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Abstract

Perfluorooctanoic acid (PFOA) has been one of the most common perfluorochemicals,
which are globally pervasive contaminants that are persistent, bioaccumulative, toxic,
and have adverse impacts on human health. The highest concentration of PFOA occurs
in the blood, where it strongly binds to human serum albumins (HSA). Thus, a method
to reverse the HSA-PFOA binding is critical to help facilitate the faster elimination
of PFOA from the body to minimize its toxicological effects. Inspired by the remedi-
ation effect of cyclodextrin (CD) to PFOA through host-guest interactions, herein, by
elucidating inter-molecular interactions using a nanopore sensor, we demonstrated in
vitro reversal of the binding of PFOA to HSA using y-cyclodextrin (y-CD). The competi-
tion behavior for the complexation of PFOA between HSA and y-CD was discussed in
combination with in situ nanopore current recording and nuclear magnetic resonance
(NMR) characterization. The present work not only demonstrates the potential thera-
peutic application of y-CD for PFOA removal from human blood, but also provides an
emerging method for investigating interactions between organic compounds and pro-

teins.
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proteins, particularly organic anion transporters, influence its patterns

of bioaccumulation and toxicity [8,9]. Among them, human serum albu-

Perfluorooctanoic acid (PFOA), as one of the most popular ground and
surface water contaminants in the fluorinated alkyl substances fam-
ily, has emerged as an environmental and health crisis in many com-
munities [1]. Exposure to PFOA is associated with negative ecological
and human health effects including elevated cholesterol levels [2], liver
damage [3], cancer [4], and others [5].

In general, PFOA do not preferentially accumulate in lipids and
fatty tissue like other persistent organic pollutants, but rather in body
organs with high protein content such as the liver, kidney, and brain, and
soon[6]. The highest concentration of PFOA occurs in the blood, where
it binds to serum proteins [7]. The results of both field studies and labo-

ratory experiments have suggested that the interactions of PFOA with

min (HSA) has been identified as a major transporter of PFOA in the
blood, which is the most abundant protein in human blood with concen-
trations ranging from 35 to 50 g/L[10]. Additionally, the strong binding
between PFOA and HSA has been reported to occur through multiple
sites (up to 13) [7], indicating an urgent challenge to reverse this bind-
ing to minimize the toxicological effects of PFOA.

Cyclodextrins (CDs) have previously been proposed as a remedia-
tion strategy for environmental pollutants, including fluorinated alkyl
substances [11, 12]. Acting as cyclic sugar oligomers composed of
glucose monomers, the CDs not only have excellent biocompatibil-
ity but also the capability of encapsulating a variety of hydrophobic

molecules through host-guest interactions due to its hydrophobicinner
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FIGURE 1 Schematicillustration of nanopore sensing for y-CD induced host-guest interaction to reverse binding of PFOA to HSA

cavity [13]. These features make CDs one of the best candidates for
hydrophobic drug delivery [14] and surfactant removal [13, 15]. For
example, 8-CD can encapsulate PFOA strongly in a host-guest com-
plex without being disturbed by changes in solution [16]. The compe-
tition behavior for the complexation of PFOA between HSA and 5-CD
have been probed employing 19F nuclear magnetic resonance (NMR),
circular dichroism, and fluorescence spectroscopies [17], which have
been extensively exploited and are routine methods for investigating
and determining the interaction between different molecules.

Recently, due to their label-free analytical capability and single-
molecule level sensitivity, nanopores have been developed as alterna-
tive analytical tools for single molecules and their interactions [18-20],
which could provide crucial information from observation and analy-
sis of ionic current modulations caused by the interactions between
target analytes and fluidic pores [21-23]. In addition, because CDs
fit well inside most nanopores and present a hydrophobic cavity suit-
able for binding organic analytes [24, 25], they have also been involved
in nanopore analysis and are widely used as adapters for detecting
organic molecules [26, 27].

Inspired by the host-guest recognition of CDs, herein, we investi-
gated the interactions between PFOA, HSA, and y-CD by employing
a-hemolysin (a-HL) nanopore sensing platform to elucidate the poten-
tial of y-CD for reversing the binding of PFOA to HSA (Figure 1). In
this proof-of-concept study, y-CD was introduced into a solution of
HSA-PFOA, and the y-CD-PFOA host-guest complex was formed in the
aqueous solution due to their high complexation stability [12]. Analysis
using an a-HL nanopore showed that a snatching process of PFOA by y-
CD from HSA-PFOA complex can be monitored at the single-molecule
level in situ through different blockage events generated by y-CD and
y-CD-PFOA. Furthermore, concentration-dependent 1?F NMR verified
the reverse of HSA-PFOA binding by y-CD. This work demonstrates an
effective approach for analyzing interactions between protein/organic

molecules in an aqueous solution.

2 | RESULTS AND DISCUSSION

In a typical experiment, the tail of the mushroom-shaped a-HL
nanopore is inserted into the lipid bilayer that separates cis and trans

compartments in an electrolyte solution. An external positive voltage

(100 mV) is applied to the trans side of the bilayer while the cis side
is electrically grounded to produce an ion flux current as the base-
line (Figure S1). Upon introduction of samples to the cis side, all sam-
ples enter the nanochannel through the head of a-HL, causing cur-
rent blockade events which are then recorded and analyzed (Figure 1)
[20]. In the first set of experiments, five different side-by-side groups
of molecules/complexes including y-CD, HSA-y-CD, PFOA-y-CD, HSA-
PFOA, and HSA-PFOA-y-CD with the same y-CD concentration were
prepared by dissolving and mixing in ultrapure water. The concentra-
tion of PFOA is the same with y-CD and the concentration of HSA was
40 uM in all cases. It merits mentioning that for the sample prepara-
tion of the HSA-PFOA-y-CD complex, y-CD was added after an 1 hin-
cubation of HSA and PFOA in an aqueous solution with shaking, and
the final mixture was incubated for an additional 12 h with shaking. All
above samples produced typical current blockade events upon addi-
tion to the cis side of the bilayer at the same concentration, respec-
tively (Figure 2A). In comparison with the current blockade events pro-
duced by y-CD, there is no obvious change in the signal of HSA-y-CD.
This result indicates that the introduction of HSA has less effect on the
interaction between y-CD and the nanopore, which can be attributed
to the mismatched sizes of HSA (~80 A) [28] and a-HL (~13 A) [29] and
the weak interaction between HSA and y-CD with a cavity diameter of
~ 8.6 A.[2,30] When PFOA (13 A x 6.5 A x 6.5 A) [31] was introduced,
clear differences were observed in signals of PFOA-y-CD and HSA-
PFOA-y-CD complexes, which included a new type of signal character-
ized by enhanced current blockade and extended dwell time compar-
ing to y-CD, HSA-y-CD. This signature signal can only be detected from
the complex of PFOA and y-CD, which have been confirmed to have
strong binding affinity with each other [12]. Furthermore, similar signa-
ture signals were observed upon the addition of y-CD into HSA-PFOA
complexes, indicating a possibility that y-CD could snatch bound PFOA
molecules from HSA-PFOA. To rule out the possible PFOA effects on
the above signature events, individual PFOA molecules with the same
concentration were also analyzed by the a-aHL nanopore. Unfortu-
nately, as a surface-active substance, PFOA strongly damages the lipid
membrane that supports the nanopore protein, making it impossible
to observe and record signals (Figure S2A). Although this situation
was improved by reducing the concentration of PFOA, the obtained
baseline and signals were still unstable (Figure S2B). On the other
hand, PFOA-y-CD and HSA-PFOA-y-CD complexes showed no obvious
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FIGURE 2 Single-molecule analysis of interactions between y-CD, HSA and PFOA molecules with an a-HL nanopore. (A) Representative
current traces of translocations of different complexes through a nanopore, together with expanded views of typical events marked with stars.
(B-C) Box plots of current blockade (I/1p) and dwell time (z) for different molecules/complexes, respectively, and two-tailed unpaired Student t-test
between different groups (**: 0.001 < p <0.01; ***:0.0001 < p < 0.001; and ****: p < 0.0001). Each plot contains > 150 blockade events. All data
was obtained in the buffer of 3 M KCI, 10 mM Tris-HCI, pH 8.0 in both cis and trans sides with a transmembrane potential of 100 mV

damaging effect on the lipid membrane and signals. This is because y-
CD can encapsulate PFOA molecules into its hydrophobic cavity, and
excess HSA can bind free PFOA molecules through multiple sites (Fig-
ure 2A). This observation further confirms the binding and snatching of
PFOA by y-CD described in previous experiments.

To quantitatively profile the differences mentioned above, two
parameters including current blockade (I/ly, I and I are block and open
currents, respectively) and blockade duration (z, dwell time, that rep-
resents the effective interaction time between the pore and the ana-
lyte) were further quantified by statistical analysis of >150 events and
characterized with the mean distribution values in box plots (Figure 2B
and C). Signals of y-CD and HSA-y-CD have similar I/l (0.41 + 0.02 vs.
0.43 + 0.02) and comparable dwell time (12.1 + 3.2 vs. 5.8 + 2.3 ms).
The slight dwell time decrease of HSA-y-CD in comparison with y-
CD can be attributed to the false signals caused by the collision of
HSAs onto the nanopore entrance and returning to the cis side with-
out translocation [32]. Both parameters were increased significantly
in the cases of PFOA-y-CD and HSA-PFOA-y-CD. The values of I/l
were increased to 0.56 + 0.02 and 0.53 + 0.02, with an increase ratio
of 36% and 23%, respectively. For dwell time, the increase ratio was
more obvious upon introducing PFOA to y-CD and HSA-y-CD, that is,
134.6 +14.8vs.12.1+3.2msand 132.6 + 12.2 vs. 5.8 + 2.3 ms, indicat-
ing a prolonged retention of PFOA-y-CD host-guest complexes in the
nanopore. In addition, similar PFOA-y-CD host-guest signature events
observed for the HSA-PFOA-y-CD complexes indicate that y-CD was

able to reverse the binding of PFOA to HSA, and thus may attenuate
the toxicity of PFOA. These results further inspired us to profile this
reversal process over time by sensing the signature signals of PFOA-y-
CD host-guest complexes using a nanopore.

To this end, HSA, PFOA, and y-CD were sequentially added to the cis
side of the nanopore while translocation signals were recorded simul-
taneously. As shown in Figure 3A, low frequency false signals caused by
HSA bumping the nanopore can be detected at first. Upon introduction
of PFOA into the solution, more signals with short current blockade
were observed which may be attributed to the interference of PFOA
to the lipid membrane. The binding process of HSA to PFOA was unde-
tectable by our current strategy due to incomparable sizes of HSA and
nanopore and indistinguishable signals. Nevertheless, numerous pre-
vious studies using NMR or mass spectrometry methods in combina-
tion with molecular dynamics simulation have shown that HSA pos-
sesses many PFOA binding sites (n = 6-9) with a 0.38 mM binding
affinity, indicating that over 90% PFOA molecules would bound to HSA
if they present at the same concentration [33, 34]. This complexation
was gradually weakened over time after adding an equal concentra-
tion of y-CD in situ into the cis side of the nanopore, which was deter-
mined by the increasing frequency of signature signals of PFOA-y-CD
host-guest complexes (indicate by red stars in Figure 3A). We obtained
the number of PFOA-y-CD complex signals for a 5 min time interval at
each different time points as the interaction time of y-CD and HSA-

PFOA was gradually increased from 0-60 min. The estimated signal
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FIGURE 3

In situ nanopore sensing of interactions between HSA, PFOA, and y-CD molecules. After a single a-HL nanopore was established in

the working buffer, HSA, PFOA, and y-CD, were sequentially added to the cis compartment. (A) Representative current trace of translocation
signals obtained at different time. Red stars indicate the signature events generated by translocations of PFOA-y-CD complex. (B) Events
frequency of PFOA-y-CD as a function of time recorded upon the addition of y-CD into the HSA-PFOA complex solution. All data was obtained in
the buffer of 3 M KCI, 10 mM Tris-HCI, pH 8.0 in both cis and trans sides with a transmembrane potential of 100 mV. (C) 1?F NMR spectra of PFOA

with various amount of y-CD in presence and absence of HSA

frequency of PFOA-y-CD increased from 0 s~ to 74.6 s1, and grad-
ually reached a steady value (~76 s~1) when extended the interac-
tion time to 90 min, indicating equilibrium of PFOA binding by y-CD
(Figure 3B).

To further verify the ability of y-CD to reverse the binding of PFOA
to HSA, 17F NMR spectroscopy was used to investigate the chemical
shift of each fluorine for PFOA-y-CD host-guest complexes of vari-
ous molar ratio formed in presence and absence of HSA in aqueous
solution. For competition experiments, if the first guest molecule has
a stronger association constant with the host molecule than the sec-
ond guest molecule, the NMR spectrum of the mixture should resemble
the spectra of the first guest and the host molecules alone [35]. Based
on this theory, results shown in Figure 3C firmly support the above-
mentioned speculation: in absence of HSA, fluorine peaks in the yellow
shadow showed increasing chemical shifts with increasing concentra-
tion of y-CD. The same trend can also be observed for samples with
HSA in the blue shadow, although peaks were broadened and weak-
ened by HSA. This observation further confirms our nanopore results
that an equimolar concentration of y-CD to PFOA can weaken the
PFOA binding to HSA, and that a higher amount of y-CD can further
facilitate this process.

Previous studies have probed -CD inhibition and reverse of HSA-

PFOA binding using NMR, circular dichroism, and fluorescence spec-

troscopies [17]. In this study, we investigated y-CD mediated inhibi-
tion and reverse of HSA-PFOA binding with nanopore sensing and con-
firmed with NMR. According to the previous reports,[12] calculated
association constants indicate a weaker affinity of PFOA-y-CD com-
plex than PFOA--CD complex at 1:1 molar ratio (8.8 + 1.4 x 102 M1
vs. 5.0 + 0.1 x 10° M~1). However, our results shown here indicate that
the introduction of y-CD can still effectively weaken and reverse the
PFOA binding to HSA.

3 | CONCLUSION

We have demonstrated the a-HL nanopore sensor for rapid and label-
free analysis of interactions between HSA, PFOA, and y-CD at the
single-molecule level. By using the unique signature event produced
by PFOA-y-CD host-guest complex, we elucidated the in situ reversal
of HSA-PFOA binding by y-CD in real-time, and confirmed this pro-
cess with NMR characterization. Although the present study was not
conducted in a physiological condition, the results still demonstrated
the possibility of inhibiting and reversing PFOA binding to HSA using
y-CD. The present nanopore sensor also offers an effective approach
for analyzing interactions between various proteins and organic

molecules.
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