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ABSTRACT: It was recently demonstrated that one can monitor ligand-induced structure fluctuations of individual
thiolate-capped gold nanoclusters using resistive-pulse nanopore sensing. The magnitude of the fluctuations scales
with the size of the capping ligand, and it was later shown one can observe ligand exchange in this nanopore setup.
We expand on these results by exploring the different types of current fluctuations associated with peptide ligands
attaching to tiopronin-capped gold nanoclusters. We show here that the fluctuations can be used to identify the
attaching peptide through either the magnitude of the peptide-induced current jumps or the onset of high-frequency
current fluctuations. Importantly, the peptide attachment process requires that the peptide contains a cysteine
residue. This suggests that nanopore-based monitoring of peptide attachments with thiolate-capped clusters could
provide a means for selective detection of cysteine-containing peptides. Finally, we demonstrate the cluster-based
protocol with various peptide mixtures to show that one can identify more than one cysteine-containing peptide in a

mixture.
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eptide biomarkers are of great interest for biosensing
applications given their ubiquitous role in the onset and
development of various diseases.' > The ability to
monitor certain peptides from the peptidome could enable
detection of cancer'”’ along with various inflammatory,”™"’
Lo 11-13 . . 14-16
neurodegenerative, and cardiovascular diseases.
Several reviews have been written on the subject of peptide
. . . . 17,18
sensing for diagnostic and surveillance-based applications.
Given the vast number of different peptides that make up the
peptidome (i.e., at least 4000 peptides have been reported in
. 9 .. . .
urine alone), ~ it is not surprising that most detection
strategies have focused on various mass spectrometry (MS)
methodologies.””~>* The high degree of accuracy and
precision provided by MS enables clear separation of different
peptide components, but MS methods typically require
labeling, show ca. 50% detection efficiency from tryptic digests,
are nearly blind to cysteine-containing peptides,”” and are not
easily amenable to point-of-care analysis. In addition, MS
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analysis of proteins typically utilizes a trypsin digest that
cleaves the protein sample into a large number of peptides.
This can yield complex spectra that are cumbersome to
analyze. One approach to overcome this is to utilize selective
detection of cysteine to reduce the number of observable
peptides.”* Cysteine detection is advantageous because of its
tendency to bind to coinage metals and it is the rarest amino
acid in the proteome.”” Selective detection of cysteine-
containing peptides would greatly reduce the complexity of
proteomic analysis, which motivates the development of rapid
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and low-cost methods for detecting small, cysteine-containing
peptides in solution.

Non-MS-based peptide detection typically relies on
immunoassay protocols where target antibodies can selectively
detect peptides from a populated background. Several review
articles describe this methodology in greater detail.”*™>
Despite the high degree of selectivity provided by immuno-
assays, they are limited by the difficulties in reproducible
results and tedious sample preparation.”"”> Peptide-based
sensors have been proposed as well, and these show promise in
their ability to selectively detect various targets from a crowded
environment.”> >’ All these methods rely on the identification
of a specific adapter to detect a particular peptide. Develop-
ment of a transducer capable of selectively detecting a variety
of molecules would represent a useful development in the field
of peptide sensing. Several single molecule techniques have
been applied to peptide detection,”* ** but here we focus on
resistive-pulse nanopore sensing.

Resistive-pulse nanopore sensing is a well-established single-
molecule technique with advantages that include label-free
detection, low-cost implementation, and the ability to modify
the sensor element for various detection strategies and
applications.”’ The principle of operation is based on the
Coulter counter where a nanosized hole in a membrane
partition is used to detect single molecules that enter the hole
and partially block the flow of current. These blockages can be
analyzed to ascertain properties of the molecule in question.
Recent efforts by nanopore researchers have focused on a
variety of peptide and protein applications that include
sequencing,””~* detection of various peptide modifica-
tions,**” and peptide sensing and analysis.** Most efforts
that apply nanopore detection to peptide sensing have utilized
high-throughput detection to enable construction of size
distributions, while fewer studies have used applications that
utilize modifications to the nanopore environment to facilitate
long-time extended interrogation of single molecules.*”°
Some of these pore modification studies have the advantage
of enabling clear identification of the molecule of interest
without the need for constructing current blockade or transit
time distributions.”' >

Our group has previously utilized thiolate-capped metallic
gold nanoclusters as a passive actuator capable of transmitting
information about the structural dynamics of the particle.’®
Further investigation showed that one can monitor ligand
exchange processes at the single cluster limit.’' The
introduction of free ligands in the vicinity of the pore-bound
cluster yields easily resolved current transitions that corre-
spond to the mass of the exchanging ligand. This suggests a
path toward single molecule sensing and identification, which
was demonstrated for the case of the tripeptide glutathione.”'

To fully develop this technique as a viable peptide sensor,
more effort is required to better understand what types of
fluctuations occur upon peptide attachment with the cluster.
While the initial demonstration of ligand exchange showed
promise, via the onset of distinguishable current steps for
identifying the attaching ligands, it is not clear how universal
these steps will be and what characteristics about the attaching
peptide dictate the onset of clear current step fluctuations.
Specifically, which chemical and physical properties of the
peptides are most responsible for causing the different types of
fluctuations upon ligand attachment? This motivates the
present study and will serve as a major focus of this paper.

In the work presented herein, we explore the different
fluctuations that result from attaching peptides to tiopronin
(TP)-capped gold clusters. We investigate a range of peptide
fluctuations that give rise to either well-resolved transitions
between current states or high frequency, two-state fluctua-
tions. We show that these high-frequency fluctuations result
from a combination of peptide charge, sequence, and length.
We also demonstrate improved peptide sensing results from
these high-frequency fluctuations because they create distinct
current signatures that enable peptide identification at the
single peptide limit. Additionally, we find that peptide
attachment requires a cysteine residue in the free peptide.
Finally, we demonstrate clear identification of peptides from
various mixtures, which provides a path toward cysteine
selective, low molecular weight, peptide detection.

RESULTS AND DISCUSSION

Nanopore analysis can be used in conjunction with micro-
capillary tips to load individual metallic clusters into a
pore.’®”” This has been used to study ligand exchange
processes on metallic clusters,”’ and we use this methodology
here to further explore peptide induced current fluctuations.
Figure 1 illustrates the experimental setup and typical traces
that demonstrate peptide attachment. The sensor consists of a
wild-type alpha hemolysin (@HL) pore, which is a stable,
transmembrane, heptameric pore-forming toxin from Staph-
ylococcus aureus. This aHL pore is loaded with a single TP-
capped gold cluster locally injected into the cis-side of the pore.
Single particle capture is most likely (rather than multiple
particle capture) because the TP ligands are fully deprotonated
in the pH 8 condition studied throughout, which makes the
clusters charged and prone to cluster—cluster repulsion.
Further discussion of this point can be found in the Methods
section and elsewhere.”’ Upon capture of a single cluster,
pressure applied to the microcapillary containing clusters is
turned off to further reduce the likelihood of multiple cluster
captures. After a short delay (ca. seconds), solution from a
second capillary, containing peptide ligands, is ejected onto the
pore and this yields peptide attachment events. Detailed
information regarding peptide sequence, charge and mass
(Table S1) and CD spectra (Figure S1) highlighting the lack of
any secondary structure in the peptides used in this study, can
be found in the Supporting Information. Additionally, details
regarding the size distribution of the gold clusters, the
corresponding current blockades that result from cluster
interactions with the pore, and UV—vis spectra of the clusters
can be found in the Analysis of TP-Capped Nanoclusters
section of the Supporting Information (Figures S2 and S3).
To facilitate the design of a cluster-modified nanopore
peptide sensor, we experimented with numerous cysteine-
containing model peptides varying the mass, primary sequence,
charge, and terminal capping group to better understand the
types of fluctuations that result from peptide-cluster inter-
actions. Previous studies showed that when glutathione and
thiolated polyethylene glycol (S-PEG) ligands undergo
exchange and/or additions with TP-capped clusters, they
give rise to easily resolved current steps that can be used to
estimate the mass of the attaching ligand.”" Note that herein
we use the term “attachment” to describe either a peptide
exchange event or direct addition to the pore-bound cluster
surface. See Figure 4 in ref 51 for a more complete discussion
of the differences between ligand exchange and ligand
additions. Interestingly, we find that attachment only works
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Figure 1. Experimental setup and corresponding peptide attach-
ment traces. (A) Peptide attachment methodology with nanopore-
based cluster analysis. (i) A single cluster is loaded into the pore
and reduces the current. (ii) Following cluster capture, the target
peptide is sprayed onto the trapped cluster and attachment occurs
changing the corresponding ligand dynamics. (B) Sample traces
illustrate two distinct fluctuation types. (i) A so-called low-
frequency fluctuation where several peptides lead to easily
discernible current states. (ii) A high-frequency fluctuation
where a single peptide yields rapid fluctuations. (iii) A zoomed-
in view of the resulting ligand dynamics exhibits two-state
fluctuations that can be analyzed to identify the target peptide.
The red bar in panels (i) and (ii) indicates when the peptide target
is ejecting onto the pore. The narrow blue box around ¢ = 50 s in
(ii) highlights the zoomed region in (iii). All data shown here were
taken under 70 mV applied transmembrane potential in 3 M KCI
at pH 8. The “low-frequency” peptide in panel (B, (i)) is
GRGDSPC at 500 M in the loading tip, and the “high-frequency”
peptide in panel (B, (ii)) is 9C1 at 250 M in the loading tip.

for thiol-containing ligands. Consequentially, we find for the
case of peptide ligands, they must contain a cysteine residue in
order to initiate the attachment process. This is illustrated by
numerous current traces comparing attachment (or lack
thereof) for cysteine and noncysteine containing peptides
(see Figure S4 in the Cysteine Selective Detection section of
the Supporting Information).

In this study we find evidence of current stepwise transitions
for some peptides (i.e., Figure 1B,i), but we also find a different
type of interaction where the attachment of a peptide ligand
yields high-frequency one- or two-state fluctuations (Figure
which current fluctuations is included in Table S1 of the
Supporting Information. We start with a series of experiments
to better understand the underlying mechanisms that give rise
to the so-called high-frequency current fluctuations.

The first experiment, highlighted in Figure 2, explores the
dependence between the high-frequency two-state fluctuations
and peptide size. We quantify differences between the peptides
by measuring the difference between the TP-capped cluster
level and the upper current state (defined as § = itp — iypper)
and the difference between the upper and lower current states

(defined as 7 = iypper — fiower)- We also find a clear dependence
between peptide size and relative occupation of the lower or
deeper current state. This is parametrized herein as P = A,/
(A, + A,), where A and A, are the heights of the two peaks in
the all-points histograms for the peptide occupied current
fluctuations (see Figure 2 for details). Figure 2 shows a
dependence between the attaching peptide mass and 6, ¥, and
Py This dependence is expected for 0 and y because the
difference between the TP-capped cluster before and after the
attachment of a single peptide should reduce the current
(proportional to §), and the transitions between the upper and
lower current levels likely result from the attached peptide
fluctuating near the cluster surface (proportional to 7).
However, the dependence between mass and Py is less
obvious, but it most likely results from the fact that the larger
peptides are more prone to blocking the current for longer
periods. Regardless of the mechanism driving the P
dependence, we find a clear linear trend over the range
studied. Taken together, these results suggest that differences
between current fluctuations could be used to elucidate the
identity of an attaching peptide. However, it is not clear what
peptide properties give rise to two-state versus one-state high-
frequency fluctuations or low-frequency fluctuations. This
uncertainty complicates the development of the cluster-
occupied pore as a sensor. To address this, we performed a
series of experiments to better understand the mechanisms
behind the various high-frequency fluctuations.

Figure 3 shows the role that cysteine position, peptide
charge, and capping functional group play on the high-
frequency fluctuations. Figure 3A,B shows sample current
traces and corresponding all-points histograms for four
different peptides. Each peptide has nine amino acid residues,
with the lone cysteine residue located at different positions
within each sequence (i.e., 9C1, 9C3, 9CS, and 9C7, see Table
S1 in the Supporting Information for more details). Moving
the cysteine residue further from the N-terminus yields two-
state current fluctuations with diminishing occupation of the
deeper current state. We hypothesize that this behavior results
from the interactions between the carboxyl group on the TP
ligands and the C- or N- termini of the peptide. Specifically, we
believe the attaching peptide tends to be in either one of two
structural configurations. One corresponds to the peptide
being stretched out away from the cluster (larger volume
yielding the lower current state), which we will refer to here as
the “extended state”, and the other configuration corresponds
to the peptide being more closely associated with the cluster
surface (smaller volume yielding the upper current state). For
simplicity, we will refer to this configuration as the “collapsed
state”. The amine—carboxyl interaction (N—C) is most likely
attractive, while the carboxyl—carboxyl interaction (C—C) is
most likely repulsive at pH 8.°° This means that when the
peptide end farther from the cluster is a carboxyl group (i,
9C1 and 9C3), the repulsive C—C interaction dominates and
leads to rapid and clear fluctuations between the two structural
configurations. Conversely, when the peptide N-terminus
extends further away from the cluster surface (i.e., 9CS and
9C7), the more attractive N—C interaction and/or entropic
component of the peptide’s free energy tends to favor the
collapsed state and this creates a smaller volume structure,
which leads to greater occupation of the higher current state.
This is illustrated with the cartoon below Figure 3A,B.

To further confirm this hypothesis, we modified the end
functional group of a peptide and compared the corresponding
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Figure 2. Size-dependent high-frequency peptide fluctuations. Peptides anchored at the N-terminus with a cysteine residue yield sizable
current fluctuations. Peptides with different mass can be characterized by these fluctuations. (A) Sample current traces and ensemble-
averaged all-points histograms for 11Cl1, 9C1, 7C1, and SC1 (sequence information can be found in Table S1 of the Supporting
Information) yield high-frequency fluctuations upon attachment of a single peptide at 0.1 s. Note that the steady current before capture
results from a single trapped TP-capped Au cluster in the nanopore (see Figure 1). Also note the current distributions are shifted so the
upper current state is positioned at zero. We parametrize the fluctuation magnitude with respect to the gold-occupied state (§) and the
magnitude of the fluctuations between the upper and lower peptide states (7). The corresponding all-points histograms for each of the
peptides show fluctuations yield two discrete states with the relative population of each state dictated by the peptide size. (B) A trend
between the peptide mass and “6” fluctuations exist. The solid gray line is a least-squares weighted-fit forced through the origin with slope
(15.5 + 1.4) fA/(g/mol). (C) Additionally, a trend can be seen for “y” fluctuations. The solid gray line is a least-squares weighted-fit forced
through the origin with slope (79.4 + 1.6) fA/(g/mol). Note that both linear fits in parts (B) and (C) have been extended to the origin to
illustrate the range of linearity. (D) The relative height of the left-most peak scales linearly with the peptide mass for all the peptides and
suggests an additional metric (P,.) for peptide identification. The least-squares weighted fit yields a slope of (1.2 + 0.1) mmol/g. All data
shown here were taken under 70 mV applied transmembrane potential in 3 M KCI at pH 8. The error bars are standard deviations calculated
from a minimum of 6 different peptide capture events (details can be found in Table S2 of the Supporting Information).

current fluctuations. Figure 3C,D shows typical current traces Figure 3E,F shows current traces and histograms of these three
and corresponding all-points histograms for both 7C1 and peptides where the 9C1 negative peptide yields clearly resolved
7C1-NH, peptides. The 7C1-NH, peptides have the standard two-state fluctuations, while the net neutral and positive
C-terminal carboxyl group modified with an amine capping peptides essentially eliminate these fluctuations. We hypothe-
group. The resulting traces show that the addition of the N- size that in this case, the charged residues interact with the
terminus-like moiety on the freely exposed end of the cluster- deprotonated carboxyl residue of the TP ligands (measure-
bound peptide nearly eliminates the lower current state. This is ments performed at pH 8), and this yields repulsive
consistent with a model that claims the N—C interaction interactions for the negatively charged peptide and attractive
would lead to a more tightly bound peptide-cluster interactions for the positive peptide. Once again the attractive
configuration, while the C—C interaction, expected for the interaction favors the collapsed state configuration, which leads
7C1 peptide, yields rapid transitions between the collapsed and to a single, higher-level current state for these peptide-particle
extended state configurations. The cartoon below Figure 3C,D pairs. The cartoon below Figure 3E,F illustrates this behavior.
illustrates this behavior. The experiments outlined in Figures 2 and 3 lead to several
In addition to the role that the end functional group plays in conclusions regarding the high frequency fluctuations. First,
driving these high-frequency fluctuations, we also hypothesize longer peptides are more likely to exhibit two-state
that charged residues can affect the two-state fluctuations as fluctuations. Second, the location of the cysteine residue with
well. To confirm this, we performed measurements with respect to the C- or N-terminus plays an important role in
positive, negative, and net-neutral versions of the 9C1 peptide. predicting the onset of two-state fluctuations. Specifically,
17232 https://doi.org/10.1021/acsnano.2c07842
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Figure 3. Fluctuations depend on the cysteine position, end functional group, and peptide charge. Each current trace shows a single TP-
capped gold cluster trapped in the pore for 1 s. At t = 1 s, the corresponding peptide is attached to the cluster and various fluctuations ensue.
These fluctuations inform about the nature of the peptide/particle interactions. (A, B) The cysteine location in the peptide anchors the
peptide to the gold cluster and yields various fluctuations. For the 9C1 peptide, the carboxyl group is furthest away from the core, and this
gives rise to well-resolved two-state fluctuations. As the cysteine is positioned near the carboxyl end, the amine group is free to interact with
the TP ligands. This gives rise to a more stable and smaller configuration as evidenced by the fluctuations and corresponding all-points
histograms. (C, D) Substituting the end functional group from carboxyl (7C1) to amine (7C1-NH,) leads to a more stable and compact
conformation. (E, F) Residue charge also affects the fluctuations as seen in the current traces. Negatively charged peptides tend to resist
peptide coiling, which in turn yields clearly resolved two-state fluctuations. Net-neutral and positively charged peptides enable more
compact cluster structures that eliminate the deeper current state. The cartoon models below each experimental set illustrate each of the
stated hypotheses from the main text. Note that the all-points histograms correspond to the current traces shown. An ensemble of each
peptide’s histogram distributions along with averaged histograms can be found in Figure S5 of the Supporting Information. All data shown
here were taken under 70 mV applied transmembrane potential in 3 M KCI at pH 8.

peptides having the cysteine near the N-terminus are more
likely to yield two-state fluctuations. Third, the overall net
charge of the peptide also plays a role in the onset of two-state
fluctuations. Positive charges tend to create smaller and more
stable clusters that eliminate the two-state fluctuations.

It is important to understand the mechanisms that drive
these fluctuations because the goal here is to utilize peptide
attachment with gold clusters to identify peptides. Given the
complex nature of the induced fluctuations from peptide
attachment, knowing the connections between peptide
sequence and fluctuation type will help with the development
of this protocol for peptide sensing. It is worth noting that we
have assumed the observed fluctuations reported in Figure 3
result from interactions between the peptides and the carboxyl
group of the TP. It is possible that there may be interactions
with the nanopore as well. We believe this is less likely given
the fact that the cis-side of the aHL pore has a roughly equal
mixture of positive and negative residues, but we have not
definitively ruled this out here. Utilizing mutated forms of the
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aHL pore or molecular dynamic simulations would be
required to explore this question in greater detail, but that is
beyond the scope of the present manuscript, and we leave this
question to a future study.

We begin the sensor discussion by exploring peptide analysis
of discrete current steps. Developing the cluster-nanopore
sensor for detecting and identifying peptides from clearly
resolved current steps requires a calibration curve relating
current step size to peptide mass. Figure 4 shows a typical
current trace for one such peptide (GRGDSPC). We believe
this peptide gives rise to clear current steps as opposed to high-
frequency two-state fluctuations because of the low mass and
the location of the cysteine residue (see Figures 2 and 3A,B).
This peptide yields clearly resolved current states that can be
observed in the 100 Hz low-pass filtered signal (red trace
overlapping the black trace in Figure 4A). An all-points
histogram of the filtered signal (within the highlighted purple
box) yields six well-resolved peaks that can be used to identify
the different current levels associated with the attachment of
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Figure 4. Step-based low-frequency peptide sensing. (A) Typical current trace of peptide attachments (this case shows GRGDSPC). The
open pore current drops upon entry of a single TP-capped gold cluster at ~5s. Free peptide is ejected onto the pore from t = 16 to 23 s as
indicated with the blue bar. This yields clearly delineated steps in the current. The overlaid red trace shows the current filtered with a 100 Hz
low-pass filter. (B) An all-points histogram of the attachment process (f = 20—35 s, region highlighted with purple box) shows discrete
current states. The inset shows the linearity of the peak positions, and the solid line is a least-squares fit whose slope is equal to the current
step magnitude for that particular peptide. (C) The peak steps are nearly linear up to 1000 g/mol. The solid line is a least-squares fit with a
slope value of (13.4 + 0.4) fA/(g/mol), which is in reasonable agreement with the slope found in Figure 2B. The ligands and peptides shown
here listed in order of increasing mass are (TP, glutathione, RGDC, 5C1, GRGDSPC, and 9C7). All data shown here were collected under
70 mV applied transmembrane potential in 3 M KCI pH 8 buffer. Sample current traces for each ligand can be found in the Supporting
Information (Figure S6). Each data point corresponds to the average slope calculated from a minimum of 4 different cluster experiments.
The error bars correspond to +1 SD.

this peptide (Figure 4B and inset). The slope of the inset plot SB) overlaid on the previously established RGDC (red) and

in Figure 4B yields the current step magnitude for this peptide. GRGDSPC (blue) step transition distributions. The large peak
We performed a similar step analysis for a variety of different centered at —6.8 pA nearly overlaps with the expected
peptides and ligands (see Figure S6 in the Current Step Ligand distribution from RGDC peptides, and we see a smaller
Analysis section of the Supporting Information for a complete number of events consistent with the GRGDSPC peptides
summary), and Figure 4C shows the resulting linear depend- centered at —9.7 pA. Clearly, the probability of attaching or
ence between the mean current step size and the ligand mass exchanging a smaller peptide is greater than the larger peptide,
for these examples where the mass ranges between ca. 200 and which is not surprising given that the entropic penalty to bind
1000 g/mol. a shorter peptide should be smaller. It is worth noting that the
The well-resolved current steps in Figure 4 suggest that it long times between current step transitions make peptide
should be possible to identify peptides from a mixture. We identification from a single current step straightforward. Figure
illustrate proof-of-concept of this in Figure 5, which shows a SC illustrates this point where eight stepdown transitions are
sample current trace (100 Hz low-pass filtered) resulting from labeled with colored numbers that correspond to the different
the ejection of a 1:1 mixture (500 uM concentration in the peptides involved. The red numbers (steps S, 6, and 8) most
pipet tips for each peptide) of RGDC and GRGDSPC peptides likely correspond to RGDC transitions, and the blue numbers
onto a nanopore-bound gold cluster. The ejection yields (steps 2, 3, and 7) most likely correspond to GRGDSPC
numerous current steps of various magnitude. We analyze the transitions. Steps 1 and 4 (black label) most likely correspond
step magnitudes for the downward-going current transitions to a TP fluctuation. To quantify the likelihood of each step
because those are the steps that most likely result from the corresponding to a particular peptide, we performed a least-
attachment of another peptide onto the particle. Figure SB squares fit using the RGDC and GRGDSPC distributions to
shows the step-down distribution (black line and circles, Figure the observed current step distribution. A complete description
17234 https://doi.org/10.1021/acsnano.2c07842
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Figure S. Low-frequency peptide mixture analysis allows discrimination between different-sized peptides by step-size comparison. (A) A
typical current trace shows the capture of a TP-capped cluster at t = 2.6 s followed by continuous peptide spray onto the pore from ¢ = 14 s—
27 s (blue line). The signal is filtered at 100 Hz and a zoomed-in view of the sub region in blue from ¢ = 22—27 s is shown in panel (C). (B)
A distribution of 237 down steps (magnitude >4 pA) collected from 3 different experiments (24 clusters on 3 nanopores) superimposed on
the corresponding distributions for each peptide individually (blue = GRGDSPC and red = RGDC). The distribution shows a greater
frequency of RGDC fluctuations. The peak of each distribution is best fit to the mixture data (data = black circles, solid black line, fit = solid
red line). (C) Clearly defined state transitions can be used to distinguish between the two peptides in the mixture. This shows a subset of the
current trace (highlighted blue region in Figure SA). Each number label in the trace corresponds to a peptide induced fluctuations with red
numbers corresponding to RGDC, blue corresponding to GRGDSPC, and black to TP. Step 2 = 9.95 pA (GRGRDSPC with 98%
probability), step 3 = 9.58 pA (GRGRDSPC 95%), step 5 = 7.24 pA (RGDC 99%), step 6 = 7.32 pA (RGDC 99%), step 7 = 12.06 pA
(GRGDSPC 99%), and step 8 = 5.04 pA (RGDC 99%). Steps 1 and 4 are on the order of 2 pA and most likely correspond to TP fluctuations.

Complete data analysis regarding the probability distributions can be found in the Methods section.

of the analysis can be found in the Nanopore Sensing and Data
Analysis section.

Identifying the presence of various peptides from single
capture events can also be extended to the high-frequency two-
state fluctuating peptides because the addition of each peptide
is separated by several seconds. Given the fact that many of the
so-called high-frequency peptides exhibit distinct signatures in
their corresponding current histograms (see Figures 2 and 3),
it should be possible to identify a particular peptide in a
mixture. Analyzing high-frequency peptides for sensing
applications requires an understanding of how fluctuations
behave with the addition of multiple peptides. In the low-
frequency case (highlighted in Figures 4 and S), the addition of
more than one peptide does not complicate the fluctuations.
The same does not hold for the high-frequency case. To
address this, we present an example of peptide mixture
detection for 7C1 and 9C1 peptides.

To begin, we show in Figure 6A,B how current fluctuations
change with the addition of sequential 7C1 and 9C1 peptides
onto a trapped cluster. To analyze these events, we filter the
current signal with a 100 Hz low-pass filter. This allows one to
clearly identify when another peptide attaches to the cluster (as
evidenced by a downward step in the filtered current). Figure
6A shows the sequential addition of three 7C1 peptides on a
single trapped cluster. The filtered data highlight each addition,
and we calculate all-points histograms for each of the current
states corresponding to the addition of another peptide. These
distributions show a clear trend where the relative magnitude

of the lower current state (with respect to the upper current
state) increases with each additional peptide. This is most
effectively parametrized by Py (see Figure 2).

We developed a simple model for P4 as a function of the
number of peptides attached to the cluster. The model assumes
the two-state current fluctuations are dependent on the
peptides being in one of two conformations (see discussion
connected to Figure 3 for more details). If we assume each
peptide’s conformation state is independent of all the other
peptides on the cluster, then we can calculate the probability of
finding the current in the deeper state, and this is directly
related to Ppq. Complete details of this model are outlined in
section 7 of the Supporting Information. Applying this model
to the 7C1 data in Figure 6A shows reasonable agreement with
the observed fluctuations (the model is represented by colored
triangles and the data is black circles). Similar analysis is
applied to the case of sequential 9C1 peptides attaching to the
cluster. These results are highlighted in Figure 6B.

In Figure 6C, we present a typical current trace for a
7C1:9C1 mixture ejected onto a trapped cluster. In this case,
we clearly identify four different states which we assume result
from the addition of four peptides. Analyzing the P
parameter for each state and comparing these results to our
model shows that the first two states most likely correspond to
the addition of two 7C1 peptides and the last two states most
likely correspond to the addition of two 9C1 peptides. This is
evidenced by the fact that the P, data (black circles and line)
are in better agreement with the 7C1 model additions (blue
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Figure 6. Multistep and mixture analysis for 7C1 and 9C1 peptides. Peptide addition can be clearly resolved with 100 Hz filtered steps (red
traces) and corresponding histograms can be analyzed to identify attaching peptides. (A, left) Three consecutive 7C1 peptides attach to a
single cluster giving rise to (A, right) distinct all-point current histograms. P, data (black circles) (see Figure 2) shows reasonable
agreement with a simple model (blue triangles) (see section 7 in the Supporting Information). (B) Similar behavior can be observed for 9C1
peptides where Py data (black circles) show excellent agreement with a simplified model (red triangles). (C) A 1:3 molar mixture of 7C1
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Figure 6. continued

and 9C1 peptides shows the addition of both peptide types on a single cluster. This particular current trace shows the addition of two 7C1
peptides, followed by two 9C1 peptides. This is verified in the P panel, where the blue triangles correspond to the addition of all 7C1
peptides and the red triangles correspond to the addition of 9C1 peptides. The data (black circles with solid line to guide the eye) overlap
with the 7C1 model for peptides 1 and 2 and then agrees with the addition of 9C1 for peptides 3 and 4. Complete details are presented in

Table S4 of the Supporting Information.

triangles) for states 1 and 2, and then the agreement is closer
for 9C1 model additions (red triangles) for states 3 and 4. The
overlap between the different peptides becomes difficult to
resolve beyond state 3, which suggests that this Py model
analysis is limited to 2 or 3 peptides per cluster. Results from
Figure 6 are summarized in Tables S3 and S4 of the
Supporting Information.

Nanopore sensing with biological pores has been an active
area of research for nearly 25 years. The technique provides a
powerful analytical testbed with which to analyze unlabeled
single molecule behavior in nanoconfined environments.
Nanopore sensing has become increasingly focused on peptide
detection in the past few years.”” The cluster-based detection
protocol outlined herein presents a number of advances for
peptide detection. Cluster-based detection can selectively
detect cysteine-containing peptides and remain blind to
noncysteine containing peptides. This provides an advantage
because a large percentage of peptides do not contain
cysteine,”” and this could serve as a selective tool to reduce
the analytical complexity required to identify proteins from
peptide fragments. While the cluster-based detection described
herein may not yield distinct parameters for every peptide (see
Figure 4 and Table S2 in the Supporting Information), it does
give rise to very long-lived events (~seconds), which could be
used to optimize peptide mixture analysis to identify peptides
that give rise to distinct signatures. The advantage here is that
the gold cluster approach yields additional parameters (e.g.,
P.¢) beyond traditional open pore parameters (i.e., blockade
depth, blockade time, etc.) that could be used to help identify a
variety of cysteine containing peptides.

Cluster-based detection described here will most likely not
enable de novo peptide sequencing, but the long-lived
fluctuations (like those highlighted in Figures 3 and 6) should
yield useful information to help identify some peptide
characteristics. Specifically, whether or not one or more
peptides in a mixture contains a cysteine, where is the cysteine
most likely positioned (near the N- or C- terminus), what is
the approximate size of the peptide, and if the peptide is
charged or neutral. All of this information, coupled with
protein digestion from several cleavage enzymes,”’ could help
identify a target peptide in a mixture.

Figure 6C shows that each cluster can only detect a small
number of peptides before that cluster must be ejected from
the pore (under a voltage polarity switch). This suggests single-
pore cluster-based analysis may not be viable for analyzing
relative peptide concentrations in mixtures. However, there has
been considerable development of parallel nanopore systems
(i.e., minION from ONT) that are capable of high throughput
analysis (ca. 100s of individual nanopores), and we envision a
similar setup could be used for our technique. Briefly, several
microliters of gold clusters could be ejected with a pipet into
the cis-side of the pore and microfluidic loading could be used
to introduce and flush away peptide mixtures for continual
analysis.”' The ability to apply independent voltages to a large
number of nanopores would enable the application of voltage

reversals to nanopores containing clusters with too many
peptides attached. This would enable the detection of large
numbers of peptide fluctuations from which one could
ascertain the relative concentration of the cysteine-containing
peptides in a mixture.

Alternatively, cluster-based analysis with a single pore may
still prove useful for nanopore sensors because it could be used
in conjunction with open pore analysis, which is more ideal for
estimating peptide concentrations, to better inform the
experimenter that an unknown peptide mixture contains a
number of different cysteine-containing peptides. If one uses
the clusters in addition to open pore analysis, then it could
provide a powerful tool for improving the prospects for
cysteine-containing peptide mixture analysis.

Open-pore resistive-pulse analysis is typically used to
associate current blockades with a particular molecule.*"**
For the case of a simple polymer like PEG, this analysis is
straightforward because the current blockades are low noise
and single leveled.”’ Indeed, peptide analysis with open pores
has had success for various homopolymer peptides®* and trans-
side analysis.”> However, open pore analysis of peptides is
generally more complicated because the peptides give rise to a
wide variety of blockade types (short-lived, translocating, and
multistate). These complex blockades result from a number of
factors (e.g., solubility, secondary structure) that limits the
pore’s ability to distinguish between peptides. This can be seen
from the open pore current traces and corresponding blockade
examples of several of the peptides from Table S1 (see Figures
S8 and S9 in the Open Pore Peptide Sensing section of the
Supporting Information).

One can imagine an experiment where a peptide mixture is
introduced to an open pore system. This gives rise to current
blockades that may yield overlapping (low resolution)
distributions among the different peptides in the mixture.
The additional gold cluster data could help identify the
presence of multiple cysteine-containing peptides. To illustrate
this, we present data in Figure S10 (see the “Comparing
Mixture Analysis between Open Pore and the Cluster
Protocol” section in the Supporting Information) which
shows a combination of open pore and cluster-based analysis
of a 7C1 and 9C1 mixture. The open pore data result from
ejection of the mixture onto an open aHL pore for an
extended period (= 20 min). This gives rise to several
thousand single molecule blockades whose various character-
istics (i.e., blockade depth, duration, and standard deviation)
are each distributed in a unimodal fashion (see left panel of
Figure S$10). This means the open pore is essentially blind to
the fact that there are two distinct peptides in the mixture.
However, by measuring this same mixture with gold clusters in
the pore, we find clear evidence of two distinct current
signatures (see right panel of Figure S10). This additional
information correctly indicates the presence of two cysteine-
containing peptides in the mixture, which do not appear in the
open pore analysis.
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Collecting gold cluster data, in parallel with the open pore
data, could make it possible to identify the presence of multiple
cysteine-containing peptides that may not be distinguishable
from the open pore data alone. This information could better
inform a machine learning search of peptide mixtures®® and
shows the potential that our gold cluster protocol could have

on the analysis of unknown peptide mixtures.

CONCLUSIONS

Nanopore-bound metallic clusters have shown promise as
sensors via ligand exchange and surface attachment processes.
Cysteine-containing peptides can be selectively detected, and
the corresponding fluctuations can be used to identify each
peptide attachment. Here, we have shown the different types of
fluctuations that arise with the attachment of various peptides,
and these yield either stable transitions between current states
where the transition steps are well-correlated with the peptide
mass or high-frequency two-state fluctuations. These high-
frequency fluctuations were shown to depend on various
physical (length, charge) and chemical (sequence) character-
istics. We then demonstrated that the peptide-induced
fluctuations can be analyzed to identify peptides in mixtures
from both the current-step and the high-frequency peptide
types. In fact, the distinct nature of the high-frequency
fluctuations provides a clear indication of the peptide that
attaches at the single peptide limit. We believe this cluster-
based approach to peptide sensing could provide a useful
means for identifying low-mass cysteine-containing peptides
that can play an important role in proteolytic-based peptide
and protein sensors.

METHODS

Materials. Nanopore Experiments. 1,2-Diphytanoyl-sn-glycero-3-
phospholcholine (DPhyPC) lipid was purchased from Avanti Polar
Lipids (Alabaster, AL). Teflon sheets were purchased from Good-
fellow USA Corp. (Coraopolis, PA). 50 pum diameter holes were
formed in the Teflon sheets with laser drilling at Potomac Photonics
(Halethrope, MD). Borosilicate glass capillaries, with filament, having
an external diameter of 1 mm and internal diameters of 0.5 mm and
0.78 mm were purchased from Sutter Instruments (Novato, CA). The
micropipettes for lipid ejection and for analyte ejection were made
from the glass capillaries of 0.5 mm and 0.78 mm, respectively, using a
P-2000 puller (Sutter Instruments) with preset program #11.
Chemicals such as potassium tetrachloroaurate (III) hydrate, Tris
(hydroxymethyl) aminomethane (TRIS), tiopronin (TP), potassium
chloride (KCl), hexadecane, citric acid, and potassium hydroxide
(KOH) were purchased from Sigma-Aldrich (St. Louis, MO). Borane-
tert-butylamine complex (BTBC) was purchased from Alfa Aesar,
(Ward Hill, MA). n-Pentane and methanol were purchased from
Fisher Scientific (Washington, DC). Alpha toxin from Staphylococcus
aureus was purchased from IBT Bioservices (Rockville, MD).

Peptide Synthesis and Purification. All chemicals and reagents
used for peptide purification were purchased from Thermo-Fisher
Scientific (Waltham, MA), VWR (Radnor, PA), or Sigma-Aldrich (St.
Louis, MO). Table S1 details all peptides used throughout this study.

Methodology. Cluster Synthesis. Water-soluble TP-capped gold
clusters were synthesized using a previously established protocol.”"
Solutions of potassium tetrachloroaurate (III) hydrate, TP, and BTBC
were created at a concentration of 2.5 mM in methanol and then
mixed in a 2:2:1 volumetric ratio, respectively. First, 700 yL of gold
solution was mixed with 700 uL of TP ligand solution and shaken for
several seconds. This was followed by the addition of 350 uL of
BTBC solution. The final mixture was vortexed and sonicated for
about 30 min during which time the solution would turn from clear to
brown, indicating the formation of nanoclusters. This mixture was
then left open in a fume hood for 12—24 h until all methanol

evaporated away and the dried sample was affixed to the inside of the
container surface. The dried sample was rehydrated using 1 mL of
type I ultrapure water (18.2 MQ-cm), and the sample was stored at 4
°C and remained stable over a period of 1—2 months. From the values
listed here, we estimate the stock nanocluster concentration to be on
the order of 20 yM (assuming an average of 100 gold atoms per
cluster).

Peptide Synthesis and Characterization. Peptide variants were
synthesized using standard FMOC chemistry in-house as previously
described or purchased from GenScript (Piscataway, NJ).%® Peptides
were purified via reversed-phase HPLC Vydac C4 column, eluted by a
linear gradient of water:acetonitrile (both supplemented with 0.1%
TFA). Peptide identity and purity were confirmed using LC-MS to
>95% purity. Peptide concentration was determined using Beer’s law
with an extinction coefficient of 5680 M~ cm™". Each peptide stock
for CD analysis was made to a final concentration of 150—200 yM
then stored at 4 °C.

Nanopore Sensing and Data Analysis. The nanopore set up and
methodology are nearly identical to one previously described.”’ The
electrolyte buffer used here was 3 M KCl, 10 mM Tris at pH 8.0.
Following the formation of a single #HL channel in an unsupported
DPhyPC membrane, we applied a 70 mV transmembrane voltage
(Axopatch 200B, Molecular Devices, San Jose, CA), which yielded an
easily detectable current through the nanopore. Figure 1A illustrates
the principle of operation where two microcapillaries are positioned
ca. 50 pym from the pore-containing membrane, and a backing
pressure (~10 hPa) was applied for several seconds with a pump
(Femtojet, Eppendorf, Hauppauge, NY) to eject TP-capped clusters
into the cis-side of the aHL pore. After the capture of a single TP-
capped cluster, the backing pressure was removed from the cluster-
containing tip to eliminate the possibility of multiple cluster captures.
Following this capture, pressure was applied to a second capillary tip
that contained the peptide of interest (~10 s). This caused peptides
to be ejected onto the pore-bound cluster, and current was recorded
for extended periods during and after the peptide-tip pressure was
applied. Unless stated otherwise, peptide concentration in the
capillary tip was 500 yM and the total solution volume in each tip
was ca. S uL. The peptide concentration at the pore is greatly reduced
due to diffusion effects, and we estimate it to be on the order of 10
uM. Further discussion of this phenomenon can be found
elsewhere.” To minimize effects from peptide aggregation at these
higher concentrations, peptide solutions were typically discarded after
1 week.

Current signals were digitized and collected at a sampling rate of 50
kHz (Digidata 1550B, Molecular Devices) with a four-pole low-pass
Bessel filter set to 10 kHz. Current traces were recorded with
pCLAMP 10.7 software (Molecular Devices). Further analysis (i.e.,
histograms, digital filtering, and multipeak fitting) was performed with
IGOR 6.37 (Wavemetrics, Portland, OR). Current signal traces were
reported with either the 10 kHz filter or a postprocessed 100 Hz
digital filter using IGOR software (4-pole, infinite impulse response
filter). An in-house MATLAB-based (MATLAB R2019a, Mathworks,
Natick, MA) cumulative sum analyzer was used to analyze current
step distributions as needed.*® All plots were generated using the
IGOR software.

Percentage mixture analysis for the low-frequency peptides RGDC
and GRGDSPC from Figure S was performed as follows. Downward
going current steps >4 pA were analyzed for 24 different exchange
experiments (237 steps on 24 clusters over 3 different nanopores) and
used to construct the step distributions, shown as the black line with
empty circles in Figure SA. This distribution was fit with two
Gaussians (one for each peptide) f (i) = A exp(—((i — iy)/w)?). The
following parameters were used to fit the distributions: (RGDC): A =
38, iy = —6.75 pA, w = 1.45 pA and (GRGDSPC): A = 18, iy = —9.7
pA, w = 0.75 pA. These distributions are represented with the blue
(GRGDSPC) and red (RGDC) transparent shaded functions in
Figure S. The sum of the two distributions (solid red line) is the least-
squares fit to the experimental distribution. From this fitting, we arrive
at functions that yield the probability of a current step (i) resulting
from either a RGDC peptide Prepc(i) = fropc(i)/(frepc(i) +
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farapspc(i)) or a GRGDSPC peptide Pgrepsec(i) = farapsec(i)/
(frepc(i) + farapspc(i)). These percentages are reported in the
Figure S caption.

TEM Measurements. The TP-Au nanoparticle images were
obtained from a transmission electron microscope (TEM) (JEM-
200, JEOL, Peabody, MA) operated at 200 keV and equipped with a
cold cathode. Particles were ejected onto a mesh 200 carbon-coated
Cu grid. Particle sizes were analyzed with Image] software in a manner
previously described.*®
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