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Abstract. Nanopores are a prominent enabling tool for single-molecule applications such as DNA
sequencing, protein profiling, and glycomics, and the construction of ionic circuit elements.
Silicon nitride (SiNx) is a leading scaffold for these <100 nm-diameter nanofluidic ion-conducting
channels, but frequently challenging surface chemistry remains an obstacle to their use. We
functionalized more than 100 SiNx nanopores with different surface terminations—acidic
(Si-R-0OH, Si-R-CO,H), basic (Si-R-NH,), and nonionizable (Si-R-C¢H3(CF3),)—to chemically
tune the nanopore size, surface charge polarity, and subsequent chemical reactivity, and to change

their conductance by changes of solution pH. The initial one-reaction-step covalent chemical film



formation was by hydrosilylation, and could be followed by straightforward condensation and
click reactions. The hydrosilylation reaction step used neat reagents with no special precautions
such as guarding against water content. A key feature of the approach was to combine controlled
dielectric breakdown (CDB) with hydrosilylation to create and functionalize SiNx nanopores. CDB
thus replaced the detrimental but conventionally necessary surface pretreatment with hydrofluoric
acid. Proof-of-principle detection of the canonical test molecule, A-DNA, yielded signals that
showed that the functionalized pores were not obstructed by chemical treatments, but could
translocate the biopolymer. . The characteristics were tuned by surface coating character. This
robust and flexible surface coating method, freed by CDB from HF etching, portends the
development of nanopores with surface chemistry tuned to match the application, extending even

to the creation of biomimetic nanopores.

Introduction. Nanopores offer a broad range of standout capabilities for single molecule
science.!® They can serve as the integral element of single-molecule sensors and force
microscopes; as ionic and fluidic circuit elements; and in a host of roles that exploit the rich
diversity of function that can emerge from a nanoscale channel through a thin membrane (Figure
1).2 51! The need for robust, size-tuneable nanopores compatible with conventional
(nano)fabrication workflows makes thin-film, low-pressure chemical vapour deposition (LPCVD)
silicon-rich silicon nitride (SiNx) a popular material choice.> > '* This is in spite of often
unfavourable native surface chemistry that can lead to pore clogging, or require complex,
expensive, or unreliable surface functionalization strategies to compensate.” > 13-1¢ Silanized

nanopores have been reported, but have gained little traction in the field because of difficulties



controlling the reaction and necessary SiNy surface chemistry quality, especially within a confined
volume.?> * 17 Without scrupulous control over reaction conditions that can be difficult to achieve
on open surfaces, let alone inside a nanopore, unwanted processes such as polymerization could
easily close the pores to analyte translocation.

Covalent coupling of carbon to silicon-rich SiNx by hydrosilylation has been shown to be robust,
reliable, and flexible in performance on planar films (and extended to the curved surface of a
microsieve) prepared by hydrofluoric acid etching.> '¥*2 Terminal alkenes and alkynes can be
conveniently photochemically or thermally linked to SiNx to form monolayers capable of
possessing a wide variety of terminal functional groups amenable to an array of subsequent surface
chemical modifications.? '¥! Two such reactions—condensation and click—provide simple; and
fast, catalyst-free, facile, high yielding and quantitative, byproduct-free reactions, respectively,
with both true to an ethos of low-barrier surface functionalization.?*->* The literature emphasizes
that hydrosilylation should deliver no more than a monolayer of coverage,'®! > while still
acknowledging the possibility for photoexposure-dependent creation of thicker, although still
<10 nm-thick films by a mechanism that remains unclear.'” The subsequent condensation and click
reactions proposed to extend the initial photohydrosilylated layer are conventional and should not
add more than an additional molecular layer. Such controlled chemical flexibility inside of a
nanopore would lay the foundation for the pursuit of a myriad of eventual purposes including
biomimetic solid-state nanopore creation; nanopore size-tuning using discrete molecular building
blocks; nanopore surface passivation; and ionic and molecular transport control through the
nanopore. > 511 15:17.26

Hydrosilylation has been used to prepare microfilters through SiNx membranes for

biofunctionalization via antibody attachment, allowing selective filtration in complex media with



reduced fouling.?? The key hurdle to adopting hydrosilylation for SiNx nanopore modification is
that the necessary first step is removal of the (native) oxide layer using a hydrofluoric acid etch.'®-
2! In the ~450 nm-diameter pores of the microfilter,?> such chemical etching would have minimal
consequence on the final pore size. In a much smaller nanopore, though, such an etching step could
cause detrimental, even ruinous, pore growth to where the final pore size exceeded the small size
needed for single-molecule sensing. We hypothesized that controlled dielectric breakdown
(CDB)—a low-overhead approach that has invigorated thin-film nanopore fabrication® 27-28—
might expose previously bulk SiNx for hydrosilylation and thereby eliminate the need for the HF
etch step. In brief, in CDB high electric field strengths (<1 V/nm) applied across a SiNx membrane
generate a defect-mediated leakage current prior to dielectric breakdown and the onset of ionic
current. This is followed by a continued growth of the nanopore, by unclear mechanism, in
response to an applied voltage and mediated by supporting electrolyte composition. With
automated feedback control, nanopores no larger than 2 nm in diameter, and up to and greater than
10 nm, can be formed.?” The nature of the surface chemistry of these nascent nanopores is
uncertain, and undeniably challenging to ascertain by conventional methods. To explore whether
the surface would permit photohydrosilylation, we undertook the reaction outcomes, themselves,
as a probe of the surface. We attempted to hydrosilylate SiNx nanopores formed by CDB with —
OH and —NHz-terminated functional groups, before attempting condensation and click reactions
to terminate the initial organic coatings with —CO>H and —Ph(CF3), moieties, respectively (Figure
2). Nanopore conductances were recorded as a function of pH, and Equations (1) and (3) were

used to recover nanopore surface pKa and apparent size change with chemical treatment. Finally,

A-DNA was sensed using unfunctionalized and hydrosilylated nanopores at fixed pH to determine



if the functionalized pores remained capable of translocation-based sensing, and to detect any
chemically-derived signal differences.

Theory.

Nanopore surface chemical functionalization would change the physical nanopore radius by (at
most) the length of the newly installed molecule and its covalent bond to the surface, and the
chemistry explored here would produce Si-R-OH, Si-R-CO,H, Si-R-NH,, and Si-R-Ph(CF3),
terminal groups (versus the SiNy surface chemistry of the bare pore?). Characterization of the
nanopore and solution interface is conveniently done by measurements of the nanopore

conductance (G) in electrolyte solution?®-3°

2
G=K-%+y|a|-2’2—r° (1)

where K is the bulk solution conductivity, ry and L are the radius and length of the cylindrical
nanopore (a shape suitable for CDB?’-?), and ¢ is the nanopore surface charge density that attracts
counterions of mobility, u. The mobilities of potassium and chloride ions are nearly identical so

that the changes in the nanopore conductance as the surface charge polarity is changed arise

27wry . . .
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predominantly from the change in o. The surface conductance term, u|o]| -

explaining the conductance behavior of nanopores with charged surfaces.® 28! This conductance
equation, and variants, have been extensively validated for bare SiNx in conjunction with
complementary techniques, most commonly based on electron microscopy.> 22 Electron-
microscopy-based techniques face particular challenges when the imaging target is an organic film
coating a nanopore, though: high risks for coating destruction and surface contamination, and the
low electron scattering cross-section of carbon (and low contrast with SiNx). Thus, conductance-
based profiling is preferable for evaluating surface coatings: it offers a straightforward, (ideally)

nondestructive measurement of nanopore size using the same experimental configuration as



nanopore-based resistive-pulse sensing, and gentle but direct probing of nanopore surface
chemistry.? 283! The form in Equation (1) conveniently reveals the effects of changes of nanopore
surface chemistry—increases in the surface charge density magnitude lead to increases in the
conductance—while remaining in good accord with independent nanopore characterizations.?% 3%
3235 The key aspect that we use here for analysis is that for a surface terminated in an ionizable
moiety such as Si-R-OH, ¢ = a(pK, ,pH) because of an acid-base equilibrium

Si-R-OH (0 = 0) = Si-R-0" (|o| > 0) + H*; pK, = —log([Si-R-O"][H*]/[Si-R-OH]) (2)

(with an analogous expression for a base). Changes of electrolyte pH thus change the magnitude
of nanopore surface protonation and imprint the surface coating chemistry (captured in terminal
group acid dissociation constant, pKa) onto the variation of the nanopore conductance with solution
pH: dG/dpH o« d|o|/dpH. A convenient closed-form expression to approximate the surface

31,36-37

charge density, derived from underlying equations is

lo| = %W (% exp((pH —pK,) In(10) + In (eF))) 3)

with e the elementary charge, I' the number of surface chargeable groups, [ the inverse of
thermal energy, C.i an effective Stern layer capacitance, and W the Lambert W function; the
expression used for a base replaces (pH — pK,) with —(pH — pKj).

Nanopore surface properties can moderate analyte sensing characteristics. Surface chemical
functionalization offers the prospect of control over this phenomenon, with the possibility that
uncontrolled or unwanted reactions prevent molecular translocation because of pore clogging as a
generally undesirable extreme. In the familiar translocation-based sensing framework, passage of
the canonical test molecule, A-DNA, through the nanopore alters the nanopore conductance by
volume exclusion (with cross-sectional radius ) _pya for the fully-extended biopolymer) and, by

its charged nature, inducing the passage of surface counterions through the nanopore:’*
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where G is the open-pore (unblocked) conductance of a nanopore of radius ry (see Equation (1)),
and G;_pna, "—pNas and g;.pna are the nanopore conductance during A-DNA translocation, the
cross-sectional radius of the linearized biopolymer, and its effective linear charge density
(here, -0.96 nC m").?-38 The conformational flexibility of the A-DNA allows it to be folded when
passing through sufficiently large nanopores; in such cases AG~nAG;_py4, Where n is an integer.>
The observation of characteristic blockages can be used to profile nanopore properties, but it is
also a key step when assessing whether or not a chemically modified nanopore remains functional
as a translocation-based sensor element. The passage of a charged molecule through a nanopore is
affected prominently by electrophoresis and by nanopore surface-mediated effects such as
electroosmosis and direct electrostatic interactions. Chemical control over specific and nonspecific
nanopore-molecule interactions has manifested in outcomes including translocation selectivity,
enhanced molecular flux, and decreased likelihood of nanopore clogging.!> -3¢ In the context
of SiNx nanopore surface chemistry, there are two paradigms of particular interest for controlling
ionic conductance and molecular translocation: control of native surface charge by solution pH,
and control by surface modification (with and without accompanying changes of solution pH).'”
26 The polarity of the nanopore surface charge—native SiNy is amphoteric>—can be tuned to not
only control surface-molecule electrostatics, but also whether electrophoresis and electroosmosis
are cooperative or competitive.'?2° It has been reported that amine-termination of SiNx pores with
3-(aminopropyl)trimethoxysilane, for example, allowed for the translocation time of 1 kbp DNA
to be tuned by a factor of 4 across pH 6, 7, and 8. In brief, the DNA translocation time increased

with increasing solution acidification that caused an increase in cationic surface charge density.!”



The change in translocation time with surface charge was ascribed to the predominance of the
electrostatic interaction.

While DNA sensing remains a prominent focus of nanopore science, nanopore-based single-
molecule sensing has much broader applicability, extending in the biopolymer realm, alone, to
include proteins and glycans.*’ These two classes of analyte have a far greater diversity than DNA,
whether viewed from the perspective of molecular structure, size, or molecular charge—including
the pH-dependence of molecular charge. Thus, while we use A-DNA as a test of whether the
functionalized pores will support translocation, analyte scope transcends nucleic acid oligomers
and polymers. The trend of conductance versus pH is therefore not just a probe of the nanopore
surface chemistry, it is a functional demonstration of whether the nanopore surface chemistry can
be tuned for compatibility with different analyte properties and interaction mechanisms. For
analyte-free applications such as ionic circuit construction, the trend of G versus pH is an assay of

the properties of the nanopore as an ionic circuit element.
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Figure 1. Schematic of the nanopore setup. Molecular coatings
inside the nanopore formed through the thin SiNy membrane would
affect the nanopore size and passage of molecules through the pore.
The inset shows the expected terminal groups of reagents used to
form the surface coatings. The top-down view at the bottom of the
graphic provides a simplified view showing the radius, 7, of a SiNx
nanopore and the thickness, §, of a schematic organic layer
projecting into the pore. The radius of the functionalized nanopore

thus becomes 1, — §.

Results and Discussion.

CDB was carried out using 1 M KCl electrolytes buffered to pH~7 with HEPES. All nanopores,
before and after chemical treatments, produced Ohmic conductance in that same electrolyte
composition across the -200 to +200 mV range used for measurements. The well-established
surface pretreatment for hydrosilylation of SiNx is 2 minutes of soaking in 2.5% (v/v) hydrofluoric
acid.'®?> Nanopore conductances increased after exposure of six independent newly formed SiNx
nanopores to 2.5% (v/v) hydrofluoric acid for a time not exceeding 60 s. The etch rate calculated
from these measured nanopore conductances and Equation (1) was~4.4 nm/min. This is
unacceptably high as a surface pretreatment for nanopores where preservation of the (small)
diameter is paramount for performance, in particular when considering the time necessary to flush
out all residual etchant from the pore. We thus directly attempted UV-induced hydrosilylation of

SiNx pores freshly formed by CDB (with no greater than 10 minutes allowed to elapse between



pore formation and optical exposure), without preliminary HF etching. For economy of
presentation, we will refer to presumptively functionalized pores as functionalized pores.

The trend of nanopore conductance versus solution pH changed after each chemical treatment
carried out (Figure 2), correlated with the expected behaviour of the relevant acidic and basic
terminal groups in the 1 M KCI, 10 mM HEPES variable-pH electrolytes. Native SiNy surfaces
present a mixture of amine and silanol groups at the nanopore-solution interface, so that the overall
surface charge is determined by the particular SiNx stoichiometry, by the individual acid-base
equilibrium constants (pKa,), and by the solution pH.% 26: 23136 The SiNy film stress during
synthesis is generally measured instead of the underlying stoichiometry, but it should be silicon-
rich (Siz;xsN4 with XS>0, close to 1:1 stoichiometry) in order to form a free-standing membrane
such as those used here.> *® The specific stoichiometry of any particular SiNx membrane is known
to be both age- and process-dependent and may be variable from surface into interior, but given
the presence of the functional groups noted, the surface charge is positive in acidic pH due to amine
protonation, negative in basic pH due to silanol deprotonation (Equation (2)), and neutral at the
isoelectric point. The conductance is a minimum at the isoelectric point when o=0 (~4.3+0.3, 3

unique pores), and when the pore surface is charged, the surface conductance term in Equation 1,
2 .
ulo| -%, increases the total nanopore conductance compared to the bulk-only value at the

isoelectric point (Figure 2a). Importantly, familiar SiNx surface chemistry may not reflect the
nature of the nanopore surface chemistry immediately upon dielectric breakdown or during
subsequent pore enlargement. The nature of SiNy surface chemistry is well-known to be dependent
upon stoichiometry and process conditions:?> CDB is initiated at defects?’ which implies a different
initial localized material composition than elsewhere in the thin film (with film stoichiometry often

established by measurements of film stress rather than by directly chemically sensitive methods®
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48, and breakdown followed by voltage-assisted pore enlargement involves material removal that
most assuredly fits the umbrella of material processing that could further alter surface chemistry.
The use of conventional surface science techniques to explore the surface chemistry of a nanopore
interior—even if the surface chemistry were unchanging—would be daunting. The outcome of the
photohydrosilylation reaction, itself, is thus used to establish whether the HF-free approach of

using CDB to create a suitable surface for photohydrosilylation is feasible.
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Figure 2. Photohydrosilylation and further chemical transformation of SiNx nanopores () tune
conductance with pH. Conductance vs. pH profiles of SiNx nanopores (a) after fabrication by
controlled dielectric breakdown process (4.6+£0.7 nm); (b) after UV mediated hydrosilylation of 3-
butene-1-ol on a pristine SiNx surface (3.9+0.1 nm); (c¢) after hydrosilylation with the alcohol and

condensation reaction with adipoyl chloride (4.6+0.2 nm); (d) after hydrosilylation with allylamine
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(5.7£0.2 nm); and (e) after hydrosilylation with the amine and click reaction with 3,5-
bis(trifluoromethyl)phenyl isocyanate (2.6+0.1 nm). Acidic (b) and basic (d) terminal groups
produce opposite slopes. The progression from (b) to (c) and (d) to (e) are by modification of an
already functionalized surface. Solid traces in each of the graphs are fits (Equation (1) and (3)) to the
data. The curves are representative examples drawn from independent trials with the error bar at each
pH equal to three times the standard error of the conductance fit from -200 to +200 mV. Nanopore
formation and characterization were all carried out in a pH~7 electrolyte consisting of 1 M KCI and

10 mM HEPES.

The conductance versus pH curves of nanopores subjected to HF-free hydrosilyation reaction

conditions using 3-butene-1-ol and allyamine showed opposite ;)—il (Figure 2b,d). For the

hydroxyl-terminated nanopore, the Si-R-OH surface equilibrium in Equation (2) would be
expected to generate a neutral nanopore in sufficiently acidic solutions. With solution pH
sufficiently below the pK., the conductance would thus be dominated by the bulk term and be
essentially unchanging with pH (d|o|/dpH ~0) until appreciable surface deprotonation
introduced the o-weighted surface conductance term. For the amine-terminated pore, the
equilibrium Si-R-NH, (¢ = 0) + H* = Si-R-NH3 (|o| > 0) would show the opposite trend, with
surface charging occurring in increasingly acidic solutions. In general, surface attachment can shift
the pK from their values in bulk solution owing to a number of factors including distance to the
surface and crowding.**->® A fit to the data for the two coatings using Equations (1) and (3) yielded
reasonable values for the surface groups of pKa~10.541.2 (3 unique nanopores), and pKy~5.2+0.7

(3 unique pores). The opposite relationship between dG/dpH for acid- and base-terminated
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nanopore surfaces was fully consistent with expectation. We observed that the amine
functionalized pores did not wet as readily as the hydroxyl functionalized ones, though, and had
to be left overnight in water prior to conductance measurements. Earlier work outside the nanopore
milieu has been carried out using chemically protected terminal amines to guard against the
potential photoattachment of the amine terminus to the SiNy surface.?’ > With no such precaution

here, those allyamine molecules that coupled to the surface through their amine terminus would

expose a hydrophobic alkene group with ;—GH = 0 to the interior, and those that coupled at their

. . . ., dG . :
alkene terminus would expose a basic amine group with g < 0. The observed wetting behavior

and trend of conductance with pH were consistent with the formation of a mixed monolayer arising
from these two different modes of attachment. Chemical reactivity (below) offers a potential
further means to assay the surface chemistry after this first functionalization step. In essence,
chemical reactions that will succeed—as measured by suitable change in G and dG /dpH—if the
first reaction successfully installed the terminal functional group participating in the reaction, can
be used to determine the success of the first reaction. We analyzed the conductance to determine
the change in nanopore radius, §, accompanying the reactions. The radii of SiNx nanopores before
(rp) and after (ry — &) chemical treatment were calculated using conductance data at pH~7 as
described in the Methods and using L (and L.¢ = L/2, with the 10 nm nominal membrane
thickness as the nominal channel length, L)*. For the first chemical functionalization, 1, was the
radius of the CDB pore. The best-fit values (Figure S-2), with standard errors of the fits, were
6~0.87£0.05 nm (0.55+0.04 nm) for the 3-butene-1-ol step (35 unique pores; expected length
~0.7 nm by fully extended chain length normal to the surface), and §~2.5+0.1 nm (1.7£0.1 nm)
for the allyamine step (32 unique pores). The calculated thickness of the allylamine layer exceeded

the estimated upright chain length of ~0.6 nm, suggesting other factors such as multilayer
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formation, or the need to introduce additional terms into Equation (1) addressing, for example,
phenomena related to the longer observed wetting times. 'H NMR spectra of as-supplied
allylamine and of an aliquot that had been subjected to 3 hours of UV exposure revealed no
differences, so that unwanted UV-induced side reactions that might result in thicker films by in-
solution chain extension were likely absent. The possibility of multilayer formation has, though,

been reported under these reaction conditions, with similar limitations of extent.!”

Crucially,
nanometer resolution over pore dimension is not compromised here. At the pH ~7 of the
measurement in 1 M KCI electrolyte, Figure 2 (o by fit) indicated that the SiNx nanopores were
net negatively charged (6~-0.03 C/m?), the ~-OH-functionalized nanopores were slightly negative
(~-0.003 C/m?), and the —NH-functionalized nanopores were slightly positively charged
(~0.008 C/m?). The latter charge density is ~3 times the upper bound, under similar electrolyte
conditions (from nanoparticle surface charge measurements), suggested for smaller (~6 nm) SiNx
pores functionalised by silane chemistry.!”

We subjected the ostensibly ~OH- and —NH»-terminated nanopores to further chemical reaction
conditions suited to each terminal group: condensation and click, respectively. The —OH-

terminated nanopore was reacted with adipoyl chloride (10% v/v in toluene) and then with water

(Figure 2c) to generate a carboxylic-acid-terminated surface. The -COOH-terminated nanopore,
expected to be more acidic than the —OH-pore, had a faster onset of ;T(; # 0, and a pK, from
Equation (1) of ~7.5+0.2 (2 unique pores). The surface pK values for -COOH- (pK.~7.540.2) and
—NHs-terminated (pKy~5.2+0.7) layers were shifted compared to typical bulk values®® of pKa~3.8—
4.8 and pKp~3.5 (propyl amine), indicating in both cases a lesser charge carried by the surface

species than would be carried in solution.>® The case is less definitive for the —OH-terminated

surface, but suggestive of a shift in pK. opposite to that of the -COOH surface, with pKa~10.5+1.2
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versus pKa~11 by titration of an aqueous solution of butanol (pKa~15.5 for ethanol®®). Extensive
systematic study may allow such trends to be used to more deeply explore interfacial phenomena
within the nanopore setting.’!®. The change in nanopore radius for the carboxylic acid-terminated
layer with respect to pristine SiNy using Equation (1) with L (where the nominal value is the 10 nm
nominal membrane thickness) and L. were 6~2.4+0.1 nm and ~1.740.1 nm (17 unique
nanopores) respectively, versus the estimated upright thickness of ~1.6 nm.

Beyond providing a counterpoint to the —OH surface termination, amine-terminated nanopores
were a necessary starting point for the proposed click reaction. The pores of Figure 2d were treated
with neat 3,5-bis(trifluoromethyl)phenyl isocyanate and rinsed with dichloromethane and ethanol,
with the fluorine-rich reagent used to ensure rapid reaction rates. We anticipated that this treatment
would result in slow wetting arising from the hydrophobicity of the outermost fluorinated aromatic
ring. Overnight soaking seemed sufficient to wet the pores, with no further changes in conductance
noted for an additional 48 hours of soaking time. Absent an ionizable terminal group, we further
expected that the conductance versus pH curve would be flat (bulk-only). The measured curve
(Figure 2e), though, qualitatively resembled that of the allylamine-terminated SiNx. Use of the
pH ~7 conductance data before and after the click reaction with L (L.g) gave a §~5.4+£0.3 nm
(~3.7£0.2 nm) change in radius (8 unique nanopores), lending credence to the successful
installation of a surface species, although the radius change was larger than the ~1.2 nm expected
based on molecular length, alone. Fits to the conductance versus pH curves yielded a surface pKy
of ~3.6+0.7 (3 unique nanopores). This value reveals a change in surface chemistry compared to
the allylamine base layer, supporting a surface chemical change after the click reaction in spite of
the somewhat similar appearance of the G versus pH curve. The surface chemistry of Figure 2e,

however, was more complex than merely termination with a species without a terminal ionizable
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group. Steric hindrance or terminal alkenes in the initial layer may limit the achievable surface
coverage so that SiNy amine sites remained unreacted and contributed to the surface conductance
from underneath a more hydrophobic pocket. Such solvation effects® are not accounted for in
Equation (1), so that the derived nanopore radius would be in error. The surface linker also contains
NH moieties that could participate in acid-base equilibria, underneath the nonionizable terminal
group, to generate a surface conductance term with the appropriate slope dG/dpH. A number of
important points drawn from across the multiple surface modification reactions deserve emphasis.
First, the ability to chemically transform the initial photohydrosilylated layers affords the
possibility of achieving amine termination by different synthetic routes, without the need for
chemical protection.'® Second, the decrease in total conductance and the concomitant change in
dG /dpH further support, by chemical reactivity, the successful installation, without chemical
protection, of an at least partly amine-terminated layer during the photohydrosilylation step. Third,
those same changes of conductance support the successful demonstration of click chemistry inside
a SiNx nanopore.

The nanopores functioned as chemically- and pH-tuned ionic conductors, capabilities with their
own applications. We used the canonical nanopore demonstration molecule, A-DNA, to test
whether functionalization had deleteriously affected the use of the nanopores for translocation-
based molecular sensing—simply put, whether the chemical functionalization had somehow
obstructed the pores so that molecules could no longer pass through them. In addition to this key
test, this measurement allowed us to explore the nature of the molecular signals from similarly-
sized SiNx (~7.6+0.5 nm), Si-R-OH-functionalized (~8.6+0.6 nm), and Si-R-NH,-functionalized
(~10.7+0.7 nm) nanopores. Taken together, proof-of-principle evidence of translocation and

whether the chemical coating properties affected translocation of this test molecule would be an
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important foundational step in supporting further studies with additional variation of surface
coating and electrolyte composition, and with a wider and more diverse analyte scope. We added
A-DNA at ~0.125 nM concentrations in 4 M LiCl electrolyte,®' % buffered at pH~7 with HEPES
and applied a +600 mV voltage to drive electrophoretic passage of the anionic DNA through the
nanopores. Current traces and scatter plots of measured A-DNA current and conductance blockages
are shown in Figure 3, along with histograms of instantaneous AG across all events, and histograms
of event duration. Time-averaging of the open pore currents gave standard deviations of 162 pA
(native SiNx), 268 pA (Si-R-OH-functionalized), and 402 pA (Si-R-NH»-functionalized). Power
spectral densities of the same 5-second current traces are shown in Figure S-3. Regardless of
surface functionalization, the signal-to-noise ratio is sufficient to permit straightforward detection
of DNA translocations. The A-DNA events were peaked at ~1.16 and 2.32 nS (bare SiNy), ~1.54
and 3.22 nS (—OH-terminated), and ~1.89 and 3.85 nS (-NHz-functionalized), with the ~2x factor
between peaks consistent with passage of A-DNA through the nanopore in linear and folded
conformations.*® We fit the first nonzero AG for each pore using Equation (4), with free 73 _pya
and for L within the 10£1.5 nm specified by the manufacturer. For bare, -OH-terminated, and —
NHo»-terminated SiNx nanopores, the resulting d;_pna (diameter of A-DNA) ranged from 2.22—
2.28 nm (2.14-2.17 nm), 2.27-2.35 (2.17-2.21 nm), and 2.34-2.43 nm (2.21-2.26 nm) for values of
L (and L.g=L/2). These fit results (Figure S-4) were in good agreement with the reported hydrated
diameter of 2.2-2.6 nm,** %64 and thus offered a conventional demonstration of the hydrosilylated
nanopores as functional translocation-based molecular sensing elements, beyond their already
demonstrated functional performance as pH-tuneable ionic conductors. Put more simply,
photohydrosilylation-driven and subsequent chemical modifications did not obstruct the pores.

Event durations (Table S-2) varied with surface functionalization (Figure 3, Figure S-5), with the
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shortest events for the anionic A-DNA measured in unfunctionalized SiNx nanopores (~225 us),
with a ~1.5% increase with —OH-termination (~340 us), and a >5x increase with -NH»-termination
(~1000 ps). The magnitude of these changes is comparable to the 4% tuning of translocation time
achieved through pH-tuning of nanopore surface charge,!” but here were obtained through covalent
chemical modification without change of solution pH. The reduction, to a single parameter such
as mean event time, is unlikely to delineate which of the panoply of mechanisms spanning
electrostatics, electrokinetics, chemical interactions, and conformational dynamics, is active. The
changes in that parameter with chemical coating does, however, illustrate that chemical tuning has
had an influence on the nanopore sensing. The translocation time is affected by the interplay
between surface charge density and polarity changes determining electrostatic and electroosmotic
effects,!” the effect of (electrolyte) lithium cation binding to the A-DNA (slowing),’! electrostatic
shielding in the 4 M electrolyte, and even the nature of the interface—whether comprised of
surface groups with a single charge polarity or mixed polarities (even if carrying the same overall
charge), and whether the interface was at a condensed phase inorganic surface (SiNx) or at an
organic layer with presumably greater conformational flexibility (Si-R-OH, Si-R-NH;). Event
characteristics (in magnitude and time) show both biopolymer translocation and biopolymer-
surface-coating interactions, thus fulfilling the proof-of-principle purpose of the experiments.
Current noise and event characteristics indicate the need to optimize the coatings and conditions
for the desired application. Transit-time variability—particularly in response to electrolyte pH—
for example, has been reported in earlier DNA-translocation work using surface-functionalized
pores, and was assigned to a predominantly electrostatic interaction.!” Transient contacts between
the translocating polymer and the nanopore coating would also broaden the translocation time

distribution. Depending on nanopore surface functional group, interactions may include
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chemically specific interactions between the surface and electrolyte ions (leading to possible
effective surface charge neutralization, for example)® or between surface and analyte molecules,
directly. The capability to tune nanopore surface chemistry as readily as has been outlined here,
both in concert with and independent of solution pH changes, should allow for more detailed and
systematic experiments designed to unravel such competing effects. The demonstration of
chemical coating-specific changes to the A-DNA signal characteristics bolsters the case for the use
of the chemical functionalization method to tune nanopores for a much broader analyte scope
encompassing, for example, proteins and glycans. The ability to exert molecular control over the

size and solution interface of nanopore ionic circuit elements should also not be overlooked (Figure

2).
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Figure 3. Detection of A-DNA using chemically functionalized SiNx nanopores in 4 M LiCl,
10 mM HEPES-buffered pH~7 electrolyte, recorded at 100 kHz acquisitions and 10 kHz low-
pass filtering. Representations for translocation data of A-DNA through a) bare (pore diameter
~7.6+0.5 nm) and b) 3-butene-ol hydrosylilated (pore diameter ~8.6+0.6 nm) and c) allylamine
hydrosylilated (pore diameter ~10.7+0.7 nm) SiNx nanopores. Row one: Sections of current
traces in time with representative single events magnified. Row two: scatter plots for
translocation duration with mean change in conductance per event (AG (nS)). Row three: plots
of instantaneous AG (nS) with normalized counts with the dashed grey traces corresponding to

Gaussian fits, with the peaks at 0 nS corresponding to open-pore current levels bracketing those
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of the measured blockages in the scatter plots. Row four: histogram of event number as a
function of event duration, with the solid black traces corresponding to exponential fits (see

Supporting Methods for details)

Conclusions.

We demonstrated that photohydrosilylation can be a robust and straightforward means of
creating covalently surface-functionalized SiNx nanopores. The use of controlled dielectric
breakdown to form the nanopore eliminated the need—detrimental in the nanopore setting—for
the hydrofluoric acid surface etching step necessary in conventional approaches. The initial
organic layers tuned the effective nanopore size and altered the pH-responsive characteristics of
these ionic solution conductors, allowing nanopore electrostatics and electrokinetics to be altered
by covalent chemistry, solution pH tuning, or their combination, and affected the characteristics
of nanopore sensing signals. These chemically-tailored nanopores could be further modified by
drawing upon simple and powerful transformations such as condensation and click reactions,
where click reactions occur quickly and in high yield under mild conditions and are a popular and
accessible choice for installing biological moieties onto surfaces. The palette of chemical
functionalization strategies demonstrated here thus has immediate application for creating
chemically tuned pores, and promise as a foundation for creating biomimetic nanopores. The
method dramatically increases the readily accessible parameter space for optimizing nanopore
sensing including film thickness and film internal and terminal chemistry. In a broader sense, just
as CDB has democratized the formation of nanopore scaffolds, the etching-free

(photo)hydrosilylation approach here has the potential to significantly broaden the adoption of
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bespoke chemically functionalized nanopores with attendant gains for wide-ranging application

areas and implementations with a greater range of accessible analyte classes.

Methods

All electrical measurements were carried out using an Axopatch 200B amplifier (Axon
Instruments, Foster City, CA, USA) in voltage clamp mode operated by custom coded Labview
(National Instruments Corp., TX, USA) programs. All nanopores were formed by controlled
dielectric breakdown (CDB)?’ (pH~7, 1 M KCI, 10 mM HEPES) in free-standing nominally
~10 nm-thick low-pressure chemical vapour deposition (LPCVD) silicon-rich silicon nitride
(SiNx) membranes (each supplied with a manufacturer-specified thickness tolerance, AL).
Conductance measurements—determined from a linear fit to the Ohmic current-voltage data from
-200 to +200 mV—were used to analyze nanopore sizes, and size changes accompanying surface
functionalization. Nanopore diameters were inferred from measurement of the conductance
(pH ~7, 1 M KCI, 10 mM HEPES) using Equation (1), with ¢ calculated using Equation (3) and
the parameters listed in Table S-1. For bare SiNx, the conventional approach of considering only
the acidic surface group at pH ~7 was followed.” 2*** Nanopore radii are reported as the value
corresponding to the use of the 10 nm nominal membrane thickness, L, as the nanopore length in
the calculation; the standard deviation of this radius and those calculated using L — AL and L + AL
was reported as the uncertainty in the radius, thereby incorporating the tolerance in membrane
thickness. The change of nanopore radius after each chemical treatment, §, was reported as the
intercept of the linear fit to a plot of 1, versus ry — § (Figure S-2), with the uncertainty in § set
equal to the standard error of the fit. The surface pK, (Table S-1) was reported as the

mean=(standard deviation) of the average of the individual fits to the G versus pH profiles for
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independent nanopores. Further details of the calculations, including data, are provided in the
Supporting Methods.

All chemical reactions were carried out using as-supplied, commercially-obtained reagents: 3-
butenen-1-ol (96%); adipoyl chloride (98%); allylamine (98%); 3,5-bis(trifluoromethyl)phenyl
isocyanate (98%). Photohydrosilylation was carried out immediately (with no greater than
10 minutes allowed to elapse between pore formation and optical exposure) after nanopore
formation, using a custom holder (Figure S-1) to hold the pore chip with neat liquid underneath a
quartz plate. Conductance versus pH curves were constructed from measurements 15 minutes after
each change of pH—from acidic to basic for acid pores, and the reverse order for basic pores. The
solutions were comprised of 1 M KCI and 10 mM HEPES, and pH changes were driven by
addition of hydrochloric acid or potassium hydroxide. The data for the functionalized pores were
fit using Equations (1) and (3)—with K measured experimentally—to extract best-fit values for the
surface pKa (with suitable modifications for the pKy). A sum of these two equations for acidic and
basic pores was fit to G versus pH for the amphiprotic SiNx pore and was used to determine its
isoelectric point.

A-DNA was added to the cis- side of the nanopores (~0.125 nM with a 4 M LiCl electrolyte®®-¢!
buffered at pH~7) with a +600 mV applied potential applied to the trans- electrode consistent with
electrophoretic travel of the anionic DNA through the nanopore to the frans- side (Figure 1).
Transient changes to the current—blockages—detected in the presence of A-DNA were extracted
using a custom thresholding algorithm. Initial i/i; —instantaneous/(time-averaged) open pore
currents—edge detection thresholds of 0.972-0.979, 0.97-0.98, and 0.986 for SiNy, Si-R-OH, and
Si-R-NH; pores were used to identify events, followed by a refinement of the edge to i /i; = 0.999.

All events were individually quality-assured, and events exceeding 100 milliseconds were
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rejected. Scatter plots of individual event characteristics show AG, where the conductance change
was averaged across the event duration. Histograms of instantaneous AG were created using a
0.05 nS bin width across all extracted events, and include open pore conductances (AG peak
centered at 0) bracketing each event.

A more detailed description of the materials and methods is supplied in the Supporting

Information.
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