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Developing a mechanistic understanding of protein dynamics and
conformational changes at polymer interfaces is critical for a range
of processes including industrial protein separations. Salting out is
one example of a procedure that is ubiquitous in protein separa-
tions yet is optimized empirically because there is no mechanistic
description of the underlying interactions that would allow pre-
dictive modeling. Here, we investigate peak narrowing in a model
transferrin—nylon system under salting out conditions using a com-
bination of single-molecule tracking and ensemble separations. Dis-
tinct surface transport modes and protein conformational changes
at the negatively charged nylon interface are quantified as a func-
tion of salt concentration. Single-molecule kinetics relate macroscale
improvements in chromatographic peak broadening with microscale
distributions of surface interaction mechanisms such as continuous-
time random walks and simple adsorption-desorption. Monte Carlo
simulations underpinned by the stochastic theory of chromatography
are performed using kinetic data extracted from single-molecule ob-
servations. Simulations agree with experiment, revealing a decrease
in peak broadening as the salt concentration increases. The results
suggest that chemical modifications to membranes that decrease the
probability of surface random walks could reduce peak broadening in
full-scale protein separations. More broadly, this work represents a
proof of concept for combining single-molecule experiments and a
mechanistic theory to improve costly and time-consuming empirical
methods of optimization.

single-molecule tracking | membrane chromatography | salting out |
stochastic theory of chromatography

Protein separation and purification are the dominant expenses
in biological drug development, largely because they are
optimized empirically (1-3). Mechanistic insight into protein sep-
arations would allow the predictive optimization of macroscale
separations (4-6) and broadly impact everyday healthcare prod-
ucts (7, 8) and biosensing devices (9-13). A common process in
protein separations is “salting out,” in which high salt concentra-
tions are introduced to the mobile phase to improve elution effi-
ciency (14, 15). Salting out is thought to aid in separations by
altering protein—stationary phase interactions through ionic shielding
(16, 17) and/or precipitating proteins from the mobile phase as
predicted by the Hofmeister series, leading to faster elution (18-20).
Acquiring micro- and nanoscale details about protein/stationary
phase interactions during salting out is crucial because the ionic
conditions can be related to macroscale peak broadening in
protein separations (21-24). Understanding the dynamic
changes occurring at separation interfaces is of critical societal
importance, as recently reported by the National Academy of
Sciences (25).

Structure—function relationships between target proteins and
the stationary phase under salting out conditions are not well
understood and are experimentally challenging to quantify in situ
(14, 15). Common methods for monitoring protein—surface in-
teractions include surface plasmon resonance (26), isothermal
titration calorimetry (27), and atomic force microscopy (28).
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Although these experimental techniques provide new insight into
complex protein—polymer interactions, they suffer from ensem-
ble averaging and lack high spatiotemporal resolution necessary
to develop a physiochemical mechanism of protein—stationary
phase interactions. Moreover, proposed models extracted from
these techniques likely oversimplify the underlying mechanism of
interfacial adsorption—desorption, surface diffusion, and surface-
induced protein unfolding effects (26, 27). Single-molecule mi-
croscopy is well suited to directly visualize protein mass transport
at a wide array of complex interfaces one molecule at a time with
a high spatiotemporal resolution (29-34). However, atomistic
details of protein surface domains and/or substrate chemistries
interacting during protein physisorption is not resolved in com-
parison to atomistic modeling techniques (35). Heterogeneous
protein surface kinetics and transport can be quantified in exper-
imentally challenging systems (36, 37) as a result of advancements
in single-molecule tracking algorithms (38, 39), point spread
function engineering techniques (40-43), and the increased sen-
sitivity of scientific cameras (29).

Herein, total internal reflection fluorescence (TIRF) wide-
field single-molecule tracking is used in combination with ensemble
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fast protein liquid chromatography (FPLC) to relate tracking
observables to ensemble elution profiles. Additionally, circular
dichroism (CD) spectroscopy is utilized to quantify structural
changes of proteins at the stationary phase support and relate
to TIRF and FPLC results. TIRF single-molecule tracking has
been recently shown to reveal interfacial protein dynamics on a
range of surfaces, including natural and synthetic polymers (44—
48), and is ideal for measuring interfacial dynamics as it intrin-
sically suppresses background signal from emitters diffusing in
the bulk solution. TIRF microscopy has been applied in many
other systems including nanoparticle catalysis (49-51), DNA
hybridization kinetics (52-54), and protein transport in live cells
(54, 55). These examples also highlight the robust nature of
single-molecule tracking for investigating multiplexed and het-
erogeneous systems (56, 57).

The dynamics of single transferrin proteins, a well-studied
cancer therapeutic target (58, 59), at the interface of nylon 6,6 is
used to examine the mechanistic origin of changes in chromato-
graphic peak width during salting out in FPLC. CD results lend
insight into the structural changes induced to transferrin at the
nylon interface during salting out and are related to single-
molecule tracking and FPLC observables. Increasing salt concen-
tration is used to emulate salting-out conditions used in membrane
chromatography. Nylon is chosen as a stationary phase material as
it is commonly used in protein membrane separations and is a
known hydrophilic antifouling surface (60, 61). Membrane-based
separations have garnered recent interest given the reduced mass
transfer resistance, increased surface area for adsorption, and
lower column costs in comparison to traditional bead-packed
columns (62). Additionally, nylon is a chemically robust and op-
tically transparent polymer stable under laser illumination (40, 63)
and utilized in many consumer products (64). Surface transport
modes and kinetics of transferrin are quantified at the single-
molecule level and used to explain the reduction of peak broad-
ening observed in ensemble separations. Single-molecule kinetics
further inform Monte Carlo simulations that agree with FPLC
results, predicting peak narrowing at higher salt concentrations.
Single-molecule observables link ensemble separations based on a
mechanism that is supported by simulation.

Materials and Methods

Single-Molecule Tracking. A home-built wide-field epifluorescence microscope
(Zeiss body, tube lens f = 165 mm) is used for all single-molecule experiments.
TIRF excitation of fluorescently labeled transferrin is achieved with a
continuous-wave 532-nm diode laser (Compass 315M-100SL; Coherent) fo-
cused at the edge of a high-numerical-aperture oil immersion objective
(numerical aperture = 1.45, 100x%, Alpha Plan-Fluar; Carl Zeiss) resulting in a
critical angle of roughly 78°. TIRF excitation produces an exponentially
decaying evanescent field that propagates from the nylon-buffer interface
roughly 85 nm into the bulk solution (65), thus only exciting transferrin
molecules located near the nylon surface. The refractive index of nylon
(1.58) closely matches glass (1.51), in contrast to the refractive index of
aqueous Hepes buffer used in the protein dilutions (1.33) (37). Refractive
index mismatch at the buffer-nylon interface meets the TIRF condition.
Experimental confirmation of the TIRF condition at the buffer-nylon in-
terface was previously shown (37). Evanescent field excitation improves the
signal-to-noise ratio by suppressing excitation of transferrin molecules in
the bulk solution. Excitation power density at the nylon interface is 0.10 k\W/cm?
for all single-molecule acquisitions. Collected fluorescent light is magni-
fied by 2.5x and is filtered using a dichroic filter (z532/rpc633; Chroma),
notch filter (HPNF-532; Kaiser), and band-pass filter (ET585; Chroma), en-
suring all laser light is removed from the final image. Images are collected on
an electron-multiplying charge-coupled device (iXon 897; Andor) operated
at —70 °C. All movies are collected with an integration time of 50 ms and a
gain of 300. A previously published tracking algorithm is used to track single
molecules on the nylon interface and is explained in further detail in S/
Appendix (39). A minimum of 10,000 transferrin trajectories are analyzed for
each condition.
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Nylon Film Preparation and Microfluidic Assembly. Borosilicate microscope
coverslips (no. 1; Fisherbrand) are sonicated for 30 min in 200-mL baths of
cleaning agents: soapy water (Liquinox 2%), deionized water (>1MQ-cm),
methanol (ACS grade; Sigma), and acetone (ACS grade; Sigma) sequentially.
Coverslips are then chemically etched in a base piranha solution heated at
80 °C for 20 min and then rinsed under a stream of deionized water prior to
drying under a stream of nitrogen (Ultra Pure; Airgas).

Nylon 6,6 pellets (zeta potential —21 + 1 mV; Sigma; S/ Appendix) are
dissolved in formic acid (ACS grade; Sigma) to produce a 1.5 wt/wt % solu-
tion; 100 pL of the nylon solution is drop-cast on a coverslip and spin-coated at
3,000 rpm (SPI KW-4A) for 1 min. A dilute concentration of gold nanorods (50 x
100 nm; Nanopartz) are spin-coated on the nylon film to act as fiducial markers.
Microfluidic assemblies (Hybriwell Chamber; Grace BioLabs) are then attached to
the nylon interface with tubes (0.03-inch internal diameter; Scientific Commod-
ities) attached at the inlet and outlet to supply a constant solution of 100 pM
labeled transferrin at 50 uL/min in 10 mM Hepes buffer (pH = 7.2).

Nylon Film Ellipsometry. Nylon film thickness is quantified (129 + 0.3 nm)
using ellipsometry (7109-C370B; Gaertner; SI Appendix, Fig. S1). Nylon films
are spin-coated on clean silicon wafers (100; Ted Pella) for ellipsometry
measurements.

Fluorescent Protein Solution Preparation. Rhodamine B labeled transferrin
(Nanocs) is dissolved in 10 mM Hepes buffer and is diluted to 100 pM for all
single-molecule experiments presented in this work. Mass spectrometry
confirms the purity and absence of contaminant proteins and/or free-dye
molecules in the purchased protein powder (S/ Appendix, Fig. S2).

Nylon Bead Preparation. A 1.5 wt/wt % formic acid solution of nylon 6,6 is
sonicated for roughly 24 h and then slowly added to water under continuous
stirring. The resulting precipitate is filtered using an 8-pm filter (Whatman) to
remove large nylon aggregates.

Ensemble FPLC. Ensemble separations are conducted on a home-built FPLC
system. Flow is controlled using a peristaltic pump (120 Series; Watson-Marlow)
and absorbance is monitored at 280 nm using a UV detector (Spectrum
Chromatography) and recorded on a digital recorder (365E; Hantek) controlled
by Hantek 365 software. The 280-nm absorbance wavelength is commonly used
for chromatographic protein measurements (66). Solutions of 70 pM transferrin
(>98%; Sigma) with varied ionic concentrations are prepared in 10 mM Hepes
buffer (pH 7.2; Sigma). Approximately 300 pL of each solution tested is injected
into the FPLC system. All separations are performed at an average flow rate of
1.7 mUmin. The salt concentration of the feed Hepes buffer is identical to each
tested condition, ensuring the salt concentration of the injection solution
matched the salt concentration of the feed solution. For all separations, a
series of 4 nylon 6,6 membrane filters (25-mm diameter, 21 mm thick, 3.9-cm?
filtration area, nonsterile; Biomed Scientific) are connected in series to the
FPLC setup. Surface identity of nylon 6,6 membranes and nylon 6,6 used in
single-molecule experiments is confirmed to be chemically identical with X-ray
photoelectron spectroscopy (S/ Appendix, Fig. S3). A series of membrane filters
is chosen given recent commonplace in downstream separations (62, 67).

Monte Carlo Chromatographic Simulations. Simulated chromatograms using
kinetics extracted from single-molecule tracking experiments are per-
formed using custom Python scripts based on the mathematical con-
struction ofnGinddings and Eyring (68). The elution time of a single molecule

is T=tm+ Y. > 7, where T is the total elution time, t,, is the amount of

I

time spent in éhe mobile phase, and z;; is the desorption time of the /" de-
sorption event via the jt desorption pathway. Simulation sets are initialized to
contain 2 desorption pathways (m = 2), adopting the calculated desorption rate
and prevalence of each desorption pathway from single-molecule kinetics. Elu-
tion is simulated by assuming 500,000 molecules all migrate down a column with
100 possible adsorption events, averaging 50 adsorption events per molecule.
Desorption times from each event are summed together with a constant mobile
phase time (tp) to calculate the retention time of each molecule. Simulated
chromatograms are then created by binning the molecule retention times to the
time resolution of the simulated clock. All scripts used to run the simulations are
available for download at https:/github.com/LandesLab?tab=repositories.

Processing of Simulated Chromatograms. Statistical information is drawn from
the raw molecule counts before any data processing. Simulated chromato-
graphic curves are smoothed using a Savitzky—-Golay filter (69) as provided by
the Python SciPy package. The smoothed data are then fit using a cubic
spline to transition the curve shape to a polynomial form. All data presented
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in figures are available in an online directory at https:/rice.box.com/s/
n3cmfg5ji0lmwafxt5gsqnzxho5rxfy 1.

Results and Discussion

Transferrin Surface Dynamics. Single-molecule tracking resolves
2 distinct modes of transferrin surface dynamics at nylon, which
are tuned by salt concentration. One population exhibits a
continuous-time random walk (CTRW) on nylon while the second
population undergoes single-site adsorption—desorption (Fig. 1
A-C). Proteins exhibiting a CTRW display periods of immobile
physisorption disrupted by surface exploration to nearby adsorp-
tion sites (70). CTRWs, present in transferrin—nylon interactions,
can be identified by waiting time distributions that fit a power law
(SI Appendix, Fig. S4) (71, 72). The prevalence of transferrin
molecules undergoing CTRWs decreased as salt concentration
increased, resulting in more single-site adsorption—desorption.
However, CTRWSs remained the dominant mode of transferrin
surface transport (Fig. 1 A-C). Representative single-molecule
trajectories at varied ionic conditions in Fig. 1B illustrate the
2 modes of dynamics that transferrin displays at nylon. The dy-
namics are spatially resolved below the diffraction limit of light
(39, 73). Spatial trajectory filtering is applied to quantify and
classify dynamics as either CTRW (Fig. 1B, cyan) or single-site
adsorption—desorption (Fig. 1B, magenta). In short, if a transferrin
molecule moved >22 nm from the initial localization position
during a trajectory, a length scale greater than our localization
precision, the trajectory is classified as CTRW (details in ST Ap-
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Fig. 1. Transferrin surface dynamics at nylon at varied ionic strengths. (A)

Cartoon representation of 2 modes of transferrin-nylon interaction, CTRW
(cyan) and single-site adsorption-desorption (magenta) [Protein Data Bank
(PDB) ID code 1D3K (74)]. (B) Representative single-molecule transferrin
trajectories at nylon interface undergoing a CTRW (cyan) and single-site
adsorption—desorption (magenta). (C) Percentage of transferrin molecules
exhibiting CTRW vs. simple adsorption-desorption. (D) Single-frame dis-
placement distributions at varied ionic strengths. (E) Percent of single frame
displacements contributing to immobile and hopping surface transport from
sampling distributions in C. The 0 mM condition is shown on logarithmic
scale in C and E in order to display the entire range of salt concentrations.
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pendix) (37, 65). The relative percentage of the 2 populations as a
function of salt is shown in Fig. 1C. Tracking results show that
increased salt concentrations resulted in a relative decrease of
18 + 3% in CTRW of transferrin at nylon. Although the transition
to pure adsorption—desorption is not complete, the observed salt-
dependent changes in surface dynamics hold important implica-
tions for the ensemble elutions and simulations presented later.
Transferrin surface diffusion is non-Brownian, and diffusion co-
efficient values are calculated and compared with bulk diffusion
measurements (SI Appendix, Table S1). Additional mechanistic
details are also revealed by analyzing frame-to-frame displace-
ments, discussed next.

Single-frame displacement distributions quantify the shift to-
ward immobile adsorption events at high salt concentrations
(Fig. 1D). Two spatially resolvable populations of displacements
have been reported before in dye-multilayer polyelectrolyte in-
teractions (47) but never in the case of protein—polymer interac-
tions to our knowledge. Single-frame displacement distributions
are histograms quantifying the distance a molecule travels frame to
frame. It must be noted that a single protein trajectory can con-
tribute to both populations observed in Fig. 1D if a molecule ex-
periences periods of confinement and hopping. A previously
published Markov chain Monte Carlo (MCMC) algorithm quan-
tifies both the relative percentage and the mean hop distance of
the 2 distinct populations in the single-frame displacement distri-
butions (Fig. 1D and SI Appendix, Fig. S5) (47). The MCMC
algorithm removes any statistical bias attributed to selected dis-
tribution bin sizes by generating distributions that model the
experimental data (47). Analysis of the single-frame displacements
indicates that a 27 + 3% decrease in frame-to-frame hopping is
observed as salt concentrations are increased from 0 mM to
1000 mM in a tunable fashion (Fig. 1 D and E). Displacement
distribution results are independent of the order in which salt is
introduced, indicating transferrin transport is reversible under the
steady-state flow conditions used here (SI Appendix, Fig. S6).
Single-frame displacement analyses indicate that after the initial
adsorption of a transferrin molecule the likelihood of transferrin
exploring nearby sites is decreased at high salt concentrations. The
combination of trajectory spatial filtering and single-frame dis-
placement distribution analyses reveal that as salt concentration is
increased single-site adsorption—desorption behavior of transferrin
increases, accompanied by a lower probability of surface explora-
tion. Single-molecule tracking lends mechanistic insight into the
multifaceted surface transport of transferrin at nylon and also
quantifies kinetic changes in transferrin—nylon interactions.

Single-Molecule Transferrin Kinetics. Transferrin adsorption rates
increase on the nylon interface at higher salt concentrations,
reaching roughly a 10-fold increase at a salt concentration of
500 mM (Fig. 24). The rate of adsorption is quantified by counting
the number of new identified molecules that arrive at the interface
per unit area and time. Increases in adsorption rates at increased
ionic strengths correlate to more transferrin molecules imaged at
the surface (Fig. 24). Quantifying the absolute adsorption rates is
often experimentally unachievable but can easily be achieved with
single-molecule tracking (75, 76). One explanation for the in-
creased binding at higher salt concentration is a decreased solu-
bility of transferrin molecules in the mobile phase as predicted by
Hofmeister (19, 77), but this explanation is debated to date (78,
79). Similar increased adsorption kinetics observed with Hofmeister
salts at the single-molecule level predicted that increased hy-
drophobic interactions lead to higher rates of adsorption (75).
Another possible driving force in transferrin—nylon interactions
is the electrostatic screening of repulsive interactions between
transferrin (pI 5.6) (80) and nylon (zeta potential —21 + 1 mV),
both of which carry a negative charge at pH 7.2 (81-83). Elec-
trostatic forces dominating the adsorption rate changes
of proteins at interfaces have been explored by Schwartz and

Moringo et al.
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Fig. 2. Transferrin kinetics at nylon at varied ionic strengths. (A) Rate of
adsorption. (B) Surface residence time distributions represented in a cumu-
lative distribution and fit to a double exponential decay with solid lines (Eq. 1).
(C) Preexponential coefficients from fitting results in B. (D) Desorption rate
constants from fits in plot (B).

coworkers in addition to short-range interactions dictating de-
sorption kinetics (76). Increased adsorption rates indicate that the
transferrin molecules exhibit a greater attraction for the nylon
interface as salt is increased in the mobile phase. In addition to
adsorption kinetics, single-molecule results also elucidate desorp-
tion kinetics of transferrin, as discussed next.

Surface residence time analyses uncover 2 distinct populations
of transferrin desorption from the nylon interface, revealing an
overall increase in desorption rates accompanied by a decrease
in rare long-lived events. Surface residence time distributions
(Fig. 2B) are represented as cumulative distribution functions
(CDF) to uncover rare long-lived binding events (84), which
have a large influence on protein separation efficiencies as
discussed in later sections (24, 68, 85). Surface residence time
distributions are fit to a 2-term exponential decay,

P(t)=Aje™ " + Aze™, [1]

to identify the desorption kinetics of transferrin molecules. Ex-
ponential decays are used to quantify single-molecule inter-
facial desorption kinetics from surface residence time distributions
(52). CDF plots are shown for all salt conditions tested with
corresponding fits to Eq. 1 in Fig. 2B. Visual inspection of the
tails of CDF distributions highlights that increasing salt con-
centration decreases the number of rare long-lived adsorption
events at nylon (Fig. 2B). CDF fitting is used to calculate the
respective prevalence (Fig. 2C) and desorption rate constants for
the 2 individual populations of surface-residing transferrin mol-
ecules (Fig. 2D). The dominant desorption pathway of trans-
ferrin is changed at salt concentrations greater than 10 mM (Fig.
2C). Desorption is dominated by fast dynamics at salt concen-
trations greater than 10 mM, in comparison to slow kinetics in
the lower- and no-salt conditions (Fig. 2C). Spatial filtering de-
scribed above is applied to show the fast desorption population
is dominated by molecules undergoing single-site adsorption—
desorption given they desorb quicker from nylon in comparison to
transferrin molecules undergoing a CTRW (SI Appendix, Table
S2). We believe that the slow desorption component in our kinetic
analysis most likely represents the CTRW fraction, supported by
the strong correlation (r = 0.91) between the decrease in A, (Fig.

Moringo et al.

2C) and the decrease in CTRW (Fig. 1C). CDF fit results show
the desorption rate constant (k;) for the fast population increased
as a function of salt, whereas the slow population desorption rate
constant (k) is unchanged, leading to an overall increase in de-
sorption (Fig. 2D). The conformational stability of transferrin is
quantified with a denaturation experiment (SI Appendix, Fig. S7),
showing that conformation is more robust with increased salt
concentration. Stability increases could contribute to increased
desorption rates observed from nylon at higher salt conditions.
These results highlight the utility of single-molecule techniques to
quantify kinetic metrics in highly dynamic and complex chro-
matographic systems (86-88).

Ensemble CD. Transferrin adsorption to the nylon interface in-
duces the partial unfolding of transferrin, which is enhanced at
higher ionic strengths (Fig. 3 4-C). CD spectroscopy is utilized to
interrogate the secondary structural motifs that are present in a
protein’s structure (89). CD results show that a reduction in the
alpha-helical secondary structure is observed for adsorbed trans-
ferrin molecules on nylon microspheres, suggesting that transferrin
adopts a partially unfolded conformation at nylon interfaces in the
absence of salt (Fig. 3C, blue). A further reduction in alpha-helical
structure is observed in a tunable fashion with increased salt
concentrations (Fig. 3C). This transferrin unfolding appears to be
a surface-induced phenomenon as unfolding is only observed in

1C == Trans.
20 = Nylon
154 = Trans.+Nylon

=== Trans.+Nylon+10 mM NaCl
=== Trans.+Nylon+100 mM NaCl
54 == Trans.+Nylon+500 mM NaCl
=== Trans.+Nylon+1000 mM NaCl

Molar Residue Ellipticity
degrees cm2 dmol-res-1x1000-1

210 220 230 240 250
Wavelength (nm)

200

Fig. 3. Structural examination of transferrin at nylon surface under varied
ionic conditions. Cartoon depiction of folded transferrin (A) and unfolded
transferrin (B) at nylon in the presence of salt [PBD ID code 1D3K (74)]. (C)
Ensemble CD spectroscopy of transferrin at varied ionic conditions in the
presence of nylon microspheres.
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the presence of nylon microspheres and is not induced by salt
alone (SI Appendix, Fig. S8). Surface-induced unfolding of proteins
and a resulting change in transport dynamics has been observed
at the single-molecule level by others (72, 90). Surface-induced
structural changes would not alter adsorption kinetics under our
conditions (Fig. 24) since unfolding is a surface-induced effect.
However, structural changes of transferrin likely play a dominant
role in the observed varied surface transport modes (Fig. 1) and
surface desorption kinetics (Fig. 2 B-D), given the large CD signal
modulation as salt conditions are tuned. We predict and confirm
that single-site adsorption—desorption at nylon is dominated by
unfolded transferrin molecules by quantifying surface dynamics of
chemically unfolded transferrin molecules (SI Appendix, Fig. S9).
We also confirm that the unfolded structure of transferrin con-
tributes to the increased desorption rates observed at high salt
concentrations with the observed desorption kinetics from chem-
ically unfolded transferrin molecules (SI Appendix, Fig. S10).
Waiting time analyses, which quantify the time spent per site,
confirm that although overall transferrin desorption rates increase
with increased salt (Fig. 2) the time spent per site increases (S/
Appendix, Fig. S11) but at fewer sites (Fig. 1 D and E). Increased
residence times once a protein unfolds on a surface has been well
studied by others (72). Salt-induced structural changes to nylon are
ruled out as a major contributor to our observed transferrin dy-
namics because the timescale on which salt alters nylon hydration
occurs over hours (91). Therefore, transferrin unfolding has a di-
rect effect on the surface transport dynamics both spatially and
kinetically under salting out conditions. CD results conducted with
rhodamine B-labeled transferrin used in single-molecule experi-
ments that confirm the addition of rhodamine labels does not alter
transferrin interactions with nylon (SI Appendix, Fig. S12).

FPLC. We suggest that increased transferrin desorption kinetics
and transferrin conformational changes upon adsorption presented
above provide a mechanistic explanation for the utility of salting
out in protein elutions (Fig. 4). Ensemble FPLC of transferrin on
nylon 6,6 membranes at increasing salt concentrations exhibits
peak narrowing (Fig. 44). The decrease in broadening is illus-
trated in Fig. 4B with the full width half maximum (FWHM) of the
chromatograms, which is one way to compare peak widths in
chromatographic studies (92). The decrease in mean retention
time observed (Fig. 4 A, Inset) aligns with the increased desorption
kinetics observed at the single-molecule level (Fig. 2 B-D). Con-
stant salt concentrations are used here because a single type of
protein is being purified (93), in contrast to salt gradients, which
are required for separating mixtures of proteins. It is important to
note that constant salt concentrations are also used for discovering
the appropriate concentrations for separating individual analytes
from a mixture when a salt gradient is employed (94). Over-
crowding effects at nylon membranes are ruled out by separa-
tions performed with lower transferrin concentrations one order of
magnitude above our detection limit (7 pM). Similar line shapes
and peak narrowing effects are observed at lower concentrations
independent of the order of salt concentrations tested (SI Appendix,
Fig. S13). Similar line shapes and fewer filters have been utilized by
others performing protein FPLC, further ruling out overcrowding
effects (95, 96). The interaction of transferrin with nylon mem-
branes is confirmed with CD measurements of an eluted frac-
tion of transferrin at high salt (SI Appendix, Fig. S14).
Importantly, the mechanistic link between the single-protein
kinetics presented in Fig. 2B and peak width is provided in Giddings’
and Eyring’s statistical theory of chromatography (24). In the
present work, increased desorption kinetic rates are observed at
the single-molecule level in addition to the suppression of long-
lived binding events dominated by the CTRW surface transport
(Fig. 2 and SI Appendix, Table S2). We predict that the suppres-
sion of CTRW lowered the probability of long-lived events, lead-
ing to profile narrowing (Fig. 4). This can be intuitively understood
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Fig. 4. FPLC of transferrin with nylon membranes. (A) Transferrin chro-

matograms under salting out conditions with calculated mean retention
times and standard deviation from triplicate separations (Inset). (B) FWHM
of chromatograms shown in A.

in the context of work by Schwartz and coworkers where a mole-
cule exhibiting a CTRW will increase the probability of interacting
with anomalously strong adsorption sites, thereby increasing the
prevalence of long-lived events (97). The observation of increased
desorption kinetics reducing chromatographic tailing in liquid-
based separations has been reported by others (85). An overall
decrease in the mean retention time of transferrin with increasing
salt (Fig. 4 A, Inset), accompanied with increased desorption rates
observed at the single-molecule level (Fig. 2), gives a microscopic
explanation for macroscale separations with salting-out conditions,
in which the analyte elutes more quickly with the addition of salt
(98). Monte Carlo simulations based on single-molecule kinetics
further support the conclusion of reduced broadening.

Monte Carlo Chromatographic Simulations. Monte Carlo simula-
tions underpinned by the stochastic theory of Giddings and
Eyring (68) reveal that the kinetic data extracted from surface
residence time fits (Fig. 2B) predicts better-resolved chromato-
graphic peaks as salt increases. Simulated chromatograms are
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Fig. 5. Simulated chromatograms using Monte Carlo simulations. (A) Car-
toon depicting contribution of 2 desorption rate constants on final elution
profile line shape. (B) Peak aligned chromatograms simulated from 500,000
molecules using values extracted from CDF fits shown in Fig. 2 B-D. (C)
Measured FWHM of the peaks shown in B.
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generated using the preexponential coefficients (Fig. 2C) and
desorption rate constants (Fig. 2D) found from the experimental
fits of the surface residence time (Fig. 54). Similar methods were
employed by Dondi et al. (99) and Cavazzini et al. (100) to explore
the effects of limited site availability as well as illustrate the
equivalence of the stochastic theory and the macroscopic lumped
kinetic model. Increases in salt show a qualitative thinning of the
profile and a visual decrease in the formation of a chromato-
graphic tail (Fig. 5B). Measurements of the FWHM of corre-
sponding peaks support the conclusion that increasing the salt
concentration of the mobile phase increases chromatographic ef-
ficiency via profile thinning (Fig. 5C). Symmetric broadening/
thinning is a direct result of the number of interactions that a
protein has with the stationary phase surface. We deduce that
profile thinning is driven by the reduction of CTRWs within the
protein history, an effect that corroborates Giddings’ theories
(101). Simulations and experimental evidence corroborate pre-
vious studies showing that a decrease in long-lived adsorption
events (16) observed here through increased salt content pro-
duce narrower, more symmetric chromatographic peaks (24,
102). The physical origin of the altered kinetics here is revealed
in the single-molecule results which indicate that a decrease in
CTRW dynamics (Fig. 1 A-C) at nylon decreases the preva-
lence of rare long-lived adsorption events (Fig. 2B). The
change in observed surface dynamics is facilitated by structural
changes induced to transferrin at nylon (Fig. 3 and SI Appendix,
Fig. S8). The combination of our simulations and single-
molecule results indicate that mobile-phase effects are major
contributors to peak symmetry. Other groups identified how
heterogeneous mobile-phase mixing among the components of
the chromatographic column introduces asymmetry/broaden-
ing (103, 104). Examples of mobile-phase effects include tur-
bulent flow occurring at column junctions, including the
injection port, column connection, and detector port, which
can introduce profile broadening that varies between instru-
ments (105).

Our simulations illustrate broadening produced by our mea-
sured kinetic differences isolated from mobile-phase effects. Ex-
perimental FPLC measurements (Fig. 4) provide a convolution
of both kinetic and mobile-phase contributions to peak shape
that cannot be separated empirically (105). By peak aligning, we
remove elution contributions from the mobile-phase time and
varied retention times to emphasize the broadening effects pre-
dicted by desorption kinetics. Exclusion of other effects from
the mobile phase guarantees that changes in the chromato-
graphic shape arise from kinetic differences alone. Future ad-
vancements in the Monte Carlo model, as well as single-molecule
tracking, will aid in deconvoluting instrumental contributions
from chemical effects.

Conclusion

Single-molecule surface transport modes and kinetic analyses
coupled with ensemble CD have guided a mechanistic explana-
tion for increased separation efficiency observed in bulk sepa-
rations during the salting-out process. Predicting peak broadening
from single-molecule kinetics is further supported by simula-
tion of elution profiles. The increasing prevalence of single-site
adsorption—desorption of transferrin at nylon is directly modulated
with salt concentration (Fig. 1). Increasing salt concentration led
to an increase in adsorption and desorption kinetics at the nylon
stationary phase (Fig. 2). Electrostatic shielding likely dominates
the adsorption rate increase, while the increased overall rate of
desorption and increased waiting times are attributed to
surface-induced structural changes to transferrin at higher salt
concentrations (Fig. 3 and SI Appendix, Figs. S8-S10). Altered
desorption kinetics from salting were not observed with fatty
acid probe molecules (75), highlighting the complexity of large
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biomolecules that exhibit complicated dynamics such as unfold-
ing. The reduction in chromatographic broadening found in en-
semble separations of transferrin (Fig. 4) is explained by a
decrease in rare long-lived binding (Fig. 2B) that correlates to a
decrease in the CTRW motion (Fig. 1). The utility of single-
molecule tracking to mechanistically explain ensemble chro-
matographic observables is highlighted in our work. Further,
our findings emphasize the importance of understanding the
physiochemical changes salting-out processes can have on pro-
tein behavior in bench-top and industrial-scale separations. The
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separation efficiencies.
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