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CHEMICAL PHYSICS

Laser-based temperature control to study
the roles of entropy and enthalpy in

polymer-nanopore interactions

Christopher E. Angevine1, Joseph W.F. Robertson®*, Amala Dass>, JosephE. Reiner'*

Single-molecule approaches for probing the free energy of confinement for polymers in a nanopore environment
are critical for the development of nanopore biosensors. We developed a laser-based nanopore heating approach
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to monitor the free energy profiles of such a single-molecule sensor. Using this approach, we measure the free
energy profiles of two distinct polymers, polyethylene glycol and water-soluble peptides, as they interact with the
nanopore sensor. Polyethylene glycol demonstrates a retention mechanism dominated by entropy with little sign
of interaction with the pore, while peptides show an enthalpic mechanism, which can be attributed to physisorption
to the nanopore (e.g., hydrogen bonding). To manipulate the energetics, we introduced thiolate-capped gold clus-
ters [Auy5(SG)qg] into the pore, which increases the charge and leads to additional electrostatic interactions that
help dissect the contribution that enthalpy and entropy make in this modified environment. These observations
provide a benchmark for optimization of single-molecule nanopore sensors.

INTRODUCTION

The study of polymer energetics in nanoporous systems began in
earnest in the 1970s with investigations of partition coefficients of
macromolecules into zeolites and gels among other nanoporous
materials (I). This spawned theoretical investigations into the static
and dynamic properties of confined polymer chains (2, 3). This work
focused on applying scaling laws toward understanding intrapore
diffusion coefficients and polymer partitioning coefficients, both of
which could be studied with techniques that used bulk porous
materials to measure the ensemble properties of the molecules.
While these ensemble methods provided critical insight into polymer-
pore interactions, the advent of single-molecule nanopore sensing
(4-6) provides a platform for the study of polymer-pore dynamics
on a more fundamental level.

Nanopore-based resistive pulse sensing is an effective tool for
single-molecule analysis (7, 8). This sensing provides label-free and
high-throughput (~10 events/s to 100 events/s) detection, as well as
the ability to modify the local environment (such as the force via
voltage and temperature in some cases). Effective resistive-pulse
sensing requires that molecules spend a measurable amount of time
within the pore so that the corresponding current blockades are eas-
ily measurable. Given the typical pore dimensions (=5 nm), a mole-
cule that experiences no interactions with the pore should escape in less
than 1 us. Thus, for molecules to be observed in the pore with a low-
pass cutoff frequency of 10 kHz, there must be a free energy barrier
against escape that can be parameterized by enthalpic and entropic
components (9). Characterizing this free energy barrier offers insight
into the mechanism for retention of polymer analytes in nanopore
sensors and molecular mechanisms of membrane transport proteins
(10), which can improve precision, understanding, and optimiza-
tion of nanopore sensing systems. Moreover, this characterization
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can more broadly elucidate about the mechanisms dictating solute
transport through transmembrane channels (11).

Using the Fokker-Plank equations (12-14) and detailed analysis
of polymer theory (15, 16), connections can be made between
polymer-pore dynamics and the free energy barrier for a polymer to
escape the nanopore (6). Subsequently, a large number of reports
have studied polymer nanopore interactions providing both detailed
coarse-grained models for the potential well (15, 17-19) and chemically
specific analytical models (20). The most comprehensive models for
the free energy of a polymer confined in a nanopore included po-
tential energies from excluded volume effect, vibrational modes
of the intermolecular bonds, external electric fields and electrostatic
interactions (19). Further extensions have included the interactions
of the polymer with solvent and electrolyte components as well (20),
which provides the ability to model voltage-dependent effects for
neutral polymers in nanopores.

While most work discusses entropy as the dominant contributor
to the free energy barrier (9, 21, 22), there is evidence that enthalpy
can play a critical role, particularly in modified systems that en-
hance the electrostatic interactions available within the pore (23, 24).
One successful approach to separating the thermodynamic compo-
nents used the replacement of weakly interacting cations, such as K,
with a noninteracting cation (i.e., Li") (25). However, a more direct
method would be to measure polymer-nanopore kinetics as a func-
tion of temperature to construct Arrhenius plots from which the
enthalpy and entropy can be unambiguously extracted. Although
temperature control of a nanopore apparatus is available through
infrared lamps, or sealed Peltier devices, the cumbersome and slow
nature of these experiments (i.e., temperature changes over minute
time scales) has limited the number of detailed thermal studies to
just a few examples (26-31).

To overcome the challenges of static, external temperature-
control methods, we used a laser-based heating approach (31) that
allows dynamic control of the local temperature. Optical heat-
ing can be achieved through direct excitation of the vibrational
modes in water with infrared light (31, 32) or indirectly through
nanoplasmonic-assisted heating (33, 34) and excitation of electronic
modes in semiconductor materials (35). This work will focus on
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direct infrared heating that has been used to demonstrate thermal
control of DNA unzipping for nanopore analysis (31, 35). Using dy-
namic control, data for nearly continuous Arrhenius plots can be
collected in short times (=10 s). We demonstrate this technique by
directly measuring the enthalpy and entropy components of the free
energy for polymer escape for small peptides and polyethylene glycol
(PEG) from the o-hemolysin (0HL) pore and the Auys(SG)is-
modified oHL complex. The analysis here uses a self-consistent picture
of the energetic landscape by connecting the free energy difference
between the polymer in the pore and the polymer in the bulk (ie.,
partition coefficient) to the free energies of polymer capture and es-
cape. This connection yields a relationship between the polymer res-
idence time kinetics and the free energy of escape from the pore,
which provides a more complete picture of the interactions that are
critical for the optimization of a nanopore sensor.

RESULTS

Theoretical background

Here, we model the polymer-pore interaction with a free energy
profile along an unspecified reaction coordinate. Figure 1 shows
a schematic illustration of this free energy profile in and around
the nanopore. This energy profile contains three distinct levels: a
bulk solution level, a pore occupied level, and a transition level be-
tween these two states that serves to limit entry and exit of polymer
analyte into and away from the pore. Our goal is to extract the
enthalpy and entropy components of the transition barrier using a
laser-based heating methodology. To better understand the relative
magnitude of these three levels, we begin with room temperature
estimates of the free energy difference between the bulk and pore
occupied states (AG®ta)). This can be found from the polymer
partition coefficient

Pore-confined

Bulk solution

Free energy

Reaction coordinate

Fig. 1. Proposed free energy scheme for polymer capture and release from a
nanopore. Analyte from outside the pore overcomes a barrier AG*on to enter the
pore. Analyte resides inside the pore in a lower energy state relative to the bulk.
Escape from the pore back into the bulk solution requires overcoming the free en-
ergy barrier to escape AG*of. This study focuses on laser-based extraction of the
entropy and enthalpy components of AG* . See the main text for a discussion on
estimates of AG* o, and AG%otal.
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where N, is Avogadro’s number, Vyor is the pore volume, Cpy is
the polymer concentration in the bulk solution, 1y, is the total oc-
cupation time of analyte in the pore, T, is the total measurement
time, kg is Boltzmann’s constant, and T is the absolute temperature.
This definition of the partition coefficient normalizes out the pore
volume, which means that I is a measure of the lifetime of a polymer
in the pore compared to a polymer in a pore-sized volume in bulk
solution. This convention leads to a partition coefficient greater than
1 and thus a free energy of polymer occupation in the pore greater
than the bulk, as used previously by others (36, 37). In addition, we
note that all analysis throughout is performed at a single applied po-
tential (70 mV) and each free energy value is to be interpreted as cor-
responding to that applied potential (i.e., AGotal = AG o at 70 mV).

The free energy barrier to be captured by the pore (AG*,,) can be
estimated from the on-rate capture of polymer into the pore ko, using
the seminal Berg-Purcell relation (38)

3
kon = 4DaCbu]kexP< _ if;n) )

Here, D is the diffusion coefficient of the analyte and a is the pore
radius. For the purposes of this analysis, we neglect any modifica-
tion of the diffusion coefficient for polymers near the pore
entrance where the applied field will cause drift-dominated flow. A
more complete description of the on-rate kinetic process and con-
nection to the free energy of capture can be found elsewhere (39).

To estimate the relative magnitude of the different energy barriers
used herein, we performed nanopore measurements on polydisperse
PEG, monodisperse PEG with 28 repeat units (PEG;s), and the three
peptides angiotensin 1 (AT1), angiotensin 2 (AT2), and neurotensin
(NT) under various solution conditions at room temperature. A
complete description of experimental conditions along with a sum-
mary of results for the free energy barriers can be found in the
Supplemental Materials. These values are in reasonable agreement
with previous measurements (25) and, as we outline below, provide
ameans to extract the entropic and enthalpic components of the free
energy barrier to escape from the pore.

Residence time blockade distributions are well described by single
exponential functions that allow us to treat the polymer-nanopore
system as a chemical interaction with a simplified transition-state
reaction scheme (20, 40). Thus, the mean blockade residence time
and the free energy barrier to analyte escape AG* o are related by the
following expression

_ AGly
1 = 19(T) exp Tl (3)

Here, 7 is the attempt time to escape from the pore, which will
depend on the solution temperature (20). The enthalpic, AH* 4, and
entropic, ASF o, components of the free energy barrier to escape can
be found from the slope and intercept of the natural log of the mean
residence time versus the inverse temperature as follows

To kB T kB T kB
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Thus, the mean residence time, normalized by the attempt time
measured at various temperatures, can be used to estimate the entropy
and enthalpy of the free energy barrier for polymer escape from the
pore. Calculating the attempt time can be difficult and model depen-
dent (41), which limits the effectiveness of Eq. 3 to extract AH* gand
AS* . To address this, we note that the predetermined values for
AGora and AGF 5, from Egs. 1 and 2 and the fact that AGF ot = AG ool +
AGF,, (see Fig. 1) can be used to fix values for the estimated attempt
time at room temperature. In brief, the attempt time becomes an ad-
justable parameter so that the entropy and enthalpy components ex-
tracted from Eq. 4 are in agreement with the AG? o value found from
Egs. 1 and 2 (i.e., AG¥ ¢ = AH o — TAS* o). A more complete de-
scription of the attempt time estimates and the temperature depen-
dence of the attempt time used throughout this manuscript are
provided in the Supplemental Materials.

Experimental background

Constructing Arrhenius plots described in Eq. 4 requires the ability
to heat the solution temperature in and around the nanopore. Here,
we use a laser-based heating mechanism, which offers several im-
provements over bulk heating methods. Rapid control of local tem-
peratures with infrared light can avoid some of the instabilities in
protein and membrane systems often encountered in single-molecule
nanopore devices. Figure 2A illustrates the principle of operation.
A 1444-nm laser was intensity-modulated with a sinusoidal wave-
form at 0.25 Hz by an acousto-optic modulator (AOM) and directed
to the back aperture of a microscope objective (4x, numerical aperture
0.2) that focused the light onto a lipid bilayer membrane containing
a single oHL pore. At this wavelength, water absorbs infrared light
(o = 30 cm™"), which provides heating within the laser focal spot
(Viocal = 10 pl). To investigate intra-pore thermodynamics, two well-
characterized polymer systems—PEG and peptides (AT1, AT2, and
NT)—and negatively charged glutathione-capped gold nanoclusters
[Auy5(SG)15] were investigated. Both molecules and clusters interact
with the nanopore, reversibly allowing for the ionic current to be moni-
tored for extended periods of time. Au,5(SG);s reduces the conductance
by approximately 25% with mean residence times on the order of tens
of seconds (Fig. 2B). The presence of these clusters in the pore leads to a
20-fold increase of the polymer residence time in the pore and thus
improves the prospects of nanopore sensing near-neutral polymers (8).
However, the mechanism for this cluster-induced enhancement re-
mains unclear and partially motivates the free energy studies here.

To extract the enthalpic and entropic free energy components,
ionic current is recorded at room temperature to produce a baseline
data point in the Arrhenius plot; we then modulate the laser intensi-
ty resulting in open pore current between approximately 200 and
350 pA. The open pore current can then be used to estimate the
temperature using a second-order polynomial that converts the open
pore current to temperature (27, 31, 33) (more details can be found
in the Supplemental Materials). This corresponds to a temperature
range of approximately 25° to 50°C (27, 31, 33). We can assign a res-
idence time, blockade depth, and solution temperature to each
blockade event. This conversion is highlighted in Fig. 2 (C and D) for
both PEG,g and AT1 under open channel conditions. A similar cali-
bration scheme is used when Au,5(SG);5 clusters are confined in the
pore (Supplementary Materials). The defining characteristics of the
polymer-induced blockades are the magnitude of the current inter-
ruption (i.e., blockade depth) and the residence time. The peptides and
PEG samples analyzed here produce well-resolved featureless blockades
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from which the blockade depth can be used to estimate the polymer
size (42). Here, the residence time was used to examine the role of
thermodynamic properties of the molecules in detecting and char-
acterizing the polymers. To justify using simplified models for the
characterization of a polymer, we first measured the residence time dis-
tribution of PEG,3 and AT1 at two temperatures (Fig. 2, Eand F, respec-
tively). In every case, the blockade distribution is well described by a
single exponential decay that allows us to treat the polymer-nanopore
interaction as a chemical interaction with a simplified transition-
state reaction scheme (i.e., Eq. 3) (20, 40).

To create Arrhenius plots, resistive pulses were recorded for
approximately 5 min during a temperature sinusoidal modulation
(period = 0.25 Hz). The residence time t was then calculated for
temperatures binned with approximately 0.4 K precision (see
Supplementary Materials for details). The resulting data were then
plotted and analyzed to extract the enthalpy and entropy of the free
energy barrier to polymer escape. Figure 3 illustrates the advantages
of the laser-driven temperature control (dynamic control); AT1 was
observed with laser-based heating and compared to a similar experi-
ment using static-Peltier control temperature control. The purpose
of this comparison was to ensure that the dynamic laser-based tem-
perature modulation does not produce any unexpected systematic
biases. The agreement between the laser-based heating and the bulk
solution heating suggests that the laser heater does not introduce
spurious artifacts (i.e., through convective flow or radiative transfer)
into the system. We note that because the data collection (includ-
ing temperature equilibration between points) required more than
30 min to generate a dataset that contained three discrete data
points, replicate measurements for bulk temperature manipulation
are typically prohibitive.

lonic strength dependence for homopolymer PEG: Open pore
Clearly, the dynamic heating methodology presented herein provides
another, more sensitive, tool to probe polymer-pore interactions. As
a first demonstration of dynamic analysis, we focus on the free energy
components of PEG confinement in an aHL pore as a function of the
solvent jonic strength. The aHL pore is the workhorse of the biolog-
ical nanopore sensing community. It has been well characterized and
consists of a trans-side lumen and cis-side vestibule separated by a
constriction ring with diameter ~1.5 nm (43). Previous estimates of
the trans-side lumen volume, where polymers will reside throughout
our measurements, range from 10 to 50 nm?’ (44). Here, we model
the pore lumen as a right circular cylinder with an average pore di-
ameter of 2.2 nm and a length of 5.5 nm, yielding an overall pore
volume (trans-side lumen) of 21 nm°. Previous work has shown that
PEG residence times in the oHL pore depend strongly on the ionic
strength and nature of the electrolyte (25, 45-47). Given the connec-
tion between increasing the residence time and the efficacy of a
nanopore sensor, understanding the mechanism connecting ionic
strength and residence time represents an ideal example of the use of
dynamic heating to better understand the nanopore as a sensor.
Potassium chloride has been thoroughly studied and shown to
weakly interact with PEG (20). In nanopore spectroscopy, this asso-
ciation leads to an increase of PEG residence time in the nanopore
with the effect increasing with cation concentration (20, 40). The
molecular mechanism for the increased retention time is unclear.
Speculation on the mechanism has suggested increased interac-
tion strength between the polymer and the pore (47, 48), decreased
solubility of the polymer as the solvent stops behaving as a good
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Fig. 2. lllustration of the experimental setup and corresponding heating traces. (A) Schematic representation of the experimental setup. (B) Typical current trace for
PEG,s interacting with the nanopore as Au-cluster partition, into and out of the vestibule of aHL. (C) and (D) show the temperature-calibrated current for PEG,g and AT1,
respectively, as the polymers interact with the open pore. The current (and temperature) is modulated by the infrared laser through one period of oscillation. (E) PEG-aHL
residence time distributions are shown at 24°C with a Au-cluster (filled square) and open pore (open square) configuration. (F) AT1-aHL residence time distributions are
shown at 24°C with a Au-cluster (filled square) and open pore (open square) configuration. Data shown were collected in 3 M KCl under 70 mV applied transmembrane
potential. Ground voltage is referenced to the trans-side of the pore throughout all experiments. Error bars in (E) and (F) are estimated from 1 SD calculated as the square

root of the counts.
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Fig. 3. Comparison of Arrhenius plots for bulk heating and laser-based heat-
ing. Arrhenius plots produced by the laser-based dynamic (open symbols, three
different pores) and Peltier-based bulk (filled black circles, one pore) heating pro-
tocols show consistency between the methods. The solid lines are least squares
linear fits to each dataset. The static heating conditions correspond to temperature
control via a PID-controlled Peltier device embedded in the analysis chamber. The
dynamic heating conditions correspond to temperature control via a 1444-nm la-
ser modulated with an AOM. The static experiments produced three discrete tem-
peratures. The error bars for the static datasets were estimated from the standard
deviation of observed residence times. Representative data are from AT1 at 70 mV
in 3M KCl (pH 7.2).
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solvent (25), or changes in the entropic barrier to transport (49-52).
The temperature-dependent studies here shed light on the mecha-
nism. We note that the limited range of ionic strengths reported here
(3.0 < [KCI] < 3.8 M) results from the fact that KCl crashes out of
solution at higher ionic strength (KCl maximum solubility =~ 4 M in
the presence of PEG) and PEG residence times at elevated tempera-
tures fall well below the inverse detection bandwidth of our system
(B™' = 100 ps) for [KCI] < 3.0. Nevertheless, compelling results can
be seen over our reported concentration range.

It is well established that the residence time for PEG increases
with ionic strength (20, 25, 45, 46, 53). This phenomenon is primarily
due to the interaction of cations with the polymer molecule and con-
firmed here in Fig. 4A, which shows that the PEG;g residence time of
both the open pore (blue) and cluster-occupied pore (orange) grows
with increasing ionic strength. This behavior can be understood
from the overall free energy of escape as a function of ionic strength
in Fig. 4B, which has been attributed to a microscopic description
in which PEG forms a complex with K" to PEG-K",, that imparts
polyelectrolyte-type properties on the polymer (20, 40). Under this sce-
nario, we can model the escape barrier into entropic contributions
related to tension along the molecule as it exits the pore through the
region where the local electric field is largest (54). This alters the
enthalpic barrier by reducing the mean coordination number of the ions
bound to the polymer. When the escape barrier is separated into
enthalpic (Fig. 4C) and entropic (Fig. 4D) contributions, it is apparent
that ionic strength alters the contribution of both enthalpy and
entropy for both the open pore (blue) and the gold cluster occupied
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Fig. 4. Mean residence time and free energy contributions (enthalpy and entropy) of the escape barrier for the open pore (blue) and cluster-occupied pore
(orange) for PEGys as a function of KCl salt concentration. (A) The mean residence time increases with increasing ionic strength and the mean residence time in-
creases by about an order of magnitude with a cluster present in the pore. (B) AG*Off shows similar trends to the residence time behavior, validating the thermodynamic
description of the PEG-pore kinetics. (C) AH*off increases with the gold in the pore and partially explains the gold cluster behavior. (D) AS*off (scaled as —TAS*off,
T=297 K) increases with ionic strength, which explains the residence time dependence and shows that the entropic component dominates the open pore behavior.
In addition, the gold cluster in the pore reduces the entropic component, and this can be understood by the fact that the cluster modifies the confined volume within
the pore. See the main text for details. All data were taken in KCl electrolyte buffered to pH 7.2 with tris under a 70-mV applied transmembrane potential. Each data
point corresponds to weighted averages over three different pores, and the error bars correspond to +1 standard error (SE). The solid and dashed lines are guides to

the eye only.

pore (orange) as well. While the residence time increases for the
PEG with cation concentration, the enthalpic component of the
PEG-pore interaction decreases (Fig. 4C). This is counterintuitive
if the dominant interaction is a van der Waals interaction between
the pore and the polymer. However, we note that the entropic com-
ponent of the escape barrier increases with ionic strength (Fig. 4D)
(here, the entropy component is scaled as —TAS* g to facilitate compar-
ison with the enthalpic component). We can attribute reduced signif-
icance of AH . to charge screening by the electrolyte and —TAS o
to increased stiffness of the polymer as it binds more cations in the
transition region between the bulk and pore. This combination leads
to an increasing residence time with increasing ionic strength pro-
vided that the rate of change for the entropy exceeds that of the
enthalpy, which it does in this case. Given the positive correlation
between PEG residence time and ionic strength (25, 40, 45, 53),
it appears that the entropic component of the free energy barrier
is the critical factor in determining PEG-pore interactions as ionic
strength is increased in a pore that has little to no excess charge.

To check the validity of these reported values for AH o5
and —TAS* g, we use simplified models for the energetic components
confining the polymer to the pore. Beginning with the enthalpy
component, we note that the PEG is confined to the trans lumen re-
gion of the pore under an applied transmembrane field. Previous
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numerical studies have shown that in the ionic strength conditions
reported here, PEG,g weakly binds about 2e of charge (40). Under an
applied 70-mV transmembrane field, the charge will be confined
only partway across this potential drop [i.e., the PEG only experienc-
es ca. 30% of the field drop in the trans lumen region of the pore
(54)]. From this, we can estimate AH o = 0.3qVapp = 4.2 kJ/mol,
which is in reasonable agreement with the values reported in
Fig. 4C. In addition, the entropic component of the polymer tran-
sition barrier can be estimated from the free energy required to com-
pletely stretch a polymer chain TAS* ot = PPk T/ (nb?), where r is the
average end-to-end distance of the polymer, # is the polymer repeat
number, and b is the size of each monomer subunit (55). For
PEGyg, we have the following parameters: r = 2.1 nm, n = 28, and
b =0.1464 nm (56, 57), which yield —TAS* o= 6.8 kg T = 16.8 kJ/mol
at room temperature. As with the enthalpic change, this too is in
reasonable agreement with the reported values in Fig. 4D. These
results verify our kinetic approach to estimating the enthalpy and
entropy components of the free energy barrier to polymer escape.

lonic strength dependence for homopolymer

PEG: Cluster-occupied pore

In addition to the open pore analysis, we performed thermodynamic
analysis for the gold cluster-occupied pore and found that enthalpy
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is increased nearly fourfold with respect to the open pore case and
the entropy is reduced in the presence of the gold. We believe that
these two observations can be understood by the fact that clusters
add two additional barriers to transport: an increased entropic
barrier at the constriction point of the aHL P barrel (43) and an
enthalpic change due to Coulombic interaction between the cation-
bound PEG and the negatively charged gold clusters. It appears
that the Coulombic attraction dominates even under extremely
high ionic strength conditions. This may be explained by the
fact that increasing ionic strength increases the number of
cations bound to the PEG and thus the attraction between the
PEG and gold cluster. Regardless of the exact mechanism, Fig. 4
highlights two important conclusions. The first is that for the open
pore, the entropic component of the free energy barrier to escape
for PEG appears to dominate the kinetics and suggests that to in-
crease the PEG residence time, one should focus on the polymer
degrees of freedom both inside the pore and in the transition re-
gion between the pore and bulk solution. The second conclusion is
that although entropy drives the PEG-pore interaction, it is possi-
ble to modify the enthalpy (via charge) to increase the PEG-pore
interaction time, which is a route to superior size selectivity by the
pore (30, 58).

Polydisperse PEG

The results in Fig. 4 focus on one particular PEG size (n = 28). How-
ever, a benefit from the single-molecule analysis is the ability to
isolate data from precise polymer sizes. With individual n-mers
of PEG resolved, the relative energetic contributions can be ex-
pressly estimated for each monomer-length increase in the polymer
(Fig. 5). To achieve sufficient resolution, ionic current was recorded
with static laser power until a sufficient number of molecules were
observed to characterize the residence time for n-mers ranging
from n = 18 to n = 40. The data were processed and binned in a
two-dimensional histogram (Fig. 5A). A more thorough discussion
on the construction of the histogram in Fig. 5A can be found in the
Supplementary Materials.

To extract the thermodynamic information, the residence time
was measured at seven static temperatures with laser heating (Fig. 5B)
and the thermodynamic information was calculated from these values.
Previous work suggests that PEG is excluded from the pore by the
entropic-spring effect that becomes dominant at ~3000 g/mol or
n = 68 (46), which corresponds to an estimate of the largest PEG
molecule that completely fits in the B barrel ~3400 g/mol (n = 77)
(30). We stress that the data presented here are well below this
pore-filling regime, yet it shows a appreciable shift in the energetics
of the polymer-pore system.

As shown previously (20), AG*. for the polymer capture smoothly
increases with increasing polymer size. However, a closer inspection
shows that AH® . decreases with polymer size in a nonlinear fashion
while the entropic term, —TAS* 4 (at 297 K), increases at an approx-
imately 50% higher rate (Fig. 5C). These data show a subtle transi-
tion in the behavior of the polymer from an enthalpic-dominated
process for small molecules to an entropic-dominated process as the
polymer exceeds n = 25. In this regime, the diameter of the polymer
is approximately equal to the diameter of the B barrel at its widest
point and 1.3 times the diameter at the narrowest constriction in the
pore (43) as estimated by the hydrodynamic radius of PEG in bulk
solution under good solvent conditions [2R,, = 2.0 nm for n = 27
(57, 59)].
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The increase in - TAS . with polymer size is attributed to the dif-
ference between entropy in the pore and entropy as the polymer
leaves the pore. Thus, the polymer degrees of freedom increase more
rapidly with increasing polymer size inside the pore than through
the transition state, which is consistent with a model where the poly-
mer is stretched in the electric field through the escape transition.
Conversely, AH? ¢ decreases with increasing polymer size, which
seems counterintuitive. One would expect larger polymers to chelate
more cations and thus increase the enthalpic barrier to escape. How-
ever, this is not the case and could be attributed to a combination of
charge repulsion between bound cations on the PEG chain and other
effects related to the transition out of the pore that may impede the
ability for larger polymers to chelate additional cations in the transi-
tion state.

Opverall, the ability to separate the entropic and enthalpic compo-
nents of the free energy barrier to PEG escape highlights the fact that
the mechanism that causes the increasing residence time with in-
creasing PEG mass is dominated by the entropic component of the
free energy barrier, which was also observed for the case of homo-
polymer PEG in different ionic strength solutions. The laser-based
heating approach provides a sensitive tool to explore these free
energy components and better understand the mechanisms that
drive polymer-pore interactions.

Peptides

PEG interactions with the oHL pore provide an excellent test case
from which to fine-tune and optimize free energy analysis. Figures 4
and 5 highlight the effectiveness of the laser-based heating method-
ology and elucidate the mechanisms that give rise to the PEG inter-
actions with both the open and cluster-occupied pore. These results
are consistent with previous efforts (25), and this motivates studies
of more exotic polymers besides PEG. Nanopore resistive pulse sen-
sors have emerged as a viable sensor for peptides and proteins
(60, 61). Careful choice of both the chemistry and geometry of the
pore has enabled size-selective (62-64), shape-selective (65, 66), and
even sequence-specific detection of proteins and peptides (67, 68).
Here, we will focus on the interaction of peptides with the oHL pore.
Temperature studies help to expand our understanding of the free
energy profile, which, in turn, could help optimize the conditions
required for accurate peptide sensing and identification.

To better understand the interaction of peptides with the open
and cluster-occupied pore, we performed laser-based thermody-
namic analysis on three commercially available peptides: AT2, AT1,
and NT. These polypeptides fall within the mass range of the PEG
molecules that were analyzed and each has high-quality NMR struc-
tures: NT (20YV) (69), AT1 (IN9U), and AT2 (1N9V) (70). These
structures are reproduced in fig. S6 in two different forms to high-
light the differences between them. Cursory investigation reveals
that AT2 is a relatively stiff peptide. The side-chain rotations reveal
four conformations containing one hydrogen bond and one confor-
mation with two hydrogen bonds among the 20 resolved structures.
AT1 retains the primary structure of AT2 with two additional resi-
dues (histidine and leucine) on the C terminus of the peptide. From
these data, 16 hydrogen bonds were observed in the 20 resolved
structures with no more than 3 appearing in any structure. In addi-
tion to the increased number of hydrogen bonds, the AT1 has stable
secondary structures with these bonds appearing to span multiple
residues, rather than simply adjacent residues. This should have
marked effects on the ability of the AT1 peptides to freely explore
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their structural space, particularly when confined within the nanopore.
The NT structures contain no resolved hydrogen bonds, and the
structure is best characterized by two structurally conserved regions
separated by a flexible hinge (69). Prior work using oHL to analyze
these peptides showed that despite the nearly 10-fold longer pore
residence time compared to similarly sized PEG, the blockade depth
for peptides was well predicted by modified volume exclusion effects
(42). The gold cluster-occupied pore did not lead to as large an increase
in the peptide residence time as compared to PEG (Fig. 2, E and F).
Thermodynamic studies can shed light on these observations.
Figure 6A shows the mean residence time and Fig. 6B shows the
overall free energy of escape of these three peptides for the open
(blue) and cluster-occupied (orange) pores. The residence time in-
creases with increasing mass in a manner similar to PEG (Figs. 4A
and 5B), while the free energy shows little change across the three
peptides (within corresponding error bars). To better understand
this, we measured AH* o (Fig. 6C) and —Ta97kAS" of¢ (Fig. 6D) for the
escape barrier of the peptides with and without a cluster in the pore.
For each of the peptides, the gold cluster results inw only a two- to
threefold increase in the residence time, suggesting that the peptides
cannot interact efficiently across the constriction at the end of the
hemolysin P barrel (43). This may result from the longer persistence
length of amino acid chains than PEG (57, 71, 72). A direct compar-
ison of the free energy components and residence times for PEG and
peptides can be found in fig. S5 in the Supplementary Materials.
The open pore peptide data shed some light on the nature of the
peptide-pore interactions. For each of the peptides, the AH?
strongly favors remaining in the pore, while AS*y favors exclusion

Angevine et al., Sci. Adv. 2021; 7 : eabf5462 21 April 2021

(i.e, AH o> 0, = Tag7kAST ot < 0). This enthalpic dominated polymer-
pore interaction most likely results from hydrogen bonding with one
or two residues within the pore. We rule out electrostatic interac-
tions because the enthalpy component of all three peptides is nearly
identical despite the fact that the overall net charge on AT2 and AT1
is considerably less than NT (42). In any event, this contrasts with
PEG that showed that the increasing residence time with increasing
ionic strength (Fig. 4) and mass (Fig. 5) was primarily due to the
entropic component of the free energy barrier to escape.

Comparing entropic and enthalpic barriers for escape between
the three peptides in the gold-free pore highlights the slight differ-
ences between them. For instance, while the AH* ¢ is essentially the
same for both angiotensin peptides, there is a slight increase in en-
thalpy between AT1 and NT. In addition, —T297KASioff appears lower
for AT2 as compared to AT1 and NT. This means that the entropic
component of the free energy for escape dictates the observed resi-
dence time difference between AT2 and the AT1/NT peptides while
the enthalpy component could explain the difference in residence
time for NT compared to AT1. One possible explanation for the en-
tropic difference between angiotensin peptides is that the AT1 can
exhibit a B-fold while AT2 does not (70, 73). Differences between the
NT and angiotensin free energy components are less obvious with
the absence of gold clusters, which is somewhat unexpected given
the structural differences of the NT peptide (see fig. S6 in the Supple-
mentary Materials).

To further explore differences between the peptides, we consider
the gold-occupied case. Gold clusters do not have as strong an effect
on residence time for peptides (Fig. 6A) as they do for PEG (Fig. 4A).
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The ratio tgo1d/Topen = 3 for peptides and tgo1a/Topen = 10 for
PEG. Despite the relatively small effect that the clusters have on the
peptide residence times, there are differences in the free energy com-
ponents that highlight the chemical and structural differences of these
molecules. Figure 6 (C and D) shows that the gold cluster produces a
substantial increase in the enthalpy that is opposed by a decrease in
the entropy for the AT2. These effects are not observed for the larger
peptides (AT1, NT) likely because AT2 is the only peptide tested that
is small enough to interact with the cis-side gold cluster across the
constriction under the moderate applied electric fields used here.
The results in Fig. 6 and fig. S5 highlight notable differences in
the energy profiles of PEG and the peptides studied here. However,
comparisons between peptides yield unusually similar free energy
components with only subtle changes observed in the entropy and
enthalpy. The angiotensin peptides show slight differences in entropy
while NT shows a slight difference in enthalpy. The NMR structures
for each peptide suggest that these differences may be driven by hydro-
gen bonding within each peptide; however, a more detailed chemical
analysis will require additional tools (e.g., MD simulations) to extract a
fuller picture of the peptide-pore interactions. Nevertheless, the free
energy results here show a more nuanced understanding of the dy-
namics of the system and can serve as a step-off point to further develop
greater specificity for designing nanopore-based peptide biosensors.

DISCUSSION
Polymer-pore interactions represent a ubiquitous phenomenon
across several branches of physical and life sciences. The advent of

Angevine et al., Sci. Adv. 2021; 7 : eabf5462 21 April 2021

nanopore sensing enables one to study these interactions at the
single-molecule limit. Techniques for studying the free energy
barrier to polymer escape from the pore have been limited, but here
we describe a laser-based approach to localized heating that enables
accurate and rapid control of the solution temperature. By using a
dynamic heating approach, a fully realized statistical thermodynamic
measurement can be performed even on inherently unstable
systems, which is inaccessible for methods that rely on thermal con-
trol of bulk solution. When we applied this method to examine
polymer systems, a detailed picture of the chemical interaction
emerges (Fig. 7).

For the case of PEG, we have shown the critical role that entropy
plays in the polymer-pore interaction. These results show that there
is little hydrogen bonding between the polymer and the pore, rather
the retention is primarily limited by the decreased entropy of the
polymer as it exits the pore. This is highlighted by the observed
changes with ionic strength, which modifies the solution conditions
near the pore mouth in such a way as to reduce the entropic spring
driving the polymer from the pore, provided that the PEG binds cat-
ions reversibly. In addition, we used this technique to measure the
effect of reversible pore modifiers such as anionic gold clusters. Our
results show that the enthalpic binding from Coulombic interactions
plays a critical role in the enhancement and suggests that modifica-
tions to the local charge density within the pore present a path toward
enhancing PEG sensing. Schemes involving electrostatic interac-
tions have shown promise for nanopore sensing (74-77), and direct
measurement of the thermodynamic properties should enable these
interactions to be fine-tuned for the development of new pores.
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Fig. 7. The energetics of escape for PEG and peptides highlight the different
chemistry of each molecule. (Top) PEG,g escape is an entropic process governed
by the polymer interactions with the electrolyte. (Bottom) AT1, escape times are
governed primarily by enthalpy, as highlighted by hypothetical hydrogen bonding
between the polymer and the pore. A complete summary of the free energy pro-
files for all molecules and conditions studied herein is available in the Supplemen-
tary Materials.

Peptides were also studied, and it was shown that the free energy
barrier for escape is dominated by enthalpy, which suggests hydro-
gen bonding between the peptides and the pore interior. These
bonds lead to reduced entropy of the polymer in the pore, which is
relaxed when the hydrogen bonds are broken during polymer es-
cape. Thus, for the peptides, entropy favors escape while enthalpy
favors retention. This is different from the noninteracting PEG, in
which entropy dictates the barrier, with enthalpy providing a rela-
tively small modification. It is worth noting that some component of
the differences in the mean residence times between the different
peptides may result from differences in the escape times 1y rather
than differences in the energetics. Nevertheless, the thermodynamic
studies here enable one to extract the free energy profile. Last, we
studied the interaction of peptides with cluster-occupied pores and
found that the interaction between the peptides and clusters was
essentially nonexistent (with the exception of AT2 where the enthal-
pic gain was offset by the entropic loss) explaining the reduced
enhancement in cluster-occupied residence times seen for the pep-
tides as compared to PEG. In summary, the laser-based dynamic
temperature probing described here effectively answers numerous
questions about the nature of polymer-pore interactions and will
lead to improved development of more efficient nanopore sensors
and a better understanding of polymer-pore interactions.

MATERIALS AND METHODS

The experiment is performed on an inverted microscope (Zeiss Axio
Observer D, Carl Zeiss, Germany) to enable clear optical access to
the membrane support. The lipid bilayer membranes [DPhyPC
(10 mg/ml; Avanti, Alabaster, AL) in hexadecane] are formed by a
previously described painting method (8). The top and bottom
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chambers are filled with matching electrolyte solutions, and a Teflon
sheet with a 50-um hole (Eastern Scientific LLC, Rockville, MD) is
positioned =200 pm above the bottom chamber coverslip. Following
a previously described method for inserting single channels into mem-
branes (78), a microforge (Warner Instruments, Hamden, CT) is used
to create a small glass bead (ca. 150 um) at the end of a micropipette.
The bead is placed in a 500-nl drop of aHL (0.5 mg/ml; List Biological,
Campbell, CA) solution for approximately 5 min. The droplet evap-
orates, resulting in adsorbed protein monomers on the glass bead.
Using a motorized manipulator (MPC-325, Sutter Instruments,
Novato, CA), the aHL-loaded glass bead is positioned over the
membrane and lowered until it makes contact with the membrane.
Tonic current is monitored for cHL pore formation. If multiple pores
are inserted into the membrane, the protein-covered bead is re-
moved and the membrane is reformed with a second lipid-covered
glass bead. This process is repeated until a single stable pore is inserted
into the membrane (typically fewer than five attempts). An I-V curve is
recorded to verify the orientation of the aHL pore (cis-side up) (79).

Collimated light from a 200-mW continuous-wave, 1444-nm diode
laser (MILIII-1444, Opto Engine, Midvale, UT) is aligned into an
AOM (PN:1040AF-AIFO-1.0, Gooch & Housego, Ilminster, UK)
where a sinusoidal wave (250 mHz) modulates the outgoing laser
intensity. The light is launched through the back aperture of a 4x
microscope objective (20% transmission at 1444 nm, Plan Achro-
mat, Thorlabs, Newton, NJ) mounted onto the inverted microscope.
All reported laser powers are measured with a meter (PN: S122c,
Thorlabs) located at the entry port of the objective. The beam focus
appears as a purple spot on a charge-coupled device camera (PN:
DCU223C, Thorlabs), slightly larger than the 50-um hole in the Teflon
sheet, which provides approximately uniform heating across the en-
tire lipid membrane. The temperature is measured from a calibra-
tion curve that connects the open pore current to the solution
temperature. Details regarding this calibration can be found in the
Supplementary Materials (31).

The gold clusters used here are Au,5(SG);s with a diameter on the
order of 2.4 nm. The synthesis and characterization details have been
previously described (8). For gold cluster insertion, the opening ap-
erture of a micropipette tip containing ca. 30 uM concentration of
Au,s(SG);s clusters is positioned =50 um above the bilayer mem-
brane. A small backing pressure (15 hPa) is applied to eject clusters
toward the nanopore (Femtojet, Eppendorf, Enfield, CT). At this
concentration, the pore is in the gold-occupied state approximately
50% of the time. A typical experiment lasts for =5 min, and unless
stated otherwise, the lower chamber (trans-side) contains polymer
analyte at various concentrations ([PEGs] = 2.5 uM or [peptide] =
20 uM). Transmembrane voltages are applied across the lipid bilayer
membrane with electrical ground fixed on the trans-side of the
membrane. Details for the data analysis can be found in the Supple-
mentary Materials.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/17/eabf5462/DC1

View/request a protocol for this paper from Bio-protocol.
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