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Nanometer-scale pores have demonstrated potential for the elec-
trical detection, quantification, and characterization of molecules
for biomedical applications and the chemical analysis of polymers.
Despite extensive research in the nanopore sensing field, there is a
paucity of theoretical models that incorporate the interactions
between chemicals (i.e., solute, solvent, analyte, and nanopore).
Here, we develop a model that simultaneously describes both
the current blockade depth and residence times caused by indivi-
dual poly(ethylene glycol) (PEG) molecules in a single a-hemolysin
ion channel. Modeling polymer-cation binding leads to a descrip-
tion of two significant effects: a reduction in the mobile cation con-
centration inside the pore and an increase in the affinity between
the polymer and the pore. The model was used to estimate the free
energy of formation for K*-PEG inside the nanopore (= — 49.7 meV)
and the free energy of PEG partitioning into the nanopore
(=0.76 meV per ethylene glycol monomer). The results suggest that
rational, physical models for the analysis of analyte-nanopore
interactions will develop the full potential of nanopore-based sen-
sing for chemical and biological applications.

alpha-hemolysin | nanopore-based sensing | polymer confinement |
polymer analysis

Polymers play a fundamental role in life (1) and are central to
many emerging technologies (2). Many of these applications
require a detailed understanding of the structure, morphology,
and chemical interactions of polymers under confinement in
either 2-dimensional films (3) or narrow tubes (4). The ability
to isolate and study single molecules has shown promise in over-
coming the limitations of measurements with ensemble averages
and permits probing the inter- and intra-molecular forces, struc-
tural changes, and dynamics of polymers (for a detailed review of
single-molecule polymer analysis see refs. 5 and 6).

Molecules partition into a nanopore and alter the flow of ions
resulting in distinct current blockades that can be used to detect,
characterize, and quantify a wide range of polymer types (7).
These include single-stranded RNA and DNA (8-10), proteins
(11-14), biowarfare agents (15), therapeutic agents against
anthrax toxins (15, 16), and chemically synthesized molecules
(14, 17-20). More recently, single nanopores were used to deter-
mine the size distribution of polymers in a manner akin to mass
spectrometry (19).

To fully realize the potential of nanopore-based sensors, it is
important to develop a detailed understanding of the physical and
chemical interactions of polymers with the nanopore, solvent,
electrolyte, and other components. In this work, the interaction
between poly(ethylene glycol) (PEG) and the a-hemolysin («HL)
channel in a high ionic strength electrolyte was used to develop a
unique model of polymers confined within single nanopores.

Previous attempts to describe the magnitude of PEG-induced
nanopore current blockades focused on volume exclusion (21)
and/or microviscosity (22), which required adjustable ad hoc
parameters with no clear physical basis, to fit the data. The
residence time of the polymer in the pore, which contains infor-
mation about chemical interactions, was associated with an un-
related model (22, 23). These studies were further limited
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because the effect of polydispersity was either not observed
directly (22) or noted but ignored in the analysis (23). Here, we
describe a physical model that accounts for both the current
blockades and residence times, caused by a wide range of PEG
sizes, with a single thermodynamic picture. The model assumes
that polymer volume exclusion and the binding of ions to the
polymer leads to a reduction in the single channel current and
an enhancement in PEG binding to the pore. This predictive
capability is based on chemical interactions between the analyte,
nanopore, and electrolyte, which provides previously undescribed
insights into single-molecule characterization with a nanopore
Sensor.

Results

Individual molecules of PEG are detected and characterized by
monitoring the change in the ionic current caused by the parti-
tioning of the polymer in a single aHL channel (19). In the ab-
sence of analyte, the current through the channel is stable, with
no observed gating events, and has a time-averaged value, (i,)
(19, 22, 24, 25). PEG partitions into the channel causing the cur-
rent to decrease (17, 19, 21, 22, 26, 27). When PEG is added to
the trans side of the membrane, the current blockades are suffi-
ciently long to analyze with a thresholding algorithm from which a
time-averaged current (i) for each blockade event is determined
(Fig. 1 A and B; see SI Text for details). Notably, the blockade
signals caused by nonelectrolyte PEGs show a decrease in both
the mean time between blockades and the average blockade
duration for an increase in the magnitude of the applied potential
(Fig. 1C). Electroosmotic flow does not cause the latter effect
because the slightly anion selective nature of the oaHL causes a
net solvent flow through the pore that is opposite that of the
applied electric field (25, 28-30). This would lead to a decrease
in the PEG capture rate with increasing electric field.

It is more likely that PEG, which is known to coordinate
cations (31-35), behaves like a polycation in a high ionic strength
solution. This explains the observed increase in the PEG block-
ade frequency with increasing (negative) electric field (23). Here,
we describe the PEG-aHL interaction with a simple physical and
chemical model based on first-order cation-PEG binding kinetics,
which results in a charged molecule fixed in a nanopore. This
model describes the voltage dependencies of both the residence
time and blockade depth as PEG interacts with the pore and
establishes a link between them.
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Fig. 1. PEG causes transient current blockades in a single a-hemolysin nano-
pore. (A) PEG reversibly partitions into and out of the pore causing well-
defined current blockades. (B) A thresholding algorithm is used to detect
the events. The blockade amplitude is defined by averaging the open
channel current immediately adjacent to the event, (ip) (green points),
and the base of the blockade, (i) (orange points). The black data points re-
present transition states and are not used in the analysis. The residence time
(t,es) is the difference between the onset and the termination of the event.
(C) Current traces show that increasing the magnitude of the applied trans-
membrane voltage increases the frequency of blockade events and decreases
blockade lifetimes. The trans solution contained a mixture of PEG with ap-
proximately equimolar concentrations of mean molecular masses M, =
1,000 g/mol, 1,500 g/mol, 2,000 g/mol, and 3,000 g/mol and a chemically
purified internal standard of PEG M,, = 1,294 g/mol in 4 M KCI, 10 mM tris
adjusted to pH 7.5 with citric acid.

The relative frequency distribution of the PEG blockade
events, (i)/(i,), reduces to sharp peaks that clearly separate in-
dividual n-mers of the polymer, where 7 is the degree of polymer-
ization (Fig. 2). In a previous study, a sample of PEG M, =
1,500 g/mol was analyzed with the aHL channel and calibrated
with a chemically purified PEG external standard (19). In this
work, the (i)/(i,) distribution was observed over a much wider
range of polymer sizes from a mixture of PEG with mean mole-
cular masses M,, = 3,000 g/mol, 2,000 g/mol, 1,500 g/mol, and
1,000 g/mol and an internal standard of purified PEG M, =
1,294 g/mol, (i.e., n = 29). As observed previously (19), the mix-
ture produced many peaks with four significantly overlapping dis-
tributions (Fig. 2). Unexpectedly, the mean peak conductance
values shifted to higher values as the potential was increased.

Due to the high resolution achieved in the data shown here,
the residence time distribution for each n-mer was readily acces-
sible. The probability density of each residence time was charac-
terized by a single exponential function with a mean residence
time, (z,,), for all n-mers (18 < n < 70) within the potential range
investigated (=40 mV < V,,, < =70 mV) (see SI Text for de-
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Fig. 2. PEG-induced single channel current reduction distributions are
voltage-dependent. Increasing the applied potential decreased the normal-
ized current blockade amplitude. This effect is described by a model in which
cations bind to PEG molecules (Eq. 5). The color-coded tick marks above the
peaks for polymer n-mers with n = 20, 29 and 50 illustrate typical voltage-
dependent shifts over a range of polymer size. The tick color corresponds
to the magnitude of the voltage (green: —40 mV, orange: —50 mV, blue:
—60 mV, and red: =70 mV). The shift was observed for all resolved peaks.
Each distribution was formed with >130,000 blockade events.

tails). For the 30-mer, as the potential was decreased from
—40 mV to —70 mV, (z,) decreased by nearly 100-fold (Fig. 3).
A similar strong voltage-dependence was obtained for all the
polymer sizes studied herein. These results strongly suggest that
the polymer-nanopore system can be described with a simple
first-order kinetic reaction model, discussed in detail below.

Theory

We propose a simple model where PEG decreases the ionic cur-
rent by reducing the concentration of mobile ions in the pore
through two mechanisms: volume exclusion and cation complexa-
tion with the polymer. The latter decreases the local diffusion
coefficient of ions in the pore in a manner similar to fixed proton
buffers (36). Including the cation binding to PEG leads to a
description of PEG-induced current blockades with explicit
dependence on the applied potential and cation concentration.
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Fig. 3. The residence time distribution for a given size PEG n-mer in the
nanopore is exponential and voltage-dependent. The solid lines are least
squares fits of P(t) = Aexp(—t/(z,)) to the data for a PEG molecule of
size n =30, Vap, = =70 mV, (r30) = (0.154(4)0.03)ms (open squares) and
Vapp = =40 mV, (r39) = (0.78(£)0.01)ms (solid circles). Similar results were
obtained for all the polymers characterized here and all values of the applied
potential.
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Current Blockades. Confinement of PEG in the aHL pore. Consider the
oHL nanopore to be a right circular cylinder with length L. and
cross-sectional area Ao (29, 37). For a 1:1 electrolyte solution,
the Nernst-Planck equation describes the ionic current density
along the axial coordinate, z,

W) _ s 2 9CL(F)
CFeDL (=== ]

e - -
Jiz(f) - _mci(r_)Di(r_)

where J ., are the cation (4) and anion (—) steady-state current
densities along the z-axis, e is the electron charge, kg is Boltzmann’s
constant, T'is the absolute temperature, C_, are the spatially varying
mobile ion concentration profiles, D are the spatially varying
diffusion coefficient profiles, and V' is the electrical potential within
the nanopore. Combining Eq. 1 with the Poisson equation for the
electrical potential leads to a complete description of the current
through the nanopore. Numerical simulations for these Poisson—
Nernst-Planck (PNP) equations were performed for aHL alone
to estimate the electric field distribution in the pore and to under-
stand the channel’s weak anion selectivity (29).

Despite the complexity suggested by PNP simulations, the sali-
ent features of the PEG-induced current blockade data are well
described with a few simplifying assumptions. First, the pore is
partitioned into five regions: The PEG bound to the pore wall
defines Lpgg, the PEG-free regions of the pore on either end
of the polymer, and the two boundary regions (see SI 7ext). The
current in each region of the nanopore is the sum of contributions
from both anions and cations integrated over the cross-sectional
area of the pore, ie., (i) = [[ .. dxdy(J, .(xy) +J_.(xy)). As-
suming the voltage dependence along the length of the nanopore
is piecewise linear and that the steady-state current in each region
is the same leads to the following expression for the relative
change in the current upon partitioning of a PEG molecule into
the pore (see SI Text for a detailed derivation)

9 _ (1—LP—EG(1—y)>_1, 2]

pore
where y is given by

2C0D oApore

. 3
(Apore _A"IPEG)(CJrDi‘Df + C_Diff) [3]

y:

The polymer extends along the nanopore z-axis as estimated by
Lpgg = an® (38) where a = 1.45 A (39) is the effective monomer
size and v is a polymer size scaling parameter analogous to the
Flory exponent (40). The density of PEG is assumed to be inde-
pendent of mass so that the volume of each PEG molecule is
VpeG = abn with the average cross-sectional area of the PEG,
Appg = bn'™, where b =46.5 A? estimated from the specific
gravity of PEG, p = 1.08 g/cm?. The diffusion coefficient and
concentration of both cations and anions in the PEG-free regions
of the pore are assumed constant and equal to D, and C,, respec-
tively. In the PEG occupied region of the pore these parameters

(D(f) and f?(im) are assumed to be independent of z and defined as
fluctuations about the respective mean values C (iP) (xy) =Cyo+

5C.4 (xy) and D(ip) (xy) =D+ + 8D (xy). These expressions lead
to an effective diffusion coefficient for anions and cations in the
PEG occupied region of the pore DSt

D =D, +/ dxdy 6C. (xy)dD (xy) [4]

pore (A pore — APEG ) Ci ‘

Under certain conditions (i.e., larger nanopores), the Debye—
Hiickel approximation can be used to estimate DST. Here, the
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integral is not evaluated explicitly (41, 42), but DS is treated
as part of two freely adjustable parameters (see below). Numer-
ical simulations could provide a more precise estimation of D<If
(43), but this is beyond the scope of the present manuscript.

Cation-PEG interactions. In this model, PEG reduces the current in
two ways. First, the number of ions in the channel is reduced be-
cause of the volume excluded by the PEG. Second, cation binding
to the PEG molecule further reduces the concentration of mobile
cations in the PEG occupied region. The binding of m, cations to
the PEG follows a simple equilibrium reaction depicted schema-
tically in Fig. 4 and is described by a first-order kinetic process,
with an association constant (31, 44)

my
(my —my) (nx — my,)

KA — = eXp(—ﬁ(AGa.pore +S+e|VaPP|))’

[5]

where my = C,Lpgg (Apore — Apgg) i the total number of cations
in the PEG occupied region, 1/x is the average number of mono-
mers required to bind a single cation, § = 1/(kyT), AG, pore is
the change in free energy upon binding a single cation to the
PEG within the nanopore, V,, is the applied transmembrane
potential, s* = y(1 — F;,/F%) where y defines the PEG position
in the nanopore (y = 0.5 for PEG at the center of the nanopore)
(45), and F}, /F} is the ratio of the electroosmotically induced
viscous force to the applied electric force on a single cation
(41, 42, 46, 47). Assuming K4 is independent of m,, leads to the
following expression for the average number of cations bound to
the polymer,

C: + 8Cx(x,y)
D. + dD+(x,y)

o= K+ e =CI
= hydration sphere

nAG,

mpA GO,bulkl

Fig.4. The reaction scheme for the PEG, cation and nanopore interactions is
described by two net reversible reactions: PEG-cation coordination and PEG-
nanopore partitioning. In this simplified scheme m,, cations bind to a PEG
n-mer with a free energy change of m,AG, - The cation-PEG complex en-
ters and binds to the pore, with confinement term, nAG, (22, 23, 38), and a
cation-associated binding term, m,AG,y,. The adsorption of the PEG-cation
complex to the nanopore wall causes electroosmotic flow via the anions
(for simplicity the boundary regions are neglected see S/ Text). The arrows
indicate the direction of flow for anions (red), cations (green), the applied
electric force (FPEG), and viscous force (F}EG) on the entire PEG molecule.
When m;, bound cations dissociate from the complex with a corresponding
change in free energy, m,AG, yore, PEG exits the nanopore with a change in
free energy nAG,. The total change in the free energy resulting from the
exodus of PEG from the nanopore, used in Eq. 8, comes from the combination
of the two steps highlighted by the blue arrow.
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a— /o —dmpnx

2 [6]

my =
where a = mp +nx + K7L
The mobile cation concentration is reduced by the PEG bind-
ing such that C, /C, = 1 —m;,/my while the mobile anion con-
centration is unaffected by the binding so that C/C, = 1. Thus,
Eq. 3 can be rewritten as

2
(@ = b7 (1= 4=

pore
where a* = (D' + D) /D,, and b* = D'/D, are adjustable
parameters. Substituting Eq. 6 into Eq. 7 and Eq. 7 into Eq. 2 leads
to an expression for the PEG-induced current reduction. The
model explicitly depends on both the applied voltage and the bulk
cation concentration (Eq. 2). The voltage dependence arises from
the reduction of the barrier for ions to dissociate from the PEG
complex and contribute to the current, which leads to the voltage
dependence of the PEG-induced current reduction observed
in Fig. 2

[7]

y:

Residence Times. As has been shown experimentally, the residence
time distributions for single polymers confined in a nanopore are
characteristic of the polymer type. Polymers with fixed charges,
such as single-stranded nucleic acids (8, 37, 48) or poly(styrene
sulfonate) (18), have residence time distributions that are either
peaked (i.e., Gaussian-like) with relatively high applied potentials
or exponential with small applied potentials. For example, Talaga
and Li estimated the probability distribution of protein translo-
cation through a solid-state nanopore with a first passage time
model based on one-dimensional diffusion of the polymers
through a uniform electric field (49). In that case the theoretical
residence time distributions are skewed Gaussians, which are
consistent with their data. Conversely, several studies hypothe-
sized that exponentially distributed blockades are caused by
charged polymers that do not traverse the membrane (18, 47, 50).
For our experiments, the residence times for a given size PEG are
exponentially distributed regardless of polymer size or value of
the applied potential.

The free energy of dissociation of PEG from the nanopore de-
termines the mean PEG residence times. Our model assumes the
PEG binding to the nanopore is described by a multistep process
where cation association with the polymer causes a conforma-
tional change in the latter, which leads to an enhanced PEG bind-
ing to the nanopore. If this enhanced binding AG,, is much
stronger than AG, o, and the enhanced binding only occurs
when a cation is bound to the PEG, then the resulting change
in the free energy of PEG dissociating from the nanopore can
be approximated by AGying = mpAG, pore +nAG, (see Fig. 4D),
where AG, is the free energy of confining the uncharged polymer
per monomer. If the free and activation energies of dissociation
are equal, then the mean PEG blockade residence time can be
estimated using the Arrenhius rate equation

<Tn> =T exp(—ﬂ(nAGc + mh(AGa‘porc +sF e|Vdpp|))) [8]
where 7, is the nonbinding diffusion limited residence time of the
polymer in the pore and s*FG = y(1 — FYEC /FFEC) where FPEC/
FPEG s the ratio of the electroosmotically induced viscous force
to the applied electric force on the entire PEG molecule.

In the absence of PEG binding with the nanopore, the polymer
complex moves in the nanopore at a constant drift velocity, vpgg,
so that 7, = Lyore /VpEG- VPEG Can be estimated by balancing the
force from the applied electric field on the entire PEG molecule,
FPEG = emy,V /L pore> With FYES and the hydrodynamic drag
force F. For a cylinder in an infinite solution with viscosity, 1, Fg
can be approximated to first order in &= (In(y/zLpgg/

40f 6 | www.pnas.org/cgi/doi/10.1073/pnas.1002194107

VApgg))™' as Fg = 2aneLpegvpeg (51), which leads to the
following expression for 7,

EeLpgg

s 9]

T, = |
app

where & = 2anBL3 . /(e(1 — F}¥G /FFEG)) and B is the ratio of
the PEG terminal velocity in an infinite medium and the terminal
velocity of the polymer confined in a cylinder. B depends on
Apgg/Apore In a nontrivial way, which can only be estimated
numerically (52). Here, it is part of the free parameter .

Interestingly, there is a link between the current blockade
depth and the mean PEG residence time through the parameters
my, and AG, .. (Eq. 8). Specifically, the cation-PEG interaction
alters both the reduction in current and also causes an enhanced
binding of the PEG to the nanopore, which in turn affects the
duration of the current blockade. This PEG-cation binding model
accounts for previous observations of PEG residence times and
current blockades in the oHL channel (19, 21-23) and includes
explicit dependencies on the applied potential.

Estimation of Parameters. The model relies on adjustable para-
meters that have clear physical meaning. The blockade depth
(Eq. 2) depends on the free energy of cation-polymer adsorption
within the nanopore, AG,, ,r, the bulk electrolyte concentration
C,, the mean number of bonds formed between the cation and
polymer 1/x, the polymer length scaling exponent, v, the effective
ion diffusion coefficients within the vicinity of the PEG DS, the
PEG binding location within the nanopore v, and the ratio of the
forces from the applied electric field to the anion induced elec-
troosmotic flow on a single cation Fy, /F};. The expression for the
residence time (Eq. 8) includes the free energy of confinement,
AG., the ratio of the forces from the applied electric field to the
anion induced electroosmotic counter flow on the entire PEG
molecule, FPFS /FFES and the hydrodynamic drag term, &. To re-
duce the number of freely adjustable parameters, C,/N 4, where
N, is Avogadro’s number, is set equal to the molar concentration
in the bulk solution (4 M), v = 0.6, the polymer behaves as if it
were in a good solvent, Lyoe = 49.5 A and Apore = 450 A? (53).
The blockade amplitude and residence time dependencies on n
were simultaneously fit using the global analysis algorithm in Mo-
tofit (54). The result of the fit to the blockade depth data at
Vapp = =50 mV is shown in Fig. 54 with residuals for each ap-
plied potential in Fig. 5C (for the full datasets see SI Text); the
result of the residence time fit is shown in Fig. 5D with the nor-
malized residuals in Fig. 5E. In total, eight parameters were ad-
justed to fit eight sets of data consisting of at least 30 points each.
The parameters are estimated to be (£1 S.D.) 1 /x = 4.83 £ 0.03,
AG, pore = —(49.7 £0.5) meV, AG, = (0.76 £+ 0.09) meV, st =
0.21£0.01, s"P6 =0.1440.01, &= (7.64+02) Vs/m, a* =
1.22 +£0.02, and b* = 1.14 £ 0.02. The global reduced chi-square
value is y? = 1.3.

Discussion

This study presents a previously undescribed technique for inves-
tigating equilibrium chemistry on a single-molecule level. The es-
timated parameters compare favorably with existing numerical
and experimental studies. The best-fit value for 1/x suggests that
on average approximately five monomers bind a single cation,
which is consistent with PEG’s ability to chelate potassium ions
(31). Reported values for PEG-K* binding in vacuum (44) are an
order of magnitude larger than the AG,, . estimated here. This
discrepancy is likely due to two reasons: The vacuum measure-
ments do not account for solvation energies of either ions or
polymer in the nanopore environment, and our model neglects
the effect of repulsive cation-cation interactions, which would de-
crease the apparent binding energy. More detailed numerical
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Fig. 5. Mean current blockade amplitudes and polymer
residence times as a function of polymer size and applied
potential were simultaneously fit by the chemical reaction
model. (A) Experimentally determined current blockade
amplitudes (open orange circles) and least-squares fits from
the model defined in Eq. 2 (solid orange line) for data ob-
tained at V,,, = —50 mV. See S/ Text for the full dataset. (B)
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The normalized residuals (E1 =1 —%m"gm %|DATA) cal-
culated from current blockades measured at four different
applied potentials [-40 mV (green), —50 mV (orange),
—60 mV (blue), and =70 mV (red)], but with V,,;, held fixed
at —40 mV in Eq. 2, show the explicit voltage dependence of
the blockade amplitudes. (C) However, when the actual vol-

Polymer Number (n)

analysis of cation binding within the nanopore may resolve this
difference. In addition to the energetics of the interaction
between cations and polymers, the model also suggests that the
polymer must overcome a confinement barrier of & 0.76 meV/
monomer to enter the nanopore. This is a significant departure
from previous treatments, which suggest that there is a decrease
in free energy upon PEG confinement with an entropic penalty
only paid when the polymer volume exceeds the pore volume
(22, 23). Although the confinement free energy per monomer
is relatively weak, the total free energy of confinement becomes
larger than kgT at room temperature for n > 32. Clearly, one can
not ignore the free energy penalty paid for any polymer under
confinement.

Binding cations to PEG and fixing the charged complex within
a nanopore induces electroosmotic flow counter to the applied
electric field. This leads to a viscous force that reduces the net
force acting on the PEG molecule. For double-stranded DNA
held in place with an optical tweezer in a larger (r > 5 nm) na-
nopore, continuum hydrodynamic equations along with the De-
bye—Hiickel approximation were used to calculate Fy /Fg ~0.5
(41, 42, 46, 47). Of course, these assumptions fail for the aHL
nanopore due to the breakdown of the continuum equations
for electrostatics in such a confined geometry (41). Nevertheless,
here we estimate FYEC /FFPEC by assuming the PEG molecule re-
sides in the center of the nanopore (y = 0.5) and from the best-fit
value of sPEC we find FPEC /FFPEG = 0.72 £ 0.02, which is in rea-
sonable agreement with the values obtained for the DNA-solid
state nanopore system (41, 42, 46). This value for FFFC /FFFG & =
7.6 Vs/m and # = 0.001 Ns/m? for the bulk viscosity of water
leads to B = 2.2, which implies that the terminal velocity inside
the nanopore is just under half its value in bulk solution (52).
Finally, the best-fit values for a* and b* imply D/D, = 1.14
and D¢ /D,, = 0.08, which is consistent with Eq. 4 and three phy-
sically reasonable assumptions, §C, ~—-6C_ (46), and the
mobility of the cations and anions is similar (54) so that 6D ~
6D_and D, ~D_.

Our theoretical model for the interactions between cations,
PEG, and the aHL channel is in excellent agreement with our
high-resolution PEG-induced current reduction and residence
time data (Fig. 5 4 and D, respectively). However, the normalized
residuals of the current blockade oscillate with an error larger
than the standard error of the measurement, which suggests
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Polymer Number (n)

tages are used in the model, the normalized residuals
converge (E2 =1 —% \MODEL/<<,,’2> IpaTa)- (D) Experimentally
determined PEG residence times in the nanopore (open cir-
cles) and least-squares fits from Eq. 8 (solid lines) along with
normalized residuals above. The data and fits correspond to
Vapp Values of —40 mV (green), —50 mV (orange), —60 mV
(blue), and —70 mV (red) for each plot. (E) Normalized re-
siduals between the residence time data and model (Eq. 8).

the model does not fully account for all the details. It is concei-
vable that this oscillation provides a key to the microscopic pic-
ture of how PEG binds to cations by coiling around the ions in
order to maximize the number of ion-dipole bonds formed. This
could in principle also give rise to an improved environment for
hydrogen bonding between the polymer-cation complex and the
many hydroxyl residues on the interior of the p-barrel of aHL. A
more complete picture of this enhanced PEG-nanopore binding
could be developed through molecular dynamics simulations
(MD) (47). Additional improvement could be achieved with a
more thorough description of the actual electrostatic potential
profile within the nanopore through 3-D PNP simulations (37, 43,
56-59). Nevertheless, our simple theoretical model captures the
essence of the experimental results and suggests that cations play
a significant role in creating an environment for polymers to in-
teract with the nanopore, providing an explanation for why the
residence time for PEG is so long (i.e., >10%-fold longer than ex-
pected), providing the theoretical basis for single-molecule mass
spectrometry in a nanopore. The development of a physicochem-
ical model for the interactions between ions, polymers, and a na-
nopore improves the likelihood for nanoporous sensors to be
used to size (akin to mass spectrometry) and chemically differ-
entiate between a wide range of biological molecules (e.g., DNA,
RNA, and proteins) and synthetic polymers.

Materials and Methods
Solvent-free planar lipid membranes were formed from DPhyPC (1,2 diphy-
tanolyl-sn-glycero-3-phosphatidylcholine; Avanti Polar Lipids, Alabaster, AL)
in n-decane (Sigma-Aldrich, St Louis), on either quartz or borosilicate glass
capillaries prepared as described by White and colleagues (60-62). The glass
pores used for this study had diameters that ranged between 1.1 pm and
1.5 pm. The capillary was filled with a mixture of poly(ethylene glycol) (PEG)
at 9 mg/mL M,, = 1000 g/mol, 13.4 mg/mL M,, = 1500 g/mol, 18 mg/mL
M,, = 2000 g/mol, 28 mg/mL M,, = 3000, and 2 mg/mL of chemically
purified PEG M,, = 1294 g/mol all in 4 M KCl (Sigma-Aldrich, St. Louis),
10 mM tris (Schwarz/Mann Biotech, Cleveland) at pH 7.2, titrated with
saturated citric acid (Fluka, Buchs, Switzerland). The solution external to
the capillary was the same 4 M KCl solution, but without polymer. Mem-
branes were formed by first treating the glass with 0.4 pL of a 0.1% v/v solu-
tion of hexadecane in pentane (Aldrich). The solution bath external to the
glass capillary was coated with 0.6 pL to 1.2 uL of DPhyPC dissolved in a
10 mg/mL mixture in n-decane. After ~2 min, the solution level was raised
above the pore, spontaneously forming a membrane.

Single channel measurements were obtained by allowing a single a-hemo-
lysin channel to self-assemble into the membrane by injecting 0.4 pL to 0.6 pL
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of a 0.5 mg/mL solution of a-hemolysin in pH 7.2 buffer (List Biological
Laboratories, Campbell, CA) and applying a slight back pressure (%80 mm
Hg to 110 mm Hg) from the capillary side to thin the membrane. After a
single channel formed, the pressure was reduced to ~20 mm Hg to prevent
further channel insertion and formation.

Additional methods can be found in S/ Text.
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