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Nanopores are nanofluidic channels formed through thin membranes that can deliver
standout single-molecule and single-particle sensing capabilities. Analytical targets include small
molecules and nanoparticles, and the DNA, protein, and glycan biopolymers underpinning
genomics, proteomics, and glycomics. Detection—notably even in the simplest implementation,
resistive-pulse sensing—does not inherently require sample labelling and thus offers the potential
for general sensing utility combined with the prospective benefits of reduced sample processing
requirements. A key pursuit for biopolymer sensing is the characterization of monomer sequence.

This review article will provide an overview of the use of nanopores for general chemical
sensing and —omics-related applications, writ-large. The broad analyte scope provides fertile
ground for a discussion of principles governing nanopore sensing and considerations useful for
guiding nanopore development. For nanopores to be effective in the face of broad analyte scope,
stringent requirements on analytical performance must be met within the particular analyte class
without sacrificing the operational flexibility necessary to be responsive across classes presenting
very different physical and chemical challenges. These sample-driven challenges provide a
unifying framework for discussing aspects of nanopore fabrication, properties, and integration;
sensing paradigms, performance, and prospects; fundamental electrokinetic and interfacial

phenomena; and practical challenges facing the use and further development of nanopore devices.
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resistive pulse; wearable sensors; quality assurance



1. INTRODUCTION
1.1 Background

Nanopores are nanofluidic channels <100 nm in length and <100 nm in width that can serve
as a powerful enabling technology for single-molecule science and for applications in chemical
analysis (Figures 1, 2). The story of nanopores for biomedical diagnostics is one that is usually
dominated by visions of DNA sequencing at low cost, with high accuracy and long reads, and with
minimal time and sample processing.[1, 2] The ability to achieve this, and more, at the single-
molecule level rightly captivates the imagination, and the rich blend of fundamental theoretical
and experimental studies alongside impressive experimental milestones and applications provides
a firm foundation for ongoing work in chemical analysis with a more general scope.[1-25] To wit:
the accomplishments and prospects of nanopore sensing transcend the DNA sequencing and
genomics milieu. Early nanopore development work showed the feasibility and promise of using
the technique for small molecule sensing, an important touchstone for the consideration of
nanopores as a general tool for sensing, including for metabolomics. There have been valuable
experiments using nanopores to detect proteins and to characterize aspects of their structure,
properties, and function, providing insight into the complex nanoscale world of proteins, and
underpinning the prospects of using nanopores for proteomics. There have been other studies
bringing into focus the promise of using nanopores for characterizing glycans and for exploring
phenomena with glycans in key roles. One can thus conceive of nanopores as a powerful potential
tool for glycomics, answering a need for new tools for this tremendous and tremendously important
undertaking.[26]

This review article is intended to provide a chemistry-centered perspective on nanopore
sensing, and thus has been constructed from a selection of the literature to support that view, rather

than an exhaustive review that can be found in citations such as those listed above. Nevertheless,



this focus allows a fairly extensive coverage of key topics within the literature of nanopore sensing,
and moreover provides vital insights that will be important for the ongoing development and future
prospects of nanopore science in a diversity of application areas (Figure 2). In particular, we
wanted to provide a perspective on the interactions between nanopore, matrix, and sample, from
the most fundamental challenge—ensuring that analytes interact with the nanopore in a suitable
way, without such unwanted interactions such as “sticking”—to a diversity of profound influences
on experimental design and sensing performance that arise from choice of nanopore fabrication
material (including surface coating), sample matrix (chosen, for example, by application rather
than by design), and analyte class (and thus physicochemical properties among other factors). In
addition, we wanted to highlight how design and operational choices different from those made
within the prevalent nanopore framework of lab-based DNA sequencing might yield tremendous

benefits in application areas such as wearable sensors and glycomics.
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Figure 1. General configuration of a nanopore single-molecule experiment by resistive pulse
sensing. At left, a <100 nm wide, <100 nm long channel through an insulating membrane
provides the only ionic conduction path from one reservoir to the other. Electrodes immersed in
each reservoir are used to establish a potential difference across the membrane that drives
electrolyte ions through the pore, generating an open-pore current. Passage of an analyte through
the nanopore by mechanisms such as electrophoresis, electroosmosis, and diffusion, can
generate transient changes in the current such as those at right, that are determined by parameters
such as nanopore size and surface charge, electrolyte composition, and analyte size and

physicochemical properties.
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Figure 2. General perspective of the review article. Nanopores have the potential to perform
general chemical sensing for a diversity of applications in a range of settings when suitable

design and operating criteria are established and implemented.

1.2 Pores: Open For Business

At the core of all nanopore efforts is a nanopore, a nanoscale channel generally—and by
design—not much larger in size than the analytes of interest. A not infrequent query in response
to this geometric state of affairs is “Don’t those things clog?”, to which one might fairly reply “Not
as often as one might fear, but more frequently than one might hope.” Relevant factors affecting
clogging severity include electrostatics and entropy, and it should be noted that the entropic penalty
for nanoscale confinement is a significant player in preventing nanopore clogging.[4] Efforts to
develop nanopores as a general tool for chemical sensing—wherein molecules and particles
(analytes and sample matrix) possessing a wide range of properties will pass near or through a

channel with high surface-area-to-volume-ratio—must contend with the landscape of interactions



that may emerge in this confined sensing volume. The influence of these interactions can be
predominantly thermodynamic, but kinetic effects—such as those arising from changes to the
analyte transport mechanism—can complicate the observed behavior. Changes of fabrication
material can affect the achievable size and shape of nanopores, and also introduce different native
nanopore surface chemistry and post-fabrication modification options. The development of surface
chemical modifications to decorate the nanopore interior to dictate nanopore-analyte
interactions—ranging from suppression of unwanted interactions to enhancing desirable ones—
remains a forefront research question. Since such interactions can manifest through the interplay
of several complex mechanisms for a given nanopore, it is important to be generally cognizant of
how the choice of a particular nanopore size, shape, and composition can have profound
consequences for nanopore sensing.
1.3 Nanopore Type
Nanopores can be conveniently (and broadly) circumscribed as nanofluidic channels <100 nm
in length and <100 nm in width. Circularly-symmetric nanopores are prevalent (at the least as the
centerpiece of analytical treatments), and in a common implementation, both ends of the nanopore
have largely unrestricted access to bulk solution. Alternative configurations exist, including those
with the nanopores present as constrictions within larger nano- or microfluidic channels that don’t
reach the bulk limit. For those nanopores formed as channels through supporting films, there are
four broad classes (Table 1):
1.3.1 Naturally-occurring pores, especially the commonly-used proteinaceous types,
provide a fairly narrow selection of discrete pore sizes, with limited size

tunability.[27-30] These protein pores, however, offer incredibly rich surface



1.3.2

1.3.3

chemistries with molecular biology transformations available to support efforts to
augment the rich chemical complexity of the wild-type pores.

Chemically synthesized pores offer tremendous chemical and size tunability
limited only by the capabilities of the synthetic chemist’s toolbox,[31-33] but have
seen much less adoption within the nanopore sensing community. One reason for
this less frequent use may be the specialized skills required for chemical synthesis.
In this regard, self-assembling DNA origami pores[31, 34-38] offer programmable
nanopore formation supported by a robust commercial DNA synthesis industry, but
with a far more limited set of base fabrication materials than by organic synthesis.
Polymer-supported pores are local constrictions in larger channels through ~10-
100 pm-thick polymer membranes.[4, 39] They emerged early-on as a
contemporary of the protein nanopores, and see ongoing use, although on a more
limited scale than the fourth class, their thin-film cousins. There are several likely
reasons for this more limited use, including: the conventional use of large-scale
facilities in fabrication (creative fabrication alternatives exist using
elastomerics,[40] for example, although the elastomeric support may lead to
unwanted behavior); the undesirable sample flow characteristics associated with an
often tortuous fluid channel bracketing the nanopore constriction; and the
perception of greater ease of integration of nanopores in micro- and
nanofabrication-compatible materials into more complex device formats. The
polymer class of nanopore, however, has several compelling features that warrant
increasing development effort and frequency of use. First, they provide a useful

combination of continuous size-tunability with chemical tunability. The latter is



possible by combining a straightforward and common commercial process,
electroless metallization, with the well-established process of thiol monolayer self-
assembly, optimized for the polymer nanopore surface.[4, 5, 39, 41] Commercial
sources can easily provide a range of monolayer terminal groups that can change
the nanopore-solution interfacial properties and interactions between the sample
and nanopore, itself. In contrast to the chemically and spatially heterogeneous—yet
highly reproducible—surface chemistry inside protein nanopores such as a-
hemolysin,[28] the use of self-assembled monolayers would generally be expected
to result in coatings with either a single surface functional group at the solution
interface, or with a heterogeneous mixture of terminal groups if more than one thiol
were used. Second, the general methodology of electroless metallization offers
more than just the ability to metal-coat a surface.[42-46] In combination with one
of a variety of patterning methods, it is possible to exert spatial control over the
electroless metallization so that wires and more sophisticated electronic circuit
elements can be directly fabricated onto the same polymer base supporting the
nanopore (the ionic circuit element).[43, 45] There is thus potential for close
integration of electronic circuitry with the nanopore, and this is particularly
compelling when considering the third reason: polymer-supported nanopores are
supported within flexible substrates that could be readily integrated into wearable
sensor devices. It is intriguing to imagine the use of such wearable nanopore
sensors for sweat analysis, given that nanopore sensors are almost always immersed

in electrolyte as a basis for their use.

10



1.34

Thin-film solid-state pores are the most recent addition to the suite of nanopore
tools.[16, 19, 47-50] They offer many of the benefits of the earlier polymer-
supported nanopores, with two key benefits: the length of the nanopore is no
greater than the ~10-100 nm thickness of the thin films, thus minimizing fluid
resistance; and thin film materials such as LPCVD silicon-rich silicon nitride (SiNx)
is a conventional micro- and nanofabrication material,[50] so that there is a ready
infrastructure to enable the fabrication of sophisticated nanopore-based devices
with additional functional elements, so long as the augmenting materials and
methods are compatible with nanopore operating conditions. For example, there are
ongoing efforts to perform transverse electron tunneling currents on analytes as
they pass through the nanopore orthogonal to tunneling electrodes.[51] It is also
conceivable that the recent demonstration that SiNy thin films can be made to stand
truly free of their conventional rigid silicon support frames may be useful in
transferring these nanopores over to the realm of wearable sensors as outlined

above for the polymer-supported pores.[52]
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Table 1. Overview of nanopore classes. All four classes share the common element of a
nanoscale constriction (the nanopore), but differ in material composition, form factor, and
relationship to the supporting or surrounding membrane: inserted through a fragile lipid
bilayer (top two examples) or similar thin film; formed at one edge of a much thicker film
(polymer example); or having length identical (thin-film example) or similar to the thickness

of the supporting membrane.

Beyond the particular focus and target application, the considerable effort and advances in

the domain of thin-film solid-state pores can be constructively placed into several different
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categories, and there is extensive overlap with similar investigations using the other pore
platforms:

a) Optimizing nanopore form, interface, and function

b) Investigating mechanisms and determinants of analyte transport into and

through the nanopore; and
c) Exploring and benchmarking analyte scope and information content of
nanopore sensing methods;
2 OPTIMIZING NANOPORE FORM, INTERFACE, AND FUNCTION
2.1 Nanopore Formation
While SiNy is a conventional material with well-established micro- and nanofabrication and

modification workflows,[16, 50, 53] the coveted ~1-10 nm length scale for many solid-state
nanopores represents a considerable fabrication challenge. The use of transmission electron
microscopes to fabricate nanopores on this length scale represented a significant technical advance
for the field,[47] but remaining technical and instrumentation burdens meant that nanopore
fabrication largely remained the preserve of a rarefied group of nanopore practitioners—and was
certainly practically out of reach of commercial-scale applications. Other fabrication tools,
including (wet) scanning electron microscopes, helium ion microscopes, and large-scale
accelerator facilities offered fabrication alternatives, but not appreciably greater ease or scaling.[8,
9,11,16,19, 20,47, 54, 55] Only recently, controlled dielectric breakdown (CDB) was discovered
and developed to offer a much simpler and much less expensive way to reliably make even the
smallest nanopores.[56-58] Requiring little more than a ~20 V source to generate <1 V/nm fields
across ~10 nm-thick membranes submerged in buffered electrolyte, the pores could be formed,

characterized, and then used with little change to the instrumentation and experimental
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configuration required.[56-59] The CDB technique allows for the substitution of 2D materials such
as graphene for SiNy,[57, 60] thereby allowing for tuning of the native pore surface chemistry and
the properties—such as transverse conductance—of the film supporting the nanopores.
2.2 Nanopore Surface Chemistry

There is considerable interest in the nanopore community in methods to control and tune
nanopore surface chemistry. The motivations can be as simple as passivation (e.g. coating to
minimize clogging), to creating functional nanopores by installing chemically responsive agents
(including the special case of chemically selective recognition agents) on the nanopore surface. In
spite of the considerable need to tune nanopore surface chemistry, many existing methods can be
complex, expensive, or unreliable.[16, 50, 61-64] The report of silane-based chemical
modification of SiNx nanopores remains a signal moment for the nanopore field, but significant
barriers to preparing reproducible chemical coatings on this platform have meant that the approach
has gained little widespread traction in the field.[16, 19, 50, 62, 65-68] Instead, practitioners resort
to techniques such as gold-coating followed by the formation of thiol monolayers, or perform no
modifications at all.[19, 42, 61] These gold-coating approaches quite naturally harken back to the
earlier work in polymer nanopores,[4] provide a means to size-tune the nanopore through the
dimensions and disposition of the metal layer, and can be used to alter nanopore performance by,
e.g. leveraging the conductivity of the metal layer to press it into service as an additional electrode.
The uncertain electrical potential of electrically floating metal films raises some concerns.
Nanostructured coinage metal surfaces such as those often generated by electroless plating can add
significant function to nanopore interiors, such as providing a catalytic moiety inside a highly
constrained volume, by providing a reflective element to optically isolate each side of the nanopore

membrane, or by providing the electric field enhancement necessary for optical interrogations by
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surface-enhanced Raman spectroscopy (SERS). Thus, suitable metallization of nanopores or their
environs might help to create multifunctional sensing platforms with complementary signal
readouts. In spite of this, it remains vital to develop new methods independent of metallization to
covalently functionalize the highly constrained inner surfaces of nanopores.
2.3 Using Nanopore Conductance to Characterize Nanopore Surface Chemistry

In the nanoparticle field, surface chemistry is an incredibly important question to address, but
is also one that is incredibly challenging to answer definitively, even with the functionalized
surface exposed to investigation using conventional surface analysis tools. A nanopore can be
imagined to be a kind of inverse nanoparticle, so that the difficulties of characterizing its surface
chemistry by conventional instrumental methods are amplified by the difficulty of accessing the
internal surface of interest. That internal surface, however, is what the supporting electrolyte must
come in contact with in order to carry out most nanopore experiments. Straightforward
measurements of the nanopore conductance afford the opportunity to directly assess both the
nanopore size and its surface chemistry. Electrodes in each reservoir can be used to establish a
potential difference across the nanopore that drives ions through the nanopore and generates the
open-pore current flow dictated by the conductance (G). The presence of a nanopore surface charge
structures the electrolyte-nanopore interface, with a cationic surface drawing anionic counterions,
and vice versa. The resulting Debye layer thickness is determined by the ionic strength of the
electrolyte, and adds a surface conductance term to the usual bulk nanopore conductance [59, 69-

76]
1
Gaccess-free = Gbulk + Gsurface =K- A(T‘, L) + ,ulal ' B(T‘, L) ( )

There is an additional access resistance term important when the length of the nanopore, L, is

comparable to its diameter, 2r; we set G~G,qcoss-free 1N the subsequent treatment to more clearly
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show the enhancement of the nanopore conductance by the presence of a surface charge, but offer

the full expression here for a cylindrical nanopore of radius 1, and length L:
-1
1 2

g 4 ulo| 2mry
L K L

a'ZTO-l-ﬁ'%

where a and 8 are model-dependent parameters.[76] We note that while the access resistance is
typically approximated using only its geometric component, it has been shown experimentally to
be affected by a surface chemistry term as shown in Equation (2).[76] The bulk conductance is
determined by the number of ions that can pass through the nanopore volume, and is readily

calculated as the product of the bulk solution conductivity, K, and a nanopore volume integral A =

-1
( 1] ( CEZ))2> , where 7 is the radius at a particular position, z, along the pore longitudinal axis. The
T\r(Z

surface conductance is given by product of the nanopore surface charge density (o)—the charge
that governs the attraction of counterions to the surface—with the counterion mobility u and a

dz
2mr(z)

-1
nanopore surface area integral, B = ( ) ) . The key to using so simple an experimental

measurement as the nanopore conductance to profile the surface coating is to recognize that the
nanopore surface charge density is dependent upon the pK, of any ionizable groups on the

nanopore surface, the total surface density, I', of that group, and the solution pH

_ H-pK,,I
o(Yp(pH — pK,, D)) = 2e;;"{smh (Be qJD(pz 2 )). 3)

The calculation of o is complicated by the dependence of the diffuse-layer potential, Yyip, on o,
itself.[74] The constants €€y, 3, and e are the solution permittivity, the inverse of thermal energy,
and the electron charge. The Debye screening length, k™1, depends on the number density of

electrolyte ions, n (k? = Be?n/e€y), and sets a length scale for the influence of the nanopore
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surface into its constrained, nanoconfined “bulk”. In brief, the magnitude of the surface
conductance term is determined by the native chemical properties of the nanopore surface
termination (pK,, I'), and can be tuned by solution properties including the pH and ion
concentration (n). The change in nanopore conductance with solution pH is perhaps most

informative in this sense:

dG d|o|

. X — 4
deocpH @)

where the chemical origins of the change in surface charge originate in pH-dependent protonation
and deprotonation of surface terminal groups involved in acid-base equilibria such as (for SiNx

nanopores):[50, 77]

dG
Si-R-OH (6 = 0) = Si-R-0" (|o| > 0) + HY; ——> 0 (5)
dpH
. + . + dG
Si-R-NH; (6 = 0) + H" = Si-R-NH;3 (|g| > 0); dpH <0 (6)

For SiNx, the presence of both such equilibria implies the presence of an isoelectric point at which
there is a minimum in the conductance versus pH curve where the net ;—i{ = 0. For SiNx nanpores,
this isoelectric point is ~4.3.[50, 78, 79] For surfaces terminated in moieties that do not undergo
acid-base equilibria, :p—(; = 0 across all pH values (absent other mechanisms to change the

nanopore conductance).

Changes in nanopore surface chemistry can thus be assayed through simple measurements:
a change in Gy, reveals the thickness of surface coatings (ideally equal to the molecular length
for an upright monolayer), and a change in Gg,..—1n particular a change in surface pK, from a

measurement of G versus pH—reveals a change in surface termination. Methods to extract such

17



key nanopore specifiers as size and surface chemistry have been extensively detailed in the
literature.[56, 59, 69, 72, 77, 80]. It should also be clear from this section that nanopore
physicochemical properties such as charge can be tuned through chemical modification and
changes of solution properties, thus providing different ways to control possible interactions
between a nanopore and a passing analyte.
2.4 Analyte-Induced Nanopore Conductance Changes

Passage of a target molecule, nanoparticle, or complex through the nanopore perturbs the open-
pore ionic current and provides molecular-level information. That information naturally depends
on the target’s dimensions and physicochemical properties and the ionic solution composition, but
it is also profoundly affected by the size, shape, and surface chemistry of the nanopore. In the case
of a (cylinder-like) double-stranded DNA polymer that fills the entire length of a cylindrical
nanopore as it transits through, a simple geometric treatment considering only the displacement of
bulk ions by the polymer gives a straightforward expression for the macromolecule-induced
conductance change (most commonly a blockage) [81]

(G) —(Gp)) - (rDNA)Z
X8 G \n

where (G) and (Gp) are the time-averaged conductances through an unobstructed and DNA-

(7

containing nanopore, respectively, and rpya and rg are the cross-sectional radii of the molecule
and nanopore. When the translocating object, such as a nanoparticle, is smaller than the nanopore
extent, the conductance change can be expressed [75, 82]

D /arcsin(d/D) d\ ®)

e =7 \—d D /
J1-(p)
where d is the particle diameter, D is the nanopore diameter, L is the length of the nanopore, and

similar, albeit more complex, expressions can be derived for analytes with nonspherical shapes.
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Careful control experiments in conjunction with rigorous theoretical work and simulations provide
detailed insight into the panoply of complex phenomena—including surface charges on analyte
and nanopore surfaces—giving rise to conductance perturbations in nanopore sensing.[83, 84] In
a more comprehensive framework invoking nanopore surface charge and access resistance, the
nanopore conductance change arising from the passage of A-DNA (cross-sectional radius 7, _pya.,

effective linear charge density q,.pna) through the nanopore is given by [84, 85]

1

AGy_pya =G —
M7 1 DNA + plo| 2mry 4+ K 9a-Dna
L K L K L

)

-1

2

_.l_
lo|
@ 2TyithpNa T B _IJK

where 1 pna = /roz — 1 pna- Equations (7) and (8), in convenient closed-form, appropriately

underscore the importance of nanopore dimension and provide molecular-level profiling. This
geometric basis of the conductance change has been used to infer biopolymer conformation: for
example, a folded-over polymer presents a larger effective cross-section than a linear one.[86]
When measured with a nanopore of sufficient size, the conformational flexibility of A-DNA allows
it to translocate linearly or folded, with corresponding AG = nAG;_pn4 (n=1, 2, etc.).[85, 87]
Analyte length is related to the duration of the current perturbation during translocation, with
translocation time also determined by parameters such as analyte charge density, solution
viscosity, applied electric field, and interactions between analyte and nanopore surface that can be
moderated by controlling the surface chemistry of the nanopore and/or the analyte. The

dependence of current change on single-stranded DNA base sequence, for example, underpins
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efforts to sequence single strands of DNA using nanopores. In a dramatic demonstration of the
dependence of nanopore “blockage” magnitude on analyte properties and sensing conditions, DNA
passing through a conventional SiNy nanopore at pH 7.5, will decrease the transient conductance
at high salt concentrations, cause no change at 370 mM KCIl, and actually enhance the transient
analyte-induced conductance at solution concentrations below that level.[84]
3 ANALYTE TRANSPORT
3.1 Electrophoresis

The dominance of DNA as a target for nanopore sensing has meant that the bulk of the
foundation of the field’s understanding of nanopore sensing rests on studies focused on this anionic
polymer. The forefront featured mechanism for analyte translocation through nanopores is thus
electrophoresis,[8, 77, 88] in which the electric field applied across the nanopore interacts with the
analyte charge—dictated by the sequence-independent phosphate backbone charge—to drive the

biopolymer through the nanopore with an electrophoretic migration rate given by v

x ({q?nalyte (pH];pK;analyte)}’ t) . (10)

where i, is the electrophoretic mobility in response to an applied electric field E. The friction

v = UepE =

coefficient, f, depends on the analyte size. To account for a polymer with variable monomer units

having the potential to carry different charges, the notation {qianalyte (pH,pK;**¢)}—replacing the

more conventional single value of the analyte charge, g#"¥*

—is used to denote that the segment
of analyte subjected to the cross-pore electric field at a particular time can contain several charged

moieties, each with its own pKa that dictates its charge in a particular solution pH. The (unspecified

analyte

weighting) function x({g

i }, t) is used to reflect that while at any moment in time, ¢, a particular

set of charges will be physically entrained inside the nanopore, the electric field extends beyond
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the physical limits of the nanopore. The length of the nanopore and the extent of the electric field
outside the physical nanopore confines would average the effective charge “within” the pore at
any moment across multiple monomers. The important part to emphasize, however, is that the
electrophoretic mobility depends on the applied electric field and the analyte physicochemical
properties.

Protein and glycan polymers will show no DNA-like uniformity of charge in general, and thus
the segments of each analyte entrained in the nanopore will present different charges. Depending
on the size of the biopolymer analyte relative to the nanopore, steric hindrance may forcibly
linearize a protein, may induce partial unfolding, or may allow passage of the analyte with its
native conformation undisturbed. By size-tuning the nanopore one thus has the ability to probe an
analyte’s net charge, or to map out its charge distribution (perhaps in concert with its
conformational stability). Without careful experimental design and execution, however, one would
be forced to contend with such a heterogeneous presentation of charge from the same analyte.
More broadly, though, it is not enough to consider only the “native” monomer charge. Neutral
molecules that can sorb ions from solution can be given an effective electrophoretic mobility by
virtue of this charge. This mechanism has been strongly indicated in the case of polyethyleneglycol
(PEQG), and has in fact allowed exquisitely resolved measurements of polymer length and led to
the coining of the term “nanopore single molecule mass spectrometry”.[89] Moreover, in the
framework of purely electrophoresis-determined motion, a reversal of analyte charge polarity—
from solution pH changes in (amphoteric) analyte protonation state, for example—is significant
as the direction of driven motion would change.

3.2 Electroosmosis

21



The importance of nanopore surface chemistry reappears in an additional electrokinetic
mechanism for translocating analytes through a nanopore: electroosmosis.[8, 65, 77, 79, 88, 90-
92] This mechanism operates with charged and neutral species and thus considerably opens up the
potential analyte scope for nanopore sensing. When electroosmosis occurs and the analyte is also

charged, the two mechanisms act together,
V = (Hep + Heo)E

_ (.Uep ({q:iinalyte (pH’pKiéanalyte)}) (11)
+ e ({qlpanopore (pH’pKia,nanopore)})) E

but their effect need not be in the same direction (the sign of each mobility is given by the relevant
charge polarity) because the direction for electrophoresis is dictated by the analyte charge polarity
while the direction for electroosmosis is dictated by the nanopore surface charge polarity. The
relative influence of electrophoresis and electroosmosis for the nanopore-based sensing of a
particular analyte can be tuned by adjustment of the solution pH (because it determines the degree
of ionization for all acid-base equilibria present), or by changing the surface chemistry of the
nanopore (thereby changing the pK:"™"°P°™®) Changing the nanopore surface chemistry is more
flexible than changing the solution pH because it does not have the potential to change the
electrophoretic mobility, but it is more technically challenging. With sufficient device engineering,
the effective surface charge—and thus the relative contribution of electroosmosis—can be
electronically controlled, as has been illustrated, for example, in the DNA sequencing domain.[9]
3.3 Diffusion

A key point to consider is that these deterministic electrokinetic motions occur on a

background of random motion due to diffusion (Figure 3).[1] In the biopolymer sequencing

application space, diffusion can lead to back-stepping, and thus the “read” of the same monomer

22



(or series of monomers) more than once to give the appearance of a repeat sequence when only
one is present. This challenge of potential back-stepping should be viewed in concert with the
challenges of sequencing biopolymers with repeats: if sequencing measurements sufficiently
dominated by deterministic analyte motion cannot be implemented, then measurements such as
resequencing the same strand must be performed to gain sufficiently robust statistics to deal with
such stochastic effects as backstepping. More broadly, given the potential for electrophoresis and
electroosmosis to be of equivalent magnitude but opposite direction, one must also be careful to

consider analyte translocation by diffusion, alone.[77]
{ v |\
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Figure 3. Schematic illustrating the interplay between electrophoresis, electroosmosis, and
diffusion in analyte transport through a nanopore. The net direction for diffusion would follow
the concentration gradient from left to right, but does not preclude instantaneous motion in the
reverse direction. For the anionic analyte and nanopore with fixed positive surface charge
shown, the directions for electrophoretic and electroosmotic motion would be opposed, with the
relative magnitudes determined by a number of factors. Inversion of the nanopore surface charge

would align the electroosmotic and electrophoretic directions for the anionic analyte.

Nanopore surface chemistry thus has two principal effects on analyte transport through the

nanopore: it can affect it by direct interaction with the analyte (via electrostatic or chemical
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interactions such as hydrogen bonding), or it can affect it through a medium-dependent interaction
(e.g. electroosmosis). Clearly the ability to control nanopore surface chemistry could pay dividends
in a multitude of ways, and thus efforts to wed organic synthesis to nanopore science should take
on a high priority.
4 SENSING VISTAS
4.1 Environment and Sample Complexity

Sensitivity, selectivity, accuracy, and precision are familiar targets for analytical method and
instrument development and application. The chemical laboratory with its advanced
instrumentation, well-conditioned environment, and highly trained and regulated personnel offers
considerable support for achieving good analytical results. Nevertheless, chemical analysis even
in that setting remains an impressively challenging undertaking. Point-of-care and point-of-use
sensors must operate in significantly more challenging environments and under more difficult
conditions. Medical diagnostics targeted for the developing world, or remote or harsh
environments, must frequently contend with an insufficiently resourced health care infrastructure.
To give metrics to aim for, the World Health Organization (WHO) has expanded on this basic set
of familiar targets by setting forth so-called ASSURED characteristics for diagnostics tests.[93]
They should be Affordable, Sensitive, Specific, User-friendly, Rapid and Robust, Equipment-free,
and Delivered to those who need it. One might well imagine that nanopore sensing—requiring
conceptually little more than a <1 V power supply, a sensitive current amplifier, some salt water,
and a nanoscale hole—might serve as a promising technology platform. On a more specific
technical basis, nanopore sensing is direct in that it does not inherently require chemical labelling
of an analyte (such as nonfluorescent molecules requiring pretreatment steps to be labelled with

fluorophores to enable single-molecule fluorescence detection) and thus does not demand that
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particular technical proficiency of the operator, nor infrastructure for chemical labelling steps,
including waste disposal. There is also considerable potential for deployment in challenging
environments for a sensor technology that can operates only electronically, as seen in the
deployment on the International Space Station, and in West Africa during the 2014-15 Ebola
outbreak of small-scale dongles that can plug directly into laptop computers.[94, 95] It is
compelling to consider that nanopores might also serve a powerful role if deployed as real-time
marine sensors: they work naturally in a salt water environment, and since blood, saliva, synovial
fluid and the like can be described in a general sense as complex water-based samples, they bear
a formal similarity to typical marine waters. The chemical manufacturing plant is an additional
intriguing possibility for a chemical sensor with no moving parts (thus requiring neither
“alignment” nor realignment). Given the pharmaceutical industry’s need for high purity, and its
use of formulation components ranging from small molecules to polymers to nanoparticles, the
single-molecule sensitivity and size-scaling (from single to hundreds of nanometers) of nanopore
sensing offers a potentially compelling complement to existing process monitoring and quality
assurance methods.
4.1.1 Fingerprinting

While the use of nanopores for DNA sequencing has put a spotlight on the potential of
nanopores for chemical identification and analysis, the power of chemical analytical fingerprinting
should not be overlooked. This strategy is particularly powerful for quality assurance
applications:[79] when detecting impurities at the end of, e.g. a pharmaceutical manufacturing
run, or when analyzing in-market clinical therapeutics or street drugs, one need not necessarily
identify the components, but rather be satisfied with detecting a departure—any departure—of the

characteristic signal characteristics from those of a known standard. While one might ask how
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much variability in signal characteristic “fingerprint” might emerge from passing analytes through
a hole, the platform and technique offers numerous parameters to tune to match a single nanopore
to particular conditions, or to design an array for array-based sensing:[96] nanopore size, shape,
and surface chemistry; solution conditions such as ionic strength, electrolyte composition, and pH;
and experimental parameters such as voltage polarity and magnitude. For an amphoteric nanopore,
there is a strong and useful interplay between solution pH and voltage polarity in tuning analyte
signal characteristics by changing the interplay between electrophoresis and electroosmosis.[77,
79]

4.1.2 Chemical Selectivity by Nanopore Force Spectroscopy

One particularly compelling method to enhance the selectivity of nanopore sensing is to
use molecular recognition agents in conjunction with a technique known as nanopore force
spectroscopy (NFS).[13, 97-100] In NFS, an applied electrical force draws a folded molecule or
complexed pair against a nanopore that is too small to permit passage of the whole (Figure 4).
Under continued force, the intramolecular interactions stabilizing the conformation or the
intermolecular attractions stabilizing the complex are ruptured and the molecular structure is
unfolded or the complex is dissociated.[97-99, 101-104] The time required for these processes
gives direct information about the interaction energetics.[105] In particular, the dissociation
timescale for a molecular recognition agent bound to its target is expected to be significantly
different than if nonspecifically interacted with a matrix element. Thus, only a timer and molecular
recognition agent must be added to the usual complement of nanopore needs: relatively
straightforward electronics, salt water, and nanoscale hole. For the rupture of noncovalent
interactions, thermal energy contributes appreciably to the dissociation: individual dissociation

timescales are stochastically distributed and it is necessary to measure =100 individual
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dissociations to construct a curve of the survival probability of the association as a function of
time.[97-99] This curve can then be fit to yield a single characteristic timescale that corresponds
to the dissociation timescale.

Force
Directi
AT

7 gt

Aptamer

Figure 4. Schematic of a nanopore force spectroscopy experiment using an aptamer. In this
implementation, electrophoretic insertion of an aptamer through a nanopore allows it to bind to
a target present in the opposite well. The bead (open circle) bound to the aptamer prevents
passage of the aptamer through the nanopore. The target species stabilizes a conformation of the
aptamer that makes passage of the aptamer back through the pore, in the direction of applied

force, impossible without dissociation of the complex.

4.2 Small Molecules

The protein nanopore a-hemolysin and track-etched polymer nanopores have both been used to
sense individual small molecules, an application contrasted with the more familiar use of nanopore
platforms for sensing macromolecules and nanoparticles. Polymer pores haven been used to detect
porphyrin molecules using single pores,[4, 106] and quinine, methyl viologen, and Ru(bpy);>* in

a multi-pore assay format.[12] Engineered a-hemolysin nanopores have been used to detect metal
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ions,[107] a wide range of small molecules from neurotransmitters such as dopamine,[108] and
threats such as trinitrotoluene (TNT),[109] and to distinguish the subtlest of chemical differences
such as differentiating enantiomers including amino acids and therapeutics such as
thalidomide.[110, 111] Given the prevalence of small molecules in medicine, as therapeutics and
as the targets of assays, and as the products of biochemical processes, nanopore scientists should
not overlook the capability that nanopores have to sense small molecules. In the —omics context,
the demonstrated ability to sense chemical entities smaller than the canonical biological
macromolecule, DNA,[13, 14] is incredibly exciting and should motivate the expansion of this
domain of nanopore science.
4.3 Genomics and DNA-Based Sensing

4.3.1 DNA Sequencing

Genomics has been the beneficiary of the most concentrated effort in nanopore single-
molecule sensing, focused primarily on sequencing DNA (and RNA[3]).[1, 13, 112] The efforts
can be largely distilled to efforts to answer the following question: how to take the measured
current perturbations as a DNA oligo- or polymer passes through a nanopore, and extract the
sequence of DNA bases from those perturbations. Advances in nanopore DNA sequencing arose
through methodical control experiments, broadly summarized here: early experiments used
homopolymer samples of varying lengths so that the current perturbations of unique bases in
sequence could be measured (without needing to slow translocation speed to detect single bases);
work progressed to DNA block copolymer samples in which an uninterrupted sequence of one
base was followed by the next (again allowing the differences in signal between bases to be
resolved without the necessity of slowing the translocation speed). Naturally these initial

benchmark experiments then progressed to measuring signals from DNA strands with more varied
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base sequences. Key issues that have been addressed by measurement, discovery, and
technological advance, have been how to control the DNA strand speed to allow for electronic
readout with sufficient signal-to-noise ratios (strategies include using enzymes to control
translocation, laser optical tweezers, and more prosaic changes such as solution viscosity and
supporting  electrolyte  identity—tetramethylammonium, for example, slows DNA
translocation[113]); how to improve limits of detection (high salt concentration gradients from one
side of the nanopore membrane to the other can increase molecular detection frequency[114]);
how to prevent analyte sticking to the nanopore; and even how to reliably fabricate nanopores (and
from what material; SiNy is a standout choice). Chemical tagging and conversion schemes have
also been proposed and developed to label particular sequences of DNA—to provide sequence
recognition and increase signal magnitude—and to chemically transform short sequences of DNA
into moieties that are easier to detect than a small number of bases. Sequence tagging is particularly
interesting: tags can provide selectivity through molecular-recognition-like processes, can provide
steric bulk to enhance the magnitude of the current perturbation, and can provide size, charge,
and/or solution drag to slow translocations to within the signal bandwidth of the electronics. In
recognition of the difficulty of traditional resistive-pulse measurements to provide DNA base
sequence, others have pursued alternative and complementary schemes including augmenting
nanopore measurements with optical readout, and employing transverse electrodes for tunneling-
based measurements of DNA bases as oligomers pass through the nanopore.[1, 9, 16, 115] The
first step in these schemes is to optimize analyte translocation through a nanopore formed in
materials that can be used as a fabrication platform. In this sense, silicon nitride is an ideal choice
for optimizing nanopores: it is a ubiquitous nanofabrication material and can support the

integration of more sophisticated components required for alternate readout schemes.[1, 49, 50]
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4.3.2 DNA-Based Chemical Selectivity

While DNA sequencing has been the most prominent driving force for the development of
nanopore sensing, there are significant benefits of this work for a more general chemical sensing
program. For example, chemical sensing schemes to label analytes using DNA-based tags that can
be differentiated by nanopore sensing have been proposed and developed.[116] Molecular
recognition agents used in conjunction with implementations of NFS hold substantial promise to
widen the analyte scope of nanopore biosensing beyond genomics (Figure 4). The use of molecular
recognition agents rooted in the firmament of nanopore sensing of nucleic acids can provide a
reassuringly solid basis for work to challenge nanopore chemical selectivity with a broader and
more varied set of target species. Aptamers are nucleic acid oligomers that are incredibly versatile
molecular recognition agents, and are indeed frequently referred to as artificial antibodies. While
biomolecular recognition is far more familiar in the form of antibody-antigen interactions,
chemically synthesized aptamers have greater reproducibility. Aptamers rival antibodies in target
selectivity and affinity, and they can distinguish between molecules that differ only in small
degree, such as the presence of a methyl or hydroxyl group,[117-122] or that differ only in
conformation, as in the case of misfolded prion proteins responsible for afflictions such as
Creutzfeldt-Jakob disease.[123] Aptamers can fold into a conformation that is energetically
stabilized by complexation with its designed target: adenine, for example, stabilizes the
conformation of the pbuE adenine riboswitch aptamer of Bacillus subtilis by 6 kcal/mol.[124] Both
the fundamental biophysics of aptamer-ligand interactions[125] and the bioanalytical application
of aptamer recognition[ 121, 122] are promising areas for exploration using NFS. While aptamers
do occur naturally, they can be custom designed through a highly optimized process of in vitro

evolution (SELEX) to be able to target chosen ions, small molecules, and macromolecules such as
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proteins and other nucleic acids.[117, 126, 127] The use of aptamers in conjunction with NFS will
thus contribute substantially to expanding the analyte scope of nanopore sensing while leveraging
the extensive body of knowledge regarding the use of nucleic acids and nanopores.[1, 98, 99, 128,
129] For example, NFS for genotyping through hybridization assays has been shown to readily
yield single nucleotide selectivity.[98, 99] A number of experiments have demonstrated the
potential for using aptamers to enhance nanopore selectivity.[128, 130-135] By using NFS with
aptamers which can be designed to target a tremendous breadth of targets—from small ions to
cells—one can imagine sufficient development leading to a single, general biosensing platform
capable of achieving a wide range of different biosensing aims.
4.4 Proteomics

Whereas nanopore-based resistive-pulse sequencing of DNA requires a series of nanopore
current blockages to be associated with a unique sequence of the four naturally occurring DNA
bases (and their methylated variants), protein sequencing involves establishing the correct
sequence of amino acid monomers drawn from the twenty naturally occurring amino acids. There
is thus a dramatic leap in complexity in progressing from genomic applications of nanopore
sequencing to proteomic applications. Proteins hold out still greater complexity to a prospective
analysis tool: the variable charge density allowed by the 20 different amino acid pKa values, the
ability to tune that charge density (and polarity) through solution pH in a way that the charged
DNA phosphate backbone doesn’t allow, and the prevalence of protein conformation and higher
order structures (playing a clear biological functional role). The literature covering nanopore-based
protein sensing has included studies of protein and peptide translocation through pores (including

interactions with the pore); and protein folding and unfolding in the context of nanopore
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measurements (including using NFS to assess protein conformational energetics and kinetics).[6-
10, 13, 14, 16, 17, 19, 136-150]

Rather than exhaustively cataloguing the studies, we choose to focus on selected results
that foreshadow the challenges faced in extending nanopores to biopolymers beyond those of
genomics and proteomics. We feature two reports showcasing nanopore protein analysis that
underscore particular complexities of nanopore sensing in the face of analyte diversity. In work
reported in 2011, Yusko and co-workers[63] revealed a method to form fluid coatings on SiNx
nanopore surfaces. While impressive as fundamental work in a “bio-inspired” vein, it also helped
to prevent pore clogging when studying the translocation of amyloid-beta oligomers and fibrils
implicated in Alzheimer’s disease. The authors noted that these peptides tend to aggregate and
clogged nanopores, and that “despite several attempts, we were unable to detect translocation
events from samples of [amyloid-beta] peptides using uncoated pores”.[63] Given the chemical
and structural diversity of the targets of proteomics (and beyond), it is entirely reasonable to expect
that there will be a strong need to develop approaches to control or harness a wide range of possible
analyte-pore interactions. The chemical and structural complexity of proteins is also seen in work
examining the electrokinetics of protein transport through (surface-charged) silicon nitride
nanopores. Depending on nanopore and analyte charge distributions, electroosmosis could
overwhelm electrophoresis as the effect determining the direction of analyte motion.[77]
Colloquially, this observation has been described as ‘“anomalous” translocation behavior’—
certainly true in comparison to the DNA case: the analytes can travel the “wrong way’ with respect
to the typical, or assumed, electrophoretic direction.[77] Changing the solution pH changed the
distribution and density of charge on both the nanopore and analyte surfaces by changing the

degree of dissociation of the species involved in acid-base equilibria in each. While tuning the pH
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of the electrolyte solution bathing surface functionalized nanopores has been shown to affect DNA
translocation speed and detection frequency, this reversal of polarity for detection awaited work
with proteins.[65, 77]
4.5 Glycomics Rising

4.5.1 Answering the Call

The National Academies of Sciences Consensus Report Transforming Glycoscience: A
Roadmap for the Future[26] made a clear and strong call for “a suite of tools...to detect, describe,
and purify glycans from natural sources, and characterize their chemical composition and
structure. The development of transformative tools for detection, ... separation, and [structure
determination] of carbohydrate structures and complex mixtures should be a high priority for
[NIH, NSF,... and the FDA].” “Glycans play roles in almost every biological process and are
involved in every major disease,”’[26] are a source of energy, and provide therapeutic function (e.g.
the anticoagulant heparin).[151-162] Polysaccharide complexity challenges conventional
chemical analysis:[26, 163] ~120 naturally occurring monomers with variability in e.g. sequence,
linkages, and polymer branching.[163] In 2008 contamination of heparin by structurally similar
oversulfated chondroitin sulfate (OSCS) resulted in adverse clinical consequences in the U.S.,
including ~100 deaths.[164-169] While new analysis tools have been broadly called for,[26, 163,
170] single-molecule-sensitive methods that can cope with sample heterogeneity and low
abundance—without amplification methods as for DNA[171]-are especially important. Nanopore
science thus has the potential to make a contribution to glycomics that could be beyond even its
contribution to genomics and proteomics where the existing analysis technology leaves less of a
gulf between aims and achievability.

4.5.2 Prior Work
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A number of elegant and informative glycan characterizations have been carried out using
protein and abiotic nanopores.[79, 172-182] In 2002, Kullman and co-workers[175] studied the
translocation of maltodextrins through maltoporin, a naturally occurring membrane protein
showing faster uptake of maltooligosaccharides than other oligosaccharides. This study with a
single pore was contrasted by the authors with earlier studies using multiple pores, and allowed
them to conclude that the measured pore blockages were the result of oligosaccharide translocation
and not merely pore binding.[175] Oukhaled and co-workers used anionic dextran sulfate to
experimentally study the effect of electrostatic screening on the transport of charged polymers
through a-hemolysin nanopores, and found that the kinetics of transport slowed down by nearly
two orders of magnitude when the Debye screening length was on par with the nanopore size. In
these experiments, electrophoresis was the sole deterministic driving force for biopolymer
translocation considered.[181] In 2011 Bacri and co-workers[172] used a-hemoslysin protein
pores to study neutral maltose and dextran oligosaccharides which differ by having 1 >4 and 126
glycosidic bonds, respectively. The more rigid 1->4 glycosidic bond was postulated to explain the
more dramatic decrease in event frequency with increased molecular weight for maltose versus
dextran oligosaccharides. Dwell time changes with oligosaccharide molecular weight were
detected and in addition to providing information on polymerization degree, provided insight on
the process of nanoscale confinement in the pore forcing conformational changes (linearization)
of the larger oligosaccharides. In 2012, the substrate scope was further expanded. Anionic
hyaluronic acid and its enzymatic digestion products were detected by translocation through a-
hemoslysin protein pores, with differences in dwell time providing sizing resolution.[173] Similar

studies exploring enzyme digestion kinetics were carried out using aerolysin nanopores.[174]
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Glycan branching has the potential to increase glycan size beyond the size of the most
readily available protein nanopores, so that size-tunable nanopores may hold the greatest relevance
as a (general) tool for glycomics. In the arena of glycan analysis, there is an uptick in the adoption
of polymer nanopores. In 2011, Ali and co-workers[183] anchored the protein concanavalin A—
a protein that can interact with mannosyl and glucosyl residues present in polysaccharides and
glycoproteins—inside a polymer nanopore. When the functionalized pore was exposed to glucose,
the greater affinity of the protein for the free glucose versus the mannose residues binding it to the
surface resulted in liberation of the protein from the surface. This competitive binding assay was
transduced as a change in the conductance of the nanopore, owing to the change in the physical
pore dimension with the loss of the protein. A much simpler glucose-sensitive polymer nanopore
based on current rectification was created by surface termination with a boronic acid, where the
response to the sugar could be pH-gated.[180] Reversible binding between the boronic acid and
diols of saccharides and glycoproteins in solution produced changes in current rectification for
both analyte classes, and changes in the overall conductance for the larger glycoprotein.[178] Prior
work has also been done using other pore materials. Nanopore current rectification was achieved,
without the need for covalent surface coupling, by immersing a quartz nanopipette nanopore in a
sugar-binding polymer that could swell or collapse in response to that target.[179] Nanopore
current rectification was used to detect glucose in a quantitative manner through the use of glass
nanopores surface-functionalized with phenylboronic acid.[176] Here, the combination of an
asymmetric nanopore geometry decorated with a chemically selective recognition element (the
boronic acid), was essential for the analytical achievement. Sensitivity to three different stimuli—
pH, temperature, and sugars—was engineered into a single glass nanopore device, increasing the

complexity of the analytical capabilities.[177]
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As in the earlier use of nanopore for DNA sequencing, thin-film nanopores have emerged
only very recently for glycomics. The Hall group has recently used He-ion drilled SiNx nanopores
to provide molecular weight discrimination of hyaluronic acid polymers, with synthetic samples
ranging in molecular weight from 54 kDa to 2.4 MDa, and natural samples acquired from equine
synovial fluid.[182] The latter studies, performed on as little as 10 ng of hyaluronic acid in ~2 h,
were performed as a test of this nanopore method for assaying samples acquired from an equine
model of osteoarthritis. This work, with fairly small ~6.5-8.6 nm-diameter pores, allowed
observation of different conformations of hyaluronic acid, notably linearized and folded-over. In
exploratory and proof-of-principle work from our group using SiNx nanopores prepared by
controlled dielectric breakdown,[79] we were interested in challenging SiNx nanopores with
analyte diversity as a first step towards the utility of this basic platform for sequencing applications.
We were also interested in testing the fingerprint assay paradigm for the quality assurance of
therapeutics. One of our analytes, heparin, is an interesting and important choice addressing both
interests. It is a prevalent clinically used anticoagulant that holds the distinction of being the most
highly charge-dense biological macromolecule known.[184] As noted above, an undetected
contaminant in the clinical supply of this important pharmaceutical caused deaths in 2008.[164-
169] We were able to measure linear calibration curves for heparin samples and, through a simple
statistical analysis of the nanopore fingerprints of the therapeutic and toxic impurity, detect the
impurity when mixed into certified heparin samples. We are excited by the tantalizing application
horizons that this result might portend in the pharmaceutical industry, in particular with increasing
interest in using glycoengineering to improve protein drugs, and with the importance of glycans

as constituents of small molecule drugs.[185, 186] In the case of the demonstration of impurity
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sensing in heparin by fingerprint analysis, we have a demonstrated case of the pharmaceutical
industry quality assurance prospects proposed above.
4.5.3 Prospects

In the grander context of sensing vistas and how different molecule classes can present
opportunities and challenges, the charge density of heparin makes it an extreme case. Certainly,
electrophoresis would be expected to be the dominant mechanism for analyte translocation, and
the observed direction of translocation was consistent with electrophoretic motion.[79] The high
charge density presented no insurmountable obstacles to heparin detection through SiNy
nanopores, in spite of often challenging SiNx surface chemistry that might have led to pore
clogging.[49, 50, 63, 79] The other oligo- and polysaccharides we chose as part of our effort to
expand glycan scope for evaluating the prospect of using SiNx nanopores for glycomics were far
from heparin’s extremes of composition and behavior. Their lower charge density could have
presented challenges for SiNx nanopore sensing. In particular, potential interactions with the
complex surface charge distribution of the SiNx,[49, 50, 63, 79] might be exacerbated by the
potential for slower translocation through the pore because the lower analyte charge density lowers
the electrophoretic driving force, and depending on solution pH, might be further diminished by
an electroosmotic driving force in the opposite direction. Put in stark terms, unwanted interactions
between analyte and nanopore surface might have led to irreversible or long-term clogging. While
changes of pH on either side of the SiNx isoelectric point did, indeed, require a reversal of applied
voltage polarity to detect analytes—supporting an increased role for electroosmosis—and affected
the frequency of analyte detection (undoubtedly due to an effectively lower net electrokinetic force
drawing analyte into and across the pore), none of the analytes explored irreversibly clogged the

nanopores.[79] The successful translocation of hyaluronic acid through He-ion milled SiNx pores,
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likely with different surface chemistry than those fabricated by controlled dielectric breakdown,
was similarly not prevented by pore clogging.[182] Here, the repeated successful translocation,
detection, and characterization of a diverse set of glycans through SiNx nanopores with a variety
of sizes is an exciting precedent for considering the longer-term prospects of nanopores in
glycomics. Successful detection without considerable effort at optimizing conditions established
for DNA sequencing means that nanopore glycomics might successfully borrow from the core
approaches of nanopore genomics. The success of chemical tuning, such as changing electrolyte
ionic strength and pH, and using enzymes to selectively and controllably alter the analytes, opens
up additional means to use nanopores to profile a diversity of glycans. This should all be
considered in the context of the straightforward compatibility of SiNx thin films with
nanofabrication work flows, thereby encouraging the consideration of adding complementary
analyte control and readout elements to the core nanopore platform.

5 OUTLOOK

Nanopores have come to occupy a prominent role in genomics, through the demonstrated ability
of devices using protein nanopores to provide DNA sequencing information, and through the
prospect of solid-state pores to allow the development of still more sophisticated nanopore devices
that promise greater sensing capabilities for genomics. This development arc is underway for
protein characterizations and is beginning for glycan profiling, and impressive accomplishments
in small molecule detection and analysis should not be overlooked. The performance horizons for
proteomics, glycomics, metabolomics, wearable sensors, environmental monitoring, and quality
assurance applications remain bright and tantalizing. There is ample precedent in the literature to
generate considerable excitement for the possibility that nanopore scientists can dramatically

expand analyte scope, increase nanopore sensing capabilities through fabrication and method
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development, and put powerful single-molecule sensing capabilities in the hands of non-experts in

challenging environments to assay complex samples.
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