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Bacterial Model Membranes Deform (resp. Persist) Upon Ni?* Binding to Inner Core (resp.

O-Antigen)

HanByul Chang, Karthikeyan Gnanasekaran, Nathan C. Gianneschi*, and Franz M. Geiger*
Department of Chemistry, Northwestern University, 2145 Sheridan Road, Evanston, IL 60660,
USA
ABSTRACT. The surface charge densities, apparent equilibrium binding constants, and free
energies of binding of nickel ions to supported and suspended lipid membranes prepared from
POPC and two types of lipopolysaccharide (LPS) are reported. 2"- and 3"-order nonlinear optical
mixing shows that rough LPS (rLPS)-incorporated bilayers carry the highest charge density and
provide the most binding sites for nickel ions while LPS-free bilayers exhibit the lowest charge
density and binding sites. Ni*" binding is almost fully reversible at low concentrations but less so
at higher Ni’*" concentrations. Ni** adsorption isotherms exhibit hysteresis loops. The role of
interfacial depth on the observed second harmonic generation (SHG) responses is discussed in the
context of complementary dynamic light scattering, x-ray spectroscopy, and cryogenic
transmission electron microscopy experiments. The latter reveal considerable Ni*>*-induced
structural deformations to the bacterial membrane models containing the short, O-antigen-free
rLPS, consistent with complex formation on the vesicle surfaces that involve Ni*" ions and
carboxylate groups in the inner core of rLPS. In contrast, Ni** ion complexation to the charged
groups (phosphates and carboxylate) of the considerably longer O-antigen units in sLPS appear to
protect the phospholipid backbone against metal binding and thus preserve the vesicle structure.

*Corresponding authors: nathan.gianneschi@northwestern.edu and

geigerf(@chem.northwestern.edu
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I. Introduction. The incongruent dissolution of lithium ion battery cathode materials, such as

lithium cobalt oxide!? and lithium nickel manganese cobalt oxide (NMC),>> has been recently
reported to negatively impact uni-®7 and multicellular®® organisms upon unintended introduction
to the environment. Specifically, bacterial studies studying the impact of NMC on Shewanella
oneidensis MR-1610 showed that nickel and cobalt ions are mainly responsible for the biological
toxicity. Model studies employing lipid bilayers already showed selective affinity of cobalt ions
for negatively charged as opposed to zwitterionic lipids,!! highlighting a need for understanding
electrostatically driven membrane-particle interaction with transition metal cations.!>!> Here, we
investigate the interaction of nickel ions, given the previously published toxic impact of nickel,
with supported lipid bilayers (SLBs) consisting of the zwitterionic lipid 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) and two common types of bacteria-derived lipopolysaccharides
(LPS). Our SLBs serve as idealized model systems to understand how bacteria in soil and aquatic
environments might interact with and respond to dissolved ions of d-block elements.

LPS, a major component of the outer layer of Gram-negative bacteria,'¢ consists of three
main components: first, lipid A that is anchored in the surrounding membrane; second, the inner
and outer cores which are negatively charged due to carboxylate groups in the sugars located there;
and finally, a repeating O-antigen chain made up of polysaccharides. LPS can be further classified
as rough LPS (rLPS) that lacks O-antigen repeat units and smooth LPS (sLPS) that varies in the
number of O-antigen repeat units depending on the organism.!”-!® The construction of model SLBs
with different types of LPS is relevant to understanding bacterial envelopes and is now becoming
an emerging field of research.!%-22

In prior work, we reported that SLBs formed from rLPS-incorporating POPC lipids led to

considerably stronger attachment of positive 3-mercaptopropyl amine (MPNH,)-coated gold metal
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nanoparticles when compared to SLBs formed from pure POPC, clearly demonstrating the

importance of the electrostatic potential produced by the negatively charged groups on the core
and O-antigen for adsorption in particle-membrane interactions.?® Indeed, the charge density on
cell membranes has been shown to regulate their interactions with peptides,?*?> nanomaterials,!3-26
and polymers?’ and is likely to play an important role in LPS-nickel interactions as well. Yet,
probing metal cation-membrane interactions real time in situ, and without the use of external labels,
is not necessarily straightforward, but there are several options, including X-ray photoelectron
spectroscopy (XPS),?2? scanning probes,3%-3! and fluorescence-based techniques.?*3 Unlike these
methods, nonlinear optical spectroscopic techniques circumvent the requirement for vacuum
and/or external labels and yield data in real time and under aqueous flow conditions.

Second harmonic generation (SHG) in particular is widely used to study the interactions of
lipid membranes with nanomaterials,>*37 peptides,*®4 and ions.!!>4> The operational principle is
that two photons of the same frequency combine to form one photon of twice the frequency in
non-centrosymmetric environments,*-4® such as liquid/solid interfaces. By mixing the second-
order response with the third-order response due to the interfacial potential, ®(0), emanating from
a charged interface makes the method akin to an "optical voltmeter", with which estimates for
surface potentials and interfacial charge densities (and thus metal cation coverage) can be provided.
This present work therefore applies this ®(0)—sensitive form of SHG, also termed the "Eisenthal
13 method"#-* to conduct an in situ, non-invasive, quantitative analysis of the charge densities
of SLBs formed from POPC with and without r- and sLPS, as well as SLBs formed from pure
rLPS. We report apparent equilibrium constants and free energies of nickel adsorption to the SLBs
and provide estimates for the number density of reversibly and irreversibly adsorbed nickel ions

on the bilayers. We pay special attention to the depth-dependent SHG response, given the range in
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lengths between the pure POPC (~4 nm bilayer width) and sLPS (7-46 nm length).>3>% We also

evaluate nickel concentration-dependent changes in the size and morphology of vesicles that make
up the model bilayers studied in the SHG experiments using dynamic light scattering (DLS) and
cryogenic transmission electron microscopy (cryoTEM) and report Ni?*-induced LPS-specific
deformations of vesicles.

I1. Experimental Methods

IILA. Laser and Detection System. Following our previous approach,?%-343857.58 the SHG
experiments were conducted using a Ti:sapphire oscillator (Spectra Physics Mai Tai, 82 MHz
repetition rate, 120 fs pulse duration) tuned to a fundamental of 800 nm. The beam was attenuated
to approximately 0.5 W, polarized parallel to the interface (“s-in’), and focused through a fused
silica hemisphere to a diameter of ~30 um at the fused silica/water interface at an angle just below
total internal reflection (~ 60°). The fundamental and SHG beams exiting the sample (allowing all
light polarizations) were passed through a Schott filter and directed into a monochromator set to
the second harmonic frequency to remove the fundamental beam. SHG signal was collected using
a photomultiplier tube, where the signal was amplified using a gated single-photon detection
system.

I1.B. Preparation of Optical Cell and Substrate. Fused silica hemispheres (ISP Optics, QU-HS-
25) were cleaned in NOCHROMIX (Godax Laboratories) cleaning solution for 1 hour and rinsed
with ultrapure water (18 MQ cm'!; Millipore, Thermo Scientific). The hemispheres were then
sonicated in HPLC-grade methanol for 15 minutes, dried with N,, then air plasma cleaned for 15
minutes on the highest setting, and stored in ultrapure water until use. The custom-built Teflon
flow cell used in our experiments has been described in detail before.’® Briefly, we use creeping

flow conditions (2 mL min-") and a shear rate of ~1 mL min-!. Prior to each experiment, the cell
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was sonicated in methanol for 15 minutes, rinsed with ultrapure water, dried with N,, and then air

plasma cleaned for 15 minutes.

II.C. Buffer, Nickel Solution, and Vesicle Preparation. 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) was purchased from Fisher Scientific (powder, purity
>99%) and NaCl was purchased from Sigma Aldrich. To prepare buffer solutions, appropriate
masses of HEPES and NaCl were dissolved into ultrapure water for a final concentration 2 mM
HEPES and varying NaCl concentrations used in the experiments. Buffers were then pH adjusted
using small aliquots of diluted HCI and NaOH to pH 7.4. Nickel (IT) chloride was purchased from
Sigma Aldrich (purity >98%) and dissolved in ultrapure water for preparation of stock solution
and diluted to the desired concentration in 25 mM NaCl:2 mM HEPES at pH 7.4 for any SHG
experiments. Figure S1 shows that the NiCl, speciation predicted using ChemEQL®? is dominated
to >90% by Ni?* under the conditions of the experiment, with the next most abundant species being
singly charged (and thus much less surface active) NiCl*. For all solutions involving NiCl, solution,
we paid special attention so the concentration of NaCl in the final buffered solution does not
decrease by more than 95% of the initial concentration due to dilution with NiCl, solution in pure
water.

POPC in chloroform was purchased from Avanti Polar Lipids. rLPS from Salmonella
enterica serotype minnesota Re 595 (Re mutant) was purchased from Sigma Aldrich as lyophilized
powder and suspended in neat chloroform (B&J Brand, HPLC grade) to 2 mg mL"! by sonicating
for at least 20 minutes. sLPS from Salmonella enterica serotype minnesota purified by phenol
extraction was also purchased from Sigma Aldrich as lyophilized powder and suspended in 8:2
methanol/water solution to 2.5 mg mL"! by sonicating for at least 20 minutes. The specific SLPS

used in this work has lipid A, core, and up to 20 O-antigen repeat units in the long chain region.®!
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POPC and rLPS were stored at —20 C°, sLPS at —2 C° no longer than 1 month after opening. The

chemical structures for POPC and LPS are shown in Scheme 1.62

Following our previously published work,?* we prepared lipid bilayers from unilamellar
vesicles containing 80% POPC and 20% LPS (mass ratio). These lipids were mixed for desired
ratios in a glass vial, dried under gentle N, gas, and then dried in vacuum for at least 6 hours. The
dried vesicles were then rehydrated in 1 mL 1 mM NaCl:2 mM HEPES at pH 7.4 for at least an
hour. Unilamellar lipid vesicles (~100 nm) were prepared by extruding though a 0.05 um
membrane filter (Avanti, 610000) 15 times in 1 mM NaCl:2 mM HEPES at pH 7.4 after 4 cycles
of freeze-thaw, 5 minutes each. The vesicles were diluted to 0.5 mg mL-! with appropriate salt
concentration for a final buffer concentration of 150 mM NaCl:2 mM HEPES, pH 7.4 immediately
before forming SLBs using the vesicle fusion method.%?
I1.D. Formation of SLLBs and Nickel Exposure Experiments. Following our previously reported
procedure,?? we introduced a solution of 150 mM NaCl:2 mM HEPES at pH 7.4 into the flow cell
first and recorded the SHG response in time until a steady signal was attained for at least 10
minutes. Next, extruded vesicles at a concentration of 0.5 mg mL-! in 150 mM NaCl:2 mM HEPES
and pH 7.4 were introduced into the cell at a flow rate of 2 mL min!' for two minutes for a total
volume of 4 mL (2 flow cell volume equivalents). We then allowed for self-assembly into a lipid
bilayer on the fused silica substrate using the vesicle fusion method for at least 30 min (note that
the aqueous solution is below the fused silica solid in our flow cell so as to avoid gravitational
artifacts). Following bilayer formation, a solution of 150 mM NaCl:2 mM HEPES at pH 7.4 buffer
was flushed through the cell at a rate of 2 mL min™! to remove excess vesicles. After a steady SHG
signal was observed from the bilayer for at least 20 minutes, the cell was flushed again with a

solution of 25 mM NaCl:2 mM HEPES at pH 7.4 buffer at a rate of 2 mL min"! until a steady SHG
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signal was again obtained for at least 20 minutes. All nickel exposure experiments were conducted

at 25 mM NaCl:2 mM HEPES at pH 7.4. The SHG signal was collected at each nickel and/or
NaCl concentration until a steady SHG signal was reached for at least 20 minutes. All SHG
experiments were carried out with continuous flow at 2 mL min'! except for the lipid vesicle
formation, which happened in static condition.

ILLE. Dynamic Light Scattering. We determined the hydrodynamic diameter (d,) and zeta (&)
potentials of the extruded vesicles using a Zetasizer Nano ZS instrument (Malvern Instruments,
Worcestershire, UK; He-Ne 633 nm laser). Vesicles extruded at | mM NaCl:2 mM HEPES at pH
7.4 were diluted to 10 pg mL-! either in 1 mM or 25 mM NaCl with 2 mM HEPES. The values for
d, and & potential were determined by averaging three different stock solutions of 30 runs each.
IL.F. Cryogenic Transmission Electron Microscopy (cryoTEM). Vesicles for cryoTEM were
prepared the same way as described in section II.C and NiCl, stock solutions were directly mixed
into the vesicle concentration of 2mg mL-! for the desired final NiCl, concentration and vortexed
for five seconds to aid in mixing. The concentrations of stock nickel solution used for mixing with
the vesicles did not change the results between 10 to 100 times dilution. The mixed solution was
made about 30 minutes prior to vitrification and 4 pLL of the mixture was vitrified using a Vitrobot
Mark III, Thermo Fischer Scientific Inc. 200 mesh copper TEM grids with lacey carbon support
layer were surface plasma treated before the vitrification procedure using a PELCO easiGlow glow
discharge cleaning system. The cryoTEM experiments were performed on a Jeol ARM300F (300
keV) with a cryo holder and transfer station (Gatan Inc., USA) operating at ~— 170 °C.

III. Results and Discussion.

ITILA. CryoTEM Images and DLS Measurements Point Towards a Protective Role of the

LPS O-Antigen Against Ni?* Binding. The hydrodymanic diameter (d;,) and zeta (&) potential of
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extruded vesicles measured by DLS (Table 1) indicate the vesicle sizes are slightly smaller in 25

mM NaCl than in 1 mM NaCl, as expected due to screening. CryoTEM images confirm the
formation of uniformly sized vesicles with sizes that correspond well with the DLS measurements
(Figs. 1A-D, n.b.: vesicles were not prepared from pure sLPS). Adding nickel results in higher d;
(Fig. 2A) and more positive & potential (Fig. 2B), consistent with nickel ion adsorption onto the
vesicles, and indicating vesicle aggregation observed by cryoTEM as described below. The
measurements also show that vesicles formed from the 8:2 mix of POPC:rLPS are more
susceptible to size changes by nickel binding than vesicles prepared from pure POPC. Nickel ion
adsorption also appears to lead to charge reversal, as evidenced by the & potential measurements,
again most pronounced for the vesicles containing rLPS. This result points to the significant
increase in negative charge of rLPS vs POPC (Table 1). High nickel concentrations also lead to
the appearance of a second distribution peak of considerably larger size than the first (majority)
(Fig. S4).

Our findings are recapitulated in cryoTEM images, which show nickel-induced changes
for rLPS and 8:2 POPC:rLPS vesicles in vesicle polydispersity, aggregation, and morphology,
particularly at higher nickel concentrations (Figs. 1A"-B"). In contrast, changes in vesicle size and
electrostatics are not observed for POPC due to low electrostatic interactions (low surface charge
as evidenced by Fig. 2B) or 8:2 POPC:sLPS even at the higher concentration of nickel (Figs. 2B,
1C'-D"), pointing towards a protective role of the O-antigen with regards to Ni** adsorption.

While these studies are the first that probe how a transition metal cation interacts with the
Gram-negative membrane component LPS, heavy metal cation interactions with single-component
lipid membranes as well as membrane-trafficking proteins have certainly been studied in much

detail. For instance, Garcia and Godwin reported that 1 mM Pb?" and 5 mM Ca?" induce self-
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assembly of members of the synaptotagmin (syt) family of vesicle proteins.®* Other works suggest

irregular cation adsorption in protein systems attributed to a combination of chemisorption and
physisorption.®>-¢7 However, in our work, nickel complex formation through chemisorption is
minor from the fact that nickel adsorption is at least 90% reversible under most conditions as
described later in the main text.

Furthermore, we understand that the deformation of a membrane not only relates to the
hydrophilic surface, but also on the order of the hydrophobic tails. Our prior work!! investigating
the interactions of DMPC and 9:1 DMPC/DMPG with another divalent cation, Co?", showed
bilayer asymmetry induction by elevated Co?" concentrations for 9:1 DMPC/DMPG. This was
explained by specific electrostatic interaction of negatively charged headgroups of the lipid
bilayers with positive ions based on the fact that no significant alteration in the bilayer SFG spectra
were observed for the zwitterionic DMPC. This induction of lipid asymmetry by metal adsorption
was also reported by Conboy®® and Chen® groups for short peptides. We also reported that
polycation binding to bilayers resulted in a complete disappearance of the VSFG responses from
the well-ordered alkyl chains.”? Further understanding metal cation binding to the more
considerably complicated LPS containing bilayers is certainly of interest but beyond the scope of
this work.

III.B. Small Amounts of rLPS Increase the Membrane Charge Density Considerably. In
addition to cryoTEM, we attempted to quantify nickel concentration in the vesicles by Energy
Dispersive X-ray Spectroscopy (EDS). Unfortunately, the low signal to noise ratio of nickel in
cryogenic environment prevented us from yielding representative quantification. Therefore, we
proceeded to provide Ni?" surface coverage estimates by using the Eisenthal yx® method. These

experiments are comprised of two steps: first, the interfacial charge densities of the bare
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membranes are estimated by screening the Coulombic charges using varying NaCl concentrations

(no Ni?* present). Then, the measurement is repeated at constant total ionic strength and varying
nickel concentrations. We note that our analysis includes the required phase matching correction
step*®°071 as described in the SI Section IX.

Figure 3A shows the SHG charge screening experiments of SLBs prepared from POPC
and 8:2 POPC:rLPS. Since POPC is a zwitterionic lipid with zero net charge but slight charge
polarization in the head group,’? we expect the interfacial charge density to be minor. In this case,
we use the Gouy-Chapman (GC) model and find an interfacial charge density of —0.004 + 0.002
C m™. On the other hand, the high charge density expected for rLPS requires the Gouy-Chapman-
Stern, or Triple Layer, model (eqn. S1), which consists of a Stern layer near the interface and a
diffuse layer extending out into the aqueous phase, as in the GC model.”>7* We therefore fit the
following model to the SHG charge screening data obtained from the bilayer formed from 8:2

POPC:rLPS:

2

Op Go [C m—Z]

Isne = [Esugl* = |A +B- -, 00514 [V] - sinh

1| *D

01174 |[Cm—2M Z]CWZ

Here, A and B are constants specific to the terms containing the second- and third-order
nonlinear susceptibility tensors, respectively, C, is the capacitance in the Stern layer, Cge is the
electrolyte concentration, and o is charge density of the bilayer. Using C, = €0€stern/§, where g
is the relative permittivity of vacuum (8.85 X 102 F m!), &giern = 100 — 200,776 and 6 is the
Stern layer thickness (5-10 A), 7577 C, is estimated to be 2 to 4 F m in this work (The surface

under study is diffuse and lacks a molecularly sharp boundary as seen in Scheme 2; the quantities

reported in the main text assign the value of 2 F m to C,, but values obtained using a range of C,
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can be found in Figure S14.) We note that the &g, used above does not refer to the layer of

adsorbed ions in the hydration region at the surface. Instead, it refers to the layer at the polar

oNOYTULT D WN =

headgroups of the SLB where most of the adsorption occurs. The negatively signed capacitance
11 term retains total charge neutrality. Our analysis shows that opgpc.rps = —0.10 + 0.02 C m?2. As
13 expected, rLPS-containing bilayers carry considerably higher negative charge when compared to
pure POPC. Scheme 2 provides a simplified working model for some possible binding sites for
18 Ni?* on the rLPS-containing lipid membrane.

20 IIL.F. rLPS-Containing Membranes Bind ~7 x More Nickel than Pure POPC Membranes.
Figure 3B shows the binding curves for Ni** interaction with the SLBs prepared from pure POPC
25 lipid and those prepared from the 8:2 POPC:rLPS. The SHG responses indicate stronger nickel ion
27 binding for the rLPS-containing bilayers when compared to those prepared from pure POPC.
Following the arguments presented in the previous section, we apply the Gouy-Chapman and the

32 Gouy-Chapman-Stern model to the less and more charged membranes, respectively. We use the

KadsC i
Langmuir adsorption model,”® i.e. 6 = - where 0, K,4s and C are the fractional surface

35 14 KagsC 2
37 coverage, the apparent equilibrium constant for ion adsorption, and bulk nickel concentration,

respectively. Combined with eqn. (S1), we arrive at:

1+ KCJ 1 #(2)

43 Esng=A+B-0.0514 [V] -sinh ! (0'0 + Oadsmax
45 0.1174 [c m=2 M_Z]celec2

K,4sC ) 1

48 where 0y and 0,45 max are the charge densities of the bare bilayer and the maximum amount of
bound ions, respectively. Fitting eqn. (2) to the experimental adsorption isotherms yields surface

53 charge density estimates for G,gsmax 0£0.019 + 0.003 Cm=2,0r 1.2 + 0.2 x 10" Ni?>* cm™? for
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POPC. Moreover, eqn. (2) yields a K4 0f 1.4 + 0.6 x 10'3 M-! from which we calculate a AG,q

of —28 + 1 kJ mol!, referenced to the molarity of water, 55 M, at room temperature.
As discussed above, more highly charged bilayers such as those formed from the 8:2 mix
of POPC:rLPS require the use of an additional capacitance term. Thus, combining the Langmuir

model with eqn. (1), we find

Equo = A+ B ! KoasC 0.0514 inh—1 Kaas !
SHG — + - CZ Op + Oads 1+ Kadsc +0. [V] sin O + Oads,max 1+ Kadsc _1 }
0.1174 [c m—=2M Z]Celec

Fitting eqn. (3) to the adsorption isotherm for nickel to the bilayer formed from the 8:2
POPC:rLPS SLBs yields charge densities of 0.112 + 0.002 C m?2 (6.9 + 0.1 x 103 Ni*" cm?)
and Kogs of 5 + 1 x 10 M-! which corresponds to AG,qs of —36.7 + 0.5 kJ mol-!. These fit
results indicate a much larger propensity for Ni*" to interact with the rLPS-containing POPC
bilayer than with the pure POPC bilayer by itself, consistent with the DLS and cryoTEM data
discussed earlier. Adsorption isotherms showing the estimated number of nickel ions adsorbed on
the bilayers can be found in Figure S11. The same experiments with pure rLPS bilayers have also
been conducted and are summarized in the SI.

To explain our findings of enhanced Ni*" binding to the rLPS-containing POPC bilayer,
we consider possible adsorption sites for the divalent nickel cations in rLPS, which are likely to
be the carboxylic acid groups in rLPS that are deprotonated at pH 7.4.7 When we incorporate
rLPS into the bilayer, the long chain of rLPS protrudes out of the POPC bilayer,3° exposing the
charged carboxylate moieties for nickel interaction. Nickel ions bind to carboxylate in a
monodentate form per carboxylate group,®! leading to a direct contact ion pair involving the C—O-

group and not the carbonyl group. Following our previously published work,3? the free energy
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associated with the deprotonation of a carboxylic head group (AGgep = 41 + 6 kJ mol ~1) needs

to be accounted for in the observed total free energy of adsorption, according to
AGads,obs = AGdeprotonation T AGM — coo# (44)
AGy — co0 = AGagops — 41 £ 6 kf mol ™1 = —77.7 £ 6.0 k] mol ~* #(4B)

Further, the metal-carboxylate free energy of interaction should be multiplied by 2 if one were to
account for 2:1 stoichiometry of the carboxylate:Ni** complex, resulting in a free energy of rLPS-
Ni?* interaction of -155 kJ mol-'.

IILF. Interfacial Depth Probed by the SHG y® Method. The membranes studied here can help
elucidate some interesting features of the SHG process. The sLPS used in this study consists of at
least 20 repeat units of the O-antigen (composed of sugar moieties and negatively charged groups)
such that significantly higher charge and more nickel ion binding sites are present in them when
compared to the (much shorter) rLPS (Scheme 1). Yet, applying the Gouy-Chapman-Stern model
described above to the isotherms shown in Figure 3 yields a charge density for the bilayer formed
from the 8:2 mix of POPC:sLPS (-0.03 + 0.01 C m?) that is 3 times below that of the rLPS-
containing POPC bilayer, while the Ni*>* charge density is 0.039 + 0.002 C m? (2.4 + 0.1 X
1013 Ni?* cm!), also 3 times below that of the rLPS-containing membrane. The K,q, for Ni**
adsorption to the 8:2 POPC:sLPS membrane is estimated to be 3.2 + 0.8 x 10°M-!, leading to
a AG,qs for Ni?* adsorption (discounting deprotonation for simplicity) of —30.0 + 0.6 kJ mol!,
~2kT smaller than that for the POPC:rLPS membrane. This unexpected result could be rationalized
by the apparent differences in nickel ion interactions with rLPS- and sLPS-containing vesicles as
observed by the cryoTEM images (Figs. 1B'-D"), especially the possible protective role that the

O-antigen appears to play in guarding against nickel adsorption on the vesicles.
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This counterintuitive result was reported in our earlier study investigating the association

of positively charged MPNH,-functionalized gold nanoparticles (AuNPs) with POPC and LPS-
incorporated bilayers.”? In this work, quartz crystal microbalance with dissipation monitoring
(QCM-D) showed that O-antigen chain in sLPS presents a larger number of binding sites than
rLPS per molecule basis. Additionally, we concluded that the AuNPs interact with the O-antigen
domain of the smooth LPS by observing larger contributions to frequency shift and dissipation in
lower harmonics (penetrating further into the bulk) than higher harmonics. We also reported that
AuNP adsorption on POPC:sLPS induced very little to no changes in SHG, suggesting a clear
depth-dependence of SHG.

We also understand that there is much discussion around the topic of interfacial water
molecules at varying interfacial depths in the context of nonlinear optical signal generation at
aqueous interfaces.#6:4953.71.83-98 Walker and Richmond showed computationally that water
molecules are oriented differently at each distance from the interfacial region and that the net
orientation of water molecules contribute to the observed sum frequency generation signal,” a
result that was recently recapitulated using quantum mechanical calculations.!%%11 Using
“molecular rulers”, Walker and coworkers reported that interfaces of different composition and
lengths can create different interfacial environments by altering the orientation of water molecules,
clearly demonstrating the distance dependence of SHG on an A scale.!?? This dependence could
be confirmed by conducting the same experiments with different LPS types with varying O-antigen
region length, which is, however, beyond the scope of the current investigation.

II1.G. Reversibility and Hysteresis of Ni** Binding to Lipid Membranes. For all three SLBs
studied herein, the reversibility of Ni>* adsorption depends on the nickel concentration as shown

in Figure 4A for an SLB formed from 8:2 mix of POPC:sLPS as an example. In these experiments,
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the membranes were exposed to subsequently increasing nickel concentrations and rinsed with

nickel-free buffer between each injection of nickel solution. We observe that the extent of
reversibility decreases with increasing Ni?* concentrations. The outcomes are not a function of the
sequence of adsorption/desorption cycles, as Figure 4B shows irreversibility even for direct
exposure of a freshly prepared membrane to 100 mM NiCl,. The presence of leftover NiCl, is
confirmed by XPS (Fig. 5), albeit in vacuo as opposed to in aquo.

We also notice step-like features in the SHG vs. time traces recorded while rinsing the
rLPS- or sLPS-containing membranes after exposure to nickel (Fig. 4B). This finding suggests the
presence of weak binding sites that release Ni*" early on during rinsing, and a second, more
strongly binding site. This outcome points to the possibility that the adsorption of nickel is
cooperative, where initial nickel adsorption promotes further adsorption. Moreover, the absence
of this step-like feature in SHG vs time traces for SLBs formed from pure POPC suggests that the
LPS moieties provide higher affinity binding sites for nickel.

Figure 4C reveals hysteresis when Ni?* binds to a membrane formed from an 8:2 mix of
POPC:sLPS. Here, the same bilayer is exposed first to increasing (forward arrow) and then
decreasing (reverse arrow) nickel ion concentrations. The Ni** charge density, the binding
constants, and the free energies of adsorption for each branch of the hysteresis loop (summarized
in Table S2) show no statistically significant differences. However, it is clear that there is a
statistically significant difference in the final SHG signal intensity (at the end of the hysteresis
loop) once the nickel concentration in solution is returned to the lowest value. The same trend
explained so far is observed with POPC and 8:2 POPC:rLPS in varying degrees of reversibility

(SI Section VI), with 8:2 POPC:sLPS showing the least extent of reversibility.
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IV. Conclusions. With the increased use of nanoscale battery materials made from transition

metals such as nickel that can pose potential hazards to biological systems, it is critical to
understand how these ions interact with biological membranes. In this work, we applied a number
of surface-specific in situ and ex situ techniques to show that rLPS-containing lipid membranes
provide a charged environment to which nickel ions can adsorb electrostatically. The interactions
are likely to occur via charged moieties at the hydrophilic end of rLPS, forming Ni?*-carboxylate
complexes. While sLPS has more negatively charged carboxylate binding sites along its O-antigen
repeat units than rLPS, its SHG active region is shorter than the length to which it reaches into the
bulk aqueous solutions, resulting in incomplete capture of nickel:sLPC interactions by SHG. We
have also shown that low nickel concentrations are almost completely reversibly bound to the
various membranes, regardless of the presence of LPS. More importantly, high NiCl,
concentrations result in incomplete metal ion desorption upon rinsing and aggregation as well as
morphological change observed using DLS and cryoTEM.

Despite the fact that membranes formed from the 8:2 mix of POPC:rLPS exhibit the highest
K.gs as well as the highest degree of aggregation seen by cryoTEM, these membranes do not show
the least extent of reversibility. Surprisingly, it is the 8:2 POPC:sLPS membrane with a
comparatively low K,4s and no sign of aggregation that exhibits the most irreversible interaction
with nickel. The cryoTEM images suggesting a protective role of the O-antigen (Figure 1B") are
consistent with the notion that nickel, once adsorbed to the long O-antigen at a long distance away
from the lipid membrane, exhibits little influence on the vesicle morphology and properties (size),
indicating that the O-antigen has a certain capacity towards Ni*>* while retaining its protective role
(i.e. no morphology changes). Conversely, and perhaps serving as a counterfactual, LPS-

containing vesicles that lack the Ni**-protective O-antigen (formed here from the 8:2 mix of
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POPC:rLPS or even pure rLPS) do show morphological changes upon Ni?* binding (Figure 1C"

and D").

Taken together, we can speculate that the observed morphology changes are perhaps due
to ligand field interactions involving Ni ions bound to two carboxylate groups from one rLPS unit,
as pictured in Scheme 2, and a second pair of uncoordinated (Ni**-free) carboxylate groups from
a second rLPS unit located in another portion of the membrane. The resulting structures would be
reminiscent of multi-nuclear Ni(II) "paddle wheels" in metal organic frameworks reported in the
literature.!%3 Formation of such "bio-MOFs" on the vesicle surfaces from Ni?" ions and carboxylate
groups from O-antigen-free rLPS (Scheme 2) may lead to the folded and bent features observed in
cryoTEM images 1C" and D". In contrast, Ni*" ion complexation to the charged groups
(phosphates and carboxylate) of the considerably longer O-antigen units in sLPS would protect
the phospholipid backbone against metal binding and thus preserve the vesicle structure. The lack
of changes to the morphology of the vesicle in cryoTEM images 1B" and the lack of aggregation
signaled in the DLS data supports this putative mechanism. Future work is aimed at further
studying this process with an eye towards detailed structural studies of possible bio-MOF
formation, which are beyond the scope of this present work.

It is our hope that these results may be helpful in providing experimental evidence for
understanding the interactions of nickel ions and other transition metals with biological
membranes, along with their toxicity towards certain biological systems.%!? As we see in this work,
the fact that nickel adsorption is only partially reversible provides reason and room for
improvement in designing nanoscale materials involving these ions in order to minimize
biologically hazardous outcomes. Lastly, we caution that there may be additional factors necessary

for more accurate analyses of the experiments presented herein, especially in light of recent
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advances in phase-resolved SHG at low ionic strength.'* Indeed, given that this work utilizes

aqueous solutions with ionic strengths of at least 0.6 mM (from HEPES), the DC-field phase shift
in the observed optical processes is minimal.”!-86.194-106 Ongoing work is aimed at pursuing metal
ion:membrane interactions in aquo using liquid-cell transmission electron microscopy (LCTEM)
studies of soft-matter interfaces,!?”-19 with which investigations aimed at the extent of metal ion
binding reversibility are possible.

V. Associated Content

Supporting Information: Control experiments. UV-Vis experiments. Additional triplicate DLS and
SHG measurements. Additional model fits. Pure 100% rLPS bilayer data.
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Table 1. Summary of d;, and &-potential of extruded vesicles diluted to 10 pg mL-! in 2 mM HEPES

at pH 7.4. Ionic strength was adjusted using NaCl.

d;, (nm) E-potential (mV)

1 mM NaCl 25 mM NaCl 1 mM NaCl 25 mM NaCl

POPC 100 £ 10 93+3 —-11+£3 —6+£2
8:2 POPC:rLPS 93 +3 87+2 —12+4 -5=£3
8:2 POPC:sLPS 108 + 6 104 + 4 —-10+2 —-7+2
rLPS 75+4 70+3 —-6.1+£0.9 -9+£2
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Scheme 1. Structures of A) POPC, B) rough LPS (rLPS), and C) smooth LPS (sLPS) studied

herein.
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Scheme 2. Cartoon of 8:2 POPC:rLPS bilayer showing possible binding sites of nickel cations to

an rLPS-containing lipid bilayer membrane.
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Figure 1. CryoTEM images of vesicles studied herein and their interactions with nickel ions. Scale

bar is 200 nm.

Figure 2. A) Hydrodynamic diameter (d,) and B) &-potential measurements of vesicles as a
function of concentration of NiCl,. Error bars are obtained by averaging 30 runs of 3 different
solutions. These measurements were taken in 25 mM NaCl:2 mM HEPES at pH 7.4 to mimic the
SHG experimental conditions. POPC (green circle), 8:2 POPC:rLPS (purple circle), and 8:2
POPC:sLPS (grey circle), rLPS (purple triangle).

Figure 3. A) Corrected Isyg from charge screening experiments and B) Langmuir adsorption
isotherms on POPC (green circle), 8:2 POPC:rLPS (purple circle), and 8:2 POPC:sLPS (grey
circle). Charge screening and adsorption experiments are done with background 2 mM HEPES
with varying NaCl concentrations and 25 mM NaCl:2 mM HEPES with varying NiCl,
concentrations, respectively, at pH 7.4.

Figure 4. A) Reversibility of nickel adsorption with increasing nickel concentration, B) on-off
trace of 100 mM NiCl, adsorption, and C) hysteresis of NiCl, adsorption on 8:2 POPC:sLPS. Each
letter in the plot represents A) bare lipid bilayer, B) 1 mM NiCl,, C) nickel free buffer solution,
D) 10 mM NiCl,, and E) 100 mM NiCl,. The background buffer solution was 25 mM NaCl:2 mM
HEPES at pH 7.4. Right-axis of Figure 5A and 5B are measured reference laser power.

Figure 5. XPS spectrum of bare 8:2 POPC:sLPS that was never exposed to NiCl, (grey) overlaid
with that of 8:2 POPC:sLPS exposed to 100 mM NiCl, and rinsed with nickel-free buffer (green).

The spectra have been background subtracted.
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