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ABSTRACT. An experimental investigation of how electrostatics and ion dissolution impact 

the interaction between nanosheets of lithium intercalation compounds and supported lipid 

bilayers has revealed evidence for considerable metal cation concentrations in the 

nanosheets/bilayer (the "nano-bio interface") gap. Specifically, elevated concentrations of 

aqueous metal ions in the 1 mg/L concentration regime produce vibrational sum frequency 

generation signal intensity changes that are commensurate with the induction of 

compositional membrane asymmetry. This outcome is consistent with the notion that the 

induction of bilayer asymmetry by LiCoO2 nanosheets occurs through a non-contact 

mechanism that involves primarily the interaction of negatively charged lipids with dissolved 

ions concentrated within the electrical double layers present in the nano-bio interface gap. 

Our findings provide opportunities for mitigating non-contact interactions between 

nanomaterials and biological interfaces and point towards a path for enabling the design of 

new energy storage materials with reduced environmental impacts. 
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I. INTRODUCTION. The increasing use of nanoscale redox-active materials in all-

electric/hybrid vehicles and grid energy storage, specifically lithium intercalation 

compounds,1-3 may lead to environmental release and exposure,4-5 with poorly understood 

biological outcomes.6-8 Recent studies have explored metal oxide nanoparticle toxicity to 

prokaryotic and eukaryotic cells, as well as unicellular and multicellular organisms.9-12 Some 

of the commonly proposed mechanisms of cytotoxicity include the generation of reactive 

oxygen species, release of metal ions, penetration of the cell envelope, and the 

disorganization of bacterial membrane.13-17 As the toxicity mechanisms of metal oxide 

nanomaterials may vary fundamentally depending on the properties of nanomaterials as well 

as the membrane structures, a detailed molecular-level understanding of how redox active 

nanomaterials interact with cell membranes or model cell membranes, including supported 

phospholipid bilayers (SLBs), warrants exploration.  

We have previously shown that lithium cobalt oxide (LiCoO2) nanosheets induce alterations 

to the compositional asymmetry in two-component SLBs through electrostatic interactions.18 

Here, we further explore the charge interactions by altering the ζ-potential of nanosheets and 

changing the ionic strength of the solution. Yet, while many nanomaterials are poorly soluble 

in water, dissolution of some metal oxide nanoparticles, including those containing TiO2, 

ZnO, and CuO, in aqueous environments may result in cellular toxicity due to the release of 

Ti2+, Zn2+, and Cu2+ ions into solution.19-20 Indeed, previous work by Hang et al. 

demonstrated that the toxicity of nanoscale lithium nickel manganese cobalt oxide (NMC) to 

the Gram-negative bacterium Shewanella oneidensis MR-1 arises from the incongruent 

release of transition metal ions (specifically Ni2+ and Co2+) into solution, as opposed to the 

nanoparticles themselves.16 Specifically, that study showed that Co2+ significantly delayed 

the onset of exponential growth at sub mg/L concentrations, while Li+ had no effect on 

bacterial growth.16 For simultaneous exposure to both Li+ and Co2+, total oxygen 
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consumption remained unchanged. Subsequent research investigated the impact of chemical 

composition of NMC on bacterial oxygen consumption,17 and how the surface structure of 

LiCoO2 nanosheets can be altered to enhance phosphate binding,21 so as to decrease ion 

dissolution by an environmentally acquired surface coating.  In this present work, we aim to 

address the possible importance of ion dissolution from the LiCoO2 nanosheets for the 

induction of compositional asymmetry in supported lipid bilayers. To this end, we present 

results from vibrational sum frequency generation (SFG) spectroscopy experiments sensitive 

to how the chemical composition of SLBs may or may not change upon exposure to aqueous 

Li+ and Co2+ ions. SFG spectroscopy has previously been used to probe the kinetics of 

transbilayer movement of lipids and bilayer asymmetry at aqueous/solid interfaces,22-25 as 

well as to obtain structural and orientational information on aqueous ion-phospholipid 

interactions at the air/water interface.26-27 Our studies provide empirical evidence for a locally 

high concentration of ions present at the bilayer-nanosheet gap, and provide estimates for the 

dissolved ion concentrations at the interfacial region, which may ultimately be helpful for to 

abating potential environmental impacts of nanomaterials used for energy storage. 

II. EXPERIMENTAL.  

A. Bilayer Preparation. 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2-

dimyristoyl-sn-glycero3-phospho-(1-rac-glycerol) (DMPG) were purchased from Avanti 

Polar Lipids and used without further purification. Lipid bilayers from small unilamellar 

vesicles of pure DMPC as well as a lipid mixture containing 90 mol% DMPC and 10 mol% 

DMPG were prepared on 3mm thick IR-grade fused silica windows (ISP Optics) by the 

vesicle fusion method, as described earlier.18, 28-29 Experiments were carried out at room 

temperature (22 ± 1 oC). All SLBs were formed at 0.01 M Tris or 0.01 M HEPES buffer and 

0.1 M NaCl in the presence of 0.005 M CaCl2
.2H2O at pH 7.40 ± 0.03, and rinsed with Ca-

free buffer following bilayer formation.  
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B. Dynamic Light Scattering (DLS) of Nanosheets. Diffusion coefficients, electrophoretic 

mobilities, z-Average hydrodynamic diameters (nm) and apparent ζ-potentials for fresh 

suspensions (5 mg/L) of LiCoO2 nanosheets and vesicle solutions were determined using a 

Malvern Instruments Zetasizer Nano, with a He-Ne laser at 633 nm operating at a maximum 

of 5 mW. Electrophoretic mobility was converted to ζ-potential by the Smoluchowski model 

which simply assumes spherical particles.30 We note that nanosheets have different aspect 

ratios that might lead to deviations in the absolute values. LiCoO2 nanosheet suspensions 

were sonicated in 0.1 M NaCl, 0.01 M Tris or HEPES buffer at pH 7.4 for 10 minutes and 

vortexed for 30 seconds. 

C. Nanosheet Imaging on Supported Lipid Bilayers. A Leo Supra55 VP scanning electron 

microscope (SEM) coupled with a Thermo Scientific UltraDry energy-dispersive X-ray 

spectroscopy (EDS) detector was used to probe for the presence of attached LiCoO2 

nanosheets on SLBs formed from unilamellar vesicles prepared from a 9:1 mix of 

DMPC/DMPG in Tris buffer on 5% thermal oxide ultraflat SiO2 wafers.18 In HEPES buffer, 

the nanosheet attachment to SLBs was probed by SEM (Hitachi SU8040) coupled with an 

Oxford Aztec X-max 80 EDS detector. The images were taken using 14 keV incident 

electron energy. 

D. Metal Ion Dissolution from LiCoO2 Nanosheets. A PerkinElmer Optima 2000 

inductively couple plasma (ICP) optical emission spectrometer (OES) was used to determine 

metal concentrations of the LiCoO2 nanosheets in aqueous solutions held at 0.1M NaCl, 

0.01M Tris and pH 7.4. To characterize metal ion release into the solution, triplicate sample 

suspensions of LiCoO2 at 5 mg/L concentration was prepared. After 4 hours, the suspensions 

were centrifuged at 4,700g for 10 minutes to remove most of the LiCoO2 nanoparticles in 

solution. The supernatants were then ultracentrifuged for 2 hours at 288,000g using a 

Beckman Coulter Optima Ultracentrifuge with a SW-41 Ti Rotor to ensure removal of any 
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remaining LiCoO2 nanoparticles. Concentrations of dissolved metal species in the resulting 

supernatants were measured by ICP-OES. Stock solutions of LiCl and CoCl2.6H2O in 0.01 M 

Tris buffer and 0.1 M NaCl at pH 7.4 at metal ion concentrations equivalent to those 

measured by ICP-OES were used as described in the Results section. 

E. Vibrational Sum Frequency Generation Spectroscopy. Details of our SFG approach 

and experimental setup for probing condensed matter interfaces have been reported 

previously.18, 31-33 Experimental details regarding the solution preparation, bilayer formation 

and characterization, and flow conditions have been reported recently as well.18, 29 Briefly, we 

followed the SFG signal intensity attributed to the terminal CH3-νs (symmetric stretch) in the 

lipids used in our bilayers to evaluate changes in SLB asymmetry upon exposure to the oxide 

nanosheets or the dissolved metal ions. We selectively probed vibrational modes having 

transition dipole moment orientation components perpendicular to the liquid/solid interface. 

The SFG spectra were recorded in triplicate for each experimental condition of varying buffer 

identity, oxide nanosheet, bare ion identity, bare ion concentration and ionic strength. 

F. Second Harmonic Generation χ (3) Spectroscopy. The SHG studies reported here were 

carried out using the methods described previously,29, 31 using the s-in/all out polarization 

combination.  

III. RESULTS AND DISCUSSION. 

A. LiCoO2 Nanosheet Interactions with SLBs Formed from 9:1 Mixtures of 

DMPC/DMPG Lipids Depend Critically on ζ-Potential at 0.1 M NaCl. We first examined 

the effect of buffer choice and ζ-potential on nanosheet-bilayer interactions (Table I). While 

LiCoO2 nanosheets suspended in 0.1M NaCl, 0.01 M Tris buffer exhibit positive ζ-potentials 

(+12.9 ± 0.6 mV),18 they were found to exhibit negative ζ-potentials (−19.4 ± 1.8 mV) when 

suspended in solutions prepared using 0.1M NaCl and 0.01 M HEPES buffer. This difference 

in ζ-potentials for the two different buffers is putatively attributed to the possibly surface-
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active nature of the Tris cation, which has been previously reported to be present at silica and 

bilayer surfaces.18, 29 This finding also highlights the importance of buffer choice when 

studying oxide nanosheets at the nano-bio interface. Note that while the ζ-potentials of 

nanosheet suspensions show differences in the two different buffers, the ζ-potentials of the 

vesicles formed from the 9:1 mixture of DMPC/DMPG lipids used for preparing the 

supported lipid bilayers studied in this work remain invariant in the two buffers. The 

complete characterization data are provided in the Supporting Information Table S1. 

We used SEM/EDS to provide evidence of LiCoO2 nanosheet attachment to bilayers formed 

from the 9:1 mixture of DMPC/DMPG used in these experiments.18 Figure 1A shows the 

SEM image and the corresponding EDS spectra of an ultraflat SiO2 wafer with a bilayer 

prepared from a 9:1 mixture of DMPC/DMPG lipids in 0.1 M NaCl buffered at pH 7.4 using 

0.01 M Tris buffer. Following nanosheet exposure and rinse, the EDS data reveals localized 

regions of the bilayer contained LiCoO2 nanosheets, identified at 0.79 and 7.65 keV for 

cobalt, that are readily distinguished from Na (1.04 keV) and Cl (2.62 keV) signals 

originating from the cubic feature seen in the image and Si (1.74 keV) and O (0.52 keV) 

signals from the underlying SiO2 substrate. 

Switching from Tris to HEPES buffer would be expected to lead to some degree of 

Coulombic repulsion between the negatively charged bilayers and the LiCoO2 nanosheets, 

which carry a negative potential in HEPES buffer.29 Indeed, as shown in Figure 1B, the flake-

like LiCoO2 structures in HEPES buffer are present but in more confined regions compared 

to Tris. EDS data shows the presence of LiCoO2 nanosheets in localized regions, identified at 

0.78, 6.92 and 7.65 keV for cobalt. Signals originating from the cubic feature seen in the 

image are from Na (1.04 keV) and Cl (2.62 and 2.82 keV) and signals from the underlying 

SiO2 substrate appear at 1.74 keV for Si and at 0.52 keV for O.  
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To probe the nanosheet-bilayer interactions in situ, and under conditions of dynamically 

changing aqueous flow, we proceeded to record vibrational SFG spectra of the supported 

lipid bilayers before, during, and after exposure to the oxide nanosheets. Figures 2A and 2B 

show representative SFG spectra of 9:1 DMPC/DMPG bilayers maintained in 0.01 M Tris 

and in 0.01 M HEPES buffer, respectively, both in the presence of 0.1 M NaCl at pH 7.4. 

Before the addition of the LiCoO2 nanosheets, the SLBs produce vibrational SFG spectra 

featuring comparable peak positions at ca. 2980, 2930, and 2880 cm-1, where the 2880 cm_1 

peak which is attributed to the CH3 symmetric stretch of the alkyl tails and the other two 

features are presumably due to interference from the O−H stretches.18, 34-36 We note that the 

relative signal intensities vary somewhat with choice of buffer. Unlike the previously 

examined LiCoO2 nanosheets suspended in Tris buffer, which show SFG signal increases that 

are attributable to asymmetry induction in the membrane (Fig. 2A),18 the SFG responses from 

the bilayer remain invariant upon exposing it to LiCoO2 nanosheets suspended in 0.01M 

HEPES buffer (Fig. 2B). A similar lack of a signal intensity change was observed when 

NMC nanosheets, carrying a negative ζ-potential of -19.5 ± 1.4 mV in 0.01 M Tris buffer and 

0.1 M NaCl were exposed to bilayers formed from 9:1 mixture of DMPC/DMPG at 0.1 M 

NaCl.18 These two results suggest that negatively charged nanosheets do not induce 

compositional asymmetry in supported lipid bilayers formed from 9:1 mixtures of 

DMPC/DMPG under the solution conditions used in our experiments, a likely result of 

Coulombic repulsion, given that the bilayers studied here carry a negative surface potential 

under the conditions of our experiments.29 

B. LiCoO2 Nanosheets Do Not Disturb SLBs Formed from 9:1 Mixtures of 

DMPC/DMPG Lipids at Low Ionic Strength. To investigate the role of ionic strength on 

the oxide nanosheet-bilayer interactions, we rinsed bilayers formed in 0.1 M NaCl and 0.01 

M Tris buffer with a solution of 0.001 M NaCl in 0.01 M Tris buffer and subsequently 
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Dogangun et al.  Page 8 
exposed them at that low ionic strength to LiCoO2 nanosheets maintained in Tris buffer. Fig. 

2C shows that while the general lineshape of the SFG spectra obtained at high vs. low ionic 

strength in the presence of 0.01 M Tris buffer is invariant with salt concentration, the signal 

intensities tend to be higher at low salt concentration than at high salt concentration. Fig. 2D 

shows that exposing the SLBs to LiCoO2 nanosheets suspended in 0.001 M NaCl and 0.01 M 

Tris buffer at pH 7.4, conditions for which the nanosheet ζ-potential is −9.4 ± 0.8 mV (Table 

I), leads only to insignificant SFG signal intensity changes. This outcome is attributable to 

the notion that despite reduced charge screening at low ionic strength, considerable charge-

charge repulsion remains such that the oxide nanosheets cannot readily approach the bilayer 

to induce chemical asymmetry, as probed by SFG spectroscopy.  

C. Dissolution of LiCoO2 Nanosheets in Aqueous Solution Releases Li+ and Co2+ Ions. 

Having established that LiCoO2 nanosheets that carry a positive ζ-potential produce SFG 

signal intensity increases that indicate the induction of chemical asymmetry within supported 

lipid bilayers formed from 9:1 mixtures of DMPC/DMPG at 0.1 M NaCl, while those 

carrying a negative ζ-potential do not (even though they are still present at the bilayer, as 

evidenced by SEM), we proceeded to further investigate the fundamental interactions that 

lead to chemical asymmetry in bilayers exposed to oxide nanosheets. Our prior work18 

established that bilayers prepared from purely zwitterionic lipids do not produce SFG signal 

intensity changes upon exposure to LiCoO2 nanosheets under conditions of 0.1 M salt and 

0.01 M Tris buffer, while those prepared from mixes containing 10 mol% of the negatively 

charged lipids PS or PG do. This finding pointed to the importance of the lipids with 

negatively charged headgroups in the bilayer. Motivated by the extent of oxide dissolution 

reported for nanoscale lithium nickel manganese cobalt oxide by Hang et al.,16 we asked 

whether the LiCoO2 nanosheets studied in this present work could release metal cations 

directly into the membrane-nanosheet gap, where those metal cations (as opposed to the 
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actual nanosheets) could interact with the lipids to produce the observed SFG signal intensity 

changes described here. 

Incongruent oxide dissolution may release metal cations in amounts that depend on the 

intrinsic properties of the oxide (e.g., chemical composition and particle size) as well as the 

aqueous solution conditions (e.g., pH, temperature, ionic strength).37 Under the conditions of 

our experiment (0.1 M salt, 0.01 M Tris buffer, pH 7.4, and room temperature), our ICP-OES 

measurements (Table II) show, for suspensions of 5 mg/L LiCoO2 stirred for four hours, 

dissolved Li ions at 0.124 ± 0.002 mg/L and dissolved Co ions at 0.042 ± 0.001 mg/L. Table 

II also shows that the extent of dissolution is fairly comparable for conditions of 0.001 M salt 

and 0.01 M Tris buffer. Ion dissolution for the condition of using HEPES buffer is 

comparable to that of Tris buffer. 

Given the above findings, any experiment testing whether the presence of dissolved ions 

from the LiCoO2 nanosheets cause the observed SFG signal intensity increases produced by 

the bilayers upon exposure to the nanosheets should then start with sub-mg/L concentrations 

of Li and Co ions dissolved in 0.1 M salt solution maintained at pH 7.4 using 0.01 M Tris 

buffer. Controls for chloride and any minor changes in ionic strength would be provided by 

adding sub-mg/L amounts of NaCl to the 0.1 M salt solution while monitoring the SFG 

spectra obtained from the bilayers. The following two sections present the results from those 

experiments.  

D. Sub-mg/L Concentration of Aqueous Metal Ions Found in Bulk Nanosheet Solution 

Do Not Induce Apparent Bilayer Asymmetry from Bilayers Formed from 9:1 Mixture 

of DMPC/DMPG. As shown in Figure 3A and 3B, the presence of Li+ and Co2+ ions at 

concentrations determined by ICP-OES to be relevant for LiCoO2 nanosheet dissolution in 

high ionic strength does not produce significant SFG signal intensity increases in the spectra 

obtained from the bilayers. We further investigated possible combined ion effects by 
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Dogangun et al.  Page 10 
introducing a solution containing both Li+ and Co2+ ions using the concentrations determined 

in the dissolution experiments. Figure 3C shows negligible changes in the SFG spectra upon 

exposing bilayers to aqueous solutions under those conditions as well. Controls shown in 

Figure 3D indicate no change in the spectral lineshape when adding even one mg/L NaCl to 

the aqueous solution.  

E. Elevated Concentrations of Aqueous Metal Ions Elicit Increases in SFG Signal 

Intensity from 9:1 DMPC/DMPG Bilayers. Although ICP-OES measurements yield 

information about dissolved ion concentration in the solution phase, these concentrations do 

not necessarily correlate to the effective concentration of ions at the bilayer/nanosheet 

interface. We therefore exposed bilayers prepared from a 9:1 mixture of DMPC/DMPG to 

Li+ and Co2+ ion concentrations 10 times above those determined in the nanosheet dissolution 

studies, at a total salt concentration of 0.1 M and at pH 7.4, maintained using 0.01 M Tris 

buffer. As shown in Figures 4A and 4B, the use of elevated ion concentrations indeed 

produced significant SFG signal intensity increases for the case of Li+ and Co2+ ions. Again, 

these results are for solution conditions of 0.01 M Tris buffer and 0.1 M NaCl. As shown in 

in the Supporting Information Figure S1, this result is robust over three measurements. Given 

the salt control (shown in Figure 3D), this outcome appears to point towards a role of ion 

specificity. The interaction appears to involve the negatively charged PG headgroup, as the 

introduction of 0.5 mg/L solution of Co2+ shown in Figure 4C respectively does not 

significantly alter the SFG signal intensity from bilayers composed of purely zwitterionic 

DMPC lipids, as shown in Figure 4C. Furthermore, Figure 4D shows that the increases in 

SFG signal intensity upon exposure to 0.5 mg/L Co2+ persist even upon rinsing. 

Cation bonding to the backbone of peptides has been reported to depend on the hydration 

shell of the cation, with well-hydrated divalent cations showing stronger binding than weakly 

hydrated monovalent cations.38 Similarly, the tendency of ions to interact with lipids in the 
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Dogangun et al.  Page 11 
bilayer membrane depends on the strength of their hydration shell,39-40 with anionic lipids 

typically more prone to strong interactions with metal cations than zwitterionic lipids because 

of attractive Coulombic forces.41 McLaughlin and coworkers showed that Co2+ forms strong 

complexes with phoshatidylglycerol (PG) and phosphatidylserine (PS) lipids.42-43 Li+ also 

forms strong, high melting dehydrated metal ion-PS complexes and induces bilayer 

hydrocarbon chain crystallization at higher concentrations.44-45 Since Co2+ is more strongly 

hydrated than Li+, with hydration enthalpies of 2113 and 545 kJ/mol, respectively,46 we 

expect a stronger interaction of Co2+ with negatively charged lipid headgroups or an 

interaction with the headgroup at a lower ion concentration. Yet, we observe compositional 

asymmetry induced by Co2+
 at comparable ionic strengths under the conditions of our 

experiments. A more detailed analysis of the binding thermodynamics and electrostatics, 

including the determination of the number of cations bound per unit area within the nano-bio 

interface gap is found in Section F. 

F. Quantifying Co2+ Adsorption Thermodynamics and Electrostatics in the Nano-Bio-

Interface Gap. As shown previously,47-51 second harmonic generation (SHG) 𝜒(3) 

measurements can yield important information about binding thermodynamics and 

electrostatics.52-56 SHG spectroscopy adsorption isotherms (Figure 5A) in which the SH 

signal intensity is monitored as a function of Co2+ concentration in the presence of SLBs 

formed from DMPC and a 9:1 mixture of DMPC and DMPG at a constant salt concentration 

of 100 mM allow us to explore the role of PG-lipids in promoting Co2+ adsorption, to 

estimate the adsorption Gibbs free energy and the interfacial charge density, and to 

investigate reversibility, thereby demonstrating the wide utility of the 𝜒(3) method for 

studying the nano-bio interface. Figure 5A shows the adsorption of Co2+ to single-component 

lipid bilayers formed solely from DMPC results in little change in the SHG intensity as the 

Co2+ concentration is raised. This finding is similar to the SFG spectroscopy result presented 
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Dogangun et al.  Page 12 
in Figure 4C, which shows negligible SFG intensity changes upon exposure of bilayers 

formed from pure DMPC to Co2+ ions.  

Figure 5A also shows the Co2+ adsorption isotherm to bilayers formed from a 9:1 mixture of 

DMPC and DMPG, revealing that the addition of just 10% of PG-terminated lipid leads to 

substantial SHG losses as the Co2+ concentration is raised. These results are consistent over 

triplicate measurements on individually formed bilayers of both compositions and consistent 

with previous studies that indicate divalent cations bind preferentially to anionic 

phospholipids.42, 57-59 From the SHG adsorption isotherm and the extracted charge density, it 

is possible to determine the number of ions present at the interface at the concentration at 

which we observe the SFG signal intensity increases displayed in Figures 4B and 4D. At 100 

mM salt concentration, charge densities are estimated from SHG adsorption isotherms using 

electrostatic and adsorption models like the combined Gouy-Chapman/Langmuir expression 

shown in Equation 1.56  

           𝐼!"# ∝ 𝐸!"# ! ∝ 𝐴 + 𝐵 sinh!! 𝜎! + 𝜎!"#
!!"#[!]

!!!!"#[!]
!.!!
!!!!"!#

!
           Eq. 1. 

Here, ISHG and ESHG are the second harmonic intensity and second harmonic electric field, 

respectively, 𝜎!is the charge density of the 9:1 DMPC/DMPG bilayer, 𝜎!"# is the charge 

density of the adsorbed Co2+ at saturation coverage, Kads is the apparent equilibrium constant 

of Co2+ adsorption in liters per mole, M is the bulk Co2+ concentration in moles per liter, and 

Celec is the background electrolyte concentration (0.1 M NaCl) in moles per liter. As 

discussed in previously published work, A and B, which contain the second- and third- order 

nonlinear susceptibilities of the system, and the incident electric field at the fundamental 

frequency and are treated as constants in our approximations and estimations.56 The 

applicability of the Langmuir adsorption model in our case is justified by the observation of 

near quantitative reversibility in the Co2+/bilayer interaction (Figure 5B). 
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Fitting Equation 1 to the SHG adsorption data yields a Co2+ charge density of 0.1 ± 0.02 

C/m2, corresponding to roughly 3×1013 ions/cm2 at maximum surface coverage if each ion 

carries a +2 charge. A charge density of 0.1 C/m2 for Co2+ adsorption implies that the surface 

charge of the SLB is neutralized, as we have previously determined that SLBs formed from 

9:1 DMPC/DMPG carry a surface charge density of approximately –0.1 C/m2.29, 56 Thus, 

cobalt ion adsorption to SLBs formed from 9:1 mixtures of DMPC and DMPG appears to 

result in charge neutralization at the interface. Using the equilibrium constant obtained from 

the SHG adsorption isotherm shown in Figure 5 (1760 ± 290 M-1), and applying 55.5 M as 

the standard state for adsorption from solution,60 ∆GCo2+
ads is estimated to be –28 ± 0.4 

kJ/mol. This value is comparable to our previous estimates for divalent metal ions binding to 

mineral oxide surfaces.54, 61-62 While there are several studies exploring the adsorption 

behavior of Ca2+, Ni2+, and Mg2+ to phospholipids,57-59, 63 and given the ultra-trace 

concentrations of cobalt in living systems,64 little effort has been made to elucidate cobalt 

adsorption to phospholipid model systems or actual cells in terms of Gibbs free adsorption 

energies or quantitative surface coverages and electrostatics prior to this present work.  

From the Co2+ isotherm shown for the SLBs formed from 9:1 DMPC/DMPG (Figure 5A), we 

estimate that ca. 2 x 1012 Co2+ ions per cm2 are present at the interface under the conditions 

for which we observe the SFG signal intensity increases when the bilayer is exposed to 0.5 

mg/L, or ~8.5 µM, CoCl2 (Figure 4). Given the comparable SFG signal intensity increases 

when the bilayer is exposed to this CoCl2 concentration and when it is exposed to 5 mg/L 

solutions of LiCoO2 nanosheets under otherwise identical buffer and ionic strength 

conditions, then, we estimate that a ca. ten-fold enhancement of Co2+ ions in the nano-bio 

interface gap when compared to the free Co2+ ion concentration in 5 mg/L solutions of 

LiCoO2 nanosheets in 100 mM salt and 10 mM Tris buffer without bilayers present. 
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As stated above, Figure 5B reveals that cobalt adsorption to supported lipid bilayers formed 

from 9:1 mixtures of DMPC/DMPG lipids is nearly completely reversible under the 

conditions explored. In contrast, the SFG experiments we report do not show reversibility, as 

indicated by the retention in the spectral intensity and lineshapes shown in Figure 4D. These 

results, taken together, imply that while cobalt ions appear to reversibly adsorb to the bilayer 

surface, as monitored by SHG spectroscopy, the induced lipid asymmetry upon interaction 

persists, as revealed by SFG spectroscopy.  

IV. CONCLUSIONS. In conclusion, we have investigated the role of electrostatics on the 

interactions between redox active nanomaterials and supported lipid bilayers. We found that 

the interactions of LiCoO2 nanosheets with bilayers formed from 9:1 mixtures of 

DMPC/DMPG depend critically on the ζ-potential of the nanosheets and the ionic strength. 

By studying metal ion dissolution from LiCoO2 nanosheets, additional information on the 

mechanism of induced bilayer asymmetry was obtained. Specifically, we found that sub-

mg/L concentrations of aqueous metal ions (Li+ and Co2+) found in bulk LiCoO2 solution do 

not change the bilayer structure. However, elevated concentrations of aqueous metal ions in 

the 1 mg/L concentration regime were found to produce SFG signal intensity changes 

commensurate with induction of compositional asymmetry in the supported lipid bilayers 

studied here. This outcome is consistent with the notion that the induction of the bilayer 

asymmetry by LiCoO2 nanosheets occurs through a non-contact mechanism that involves 

primarily the interaction of negatively charged lipids with dissolved ions concentrated within 

the electrical double layers present at the nanosheet/bilayer gap. Surface coverage estimates 

of the Co2+ ions within this nano-bio interface gap were obtained by SHG spectroscopy and 

found to correspond to ca. 2 x 1012 Co2+ ions per cm2 for the conditions of nanosheet 

concentrations that induce membrane asymmetry. SHG and SFG spectroscopy together 

indicate the observed effects to be specific to the negatively charged DMPG lipids, as 
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bilayers formed purely from zwitterionic DMPC lipids show none of the effects described for 

the bilayers that contain DMPG. The observation that just 10% of DMPG lipids lead to the 

effects described here indicates the ion-lipid interactions are of considerable strength, which 

is the subject of ongoing work. Whether other lipid types have similar specific interactions 

with transition metal ions like Co2+ is the subject of ongoing work.  

Our findings provide opportunities for mitigating non-contact interactions between natural 

and engineered nanomaterials and biological interfaces. Computational studies aimed at 

elucidating the thermodynamics of phosphate passivation of LiCoO2 indicate that such an 

approach is in principle feasible.21 We therefore suggest that reducing ion dissolution from 

lithium intercalation compounds, such as the one studied in this work, by intentional surface 

modifications may provide a path forward for enabling the design of new energy storage 

materials with reduced environmental impacts through controlled release mechanisms. 
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Table I. Apparent ζ-Potentialsa for Fresh Suspensions (5mg/L) of LiCoO2 Nanosheets in 

0.001 M or 0.1 M NaCl and 0.01 M HEPES or Tris Buffer at pH 7.4 and Corresponding 

Observed Changes in SFG Signal Intensity Upon Exposure of SLBs Made from 9:1 Mixtures 

of DMPC/DMPG Lipids. 

[NaCl] 
(M) 

Buffering agent 
(0.01M) 

Apparent ζ-Potential 
(mV) 

ΔΙSFG 

0.1 Tris +12.9 ± 0.6 Increase by  

+2.0±0.7 

0.1 HEPES -19.4 ± 1.8 No change 

0.001 Tris -9.4 ± 0.8 No change 

     0.001 HEPES -20.5 ± 0.3 Not measured 

 

 

 

 
aEstimate assumes spherical particles. 
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Table II. Measured Concentrations of Ions Produced by Dissolution in a 5 mg/L Solution of 

LiCoO2 Nanosheets.a 

 

 

 

 

 

 

 

 

 

a The mean and standard deviation of three replicate samples are listed for the measured 
values. 

Buffer Dissolved metal ion concentration (mg/L)  

      Li (mg/L)            Li (µM)              Co (mg/L)             Co (µM)             

0.1 M NaCl, 

0.01M Tris 

  0.124 ± 0.002 17.86 ± 0.29 0.042 ± 0.001 0.71 ± 0.01 

0.001 M NaCl, 

0.01M Tris 

  0.206 ± 0.001 29.68 ± 0.20 0.029 ± 0.001 0.49 ± 0.05 

0.1 M NaCl, 
0.01M HEPES 

  0.283 ± 0.004 40.77 ± 0.61 0.035 ± 0.004 0.59 ± 0.07 
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Figure Captions 

Figure 1: SEM images and EDS spectra from numbered areas indicated of bilayers formed 

from a 9:1 mixture of DMPC/DMPG in (A) 0.01 M Tris buffer, 0.1 M NaCl at 23°C and pH 

7.4 upon exposure to LiCoO2 nanosheets (5 mg/L) and rinsing, and (B) 0.01 M HEPES 

buffer, 0.1 M NaCl at 23°C and pH 7.4 upon exposure to LiCoO2 nanosheets (5 mg/L) and 

rinsing. 

 

Figure 2: ssp-Polarized SFG spectra of bilayers formed from 9:1 mixture of DMPC/DMPG 

lipids at 22 °C and pH 7.4 in (A) 0.1 M NaCl, 0.01M Tris buffer before (green) and after 

(black) exposure to LiCoO2 nanosheets (5 mg/L) (B) 0.1 M NaCl, 0.01M HEPES buffer 

before (green) and after (black) exposure to LiCoO2 nanosheets (5 mg/L) (C) 0.1 M NaCl, 

0.01 M Tris buffer (green), 0.01 M NaCl, 0.01M Tris buffer (blue) (D) 0.01 M NaCl, 0.01 M 

Tris buffer before (blue) and after (black) exposure to LiCoO2 nanosheets (5 mg/L). 

 

Figure 3: ssp-Polarized SFG spectra of bilayers formed from 9:1 mixture of DMPC/DMPG 

lipids before (green) and after exposure to (A) 0.1 mg/L Li+ (black), (B) 0.05 mg/L Co2+ 

(purple), (C) a mixture of 0.1 mg/L Li+ and 0.05 mg/L Co2+ (black), and (D) 1 mg/L NaCl 

(dark green), all in 0.01 M Tris buffer, 0.1 M NaCl, and at 22 °C and pH 7.4.  

 

Figure 4: ssp-Polarized SFG spectra of bilayers formed from 9:1 mixture of DMPC/DMPG 

lipids before (green) and after exposure to (A) 1 mg/L Li+ (black), (B) 0.5 mg/L Co2+ 

(purple). (C) ssp-Polarized SFG spectra of bilayer formed from 100% DMPC lipids before 

(green) and after exposure to 1 mg/L Li+ (black). (D) ssp-Polarized SFG spectra of bilayers 

formed from 9:1 mixture of DMPC/DMPG lipids before (green) and after exposure to 0.5 mg 
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Co2+ and rinsing. All data recorded in 0.01 M Tris buffer, 0.1 M NaCl, and at 22 °C and pH 

7.4.  

Figure 5: (A) Normalized SHG E-field as a function of bulk cobalt chloride concentration in 

the presence of supported lipid bilayers formed from DMPC (open circles) and 9:1 mixtures 

of DMPC and DMPG (filled circles) at 0.1 M NaCl (0.01 M Tris buffer, pH 7.4), and fit of 

the combined Gouy-Chapman and Langmuir model (solid black line). (B) Time trace of the 

normalized SHG E-field (left-axis) with a sliding average of 10 seconds (gray) and 50 

seconds (black) and incident laser power (dots, right-axis) before and during the exposure of 

a SLB formed from a 9:1 mixture of DMPC and DMPG at 0.1 M NaCl (0.01 M Tris buffer, 

pH 7.4) to 0.001 M cobalt chloride at t=53 min, followed by rinsing in cobalt-free buffer at 

t=80 min.  
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