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Electrophysiological Study of Single Gold Nanoparticle/
a-Hemolysin Complex Formation: A Nanotool to Slow
Down ssDNA Through the «-Hemolysin Nanopore**

Yann Astier,™ Oktay Uzun, and Francesco Stellacci

a-Hemolysin (¢HL) is a heptameric protein pore (Figure 1)
for which the X-ray structure is resolved.!"! The ability of «HL
to insert into an insulating lipid bilayer separating two
chambers of aqueous electrolyte has made it a useful system to
measure the ionic current that passes through the pore under
an applied potential. ! When an analyte interacts with a
binding site within the pore, a significant change in the pore
conductivity is observed. At fixed potential, the extent and
duration of the current block from each binding event help
reveal the identity of the analyte, while the frequency of the
binding events reveals the analyte concentration. Chemical
and biomolecular engineering of «HL permit the stochastic
sensing of molecules by tailoring internal analyte binding
sites.l®! Since the pioneering work of Bezrukov and Kasiano-
wicz on the discrimination between H*/D™ ions, laying the
physical basis for nanopore-based detection of analytes,
detection, quantification, and characterization of ssRNA
and ssDNA were described and led to ‘“‘nanopore force
spectroscopy”” using «HL.!*™®! Single-base mismatch in a short
polynucleotide strand, toxic metal ions, drugs, enantiomers,
TNT, and nucleotides have also been specifically detected.>% 13
Covalent attachment of different compounds within the
pore have also been reported for the study of cis-trans
isomerization of azobenzene, the multistep formation or
breaking of covalent bonds, and the hybridization of DNA
oligonucleotides."*2% Poly(ethylene glycol) (PEG) and
whole PAMAM dendrimers have also been reported to enter
and covalently attach inside aHL.2"2 Metal nanoparticles
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are supramolecular assemblies of a self-assembled monolayer
(SAM) onto an inorganic nanocrystal.[24’25] They offer unique
opportunities for interfacing nanopore technologies with
molecular and macromolecular sensing as they combine the
properties of the inorganic core as single-electron charging,
magnetism and rigidity, with those of the ligand shell for
solubility, pseudo-enzymatic behavior, and multivalency.?*=!]
To the best of our knowledge, for the first time we describe
how it is possible to trap single-monolayer-protected gold
nanoparticles in the a-hemolysin (¢HL) nanopore, and study
its size, charge, and surface properties. We show the unique
conductance signature of a single sodium 3-mercapto-1-
propanesulfonate (MPSA)-coated gold nanocrystal trapped
inside the «HL “cap” at constant potential, and its ionic
correction at ramping potential. We report how the trans-
membrane potential amplitude conditions the size of the
nanoparticle being trapped inside the pore, as well as the
correlation between the size of the trapped nanoparticle and
its dwell time (zo¢). We find that the largest nanoparticle
observed to enter the pore yields a 50% block of the pore
conductance. The space between the nanoparticle and the
inner-pore surface can be as small as 0.8 nm (considering the
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Figure 1. A) Cartoon of a MPSA monolayer protected nanoparticle. B)
Inner structure of the heptameric «HL pore. The model was obtained by
clipping the whole protein structure from its published pdb file [1] in
MacPyMol. By convention, the ground electrode is located in the trans
compartment, and the transmembrane potential sign is applied to the
electrode in the cis compartment.
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largest nanoparticle capable of entering the pore entrance of
2.9nm). We report the ability of the nanoparticle/nanopore
complex to allow other molecules to enter the pore. Single-
stranded DNA (ssDNA) was seen to thread through the
nanoparticle/nanopore complex. Our results show that the
complex permeability to ssDNA depends on the chemical
nature of the nanoparticle coating and the transmembrane
potential applied. This system offers a novel nanotool aimed at
controlling the threading speed of ssDNA through «HL.
These results open a new field where nanoparticle surface
properties are confined to the tight cavity formed by the inside
of the «HL nanopore cap.

Gold nanoparticles (~2-nm metal core diameter) coated
with 3-mercapto-1-propanesulfonic acid (MPSA) as well as
mixtures of MPSA/octanethiol (OT) organic ligands were
synthesized using a previously published approach.*?! They
were extensively purified form free ligands using filtration so
that their 'TH NMR spectra were composed only of broad
peaks. The size distribution of the nanoparticle metallic core
was assessed by TEM (Supporting Information, Table S1 and
Figure S1). The average core size of the gold nanoparticles was
found to be 1.9 nm (std dev 0.6 nm, n =290). The overall size of
the nanoparticles (3.0 + 0.6 nm) was calculated by adding the
metal core radii measured from TEM images and two times
the extended MPSA ligand length (1.1 nm) estimated using
Chem 3D Pro. We found that particles with a sufficiently small
diameter (<2.9 nm) could individually enter an «HL nanopore
cavity when a potential is applied to drive the negatively
charged nanoparticles into the pore.

Figure 2A shows a typical single-pore ionic current when
the potential is ramped from 0 to 200mV in 5s and decreased
back to 0V at the same scan rate. When the pore is empty, the
ionic current increases (and decreases) roughly linearly with
voltage (Figure 2A). In the presence of gold nanoparticles on
the cis side a drop in current (E1) is observed when the
potential is increased, the resulting ionic current has a lower
intensity than that of the empty pore, and the shape of the I-V
curve reveals a negative correction of the current (Figure 2B).
As the potential decreases, a rise in current (at the potential
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Figure 2. A) lonic current recording of a single aHL pore (black). The
cyclic potential waveform between 0 and 200 mV at 40 mVs~* (dotted).
The experiment is carried out at pH 8.1 Tris-HCl 0.1m, 2m KCL. B) lonic
current recording (black) of a single pore with 1.9 um MPSA-coated gold
nanoparticles (3.02-nm diameter) in the cis compartment of the cell. A
drop in current intensity is labeled E1 while voltage (dotted) is
increasing, and a rise in current intensity labeled E2 is observed while
voltage is decreased. On the time axis a distribution of the E1 and E2
events is plotted into columns for 298 values (n=5).
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E2) is observed. The final part of the sweep is identical to the
empty pore control. The distribution of E1 and E2 over 298
scans (n=35) is plotted in columns on the time axis of
Figure 2B. The distributions of E1 and E2 reveal that El
systematically occurs at a higher potential than E2. We suggest
that E1 is due to the entry of a nanoparticle into the pore, and
E2 is generated by its exit once the potential is no longer
sufficient to hold the negatively charged nanoparticle inside
the «HL cavity. This interpretation is supported by control
experiments with just the nanoparticle ligands as well as with
other starting materials for the nanoparticle synthesis showing
no influence on the current-time plots (Supporting Informa-
tion). While Figure 2B shows the recording of a single-
nanoparticle capture and release, Figure S4 shows a similar
scan where two E1 events are observed, followed by one E2
event occurring in the course of the potential scan. This reveals
that more than one nanoparticle can be captured as the
transmembrane potential is increased. This implies that two
negatively charged nanoparticles are held in close proximity
inside the pore, and surface charge shielding may be occurring.
Figure S2 shows that when a large single nanoparticle is
captured (i.e., conductance of the nanopore is reduced to 50%)
no second E1 event is observed, and most importantly, the
nanoparticle is not released from the pore at open circuit
(Figure S2B). Figure S2B also reveals the strong negative
correction of the [~V curve generated by the trapped
nanoparticle.

The conductance of the pore is a function of the available
space between the nanoparticle surface and the inner pore. If
we consider the inner pore to be a sphere of 4.5-nm diameter
(radius rp), when a nanoparticle of radius ry;, is trapped the free
volume inside the pore cap is given by the inner pore cap
volume less the volume occupied by the nanoparticle. The free
volume V; is therefore:

Vi=4/3n(n =13, (1)

(Vem?, r, =2.25.10""m, r,p.m). Vi is a cubic function of the
particle radius. However, we can’t establish the exact
correlation between the conductance and the free volume
V¢ because the electrostatic effect of the MPSA coating on the
ionic current needs to be calculated. The full modeling will be
published separately.

Figure 3A shows a constant potential recording of the
capture of MPSA-coated nanoparticles at 80mV. The
nanoparticle/nanopore complex appears to have current
intensity sublevels (Figure 3A). Event 1 displays two sublevels
with ~3pA amplitude difference and the histogram of event 2
reveals five such sub-levels spread over ~10pA. The possibility
that these sublevels are the result of stochastic molecular
interactions with the nanoparticle surface from trace con-
taminations in the solution can not be ruled out but given their
high frequency of occurrence, their defined amplitudes, and
their persistence across experiments with different batches of
nanoparticles and different buffer solutions, they are more
probably due to movements or ‘“‘fluctuations” of the
nanoparticle inside the nanopore. The amplitude sublevels
are still observed when a square wave AC voltage (4mV
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Figure 3. A) The current recording of a single aHL pore in 2m KCl, pH 8.1
Tris-HCl buffer 0.1M at 80 mV. The empty pore current L1 is 175 pA, and
stochastically drops to approximately 140 pA (L2) in the presence of
4.4 pm MPSA gold nanoparticles. Two capture events are represented
revealing changes of current intensity between defined amplitude
levels, while the nanoparticle is inside the pore. A histogram of the
amplitude changes of event 2 is plotted on the right. B) Correlation
between t¢ and the current block of a pore by a given nanoparticle at
80mV in the conditions described above (198 points, n=4).

amplitude, frequency from 1 to 6 Khz) is superimposed to a
constant 100mV potential (not shown). The pore entry
diameter is smaller than the pore cavity diameter (Figure 1);
for any nanoparticle that fits through the pore entry, space is
available around the nanoparticle for movement.

Figure 3B shows the dwell time (z,¢) increasing with the
current block at constant potential. Current block values
below 15%, were not observed; this current block value may
correspond to the size of the smaller nanoparticles present in
the solution.

The decrease of the open pore time t,, with the increase of
the transmembrane potential (Table 1), shows that the
nanoparticle capture is electrically driven. The net negative
charge of each nanoparticle is a function of the number of
MPSA ligands at its surface, therefore larger nanoparticles will
carry more charges. The average current block (i.e., particle
size) of the captured nanoparticle increases with voltage. The
pore entrance diameter (2.9 nm, Figure 1) restricts the size of
the nanoparticle entering the pore; as the diameter of the
particles increases towards the diameter of the pore entry, the
probability to enter is lower unless the transmembrane

S| —

potential is increased. The dwell time (z.¢) of the nanopar-
ticles inside the pore becomes semi-infinite above 140 mV. The
voltage ramping experiments (Figure 2B) show that the
average FE1 value for these nanoparticles is 98mV (std
dev=18mV).

The current block induced by the trapped nanoparticles
was found to vary between 15 and 50% (Figure S3). We
observed that nanoparticles inducing the largest current block
have a lower E2 potential. These experiments were carried out
at low nanoparticle concentration (24nm) to avoid multiple
particle capture, and only single nanoparticle events were
logged. The transmembrane potential is used to oppose a
“fluctuation force” driving the nanoparticle out of the pore.
When the potential decreases to the point where the electric
force is equal to the ‘“fluctuation force”, the particle is
released. Figure S3 reveals a correlation between the size of
the particle and the E2 potential. The freedom of movement or
“fluctuation” of a captured nanoparticle depends on the free
space available inside the pore, which we interpret as an
inverted correlation between the particle size and the
“fluctuation force” intensity. Furthermore, we see from
Figure S4 that when two relatively small nanoparticles are
captured, the release potential E2 is lower than what is
observed in Figure S3 where strictly single particle captures
are reported.

We compared the entry and exit potentials of a series of
particles coated with a mixture of ligands (Table S2). The
particles were coated with different ratios of MPSA and OT.
OT is longer than MPSA when fully extended hence even
though these particles were of similar core size to the all
MPSA ones, their total size was larger. All the mixed ligand
particles had extremely similar size (same average core size of
2.1nm), allowing comparison among them. The composition
of the ligand shell is assumed to be the one used in the
synthesis reaction. Our previous studies suggest that these
particles have a structured ligand shell, where phase separa-
tion among the ligands occurs.[?5323% However, we have not
yet established if these particles display the ordered striations
observed on other systems.[***”] Table S2 shows how E1 varies
from all MPSA coated nanoparticles to MPSA:OT (2:1), and
MPSA: (1:2). E1 shows a variation with ligand shell
composition that is non-monotonic. In fact the highest voltage
required to force entrance of the nanoparticles is for the 1:1
composition. This result would seem to suggest an important
role of the ligand shell in mediating the entrance. The non-
monotonic behavior is in line with the solubility of particles

Table 1. Summary of the MPSA nanoparticle capture events in a single aHL pore in 2m KCl, pH 8.1 Tris-HCl buffer 0.1 m at voltages ranging from 60 to
200 mV. Each value is the average of p measurements, and is given =+ the standard deviation.

E[mV] Tonls] (&£std dev) TorflS] (£std dev) Current block[%)] (&std dev) p

60 218+ 105 <1 18.5+2.5 153
80 33+53.6 14+ 20.6 21+6 198
100 9.22+9.4 53+ 46 23+11 160
120 3.24+2.2 80+63 26.5+12.3 157
140 1.21+1.4 >100 30+9.7 133
160 0.33+0.4 >100 34+10 88
180 0.28+0.4 >100 37 +£10.7 103
200 0.21+0.4 >100 43.84+12.5 98
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Figure 4. A shows the current recording of a single «HL pore in 2 m KCl,
pH 8.1 Tris-HCl buffer 0.1 m at 100 mV, 100 nm 60mer ssDNA 5'(AsCs)¢3/,
4.4 um nanoparticle in the cis chamber. 1 is the recording of the pore
with a single nanoparticle trapped inside. 2 is a 150 ms blocking event
(94% current block). 3 is the empty pore current amplitude of 215 pA. B
shows the distribution of toff values 1 when a nanoparticle is previously
captured in the pore, 2 when no nanoparticle is present in the pore.

with structured ligand shells observed in previous works,
highlighting the important role of the solvent around the
particles.

The permeability of the nanoparticle/nanopore complex
towards ssDNA revealed marked differences in behaviour
between gold nanoparticles coated with different ratios of
MPSA to OT ligand. Figure 4A shows that when a MPSA
nanoparticle is trapped inside the pore, and ssDNA is present
in the solution, every nanoparticle trapping event (1) is
terminated by a 93-98% current block (2), which is
immediately followed by a return to the empty pore current
intensity (3). The same pattern is observed for any potential
from 100 to 200mV (not shown), wether the DNA is added
before or after the nanoparticle is trapped in the pore. The
ssDNA sequence was chosen to rule out any secondary
structure. The 94% current block observed in Figure 4 is
consistent with ssDNA threading through the g-barrel of «HL,
and the return to empty pore current suggests that the ssDNA
threading through the pore results in the expulsion of the
nanoparticle.”) We find the larger nanoparticles remain in
the pore for several more minutes than the others, but end in
the same sequence of events as the smaller ones. From these
results, it is not clear if the ssDNA threading initiates while the
nanoparticle is still trapped inside the cap, or if it is released

simultaneously with the entrance of ssDNA. The ability of two
negatively charged nanoparticles to reside next to each other
inside the pore cavity suggests that the negatively charged
ssDNA and the nanoparticle may be able to do the same.
Figure 4B shows the distribution of 7,4 from event (2). It
demontrates that in the presence of a nanoparticle trapped
inside the pore significantly increases the 7, of event (2).
Table 2 compares the t.¢ values between a 60mer ssDNA
(587 values) and an 80mer ssDNA (801 values). The t
distributions of both ssDNA were fitted with multiple
Gaussian peaks (Figure S5) and the 60mer average v value
was found to be 5ms whereas the toff in the absence of
nanoparticle is 0.4 ms. The 80mer displays two different peaks
at 4. and 8. ms (as opposed to 0.56ms in the absence of
nanoparticle) that could be reflecting the 3’ or 5’ orientation of
the ssDNA as it threads past the nanopore/nanoparticle
complex. When OT is present at the surface of the
nanoparticle (particle size being equal, Table S1), the entry
and exit potential inside the pore are seen to remain identical
to those of all MPSA particles (Table S2). However, we
observe a marked difference in behaviour towards ssDNA
interaction inside the pore (Table 2) where the presence of
hydrophobic ligand OT generates a high resistance to ssDNA
entering the nanoparticle/nanopore complex. Each type of
nanoparticle was checked for size and E1 and E2 potential
(supplementary material) to insure comparability of the
results. We observed, that MPSA nanoparticles allow ssDNA
to thread from 100 mV, while MPSA2:0T1 and MPSA1:0T2
require a transmembrane potential of 200mV. This result
illustrates how the nanoparticle surface coating properties can
influence the permeability of the nanoparticle/nanopore
complex towards large molecules such as ssDNA.

In conclusion, we have shown that individual gold
nanoparticles can be trapped inside the oHL pore while
retaining at least 50% of the nanopore conductance. The
nanoparticle surface functionalization confers ionic and
molecular selectivity to the nanopore it is trapped into. The
nanoparticle trapping is a voltage dependent process, and the
size of the nanoparticles thus trapped is defined by the voltage
intensity. We tested ssDNA threading, and observed that
nanopore/nanoparticle complex is a promising nanotool to
control the threading speed of ssDNA through the «HL
nanopore. The inorganic crystal surface properties can be
further adjusted using different ligand types and combinations
to help improve the interaction with ssDNA. In future
experiments, we hope to use genetic engineering of the
nanopore inner structure in combination with the nanoparticle
surface properties to tailor specific physico-chemical environ-
ments to improve the control over the threading speed of
ssDNA through the «HL nanopore.

Table 2. 7.4 values for the ssDNA 60mer and 80mer in the presence and the absence of nanoparticle. Values are obtained by fitting the o

population with Gaussian distributions as described in Figure S5.

SsDNA length 60mer

80mer

n
Torr[Ms] (&std dev)
Torra[Ms] (£std dev)
Tofislms] (Estd dev)

No Nanoparticle n =343
0.406 +0.03 R*>=0.99
N/A
N/A

Nanoparticle n =587

<1

4.48+0.44 R*=0.99
N/A

No Nanoparticle n =453
0.5640.2 R2=0.99
N/A
N/A

Nanoparticle n=2801
<1
3.53+0.7 R?=0.99
13.39+£2.6 R?=0.99
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Experimental Section

a-HL Pore: The a-hemolysin monomer was expressed, and
purified as previously described by Quihong Li from the Bayley
lab.!?!

Chemicals: Reagents were obtained as follows: 1,2-diphyta-
noylsn-glycero-3-phosphocholine (Avanti Polar Lipids); pentane
(Fluka); hexadecane (99+%, Sigma-Aldrich); Trizma base (99.9%,
Sigma-Aldrich); concentrated HCl (analytical reagent grade, Fisher
Scientific); potassium chloride (99%, Panreac); Gold(lll) chloride
trihydrate (99.9+%, Sigma-Aldrich); Sodium borohydride
(ReagentPlus™,99%, Sigma-Aldrich); Sodium 3-mercapto-1-pro-
panesulfonate (MPSA), (technical grade, 90%, Sigma-Aldrich);
1-Octanethiol, 98.5+%, Sigma-Aldrich). 5’AAAAACCCCCAAAAA-
CCCCCAAAAACCCCCAAAAACCCCCAAAAACCCCCAAAAACCCCCS!
HPLC purified (IDT).

5’ATAAAGATTATAACACAAAATGCCTACAAAGTCAATCATAGCTTAC
ATAACAGAGGATAAACCAAACCTGAAAGTGCATT3’ HPLC purified (Sigma-
Aldrich).

Single Channel Recording: A bilayer of 1,2-diphytanoyl-sn-
glycero-3-phosphocholine (Avanti Polar Lipids) was formed on an
aperture 100-150 wm in diameter in a polycarbonate film (20-um
thickness from Goodfellow, Malvern, PA) that divided a planar
bilayer chamber into two compartments, cis and trans. Both
compartments contained 0.4 mL of buffer. 0.5 pL of 1 pg mL™*
a-HL monomer solution were added to the cis compartment to
obtain a single nanopore. Unless otherwise stated, the nanopar-
ticles were added to the cis compartment, which was connected to
ground. The trans compartment was connected to the head-stage
of the amplifier. Cyclic voltammetry experiments between 0 and
+200mV at different scan rates, and AC voltage (square wave
4 mV amplitude, at 1 to 6 Khz) were carried out using the Pulse
Generator function from the PatchMaster software (HEKA Elek-
tronik, Pfalz, Germany), in 100 mm Tris-HCl, 2 m KCl, pH 8.1, at 22.5
(+/—2°0), unless otherwise stated. Fixed potential measure-
ments were recorded continuously from 40 to 140 mV. From 160
to 200 mV, fixed potential were carried out as a step function from
0mV to the desired voltage, and interrupted by returning to OV
after checking that no particle exit was observed. Currents were
recorded with a patch clamp amplifier (EPC8; HEKA Elektronik) at
100 kHz, and sampled at 5kHz by a computer equipped with a
LIH8+8 A/D converter (HEKA Elektronik).

Controls: HAuCl,, and MPSA were added separately to the cis
compartment, and no current block was observed. No current
block is observed with 1.9 mm MPSA coated gold nanoparticle in
the cis compartment at negative potential. No current block is
observed with 1.9 mm MPSA coated gold nanoparticle in the trans
compartment at either negative or positive potential.

Data analysis: Current traces were analyzed with the FitMaster
software (HEKA Elektronik). Full sweeps were exported as ASCII
files, and imported into Excel (Microsoft), which was used for
curve fitting and graph presentation.

Molecular models: The pdb file of the heptameric «-HL pore
(PDB file 7AHL) was opened in MacPyMol (2006 DelLano Scientific
LLC). The model of a-HL is displayed in MacPyMol as an orange
surface representation, the clipping command was used to bring
the clipping plane where a-HL is cut in its middle.

Gold nanopatrticle synthesis: 0.9 mmol of gold salt (HAuCl,)
was dissolved in 200 mL ethanol and 0.9 mmol of the desired
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thiol ligand mixture was added while stirring the reaction solution,
then a saturated ethanol solution of sodium borohydride (NaBH,)
was added dropwise for 2 h. The solution was stirred for 3 h and
the reaction vessel was then placed in a refrigerator overnight;
precipitated particles were collected via vacuum filtration with
quantitative filter paper. The residue was washed with ethanol,
methanol and acetone and dried under vacuum. To completely
remove unbound ligands, particles were dialysed using 5 inch
segments of cellulose ester dialysis membrane (Pierce, Snake-
Skin, MWCO 3500) that were placed in 1L beakers of MilliQ water
and stirred slowly. The beakers were recharged with fresh water
ca. every 8h over the course of 72h. The NP solutions were
collected from the dialysis tubes, and the solvent was removed
under vacuum at <45 °C.

Gold nanoparticle size determination: Nanoparticle core sizes
were analyzed by TEM on a JEOL 200CX, at 200 kV. The metallic
core sizes of the nano-particles were found by dissolving nano-
particles in deionized (DI) water with an approximate optical
density of 0.1 and one drop of this solution was placed on top of a
carbon coated 200 mesh copper grid (Ladd Research, Vermont,
USA) laid over a Kimwipe. TEM images of these substrates were
analyzed using Image) software and size distributions were
obtained by counting at least 200 nanoparticles.

Keywords:

a-hemolysin - gold nanoparticles - nanopores - proteins -
single-particle studies
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