝜃

l×N×c×10
, where θ is the ellipticity in degrees, l is the 

path length of the cuvette in cm, N is the number of amino acids in the antibody, and c is the 

concentration of the antibody in g/cm3. Each trace represents 5 scans for each condition. Only 

spectra from 200 nm to 250 nm were analyzed due to interference at wavelengths below 200 nm 

caused by the presence of salt.  
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2. Results and discussion 

2.1. Chromatographic retention of IgG  

The absence of added salt in the mobile 

phase decreases the amount of IgG eluted in 

our home-built FPLC, as expected 47-49 (Figure 

2). IgG has an isoelectric point ~7, and thus is 

typically charge neutral under our experimental 

conditions 50, while the stationary phase is 

negatively charged. The structures for IgG and 

CM agarose are shown in Figure 2A and B, 

respectively. The average size of the agarose 

beads is 151.6 ±31.6 µm (see SI for details) 

which is four orders of magnitude larger than 

that of the IgG,51; thus, multiple individual 

IgGs may interact with a single agarose bead 

within the column simultaneously. Figure 2C 

demonstrates representative elution profiles of 

IgG alone and with high added salt 

concentration. Each elution starts with buffer 

containing either 0 M or 0.25 M NaCl, 

followed by a step to high salt at 1 M NaCl. The 

chromatograms show limited elution of IgG 

without NaCl (Figure 2C, blue), while a peak appears about 2200 s after the addition of 1M NaCl. 

Figure 2 (A) Crystal structure of IgG (PDB:1IGT). (B) 
Schematic representation of a CM agarose stationary phase 
that consists of cross-linked agarose beads grafted with 
carboxymethyl groups. (Inset) The chemical structure of 
cross-linked agarose. (C) Ensemble experimental results 
for IgG. Chromatographic elution profiles of IgG on a CM 
agarose cation-exchange pre-packed column with no salt 
(blue), and in the presence of 0.25M NaCl (red). The arrow 
marks the time when a high concentration salt solution was 
injected. 
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Evidently, the IgG is flushed from the column under high NaCl concentration conditions. When 

eluted with 0.25 M NaCl as an initial condition, a broad retention is observed after 376 s (Figure 

2C, red). It is important to note that IgG does completely elute with 0.25 M NaCl, as the area 

underneath the chromatogram ((18 ± 2) × 103 units) is the same as the total area at 1 M NaCl 

condition ((18 ± 1) × 103 units). From the equality of the peak areas, we conclude that a great 

majority of IgG molecules remain in the column in the absence of added salt on the measured time 

scale, while 0.25 M NaCl is sufficient to elute retained population, although the band is broad. 

Control experiments (Figure S2) with a broader range of salt concentrations do not show major 

variations in the retention time of IgG. This control experiment indicates that the electrostatic 

interactions between the nominally neutral IgG and the stationary phase of the column are not 

strong and are readily screened.  

The observed behavior of IgG elution from the column packed with CM agarose in the 

presence of NaCl can be explained through the electrostatic shielding effect of salt ions.  The 

addition of NaCl decreases the Debye length of charged ligands leading to decreased interaction 

between stationary phase and IgG. As a result, the more salt that is added, the weaker electrostatic 

interactions become. At the experimental conditions used (10 mM HEPES buffer, pH 7.2), IgG is 

near its isoelectric point, however, due to inherent surface charge heterogeneity,52 positively 

charged regions of IgG might interact with the negatively charged stationary phase. Therefore, IgG 

retention and elution after the addition of NaCl is consistent with an ion exchange process. We 

hypothesize that variation in IgG retention in the column at different salt conditions can also be 

explained through other, non-electrostatic, interactions, such as hydrophobic forces or size 

exclusion related to structural changes. To understand the mechanisms driving the interactions in 

the present experiments, single-protein tracking and CD spectroscopy were used.  
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2.2. Super-resolved quasi-chromatography at single-protein tracking conditions 

The addition of salt can be shown to increase the velocity of IgG in the mobile phase. Dilute, 

fluorescently labeled, IgG molecules were pushed through a custom flow chamber (Figure 3A) 

packed with CM agarose beads extracted from the columns discussed above, mimicking 

chromatographic conditions. For each salt condition, we capture IgG motion and then reconstruct 

single-molecule trajectories inside the flow chamber by linking localizations of each molecule in 

consecutive frames. Representative single IgG trajectories with no added salt and with 0.25 M 

NaCl are shown in Figure 3B and C, respectively. Time directionality is represented by the color 

gradient of each trace where the first/last frame of IgG appearance is blue/red. To minimize the 

influence of sample heterogeneity or any flow effects from sample to sample we measured IgG 

motion on the same area with and without salt for each sample. Results from analyzing trajectories 

for both salt conditions evidence larger single frame displacements at higher salt. In the presence 

of salt, IgG moves more rapidly promoting elution. 

Observed IgG motion at the single-molecule level changes linearly with flow rate. In 

conventional chromatography, it is common to adjust the carrier’s flow rate by varying the column 

head pressure. The flow cell design used here for the microscopic measurements does not allow 

for any precise pressure changes, so we adjust the pump rate to mimic pressure changes. First, we 

investigated how the pump flow rate affects IgG motion inside the flow chamber without the 

addition of salt. IgG molecules were flowed through a chamber (cross section ~0.52 mm2) packed 

with CM agarose beads with pump flow rates of 3, 5, 7, and 10 µl/min (see Figure 3D). To 

demonstrate the dependence of IgG molecules on flow conditions, we calculated the average linear 

velocity for all detected IgG molecules by extracting the total displacement of each molecule and 

dividing by the total traveling time for each trajectory captured. Figure 3D (blue crosses) shows 
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that the dependence of the single-molecule linear velocities on pump flow rate is linear, which is 

expected for motion under these flow conditions.53  

IgG transport near the stationary phase 

surface is expected to be hindered. Ideally, we 

would map the flow field in the medium in 

detail.  However, assessing motion under flow 

is a very complex process and can vary 

depending on the underlying structure of the 

stationary phase 54. As we cannot image the 

surface of the agarose beads, we will leverage 

apparent linear velocity as a comparative 

empirical measure of IgG transport. Knowing 

pump flow rates and the cross-section of the 

flow chamber, we can calculate the expected 

flow speeds inside the chamber for each pump 

flow rate (Table S1) and compare to observed 

speeds. Indeed we find that the hypothetical 

velocities exceed the observed single-molecule 

linear velocities for IgG (Table S1). Further, 

the flow chamber is packed with CM agarose 

beads that likely increase local fluid velocity in 

the gaps inside the chamber. At the same time, 

diffusion of IgG in the absence of flow also 
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indicated hindered motion within the chamber. Using 

the Stokes-Einstein relation ( D =
kT

6πηRh
) with the 

measured hydrodynamic radius of IgG (Rh = 6.07 ±

0.09nm) from dynamic light scattering (Figure S3), we calculate the diffusion coefficient of freely 

diffusing IgG as (4.04±0.06)x10−7 cm2/s, matching well with the value reported by others.55 

From freely diffusing IgG measured in our single-molecule system in the absence of flow, we infer 

a mean diffusion coefficient of (3.6±0.2)x10−7cm2/s, which is somewhat smaller. This implies 

that the observed IgG molecules have hindered motion, likely due to their proximity to the 

stationary phase material.  

To further demonstrate how salt affects IgG motion, we conducted experiments with and 

without salt in the mobile phase in the absence of flow. When the salt is present in the mobile 

phase, the observed IgG linear velocity is clearly larger (Figure 3D). From mean-squared-

displacement curves (Figure S4), we calculated the mean diffusion coefficients (Table S2). 

According to the Stokes-Einstein relation, the decreased diffusion coefficient for IgG molecules 

in the absence of salt suggests a larger hydrodynamic radius. Conversely, the diffusion coefficient 

with added salt matches better with the published value for IgG without salt 55, pointing to a 

structural change in IgG due to changing ionic conditions. This is consistent with our earlier 

hypothesis that antibody structural changes can be a consequence of an ion-exchange process. This 

process is an important contribution to the dramatically different macroscale separation 

performance between the two salt conditions.  

Figure 3 (A) Cartoon representation of 
directional and hindered IgG motion inside the 
chamber due to proximity to the stationary phase 
material. Representative trajectories for IgG 
molecules over the stationary phase without (B) 
and with (C) salt (0.25 M NaCl). (D) IgG linear 
velocities without salt (blue) and with salt (red) 
versus flow rate of the pump 
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2.3. Evaluation of IgG structural changes at varying salt conditions  

We consider further the hypothesis 

that IgG molecules partially unfold in 

presence of the CM agarose stationary 

phase in the absence of salt, influencing 

overall IgG-stationary phase interactions. 

Protein structural changes are traditionally 

considered less significant than 

electrostatics for IEX, although other 

interactions, such as hydrophobic effects, 

can play a significant role. 56 Recent 

studies have, in fact, demonstrated the influence of protein conformation in IEX resin.15, 57 To 

probe IgG structural changes during chromatographic elution and single-molecule experiments, 

we utilized CD spectroscopy, a widely used tool for identifying changes in protein secondary 

structure.58 Free fluorescently labeled IgG (Figure 4, black curve) exhibits a CD spectrum with 

characteristic features of 𝛽-sheets with a minimum at 217 nm and maximum at 202 nm.59 The 

residual ellipticity from labeled IgG in the presence of CM agarose stationary phases (Figure 4, 

blue curve) shows a decrease in amplitude, suggesting some amount of surface-induced unfolding 

of labeled IgG. Similar decreasing in the amplitude of the signal was observed with unlabeled IgG 

(Figure 4, dashed blue curve). The addition of salt into the system with CM agarose (Figure 4, red 

curve) recovers the native conformation of labeled IgG by the current measure. Hence, it is clearly 

the stationary phase interaction that induces structural change. Protein structural changes increase 

the hydrodynamic radius of the molecule 60-61, thereby slowing diffusion.62-63 We hypothesize that 

Figure 4 CD spectra of stationary phase (CM agarose), labeled 
IgG, labeled and unlabeled IgG with CM agarose, and labeled 
IgG with salt and CM agarose. 
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due to electrostatic attraction between IgG and charged stationary phase with no salt in the mobile 

phase, IgG undergoes surface-induced unfolding resulting in an increase in size, and thus a 

decrease in diffusion that in turn can slow IgG elution. Meanwhile, salt shields any electrostatic 

interactions and therefore protects the IgG structure from this perturbation, allowing IgG to fully 

elute. The dependence of IgG structural preservation on the presence of salt in the mobile phase 

also corroborates our single-molecule result that the presence of salt increases net transport rates. 

We also conducted CD experiments with unlabeled IgG used in FPLC experiments to confirm that 

the addition of Alexa-555 dyes does not alter IgG interactions with stationary phase (Figure S5). 

 Negatively charged ligands coupled to the CM agarose stationary phase induces some 

unfolding. We evaluated IgG structure in the presence of agarose, lacking the negatively charged 

grafted CM ligands. Indeed, the CD spectrum of IgG (Figure S6) in the presence of simple agarose 

shows no changes in the secondary structure. Next, we evaluated IgG structure in the presence of 

an anion exchange agarose stationary phase, with positively charged diethylaminoethyl (DEAE) 

groups attached to agarose matrix. The CD spectrum of IgG (Figure S7) in the presence of DEAE 

agarose also shows no changes in the secondary structure. Chromatographic results with the 

positively charged DEAE agarose column (Figure S8) additionally show that elution time and peak 

shape are independent of added salt in the mobile phase. Interaction specifically with negatively 

charged ligands in the cation exchange column is the cause of surface-induced denaturation and 

retention of IgG inside the CM agarose column. 

2.4. Connection between single-molecule and ensemble results 

To connect our single-molecule and ensemble results, we compared the average linear 

velocities for all detected IgG molecules for salt and no salt conditions. In the absence of salt, IgG 

molecules’ linear velocity was 109.7 ± 0.7 µm/sec and the addition of salt increased the velocity 
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up to 165.9 ± 2.5 µm/sec (Figure 3D). CD results indicate that negatively charged ligands of the 

CM agarose stationary phase lead to the surface-induced unfolding of IgG without the addition of 

salt. Previously it has been shown that the IgG multidomain fragment undergoes non-continuous 

expansion behavior under denaturing conditions.64 There, the most unfolded conformation was 

consistent with a diameter more than 3.6 times that of the native conformation, slowing down 

diffusion significantly, while salt provided a stabilizing effect and prevented the IgG fragments 

from unfolding. These results are consistent with the observed behavior for IgG here.  To eliminate 

from consideration that agarose bead structural changes with ionic strength could be influencing 

IgG motion inside the column, we examined the swelling of agarose beads as a function of ionic 

strength via optical imaging. Figure S9 (A, B) shows that there is no correlation between the 

diameter of agarose beads and ionic strength of the solution.  

 We note that our single-molecule experiments have demonstrated slower but significant IgG 

motion without added salt while macroscale results show exceedingly slow IgG elution. We 

consider two possible explanations for this apparent discrepancy.  The presence of morphological 

differences inside the commercially available optimized chromatographic column and the quasi-

chromatographic flow chamber constructed for single-molecule experiments is a likely suspect. It 

is commonly accepted that packing microstructure is important for efficient chromatographic 

performance.65 Factors such as slurry solvent 66 and concentration 67, packing density 68 and 

packing method 69 can significantly affect the quality of a separation. Better efficiency, for 

example, can be achieved by using higher slurry concentrations resulting in suppressing particle 

size-segregation inside the column.70  Conversely, there are no special techniques and optimization 

procedures used to pack the present flow chamber.  
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Alternatively, the IgG molecules may not be immobilized inside the commercial column but 

slowly moving without net progress. To evaluate salt-free IgG motion inside this column, we 

performed two complementary experiments. In the first experiment, we analyzed the peak area 

measured after a delayed injection of salt. Injection of 1 M NaCl solution was delayed for 15, 180, 

and 1320 min. Calculated peak areas of eluted IgG after washing the column with 1 M NaCl 

decreased with increasing time of experiment (Figure S10, black). In the second experiment, we 

concentrated the effluent from the CM column on a Protein G column which was used as a trap 

column for slowly moving IgG from CM column. Calculated peak areas of eluted IgG from the 

Protein G column after washing the CM column with glycine‐HCl buffer (pH 2.5) increased with 

increasing experiment time(Figure S10, red). Decreasing peak areas for elution with salt and 

increasing peak areas for elution from Protein G column suggest that IgG is eluting from the 

column, but in such low concentrations, it falls below the detection threshold of our detector.71 We 

can deduce that IgG molecules are not, in fact, immobile but are moving slowly in the absence of 

salt, at least qualitatively consistent with our single-molecule experiments. The motion of 

molecules through a column can be described as a random walk between the mobile and stationary 

phases, where both states play a key role in changing elution curve shape.72-73  

3. Conclusions 

In this work, we advanced our understanding of chromatography by utilizing both ensemble 

and single-molecule methods. Ensemble chromatograms showed a reduced amount of IgG eluted 

without salt in the mobile phase. Correspondingly, slower motion of partially denatured IgG 

molecules in the absence of salt in the presence of the cation exchange media was observed in 3D 

single-molecule fluorescence microscopy experiments and linked to IgG retention under low salt 

conditions. This work offers a molecular-scale understanding of IgG structural changes in an IEX 
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column and its general influence on the elution profile. The above findings have provided 

molecular scale observations illustrating the consequences of controlling antibody structure and 

avoiding undesirable unfolding and potential aggregation to achieve desirable macroscale 

behavior.  
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