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Understanding as well as rapidly screening the interaction of nanoparticles with cell membranes is of central importance for biological applications such as
drug and gene delivery. Recently, we have shown that “striped” mixed-monolayer-coated gold nanoparticles spontaneously penetrate a variety of cell
membranes through a passive pathway. Here, we report an electrical approach to screen and readily quantify the interaction between nanoparticles and
bilayer lipid membranes. Membrane adsorption is monitored through the capacitive increase of suspended planar lipid membranes upon fusion with
nanoparticles. We adopt a Langmuir isotherm model to characterize the adsorption of nanoparticles by bilayer lipid membranes and extract the partition
coefficient, K, and the standard free energy gain by this spontaneous process, for a variety of sizes of cell-membrane-penetrating nanoparticles. We believe
that the method presented here will be a useful qualitative and quantitative tool to determine nanoparticle interaction with lipid bilayers and
consequently with cell membranes.
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he understanding of biological pro-

cesses at the nanoscale is a strong

driving force behind the development
of nanotechnology. Small monolayer-pro-
tected nanoparticles (NPs) exist in the same
size domain as proteins (~10 nm),! rendering
them as suitable materials for a variety of
biological and medicinal applications, from
biomarkers/sensors to drug and gene
delivery.?~” Gold NPs in particular have been
extensively applied in biology due to their ease
of synthesis and bioconjugation®'? Despite
these investigations, the details of their inter-
action with cellular machinery, particularly the
cellular membrane, remain largely unknown.
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Due to the potential of biomedical appli-
cations, much recent work has been directed
toward the interaction between NPs and cell
membranes.'>”® Most of this research en-
compasses NPs in the range 10—100 nm and
concludes that cells take up these NPs by
one of two energy-dependent mechanisms:
receptor-mediated endocytosis or transient
membrane poration.'”~2° Recently however,
we have discovered a type of amphiphilic
gold NP coated with a mixture of ligand
molecules that form stripe-like domains
in their surface monolayer. These “striped”
NPs spontaneously diffuse through cellular
membranes into the cytosol of several types
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of cells through an energy-independent mech-
anism.>?'~2 We believe that striped gold NPs are
a subset of a large class of nanostructured materials
that are capable of fusion and penetration through
lipid bilayers without overt membrane disruption.
Indeed recent work from other groups suggests that
cellular uptake of NPs in the 2—20 nm range is not
exclusively energy-dependent.®?'"?* In addition to
size, NP surface composition,?’?>?% ligand arrange-
ment and patterning,”' "% and charge'®*?*° have
each been shown to be critical for efficiency of passive
entry pathways of cell penetration. Although the
mechanism(s) of passive translocation for NPs remains
unidentified, several groups report that NP penetration
induces critical structural changes in the lipid bilayer to
allow transport to the cytosol.?®3'32 To date there is no
general understanding as to what criteria a NP should
have to passively penetrate membranes. This is partly
due to a lack of tools that are able to methodically
screen and quantify the interactions between different
NPs and the same biomembrane. Here, we present
such a tool, based on an electrical method to screen
and quantitatively investigate the interaction between
model membranes and NPs.

The complexity of the cellular membrane, especially
the mechanisms that regulate membrane transloca-
tion, often renders decoupling interactions between a
synthetic object and the cell membrane challenging.
The cell membrane is a self-assembled structure com-
posed mainly of lipids and constitutes a physical barrier
between the cytosol and the outside world. lonic and
molecular transport into and out of the cell is largely
regulated by the lipid composition and by membrane
proteins working as channel or pumps.3*3* If the flow
of ions or molecules through the lipid bilayer is driven
by diffusion, it is referred to as passive transport, as
it requires no energy from the cell.3>3® During this
process the membrane structure controls the rate and
selectivity of transported molecules.3® Larger objects
are typically taken up through facilitated passive
diffusion, using channel proteins or carrier proteins,
or by energy-mediated endocytotic mechanisms.>*
However, there exists a set of large proteins, cell-
penetrating peptides (CPPs), that, in some cases, can trans-
locate cell membranes through a non-energy-mediated,
nonfacilitated pathway.3”*® CPPs have been shown
to enter giant unilamellar vesicles (GUVs) composed
solely of model phospholipid membranes free of proteins.’
Although their uptake mechanism remains in question,
these and other results suggest that CPPs can tran-
siently alter the local structure of the phospholipid
bilayer (without forming pores) in order to enable cell
penetration, similar to what has been proposed for
passively transported nanomaterials.3>3°

Phospholipids are the major component of all cel-
lular membranes. Synthetic bilayer lipid membranes
(BLMs) therefore constitute an ideal model system to
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investigate the physiochemical interactions between
nanomaterials and the cell membrane.***' Unmodi-
fied BLMs can be easily prepared in solution either
as three-dimensional vesicles and liposomes or as
two-dimensional supported or free-standing (planar)
structures.3**° These highly reproducible lipid assem-
blies have produced much of the available information
on biomembranes and their interactions with bio-
logical and synthetic objects.** Spectroscopic and
surface-probe techniques on BLMs have elucidated
mechanisms regarding the fluidity and structural re-
arrangement of the bilayer in response to biomodifiers
and nanomaterials, and many models have been suc-
cessfully used to describe the electrical and physical
behavior of BLMs.*%4243

Physically, BLMs can be loosely described as liquid-
crystalline in state and are self-healing when punc-
tured, composed of two layers of amphiphilic lipids with
charged or polar hydrophilic head groups oriented
outward to an aqueous solution and long aliphatic
tails positioned inward toward each other, forming a
highly hydrophobic interior region. Electrically, BLMs
are highly resistive and practically impermeable to
hydrated ions, due to the difference of the dielectric
constant between the inner hydrophobic region and
the external aqueous solution.*® They also carry an
inherent capacitance, as ions can accumulate on
the BLM surface so that when an external potential
difference is applied, layers of opposite charge are
separated by less than 10 nm by the high dielectric
constant alkyl region.*® Electrophysiology experiments
with planar bilayer lipid membranes (pBLMs) have
been broadly employed in order to exploit the
variation of pBLMs' electrical properties in response
to biological and synthetic modifiers, such as ion
channels, proteins, genetic material, and inorganic
semiconductors.*4~*°

In BLM capacitance measurement experiments, two
chambers are separated by a hydrophobic partition
containing a small micrometer-sized aperture.*®** The
chambers are filled with an electrolytic solution (50 mM
KCl), and electrodes are connected to each chamber.
A lipid solution is then painted across the aperture in
order to form a pBLM. A potential is applied (clamped)
across the membrane, and the resulting current re-
sponse is amplified and recorded. At this point, bio-
membrane modifiers can be doped into the pBLM by
dissolution of the modifier into the chamber solution
or through fusing previously synthesized liposomes
containing the modifier of interest. This technique has
allowed for precisely controlled single-molecule stud-
ies of ion channels and other membrane proteins.***¢

In this study, we introduce a simple electrical mea-
surement of pBLMs that can be used to quickly screen
the NP/BLM interaction by using the increase in capac-
itance exhibited by phospholipid bilayers upon the
adsorption of nanoparticles (Figure 1). To illustrate the
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Figure 1. BLM electrophysiology. Two compartments (cis and trans) are separated by a small aperture that is 200 um in
diameter, onto which the bilayer lipid membrane is formed. The compartments are each filled with an electrolytic solution
and connected to electrodes via salt bridges. A membrane potential is applied, and the current is amplified using a voltage-
clamp amplifier. Increasing concentrations of nanoparticles are then added to the cis compartment, and the current/
capacitance is monitored by stepped magnitude increases of the square wave due to the insertion of individual NPs into the
membrane. Please note that the bilayer thickness and NP diameter are not drawn to scale with respect to the aperture. It is not
possible to discern between partially and fully inserted NPs by this method, as reflected in the schematic.

generality of this method, we use a Langmuir model
to extract the partition coefficient, K., and the standard
free energy gain of NP adsorption for a variety of sizes
and surface compositions of cell-membrane-penetrating
NPs.2" Finally, we compare these results to in vitro studies
using flow cytometry and confocal microscopy.

RESULTS

Two types of NPs were used in this study. The first
were coated with alternating domains of hydrophobic
(octanethiol, OT) and hydrophilic (11-mercaptoundecane
sulfonate, MUS) ligands in a molar ratio of 66:34 MUS:OT
(hereafter called 66-340T). These NPs were previously
found to passively penetrate cell membranes.>?' =% The
other type of NP, hereafter referred to as 100MUS, was
coated completely with the hydrophilic MUS ligand
(Figure 2). T00MUS NPs were previously found to pene-
trate cells via energy-dependent pathways and are con-
sequently used here as a control. Both types of NPs were
size-fractionated (see Methods) in order to explore the
contribution of NP size to membrane penetration. The
size distributions of all fractions were obtained by TEM
and AUC measurement.®® The results of the 66-340T
fractions are shown in Figure 2. The 100MUS fractions
were equal in size to the 66-340T fractions.

Single planar-BLMs can be represented as a plate
capacitor in parallel with a resistor.** BLMs have a dc
resistance (Rn,) greater than 10% ohm cm?*® which we
assumed to remain unchanged during NP adsorption.
They can be seen as a parallel-plate capacitor in
solution; two polarizable plates composed of the outer
surfaces formed by the lipid head groups are separated
over a small distance by an insulator, the hydro-
phobic alkyl BLM interior. BLMs have a characteristic
capacitance (C,,) of approximately 0.5 uF/cm? when
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assembled between two aqueous unbuffered solu-
tions of 50 mM KCL.* If a voltage is applied across
the plates of this capacitor, ions accumulate at the
surface of one plate while depleting the other, until the
potential between the two plates matches the applied
potential. (The parallel drawn between BLMs and the
standard plate capacitor is applied loosely here, as
the charge carriers in the case of BLMs are ions, not
electrons.) Under constant applied potential, current
does not flow through the capacitor, yet during charg-
ing and discharging, current appears to flow. This
charging current is referred to as the capacitive current, Ic.
dQ  d(CVc) dVc

dt - dt S dr M

Ic

where Q is the charge on a capacitor plate, C is the
capacitance, and V¢ is the applied potential. By ramp-
ing the transmembrane potential at a constant rate
of £1 V/s, the magnitude of the square-wave current
we measure is equal to the capacitance (Figure 3).
This approach has the additional advantage that any
poration or leakage through the membrane can be
identified by the square wave exhibiting a slightly
trapezoidal shape or sloped peaks on the plateau.
[This assumption was confirmed by artificially creating
pores in the membrane by electroporation and obser-
ving a transient sloping in the plateau region for the /|-t
curves. The experimental issue of sloping plateaus is
addressed in the Methods section.] The error was taken
as one standard deviation of the average plateau value
for each trace, representing the electrical noise of the
measurement.

We chose two types of lipids in order to form BLMs,
1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC)
and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC).
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Figure 2. AUC and TEM characterization. Polydisperse all MUS and MUS:OT NPs were both fractionated into five separated
fractions. The main MUS:OT AUC peaks are presented together as diffusion coefficients vs sedimentation coefficients (with NP
hydrodynamic diameter above) (top left). The table lists the AUC-calculated hydrodynamic NP diameter (dp) and TEM core
diameter (d¢) for each of the 5 MUS:OT fractions. The bottom panel shows the TEM micrograph before fractionation (bottom
left) and the first population, Fraction A, after fractionation (bottom right).
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Figure 3. Applied potential and current/capacitive response. Oscilloscope output during a capacitance test. The applied
potential (dotted blue line) is ramped linearly between 0 and 50 mV at increments of 50 ms. When the potential is rising, the
capacitance value is positive, and when the potential is ramped back down, the capacitance is negative. The magnitude of the
capacitance is dependent only on the slope of the potential, not the value. The current/capacitance output square wave is
+138 pA/pF for the unmodified bilayer (black trace) and increases upon adsorption of increasing concentration of NPs (green,
1 mg/mL and red, 5 mg/mL).

Historically, DPhPC has typically been used for BLM forming supported-BLMs and vesicles;”' therefore we

experiments due to its high mechanical stability.*>**
However, DOPC is a better model for representing
the fluidity and structure found in typical biological
membranes.”’ DOPC is also more commonly used for
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also tested the NPs on this system in order to directly
compare future work with other types of lipid assem-
blies, despite the difficulty of forming bilayers. Data
presented in Figure 4 were averaged over both DOPC
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Figure 4. Surface coverage vs NP concentration for MUS:OT NP fractions. The surface coverage vs NP concentration for each
fraction is plotted. The points were fitted with least-squares regression to the adjusted Langmuir adsorption isotherm
equation (eq 2.1) to find the adsorption equilibrium constant, K, . MUS:OT 66:34 fraction A (purple), fraction B (green), fraction
C (blue), fraction D (red), fraction E, and all homoligand MUS fractions (black). Each data point represents an average of up to
three measurements from different synthetic batches of NP fractions. The error bars represent one standard deviation of the
average for repeated measurements. The residuals of the fitted Langmuir adsorption curves are pictured above the data.

and DPhPC lipid membranes. We justify this choice
due to their similar chain lengths and fluidity at the
temperatures used in these experiments and because
we have found no statistically significant difference
between NP fusion data collected on both types of
membranes. For each experiment, BLMs were formed
in a thermocycler at the physiological temperature
of 37 °C. After achieving well-formed bilayers with
capacitance above a threshold value of 100 pF and no
leakage current over a period of 20—30 min, cyclic
voltammetry was performed. NP concentration was
increased by careful pipet addition, and the solutions
were left to equilibrate for 30 min before the capaci-
tance square-wave was recorded. Capacitive increase
was typically detected within a few seconds of NP
addition and leveled off without change within
minutes.

Of the five fractions of 66-340T NPs, only the largest
sized fraction did not interact with BLMs (Figure 4). The
remaining four fractions less than 10 nm in diameter
were systematically adsorbed into the BLM. The two
larger fractions were distinct from the two smaller
fractions in adsorption. No single fraction of the
100MUS NPs was adsorbed into the membrane. The
change in capacitance plateau magnitude (AC) taken
from the current traces was recorded with respect to
the unmodified bilayer for each increment of NPs
added to the cis compartment. When plotting the AC
against the NP concentration (Figure 4), the shapes of
the curves follow clear Langmuir adsorption isotherm
behavior>®> We applied this model to extract the
Langmuir equilibrium constant, K, which can then be

CARNEY ET AL.

TABLE 1. Data for NP Fractions Adsorbed to BLMs?

MUS:0T 66:34 free energy change

NP fractions equil. constant K, m A°G x (kgT/NP) a
A-75nmm 36 x 10° —128 1.15
B-84nm 38 x 10° —129 1.16
C-9.1nm 7.8 x 10° —136 11
D-98nm 7.6 x 10° —135 1.09
E-10.7 nm

“This table lists the fitted values for equilibrium constants, the calculated values for
standard free energy change, and scaling factor, a, for each fraction. The largest
66-340T fraction, E, and all fractions of 100MUS did not interact with the BLMs. At
present we do not have an explanation for why fraction E did not interact with the
BLM. We do not know if this was due to the speifics of the interaction of the NPs
with the BLM or to a change in surface structure.”>

used to determine the standard free energy change by
the spontaneous NP adsorption (Table 1).>2

The Langmuir isotherm describes the dependence
of the surface coverage, 6, of an adsorbed molecule
on the concentration of the molecule around the sur-
face at a fixed temperature.®® A dynamic equilibrium
exists between the free NPs in solution and the NPs
adsorbed to the BLM. The surface is assumed to
have a specific number of sites where the adsorbates
can be adsorbed, and these sites are all equally
active, giving rise to a single average value of equilib-
rium constant, K. The Langmuir equation gives the
relationship between the surface coverage and NP
concentration:

Kienp

g — NP 2
1+ Kiene @)
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In our experiment, we take the surface coverage, 6,
to be the ratio of the change in capacitance with each
addition of NPs (A'C) to the maximum change of
capacitance when the BLM surface is saturated
(Al,.xC), normalized by the area of that BLM. Unfortu-
nately this condition forces the surface coverage sat-
uration value (plateau value) of each adsorption curve
to unity, making it problematic to fit with eq 2, which
cannot reach a value of 1. To alleviate this, we added a
scaling factor, @, to the Langmuir equation:

0 — o KNP (2.1)

1+ Kiene

The scaling factor was constrained to be greater than
1 and was iteratively fit for each curve to minimize the
rmsd of the fitted line (residuals plotted in Figure 4,
top). The physical significance of this parameter is
discussed below. We plot the surface coverage, 6,
against the concentration and fit the value K. and
o using a least-squares regression (Igor Pro, Wave-
metrics, Lake Oswego, OR, USA). We then use K| to
calculate the change of standard free energy during
the process.

A°G = —RT In(K) (3)

The surface coverage vs concentration plots are
presented in Figure 4, and the fitted values for K,
A°G, and o are shown in Table 1. NP concentration was
converted from mg/mL to molar concentration using
the molecular weight for each fraction as determined
by AUC>° There are two sources of error for this
measurement. The first is the experimental error asso-
ciated with repeating the measurements on different
batches of fractions of NPs. The fractionation yield is
low compared to the amount of material required to
build a complete curve, as pictured in Figure 4, so it was
not always possible to repeat measurements on some
of the fractions. However most of the concentrations
for each fraction were measured multiple times, and
this standard deviation was propagated through to
error for the surface coverage vs concentration plots
(Figure 4). Another source of error is the electronic
noise for each plateau such as in Figure 3. This noise
was lower than the experimental error and is presented
for fraction C in Supplemental Figure 2.

Finally, in order to compare the results obtained on
BLMs with actual cell membranes, we have tested the
same NP fractions as described above for cell penetra-
tion in 3T3 fibroblast cells. Our group has previously
used these cells to examine cell penetration of surface-
structured NPs.??> The NP fractions were first labeled
with a fluorescent dye (BODIPY-SH 630/650) for visua-
lization in confocal laser scanning microscopy (CLSM)
and flow cytometry (FC). The experimental details
of cell preparation, dye labeling of NPs, and CLSM
and FC can be found in the Methods. The results of
the cell uptake experiments are presented in Figure 5.
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Results were also collected at 4 °Ciin order to satisfy the
requirement for non-energy-mediated penetration.

DISCUSSION

The varying sized fractions of NPs coated with
100MUS showed no adsorption behavior, reproducing
the surface composition effect found in our previous
studies.>?' =23 Additionally, since only the largest frac-
tion of the 66-340T NP did not adsorb into the BLM,
we can presume the existence of a size cutoff for BLM
adsorption. The fractions of 66-340T NPs that did
adsorb exhibited a very similar change in adsorption
standard free energy (Table 1), with a slight separation
between the two smallest fractions and the two largest
fractions. This indicates that within a polydisperse
batch of NPs that show cell penetration we can use
these electrical experiments to obtain a binary answer
as to whether or not the NPs can interact with BLMs
and how efficiently they enter in comparison to one
another.

Itis clearly observable that the Langmuir model used
together with the parameter o provides a remarkable
fit to the data presented. Yet, we should point out that
the Langmuir model requires true reversible adsorp-
tion, and a surface should reach full coverage at large
concentrations. On multiple occasions, we have tried to
observe desorption from the membrane by reducing
the concentration of the nanoparticles in solutions after
equilibrium was reached at a higher concentration. In
no case have we measured a capacitance decrease. In
addition, when we fit the adsorption curves to a simple
Langmuir, the results are not as great as when we adopt
the scaling parameter o. These considerations taken
together seem to suggest that once incorporated in
the membrane, the particles are very slow in leaving it.
Yet, atomic force microscopy data we collected on
supported lipid bilayers with these particles strongly
suggest large in-lipid particle mobility after fusion.>*
We believe that at low coverage this mobility is equiva-
lent to desorption in a Langmuir treatment, hence the
good fit at low concentration independent of o values.
At high coverage, lateral mobility is drastically reduced
(for simple space consideration), and consequently the
absorption becomes kinetically trapped and/or limited.
The role of the parameter a is to capture the progres-
sive irreversibility of the adsorption phenomenon. Thus,
we think that a fit for a particle/lipid combination with
a being 1 would indicate a purely reversible process,
and a larger value of a indicates in-lipid mobility but
probably lack of true reversibility.

Additionally, one feature of our prediction is that
the NPs are inserted into the bilayer and not simply
adsorbed onto the surface. We have tested this
by introducing NPs to both sides of the membrane,
so that if they were simply adsorbing to the surface,
the capacitance should double or at least show an
increase. In this case we saw no increase in capacitance
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Figure 5. Confocal microscopy and flow cytometry in 3T3 cells after incubation with MUS:OT 66:34 NP fractions. The CLSM
data (images/top, quantification/bottom left) are presented for each of the NP fractions increasing in core size (A—E) at both
37 and 4 °C, the latter at which all penetration is non-energy-mediated (>10 cells counted per bar). The FC data quantification
(bottom right) confirms the results shown in CLSM (>7500 cells per bar). The figures are displayed with one standard deviation
as error bars and show a clear maximum at fraction D. The data have been normalized in fluorescence (y-axis).

compared to experiments when the NPs are only
introduced to one side of the membrane. In this way
we are confident that the NP is inserted into the
membrane, but the extent of insertion (partial or full)
is unknown (pictured in Figure 1, right). To further
prove this, we tested a batch of particles known to fuse
with BLMs on a different type of lipid, DMPC, that has
a melting transition temperature (T,,,) at 23 °C. With the
thermocycler, we were able to probe the NP—BLM
fusion both below and above the phase transition.
The bilayer was formed at 37 °C as usual, and then the
temperature was lowered to 15 °C, where the bilayer
remained stable. The NPs were added at an inter-
mediate concentration (1 mg/mL). Initially there was
no capacitance increase, in contrast to DOPC at this
temperature, where the lipids are still above its T,,.
We slowly ramped the temperature up. At 19 °C, the
capacitance started increasing and eventually stabi-
lized at about 28 °C. If particles were simply adsorbing
to the surface of the bilayer, they should remain stable
to differences in the lipid phase, but instead they
do not adsorb when the bilayer is in gel phase. This
supports our conclusion that particles are truly ad-
sorbed into the hydrophobic BLM core. We then tried
ramping the temperature back below the T, to try to
observe the NPs' ejection back into solution, but
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instead the membrane simply became unattached.
We will attempt to further address the issue in future
spectroscopic and surface probe studies on cell-
penetrating NPs with BLMs.

The NPs used in this study are negatively charged,
with a measured zeta potential of less than —30 mV.
To ensure that application of the electrostatic force
did not contribute to the fusion of the NPs and BLMs,
both a positive and negative potential (£50 mV)
were applied to the cis chamber containing the NPs.
There was no difference in the magnitude of capaci-
tance change for this control; thus we conclude that
the potential of the electrodes did not interfere with
the fusion measurements.

The CLSM and FC data confirm the results obtained
by electrical measurement of BLMs, with a clear size
dependence on cell penetration, maximized at frac-
tion D. However, although the largest fraction, E, never
showed adsorption behavior in the electrical measure-
ments, it does show low non-energy-mediated pene-
tration in vitro. This result indicates that the model BLM
used in our experiments is more selective than the
real cell membrane. There are many possible reasons
for this, and the most probable lies in the significant
compositional difference between BLMs and cell mem-
branes. Nevertheless, the comparable trends derived
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with electrical measurements and direct fluorescence
measurements in cells strongly support the idea that
the electrical method is a suitable platform for achiev-
ing fast, systematical, and quantitative screening of
nanomaterials susceptible to interactions with cells.

The model remains a rough empirical description,
and as with any new phenomenon being experi-
mentally developed, we expect that the quality of
data will improve over time. Consequently, the effects
of some of the assumptions made above may be
eliminated in the future when certain physical aspects
are considered, such as a more detailed study of the
membranes' structural fluctuations as a result of NP
adsorption.>? Yet we believe that these results show for
the first time that there is a driving force for the
spontaneous fusion of nanoparticles with lipid bilayers.
The standard free energy of the process does not
appear to be large (~13—14kgT) but is certainly suffi-
cient to drive a spontaneous process. Moreover, these
values are similar to those found for primary amphi-
pathic CPPs associating with large unilamellar vesicle:
~10kgT per CPP.3’

We have shown that we can characterize the
NPs' interaction with lipid bilayers from the simplest
level of unmodified BLMs up to their penetration into
living cells. Additionally, this electrical technique al-
lows for the incremental advancement in complexity
to approach increasingly realistic biomembranes.
Further work with electrical measurements of BLMs
will explore a larger variety of cell-penetrating NPs
differing in composition as part of an effort to elucidate
a mechanism for cell penetration. We are continuing
to develop this technique to also allow the exploration
of such effects as membrane swelling or “bowing” out

METHODS

Planar Bilayer Lipid Membrane Electrophysiology. 1,2-Diphytanoyl-
sn-glycero-3-phosphocholine and 1,2-dioleoyl-sn-glycero-3-
phosphocholine were purchased from Avanti Polar Lipids, and
n-decane was purchased from Fisher Scientific. Lipids were
received in chloroform and dried under a stream of nitrogen
before being placed under vacuum for several hours to remove
all traces of solvent. The lipids were resuspended in n-decane
to a final concentration of 25 mg/mL and were stored at —20 °C
in between use. Bilayers were formed over a 200 um diameter
aperture in a Delrin perfusion cup (Warner Instruments). The
lipid/decane solution was generously prepainted on either
side of the aperture using a 200 uL plastic pipet tip that had
been fire-polished momentarily such that its tip was closed
and spherical. The paintbrush and other materials previously in
contact with lipid solution were cleaned after each use with
Folch solution (chloroform/methanol at a 2:1 ratio). After 30 min
of drying the cup was assembled into a thermally conductive
chamber and 1 mL of 50 mM KCl solution was added to each
side of the aperture. Ag/AgCl electrodes were each connected
to small electrode wells also containing 50 mM KCl. These wells
were connected to the aperture-adjacent chambers via salt
bridges containing 3 M KCl and 2% agar. Current and capaci-
tance were measured using the Multiclamp 700B micro-
electrode amplifier and a CV-7B headstage to connect to the
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upon fusion with NPs and to understand if NPs are
interacting with each other after fusion. We are also
exploring the effects on fluidity and membrane struc-
ture of the remaining lipid volume after NP fusion.
Finally we are planning to develop a complementary
optical method to measure the area of the BLM
empirically, in order to reduce the error of assuming
an area based on the calculated thickness of the lipid
bilayer and its theoretical capacitance. This will also
allow for the possibility of measuring the physical area
represented by the NPs in the bilayer after fusion.

CONCLUSION

In conclusion we have established that a simple
low-current measurement amplifier with BLMs as
membranes to separate cis and trans compartments
can be used to screen for interactions between NPs
and membranes. We also show that these measure-
ments, in conjunction with a simple Langmuir isotherm
model, can provide quantitative data for the interac-
tion between lipid bilayers and NPs. Additionally,
in this paper we demonstrate that striped-NPs/lipid
bilayers spontaneously fuse with a standard free en-
ergy of the process of ~14kgT that is size dependent.
We find that striped NPs spontaneously interact with
DOPC/DPhPC suspended lipid membranes only if
their diameter is smaller than ~10 nm and that similar
particles with a homoligand shell do not interact with
the same membrane. We hope that this technique will
become an important tool to quickly screen the inter-
action of NPs with BLMs and allow the extraction of
some thermodynamic quantities such as the adsorp-
tion equilibrium constant and the change in adsorp-
tion standard free energy.

electrodes (Molecular Devices). The data were then acquired
through the Axon Digidata 1440A data digitizer (Molecular
Devices) at a sampling rate of 150 kHz and analyzed using the
Clampex 10.0 software. Signal filtering was performed using
the 4-pole Bessel filter built into the amplifier unit, at a setting of
1.6 kHz. The schematic for operation is shown in Figure 1.

In order to check for conductance, we applied a triangle-
waveform voltage signal and checked for total conductance.
If there was any sign of impedance, the solution was removed
and sprayed at the blocked aperture. When total conductance
was maintained, the same lipid solution was applied across the
outside of the aperture cup (cis chamber) by immersing the tip
into solution and gently rubbing the tip against the aperture.
The formation of a bilayer was indicated by a sharp drop in
current and by the formation of a capacitive square waveform.
Bilayers were required to reach a capacitance value greater
than 100 pF to be used in our experiments. The formation of
unmodified BLMs is characteristically difficult, as they break
down quite easily with small mechanical or electrical fluctua-
tions. To minimize these effects, all experiments were per-
formed in a Faraday cage (Warner Instruments), a metal box
that shields electromagnetic interference. This cage was
also placed on a floating air table, typically used for scanning-
probe instruments, in order to eliminate mechanical vibrations.
These were necessary criteria if one is to ensure consistently
high-quality data collection. Frequently, it is difficult to obtain a
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defect-free bilayer by the painting method, resulting in sloped
peaks on the capacitance vs time trace (Supplemental Figure 3).
These sloped curves, while useful for those studying molecular
transport with channel proteins, are indicative of ionic current
flowing. In this case, we assumed our BLM had large defects
allowing for solvent flow, and the current we were measuring
could no longer be considered solely capacitive. We could make
no distinction between defects in the middle of the bilayer or
at the edges where the bilayer is “stuck” with hydrocarbon
residue. In any case, this necessitated a repainting of the bilayer
after removing the defective one with a blast of solvent. If a
defect-free bilayer could not be formed in several tries on a
single pore, the whole setup was rewashed and dried before
trying again.

A typical experiment starts with forming a stable bilayer.
Once the capacitance and current remained constant for at least
30 min, a transmembrane potential was cyclically ramped
between 0 and 100 mV over 100 ms such that the rate is 1 V/s.
A baseline recording was made before adding the nanoparticles
to the cis chamber. For each NP type, several NP concentration
additions (above 5 mg/mL) were first used to find the maximum
loading concentration, or plateau value, normalized by area.
Then a fresh experiment was performed while the concentra-
tion was increased in small increments of 0.1 mg/mL from 0 to
1.5 mg/mL, increasing to 0.25 mg/mL from 1.5 mg/mL until
the bilayer broke down (typically around 9—10 mg/mL). Thirty
minutes of equilibration was waited in between each NP addi-
tion. For recording 60 scans were taken each second over 1 min
and averaged together. Sometimes it was very difficult to obtain
all of the points in the experiment due to membrane instability
and breakdown. Because we measured the maximum loading
concentration per membrane area, we can use this value to scale
data from multiple bilayers in order to combine the data into
a single experiment. This scaling was performed in the software
after membrane formation in order to normalize the unloaded
membrane capacitance to a single value for each type of NP. This
relaxed the need for a single experiment to measure a single
adsorption curve and dramatically increased our data collection
ability. The entire approach from several capacitance traces to
final adsorption curve s illustrated in Supplemental Figure 1 fora
typical NP fraction.

Nanoparticle Synthesis. Nanoparticles were prepared accord-
ing to previous methods.”® The sulfonate ligand 11-mercap-
toundecane sulfonate was synthesized in house according
to previous methods.® All solvents were purged with nitrogen
for 1 h prior to synthesis. All other chemicals were purchased
from Aldrich and used without further purification. A 0.9 mmol
amount of gold salt (HAuCl,) was dissolved in 150 mL of ethanol.
A 0.75 mmol amount of the desired molar ratio of the thiol
ligands was dissolved in 20 mL of anhydrous methanol and
then added to the gold/EtOH solution. After 5 min, 150 mL of
saturated sodium borohydride (NaBH,) in ethanol was added
dropwise to the gold/thiol solution. This solution was left to stir
for 3 h under nitrogen flow on ice and placed in a refrigerator
overnight in order to precipitate the particles. The supernatant
was removed and the particles were dried under vacuum
overnight and resuspended in aqueous solution. The particles
were purified using centrifugal dialysis membranes (MW
cutoff of 10000 Da, Amicon) in order to remove free ligands
(as confirmed by "H NMR) and further characterized by TEM
and AUC.

Nanoparticle Fractionation. We have employed density gradi-
ent fractionation of the NPs using a Gradient Station (Biocomp
Instruments). This machine is outfitted with both a gradient-
forming instrument and a piston-operated fractionator. The
linear gradients used for separation were 20—50% w/w sucrose
solutions prepared in SW32 centrifuge tubes (38 mL volume).
An aqueous NP solution (400 uL, 15 mg/mL) was carefully
overlaid on top of each gradient, and six tubes were centrifuged
in a Beckmann XL90 ultracentrifuge with SW32 Ti swinging
bucket rotor for 2 h at 32 krpm at 20 °C. The samples were
manually fractionated via piston gradient fractionation, and
five 3 mm wide slices were obtained at distances of 8, 12, 16, 20,
and 24 mm from the meniscus after centrifugation. The iden-
tical fractions from each of the six tubes were combined and
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purified from sucrose via centrifugal filter dialysis. The frac-
tions were analyzed for size and density distributions by AUC
(Figure 2).°

Flow Cytometry and Confocal Laser Scanning Microscopy. For both
flow cytometry (FCM) and confocal laser scanning micro-
scopy, the NPs were labeled with a thiolated fluorescent dye,
BODIPY-SH (630/650 nm), according to previous methods.?"*?
3T3 mouse fibroblasts were used in this study. All CLSM imaging
and quantification methods were performed according to
methods we have recently published.?? Briefly, dried NPs were
dissolved in milli-Q purified water (1 mg/mL) and filtered to
remove precipitates. Cells were plated in eight-well Ibidi u-slide
chambers (IbidiTreat) at a concentration of (1.5—2.0) x 10* cells
per well and given fresh serum-containing media after 20—22 h.
A final concentration of 0.2 mg/mL for each NP solution was
mixed directly in the wells and incubated with the cells for 3 h.
The wells were washed three times with serum-containing
medium and directly imaged. Confocal images were collected
with a Zeiss LSM 700 inverted microscope, using the 63x/1.40
oil objective with a HeNe laser and excitation/emission of 630/
650 nm. All images were collected with identical laser settings.
For FCM, the 3T3 cells were incubated with the NP solutions and
washed once each with media and DPBS (Life Technologies).
The cells were detached from the wells with 0.05% Trypsin-
EDTA (Life Technologies) and subsequently analyzed with a
Beckman Coulter CyAn ADPS flow cytometer using the 640 nm
laser.
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