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ABSTRACT

Empirical optimization of the multiscale parameters underlying chromatographic and
membrane separations leads to enormous resource waste and production costs. A bottom-up
approach to understand the physical phenomena underlying challenges in separations is possible
with single-molecule observations of solute-stationary phase interactions. We outline single-
molecule fluorescence techniques that can identify key interactions under ambient conditions.
Next, we describe how studying increasingly complex samples heighten the relevance of single-
molecule results to industrial applications. Finally, we illustrate how separation methods that have
not been studied at the single-molecule scale can be advanced, using chiral chromatography as an
example case. We hope new research directions based on a molecular approach to separations will
emerge based on the ideas, technologies, and open scientific questions presented in this

perspective.
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INTRODUCTION

Liquid chromatography and membrane separations rely on the differential mass transfer of
analytes pulled through a solid stationary phase by a liquid mobile phase. Conventional industrial
grade separations are performed by empirical tuning of multiscale parameters, wasting analyte,
reagents, time, and energy.® Separation depends on three major analyte phenomena:
mobile/stationary phase exchange, adsorption/desorption kinetics at the stationary phase, and
anomalous diffusion in complex environments.*’ These fundamental physicochemical, molecular
level interactions of analytes within the stationary and mobile phase lead to the transport, retention,

and selection properties at the analytical- and industrial-scale (Figure 1).
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Figure 1. Connecting single-molecule results to key performance features of analytical- and
industrial-scale separations. Properties that are accessible via single-molecule fluorescence
microscopy scale up to become the important features in large-scale applications. By column, left-to-
right: 1) Resolving molecular diffusion via single-molecule tracking will help determine important
factors of analyte transport in bulk solutions. 2) Identifying how individual analytes interact with
stationary phases (e.g. host-guest type molecular recognition, pictured)' can provide high-resolution
information on how to optimize industrial-scale retention to improve analyte recovery, shorten separation
times, and overall run time. Adapted with permission from ref.!. Copyright 2013 American Chemical
Society. 3) Mapping the nanostructure of materials (e.g. quantifying nanoporosity in silica beads,
picture)* can determine which stationary phases are most appropriate for separations at all scales.
Adapted with permission from ref.>. Copyright 2010 American Chemical Society.

Separation size and complexity
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Studying separations from the bottom-up — one molecule at a time — can identify rare events
that lead to the failure of challenging, high-purity separations (Figure 1). Heterogeneous
interactions in the kinetic regime can lead to tailing, broadening, and peak overlap, resulting in
low selectivity and recovery of desired analytes. The consequences from impure separations that
result from rare populations can be catastrophic. For example, in chiral separations, the inability
to purify enantiomers and prevent their interconversion led to the infamous thalidomide tragedy in
the 1960’s where fetal malformation occurred for pregnant women who used the racemic drug
mixture as a morning sickness treatment.® In radiochemical separations, high purity is required to
avoid hazardous radioactive wastes and to provide high-quality spectral signatures used in
radiopharmaceutical imaging and treatment, nuclear energy, and nuclear forensic applications.”!!
Oftentimes multiple, sequential separation steps are needed to obtain such rigorous purities due to
low selectivity of similar isotopes. This results in separations being involved in 75% of the
processing of rare earth elements: from the starting raw materials to the manufacturing and
production to the end-of-use waste management. '

Single-molecule and super-resolution microscopy allows for the visualization of separations at
a molecular level that could address challenges recently identified by the National Academies of
Science, Engineering, and Medicine. In the summer of 2019, the National Academies Press
released A Research Agenda for Transforming Separation Science.'? The report proposes a range
of unanswered fundamental science questions, identifies a need to measure analyte dynamics in
realistic, complex environments, and encourages the use of new methods to understand the
intrinsically non-equilibrium chemical processes that occur during separations to develop more

efficient materials. Developments in single-molecule and super-resolution enable experimental
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observation of non-equilibrium interactions that drive separations, offering an avenue to radically
advance the separations field.

Here, we detail the current potential to use single-molecule fluorescence microscopy to
understand the mobile/stationary phase exchange, adsorption/desorption kinetics, and anomalous
diffusion in complex environments that occur in separations. We describe how new optical
imaging technologies that use multicolored, three-dimensional, and expanded temporal
capabilities can address open questions on the structure, stoichiometries, orientation, diffusion,
and temporal changes in separations. We discuss how the study of more complex samples could
relate single-molecule samples to column conditions in industrial settings. Finally, as a
demonstrative example, we present how chiral chromatography, a technique that has not been
studied at the single-molecule scale, could be advanced with single-molecule methods. The
technologies and open research questions in this perspective are meant to inspire new research
directions and collaborative opportunities among analytical chemists, spectroscopists, and

separation scientists to drive improvements in separations from a molecular perspective.

SINGLE-MOLECULE IMAGING AND BOTTOM-UP SEPARATIONS
Why use single-molecule imaging techniques?

Single-molecule fluorescence microscopy, an optical imaging technique, is useful to
understand the spatiotemporal nanoscale heterogeneity and dynamics that occur in separations
(Figure 2). Individual fluorescently-labeled molecules are detected using a fluorescence
microscope that has high sensitivity due to a laser excitation source, a high numerical aperture
objective, high efficiency optical filtering, and high quantum efficiency detectors. By observing

one molecule at a time, subpopulations that may be as low as less than one percent of the overall
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in situ. 13716 Figure 2. Single-molecule fluorescence microscopy

complements the capabilities of other techniques used to study
separations at length scales spanning subatomic distances to
the bulk. (Red) The spatial capabilities of single-molecule
fluorescence microscopy span from ~1’s of nm using single-
molecule FRET to ~10’s of nm in three-dimensions using super-
. resolution imaging, to 10-100’s of microns with wide field
detected and quantified the imaging. Please refer to the main text for technique abbreviations.
Adapted with permission from ref'?. Copyright 2019 The National
causes of common problems in | Academies Press. Republisher is a for-profit organization.

Single-molecule

fluorescence microscopy has

chromatography and membrane separations.>!” Past findings include that defect silanol sites lead
to rare (~1%), long-time adsorption of various analytes in reverse phase chromatography;'®2? the
balance of short- and long-range forces and surface polishing influence the behavior of
biomolecules at the surface in capillary electrophoresis, normal phase and capillary liquid
chromatography;*>2® the sterics of the porous hydrogel stationary phase supports causes

2729 and the relationships between analyte,

heterogeneity in ion-exchange chromatography;
surface, and solution chemistry are important in determining tortuosity, fouling, and adsorption in

polymeric membrane separations.>*? Prior single-molecule studies have been carried out with
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pM — nM concentrations of analyte so individual molecules can be localized and tracked. These
low concentrations are relevant to kinetic tailing where rare, heterogeneous adsorption events that
lead to peak asymmetry can be observed,?* but below concentrations where column overloading
that leads to thermodynamic tailing occurs. For more details on the results of previous single-
molecule studies of separations, we refer the reader to prior review articles.>!7-!8

Spectroscopic, scattering, and imaging techniques can also provide atomic to nano- to
micrometer length scale information of materials used in separations. These were highlighted in
the National Academies of Press report (Figure 2).!> Spectroscopic methods using x-rays (x-ray
fluorescence, absorption, photoelectron, and glancing incident absorption spectroscopies, [ XRF,
XAS, XPS, GIXAS]) obtain elemental composition information and atomic structural information
down to molecular length scales of 0.6 nm. Nuclear magnetic resonance (NMR) spectroscopy
provides information on the chemical functionalities of analytes, diffusion, and can even be used
as a chromatographic detector, while sum frequency generation (SFG) and ellipsometry can
determine electronic, vibrational, or structural dynamics selectively at surfaces. Scattering
techniques such as dynamic light scattering (DLS), small-angle x-ray scattering (SAXS), small-
angle neutron scattering (SANS), and x-ray reflectivity/resonant anomalous x-ray reflectivity
(XR/RAXR) probe structural ordering and morphologies from atom—atom interactions (based on
pair distribution functions [PDF]) to crystalline, macromolecular and aggregate structures. Finally,
imaging techniques such as transmission and scanning electron microscopies (TEM, SEM) and
atomic force microscopies (AFM) can provide sub-nanometer information about the structure of
stationary phases.

The capabilities of single-molecule fluorescence microscopy complement the above-

discussed methods. Fluorescence microscopy can be performed under ambient conditions relevant
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to liquid separations, compared to techniques which require vacuum conditions (SEM, TEM).
Three-dimensional imaging can track dynamics within the bulk of porous stationary phases,
compared to scanning probe techniques that are limited to the interface (AFM). Fluorescence
microscopy achieves chemical specificity with targeted labeling so that analyte dynamics can be
visualized directly, compared to the stationary phase focus of many scattering and spectroscopy
techniques. While labeling allows for high certainty about which analytes are observed,
fluorophore selection and tagging strategies must be carefully considered to not interfere with
anticipated interfacial forces that drive adsorption. For small molecule organic separations, the
fluorophore is often strategically selected to be a model analyte based on size, charge, or
hydrophobicity, while in biomolecule separations, the protein terminus or end of a nucleic acid is
labeled to decrease possible interference with biomolecule function. Control experiments, such as
measuring structural®* and functional changes®? of the proteins due to the tagged fluorophores, are
required to understand the effects of dye labeling. Single-molecule fluorescence microscopy can
also be performed on accessible instrumentation. Many biophysics and medical microscopy core
facilities have confocal, wide field, and stimulated emission depletion (STED) microscopes
available. Construction of an economic homebuilt super-resolution microscopy setup can even be
achieved for < $30,000.%3 In contrast, select x-ray and neutron techniques require access and travel
to synchrotrons.

We believe there is strong future potential for studying separations using single-molecule
fluorescence microscopy. We complement the National Academies Press report by highlighting

the potentials of optical imaging techniques, with emphasis on new technologies that have yet to
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be applied to separations (Figure 3).

Creative sample preparations and
microscopy hardware arrangements
that have been developed by the
and catalytic

biophysics single-

molecule communities should be
applied to separations to provide new
information on the structure,
stoichiometries, orientation, diffusion,
and temporal changes in separations.
Multicolored imaging to understand
analyte  structure  and  ligand
stoichiometries:

Thus far, single-molecule imaging
of separations have studied the
adsorption and diffusion of analytes
labeled with a single fluorophore. By
using multiple dye labels that have
different wavelengths of emission on
either the analyte(s) or stationary phase,
single-molecule fluorescence

resonance energy transfer (FRET) and

alternating laser excitation (ALEX)
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Ny Structure
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Figure 3. Single-molecule fluorescence techniques to
apply to separations to resolve new phenomenon.
(Italics) ~ Advanced  single-molecule  fluorescence
instrumentation and analysis techniques that have yet to be
applied to separations can (bold) quantify new molecular
dynamics. Using (A) multiple, spectrally-separated
fluorophores and (B) designing new point spread functions
(PSFs) for Fourier-plane imaging of three-dimensional
location and orientation of individual molecules. Adapted
with permission from ref*. Copyright 2019 Optical Society
Publishing. (C) Measuring at shorter (<10 ms) and longer
(hr-day) time scales with STReM or without motion blur.
(C, bottom) Simulated moving particle measured with fast
time resolution, enabling localization of distinct steps in the
trajectory vs. slow time resolution, where localizations are
hidden by motion blur. Adapted with permission from ref®’.
Copyright 2018 American Chemical Society.
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analysis could be employed. FRET and ALEX resolve structural changes in analytes,
stoichiometries between analytes and adsorption sites, and competition between analytes (Figure
3A).

Single-molecule FRET could provide information on the dynamic structural changes in
biomolecules at separation interfaces. FRET quantifies the ~1-10 nm proximity between two
fluorophores based on distance-dependent non-radiative energy transfer from a higher-energy
“donor” fluorophore to a lower-energy “acceptor” fluorophore. Since this length scale is similar
to the size of many biomolecules, FRET is often used to understand folding and conformational
fluctuations. The donor and acceptor are placed at strategic locations on a biomolecule based on
anticipated motions and unfolding distances that do not interfere with the function of the
biomolecule. While the two fluorophore requirement for FRET limits the applicability of the
technique for small analyte, organic molecule separations, single-molecule FRET can answer
important questions regarding biomolecule structure and separation material function.

Single-molecule FRET studies show promise in answering fundamental science questions like
those posed in the National Academies Press report. Studies of model proteins at polymer brush
and silica interfaces with single-molecule FRET have shown that proteins diffuse and search in a
folded state before unfolding and adsorbing at distinct surface sites for longer times.*®*° Taking
inspiration from these works, single-molecule FRET applied to separations could answer questions
such as: Does the stationary phase disrupt the structure of the analyte causing it to unfold? How
does the folded structure of the analyte correlate to its residence adsorption time at the surface?
Does the analyte change structure, such as refolding, immediately before desorbing?

ALEX can allow for direct imaging of the arrangement of both the heterogeneous stationary

phase and of unbound analyte dynamics, providing stoichiometric information beyond the usual
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applications of single-molecule FRET.*’ In ALEX, an excitation scheme that alternates direct
excitation of the donor fluorophore with direct excitation of the acceptor fluorophore at rates of
10-100’s of kHz is used. FRET labels could be placed on separate molecules, such as tagging the
ligand with an “acceptor” fluorophore and the analyte with the “donor” dye label (or vice versa).
The fluorescently-labeled analytes and ligands can then be sorted based on the number and type
of fluorophores detected using ALEX. Three types of information can be determined by ALEX:
1) the number of and spatial distribution of acceptor-labeled ligands observed with direct acceptor
excitation; 2) the number of adsorbed analytes and the distance between the analyte and ligands as
indicated by FRET acceptor emission with donor excitation; and 3) the number of analytes and
their non-specific adsorption dynamics with direct donor excitation of the donor-labeled analyte.

Finally, multicolored single-molecule spectroscopy could determine the mechanism of
competitive interactions in separations by placing dye labels on two separate analytes. Due to the
focus on fundamental interfacial processes in separations, previous single-molecule reports have
focused on the dynamics of a single type of analyte. Yet, if an analyte is already isolated, a
separation would not be needed! In reality, all separations are performed in a complex environment
with multiple analytes competing for adsorption sites. While we have previously studied a
multicomponent sample, only one analyte was labeled, requiring the dynamics of the other
unlabeled analyte to be inferred.*!' If labels were placed on each analyte in future work, their
dynamics could be directly imaged to answer questions such as: Are some binding sites preferred
by one analyte compared to the other? How do the kinetics differ at the same binding site with
different analytes? Can one analyte displace the other? Studying more complex, multicomponent
(>2) samples closer to real column conditions should be pursued.

Three-dimensional imaging to understand realistic mass-transfer dynamics:
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Three-dimensional single-molecule imaging could resolve mass-transfer dynamics of analytes
through separation materials in a new axial dimension: the z-position of a molecule (Figure 3B).
Local, nanoscale differences in concentrations based on heterogeneous pore size, surface
chemistry, and confinement effects drive the function of separation materials. Single-molecule
tracking of diffusion and localization of adsorption in separation materials has characterized local
differences in one- and two-dimensions,’*%*>* but chromatography columns and membranes are
three-dimensional on larger scales: chromatographic beads with diameters of 1-10’s pm or
polymeric membranes ~100 um thick.

Three-dimensional single-molecule imaging is achieved through hardware modifications to
typical single-molecule microscopy setups. Introduction of an optical astigmatism encodes the
axial position of individual molecules in the orientation of the abberated emission pattern.'* More
advanced setups using phase masks in the Fourier domain produce engineered point spread
functions such as double-helix (Figure 3B),* tetrapod,*® tri-spot,*® and stretching-lobe,*® patterns
that can determine three-dimensional molecular position at high precisions of ~10’s of nm through
up to 20 um thick samples.*’ Alternatively, hardware changes with light sheet excitation*® or
detection with multiplane collection geometries* using multiple detectors placed at different focal
planes can image distinct axial locations in the sample.

If applied to separation science, three-dimensional single-molecule microscopy could resolve
the local fluid mechanics through three-dimensional stationary phase materials, informing the
relationship between nanoscale separation, material structure, and actual function.’%>?
Characterizing intraparticle diffusion in three dimensions informs the relationship between
stationary phase structure and mass transfer resistance, a driving force of analyte separation and

source for elution profile artifacts.’>> Increasing the yield and reliability of molecular separations
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require proper characterization of the mass transfer resistance process and its control in three
dimensions. Recent studies of protein interactions on stimuli-responsive porous polymers have
demonstrated the dominance of confined diffusion of proteins on porous structures and the ability

1.>3 Three-dimensional

to actively control molecular desorption processes at a single-molecule leve
tracking®® combined with super-resolution diffusion imaging®’ could be implemented to
understand the relative distribution of adsorption/desorption and anomalous diffusion through
active porous materials and measure the effect on mass transfer resistance. Controlling the
physicochemistry of the porous stationary phase will increase the macroscale efficiency of
molecular separations.

Expanding temporal resolutions to both shorter and longer times:

New capabilities in hardware and analysis of single-molecule techniques will advance the
temporal capabilities of analyzing individual molecules in separations (Figure 3C). Molecular
dynamics monitored using single-molecule fluorescence imaging are conventionally observed
from 10’s of milliseconds to minute time scales. This temporal range has monitored diffusion over
micron distances and adsorption kinetics,”® but fails to resolve faster dynamics such as
conformational changes, intermediate formation, and electron transfer reactions, along with longer
dynamics such as fouling, degradation, formation of defects and unwanted products, and aging of
stationary phases.'> Therefore, expanding the temporal capabilities of single-molecule
fluorescence microscopy to both shorter and longer scales should be pursued.

Faster time scales can be achieved by applying recent hardware advancements to separation
samples. Newer camera technology with back illuminated scientific CMOS can detect single-

molecules at a frame rate of ~80 Hz with better detection quantum yields than EMCCD detectors.

We have also improved the temporal resolution of single-molecule measurements below the
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integration time of the camera, achieving “super temporal-resolved microscopy (STReM)” by
using a rotating phase mask (Figure 3C).>° Traditionally, processes occurring faster than the
collection time of an individual frame are integrated and appear as identical emission patterns. In
STReM, a double-helix phase mask is rotated at a rate that is synchronized to have a 180 degree
rotation during the integration time of an individual frame so that the orientation and arc shape of
a double-helix point spread function in the image indicates the arrival time, residence time, and
desorption time of the molecule. STReM achieved improvements in temporal resolution by a factor
of 20, from 100 to 5 milliseconds. Further integrating stroboscopic illumination®® or pump-probe
techniques with single-molecule fluorescence microscopy could access millisecond to sub-
millisecond processes in reactions. Faster time scales are currently not accessible even with state-
of-the art techniques. However, single-molecule methods are ideal for identifying rare events (on
the order of millisecond or sub-millisecond) occurring on the adsorbent surfaces during analyte
separations, which are the source for kinetic tailing.®' Quantifying these rare event populations and
the respective time constants are crucial for specifically designed stationary phases for optimal
separations.

Longer time scale studies can understand the temporal changes that occur during the lifetime
of industrially-relevant separation materials. The National Academies Press report identified
understanding the robustness of separation materials over time as one of two major themes to
pursue in the future research agenda of separation science.!? Separation materials are used on a
temporal scale ranging from days to even months or years. Over that time, hydrolysis, fouling, and
aggregation can irreversibly change the chemical and physical properties of stationary phases. In
microscopy, measuring longer time scales presents challenges with sample drift and data storage,

but super-resolution measurements with ~14 hour collection times at 2 Hz frame rates have been
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previously demonstrated.®?> Long collection time measurements require accurate compensation for
microscope stage-drift and can be achieved by a feedback control system with fiducial markers.%*%*
Possible observations could include fluctuations in the local activity of adsorption sites due to
blocking or desorption of analytes or fouling agents. Studying materials that have been used
realistically or have undergone accelerated aging will increase the relevance of the stationary

phases studied. Measurements at hour- or day-long time scales could quantify aging, fouling, and

passivation that take place over the lifetime of the use of separation materials.

STUDYING COMPLEX SINGLE-MOLECULE SAMPLES MORE RELEVANT TO
REALISTIC, INDUSTRIAL INTERESTS

Future single-molecule work in separations should continue to advance the complexity of
samples. Many of the single-molecule spectroscopic studies of chromatographic interfaces have
focused on model systems: materials simplified to a few components to better match ideal
behavior, but that are far from the conditions for their intended use. Similar to how the single-
molecule biophysics community studies living cells in their natural complexity,®> more
industrially-realistic, multicomponent separation systems should be studied in the future.
Increasing complexity will present new experimental challenges in preparing samples with low
enough background for single-molecule detection, but realistic systems will speed development of
predictive models for analyte-stationary phase interactions. Observations at the single-molecule
scale will resolve rare phenomena that drive macroscale engineering problems, refining
commercial applications through reduction of optimization time and increase in retained product.

As stated in the National Academies Press report, “[t]he ability to understand and design separation
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systems for complex mixtures under various realistic conditions will be a turning point for the
separations community and is a key to transforming separation science.”!?

Modeling and measuring realistic stationary and mobile phases at higher concentrations of
analytes is crucial to understanding the driving forces of separation and harnessing those forces

for optimal separation system design. Prior single-molecule studies!'”-18-2122:24

used very low (pM-
nM) concentrations of labeled analytes in pristine solutions comprised of ultrapure solvents and
buffer salts. While this is beneficial for studying fundamental interactions, separations occur in
multicomponent mixtures with different species ranging from highly dilute to very concentrated
over the course of a column. Imaging an analyte in the presence of cellular lysate (100’s of mg/mL
or ~mM concentrations of macromolecules)®® would present a challenging, complex mobile phase
relevant to biologic pharmaceuticals produced by recombinant-expression. Frequently-used
organic mobile phases, such as acetonitrile or methanol, could be used as more dyes compatible
with organic solvents are developed.®” Microfluidics and solvent mixing could be incorporated to
monitor dynamics that occur during gradient elutions. Higher concentrations of analytes could be

studied by mixing labeled and unlabeled molecules*!®3

or utilizing unique sample hardware
geometries that limit the excitation to a small volume.*>’° High concentration samples could
observe thermodynamic tailing caused by overloading, in addition to the established studies of
kinetic tailing at low concentrations.®! Further complex conditions include incorporating high

pressures,’! temperatures, and oxidative/corrosive chemicals that are used in more extreme

separations such as (ultra) high-performance liquid chromatography.

CHIRAL CHROMATOGRAPHY - EXPANDING THE TYPES OF SEPARATIONS

STUDIED AT THE SINGLE-MOLECULE LEVEL
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Among the types of separations that could benefit from a single-analyte understanding is chiral
chromatography. Chiral chromatography is challenging due to the identical size, surface charge,
and hydrophobicity of the enantiomers being separated (Figure 4A). The difference in enantiomer
efficacy can lead to drastically different drug prices for racemic mixtures vs. enantiomerically-
pure drugs. For example, the enantiopure asthma inhaler treatment levalbuterol costs five times
more than its racemic mixture albuterol (Figure 4A).”* Improving the time and material cost to

separate enantiomers could reduce the expenses of producing bioactive drugs.

Single-molecule spectroscopy is suited to identify the molecular recognition mechanisms in
chiral chromatography. At the molecular level, chiral chromatography relies on multimodal
recognition between the analyte and stationary phase in a geometrically-dependent “three-point
interaction model”” in the simplest description. The formation of transient diastereomeric

complexes is driven by a combination of non-covalent hydrogen bonds, ionic, ion-dipole, dipole-

R-albuterol ) Figure 4. Chiral chromatography separates
(Levalbuterol) Mllrror S-albuterol enantiomers with cellulose stationary
OH : HO phases. (A) Example of a commercial chiral

! H
HO N I N OH drug, albuterol, used for treatment of asthma.
: The enantiopure sample of R-albuterol costs
HO I OH five times as much as the racemic mixture. (B-

D) Chirality is present at different length scales
B in cellulose stationary phases. (B) Dimer
structure of cellulose monomer. (C) Views of
cellulose tris(3,5-dimethylphenylcarbamate)
chain (left) perpendicular to the chain axis and
(right) top-down the chain axis where circles
indicate position of chiral grooves. Adapted
with permission from ref.’?. Copyright 2012
Wiley Online Library. (D) Cellulose chains
self-assemble into nano-, micro- and even
macrofibers that have chiral properties. Cryo-
SEM image of nanocellulose fibrils where
arrows indicate observed contrast indicative of
a right-hand twist. Adapted with permission
from ref”®. Copyright 2015 Nature Publishing
Group.
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dipole, van der Waals, or n-n interactions. The three-dimensional spatial arrangement of one
enantiomer will only allow for these multiple interactions to line up for an “ideal fit” with the
stationary phase. Single-molecule imaging of achiral dyes conjugated to chiral molecules could
quantify the different adsorption kinetics that occur with ideal and non-ideal fits and answer open
questions such as: Do both enantiomers have kinetic heterogeneity present when the wrong steric
fit occurs and only one or two of the required three-points are formed? Using a point spread
function that changes based on the orientation of a molecule (Figure 3B), does the rotation or
conformational adaptation of the analyte take place to form the desired geometric arrangement?

Do non-stereoselective adsorption sites exist?”°

How many are there, where are they located at,
and how do the kinetics of non-stereoselective sites contribute? By monitoring >10° individual
interactions, what is the percent contribution of the different ideal, non-ideal, and non-

stereoselective kinetic populations? Can both ideal and non-ideal adsorption kinetics be observed

for an enantiopure analyte that is studied under conditions that cause interconversion?”’

Single-molecule spectroscopy could quantify the heterogeneous nano- to microscale lengths
relevant to the stationary phase in chiral chromatography. Commonly used cellulose-based
stationary phases contain chirality on hierarchal length scales: from the Angstrom-level of
individual monomer cellulose sugars (Figure 4B) to the polymerization of chiral chains (Figure
4C) and finally the self-assembly of chains into supramolecular chiral fibrils on nano-, micro-, and
even macro-length scales (Figure 4D). Previous work on the molecular recognition mechanisms
of cellulose stationary phases have focused on the individual cellulose unit and its chemical
functionalization.”” But longer-length scale chirality could also play a role, especially in the
separation of biomolecules.”® Super-resolution imaging could spatially resolve which chiral length

scale is important based on the distances between adsorption sites. Further, derivatives of cellulose
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have been observed in ensemble studies to have reduced separation resolutions due to hypothesized
heterogeneous chemical substitution and poor ordering of the supramolecular cellulose
structure.”® Single-molecule imaging could directly visualize if certain areas of the cellulose are

inactive due to heterogeneity in ligand functionalization or crystallinity.

CONCLUSIONS — AN INVITATION TO JOIN THE MOLECULAR SEPARATIONS
SCIENCE COMMUNITY

In conclusion, we show that single-molecule and super-resolution microscopy methods
provide new and exciting ways to characterize the fundamental properties of analyte-stationary
phase interactions in the context of liquid separations. Bottom-up, single-molecule studies of
interactions in complex environments addresses central themes in the National Academies Press
report'? on the future of separation science. The methods highlighted here present new avenues for
detecting rare interactions that stymie better separations. Overall, we hope the technologies and
open questions presented in this perspective inspire new directions and exchange of ideas between
those in the broad field of separation science (analytical chemists, spectroscopists, chemical
engineers, computational/theorists, efc.). Only then will we achieve the molecular understanding

needed to drive improvements in the performance of separation processes.
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