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Phosphatidylserine affinity for and flip-flop dependence 
on Ca2+ and Mg2+ ions
Preston P. Hymas, John C. Conboy*

Ca2+ ions are believed to play a crucial role in regulating lipid membrane asymmetry by modulating the activity 
of flippases, floppases, and scramblases. Dysregulation of Ca2+ homeostasis, and subsequent loss of 
phosphatidylserine (PS) lipid asymmetry, is associated with physiological conditions such as blood clotting, 
neurodegeneration, and apoptosis. Yet, despite the prominence of Ca2+ within regards to PS flip-flop, the specific 
actions of Ca2+ are not fully understood and detailed mechanisms remain elusive. Much focus has been placed on 
enzymatic interactions, while the endogenous interactions of Ca2+ ions with PS and the direct role Ca2+ ions play 
on maintaining PS asymmetry have not been characterized in detail, a potentially crucial gap in understanding. In 
the current study the determination of the binding affinity of Ca2+ ions to planar supported lipid membranes 
containing PS were measured via sum-frequency vibrational spectroscopy (SFVS). Evaluation of binding affinity 
obtained from SFVS peak area analysis yielded an affinity of 1.3 x 105 M-1. The rate of PS flip-flop was also 
measured in the presence and absence of Ca2+ via SFVS, with a nearly five-fold decrease in the rate of 
translocation when Ca2+ ions are present. Controls which tested Mg2+ with PS or phosphatidylcholine (PC) with 
Ca2+ did not show similar slowing effects, highlighting the specificity of the PS-Ca2+ interaction. For the binary lipid 
mixture tested, the disparity in the PS flip-flop rate would be sufficient to produce an 82% PS asymmetry if Ca2+ 
ions are localized to one side of the membrane. These studies have important implications for the non-enzymatic 
role Ca2+ ions may play in the maintenance of PS asymmetry.

Introduction
Lipid asymmetry in living cells has long been 

recognized,1-5 though the details of how phospholipid 
asymmetry is established, maintained, and destroyed is 
the subject of continued debate. What is known is that 
lipids are asymmetrically distributed between the cytosolic 
and extracellular leaflets of the plasma membrane based 
on both headgroup structure and alkyl chain saturation.7, 8 
Lipids facing the extracellular  environment are 
predominantly phosphatidylcholine (PC) and 
sphingomyelin (SM) lipids; conversely, the 
aminophospholipids phosphatidyl-ethanolamine (PE) and 
phosphatidylserine (PS) are found enriched on the 
cytoplasmic leaflet. Of these lipid species, PC, SM, and PE 
are net neutral zwitterions, while PS headgroups are net 
negative. Notably, while detectable levels of externalized 
PE are known to be present, PS sequestration to the inner 
leaflet is essentially absolute. An outer neutral leaflet with 
an underlying negative inner leaflet contributes to a 
physiologically vital membrane potential.9 The charge 

differential maintained by this arrangement has been 
shown to be important to intracellular fusion, budding, and 
ion diffusion processes which help maintain internal 
homeostasis.4, 10-16 Meanwhile, loss of asymmetry and the 
subsequent externalization of PS is essential to blood 
coagulation and the inability to express PS is a key 
characteristic of the clotting disorder Scott’s syndrome.10, 

13, 16-19 Externalization of PS to the extracellular leaflet also 
serves as a signal for phagocytes to engulf and clear 
apoptotic cells.20

The origin of the asymmetric lipid distribution found in 
cells has been ascribed to the action of ATP-dependent 
enzymes known as flippases and floppases that flip or flop 
lipids inward or outward, respectively.2, 4, 13, 21-25 Several 
PS-active flippases have been identified, such as ATP11A, 
ATP11C, and aminophospholipid translocase (APLT).23, 25-

29 The ability of these enzymes to deliver PS lipids to the 
inner leaflet has been established through various means, 
including monitoring the uptake of fluorescent PS lipid 
analogues such as 7-nitro-2-1,3-benzoxadiazol-4-yl-PS 
(NBD-PS) with or without active flippases or floppases  
present.27-31 Yet, while deactivation of these enzymes will 
slow the uptake and transfer of newly delivered PS, loss of 
flippase activity does not itself lead to loss of existing PS 
asymmetry. PS externalization in dead or dying cells has 
therefore been attributed to a third class of proteins, 
scramblases, which are believed to actively destroy PS 
asymmetry as part of apoptosis.2, 10, 13, 25, 28, 31-38

Department of Chemistry, University of Utah, 315 S. 1400 E. RM 2020, 
Salt Lake City, UT 84112, 
† Footnotes relating to the title and/or authors should appear here. 

Supplementary Information available: [details of any supplementary 
information available should be included here]. See 
DOI: 10.1039/x0xx00000x

Page 1 of 20 Faraday Discussions

Fa
ra

da
y

D
is

cu
ss

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

/2
1/

20
25

 1
0:

36
:0

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online

DOI: 10.1039/D4FD00206G

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4fd00206g


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 2

Please do not adjust margins

Please do not adjust margins

Activation of the scrambling process is routinely linked 
to Ca2+ ions. Elevation of cytosolic Ca2+ through either the 
incorporation of ionophores such as A23187, which 
increases inward flux, or deactivation of Ca-ATPase via 
agonists like thapsigargan, which decreases outward flux, 
reliably result in PS externalization.1, 17, 34, 36, 39-42 
Williamson et al. have, through a series of papers involving 
PS staining with FTIC-labeled Annexin V, quenching of 
NBD- or doxylpentanoyl-labeled lipids, and examination of 
phospholipase degradation products, established 
scrambling activity to affect a wide variety of lipid species.4, 

29, 32, 36, 37, 43-45 Williamson’s group has found that not only 
will elevated cytosolic Ca2+ lead to mixing of the native PC, 
SM, PE, and PS lipids, but also NBD or doxylpentanoyl-
labeled variants. Further, Ca-induced mixing of even non-
natural lipid analogues such as fatty-acid carnitine esters 
and trimethylammonium-diphenylhexatriene has also been 
shown.30, 41 These data establish the scrambling process 
to be quite indiscriminate toward lipid structure, yet the 
mechanism for how exactly Ca2+ enhanced scramblases 
lead to lipid translocation is not well understood.

Despite the demonstration of Ca-induced lipid mixing 
over a wide range of cell strains and lipid types, the 
identities of the specific enzymes responsible are currently 
unclear. Several potential scramblases have been 
identified, such as phospholipid scramblase (PLSCR) and 
ABCA1, yet studies on their activity is decidedly mixed. 
PLSCR-/- knockout in mice platelets did not inhibit PS 
exposure.46 In addition,  studies on lymphocytes, 
macrophages, and fibroblasts of Tangier disease patients 
who do not express ABCA1 found Ca-induced scrambling 
of PS to remain active.47, 48

The lack of a defined, well-established mechanism for 
how Ca2+ may lead to externalized PS is notable, a 
deficiency compounded by the fact that the direct effect 
Ca2+ ions have on the rates of protein-free PS flip-flop are 
unknown. There is a wide body of literature, beyond the 
discussion of scramblase activation, which suggests that 
PS-Ca pairing is quite important. When observing mixed 
monolayers and bilayers of PS and PC in the presence of 
Ca2+ ions, phase segregation of PS and PC was 
observed.49-51 Janshoff et al. found the process can be 
reversed via removal of the Ca2+ with ethylene glycol 
tetraacetic acid (EGTA), a chelating agent with a strong 
affinity for Ca2+. Similar results were found by 
Papahadjopoulos, who noted both Ca2+ and Mg2+ ions 
affect PS-containing membranes.50, 52, 53 Interestingly, 
although PS was responsive to both ions, only Ca2+ lead to 
phase segregation, and while Mg2+ elevated the lipid 
melting point, Ca2+ completely abolished the transition 
within the tested temperature range. The ability for Ca2+ to 
induce membrane disruptions over Mg2+ have also been 
observed in lipid vesicles. PS-containing vesicles have 
enhanced fusion and aggregation in the presence of Ca2+, 
behaviors which were either absent or reduced in the 
presence of Mg2+.11, 15, 51-54

The divergence in Ca2+ and Mg2+ behavior toward PS 
is notable considering that, like PS, the concentrations of 
these species differ drastically over the cell membrane 
boundary. In the extracellular media, Ca2+ is in the range 
of 1-2 mM, yet exists in the 100-200 nM range within the 
cytoplasm.55, 56 Conversely, Mg2+ ions within the cytoplasm 
are in the range of 0.6 – 1 mM.55  While Ca2+ influx is 
commonly stated as the cause of scramblase activation, 
there is data to suggest the existing concentration gradient 
of Ca2+ is an equally important factor. Hampton et al. found 
complexation of internal Ca2+ using the chelating agent 
1,2-Bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid 
tetrakis(acetoxymethyl ester) (BAPTA-AM) did not inhibit 
PS exposure, whereas chelation of external Ca2+ with 
EGTA lead to a reduction of exposed PS by 50% to 65%.57 
Further, Bratton et al. found PS expression could be 
achieved via UV irradiation of human leukaemia (HL-60) 
cells, but that the degree of expression was directly related 
to the external concentration of Ca2+.26 To test if irradiation 
had caused the cells to become more permeable to Ca2+ 
resulting in Ca2+ influx, the authors used fluorescence from 
fura-2-acetoxymethylester-loaded cells and found 
intracellular Ca2+ had only risen by 100 nM in an external 
media containing 1 mM Ca. Their results indicate the 
presence of Ca2+ was required for externalization even 
though Ca2+ flux was minimal. 

The results of Hampton and Bratton, combined with the 
previously detailed evidence of strong a Ca-PS interaction, 
suggest the presence of Ca2+ may directly influence the 
rate of PS flip-flop and, by extension, the maintenance of 
PS lipid asymmetry in cellular membranes irrespective of 
postulated scramblase activity. The interaction of solvated 
ions and membrane lipids have previously been shown to 
have a pronounced effect on rates of translocation. Cheng 
and Conboy found that exposure to Yb3+ ions slowed 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) flip-flop 
by an order of magnitude, demonstrating the potency of 
ion-lipid interactions to modulate lipid flip-flop dynamics.58 
It is hypothesized here that PS externalization can may, at 
least in part, be attributed to an equilibration of PS toward 
the Ca2+ exposed leaflet of the bilayer by way of unequal 
rates of native, nonenzymatic flip and flop. Such a 
hypothesis does not preclude enzymatic activity, but rather 
aims to assist in the interpretation of enzymatic data by 
clarifying what behaviors can be explained through direct 
Ca-PS and Mg-PS competitive effects in the extracellular 
and intercellular environments, respectively. 

The importance of the nonenzymatic flip-flop of PS is 
less characterized than the enzymatic behaviors, as lipid 
mixing dynamics are often approached with the starting 
assumption that the non-enzymatic or “native” lipid flip-flop 
is too slow to be relevant. Leaflet mixing is therefore 
viewed largely through the lens of active transport, hence 
an overall focus on scramblase driven PS movement. 
While there are several studies which find native flip-flop to 
be quite slow, the literature contains a wide variance in the 
reported rates of translocation. Methods such as electron 
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paramagnetic resonance (EPR),3 nuclear magnetic 
resonance (H1 NMR),59 small angle neutron scattering 
(SANS),60-62 fluorescence,28, 45 and sum-frequency 
vibrational spectroscopy (SVFS)63-68 have been applied to 
the problem, yet there is little consensus on specific rates.

Divergent results are generally ascribed to two 
experimental factors. Firstly, determined rates of flip-flop 
can be highly dependent on the presence of chemical 
labels like the 2,2,6,6-tetramethylpiperidine 1-oxyl 
(TEMPO) label used by Kornberg and McConnell’s EPR 
study.3, 65 Analyzing the influence of the TEMPO label 
employed in Kornberg and McConnell’s original work, Liu 
and Conboy showed that native DPPC lipids flip-flopped 
nearly 50-fold faster than the TEMPO-DPPC analogue. Liu 
and Conboy’s study was performed using SFVS of planar 
supported lipid bilayers (PSLBs), a methodology 
advantaged by being capable of measuring the flip-flop 
rates of unlabeled lipids. The PSLBs methodology is, 
however, counter to Kornberg and McConnell who had 
utilized vesicle membranes. The membrane model, planar 
or vesicle, is another factor which can influence flip-flop 
measurements.

An example of a label-free method which has been 
employed for vesicle models is 1HNMR analysis of 
asymmetric large unilamellar vesicles (aLUVs). 59, 69-73 
aLUV analysis provides DPPC flip-flop rates several orders 
of magnitude slower than those measured in PSLBs, 
hypothesized by Marquardt et al. to be due to defect-
enhanced translocation in PSLBs near sub-micron holes in 
surface coverage.70 The effect of surface defects can be 
minimized through the incorporation of a highly hydrated 
polymer cushion between the bilayer and surface support, 
but cannot be removed entirely.74-78 The influence of 
surface defects on PSLB flip-flop kinetics may not, 
therefore, be entirely discounted. However, 
inconsistencies in reported flip-flop rates are not entirely 
explainable purely by planar versus vesicle membrane 
dynamics. The TEMPO-PC flip-flop observe by Kornberg 
and McConnell in DPPC is several orders of magnitude 
faster than DPPC flip-flop rates observed in aLUVs,3, 70 
despite the presence of the bulky TEMPO label. As both 
studies utilized vesicle models, the discrepancy would not 
be explainable by surface coverage defects.

While it is clear that methodological differences can 
influence the flip-flop rates obtained, the study herein is 
interested primarily in relative kinetic shifts which may 
affect the equilibrium of PS expression. In order to validate 
the Ca-modulated PS flip-flop hypothesis, the present 
study used SFVS of PS-containing PSLBs in the presence 
of physiologic 1 mM concentrations of Ca2+ or Mg2+ ions to 
compare their effects on PS flip-flop dynamics. Solutions 
were ionic strength matched and use a baseline 
comparison to 100 mM KCl to mimic the cytosolic 
environment where K+ ions predominate.79 As the utilized 
methodology was consistent among all samples examined, 
the Ca2+ or Mg2+ induced changes in lipid flip-flop kinetics 
are used to make inferences on in vivo PS lipid behaviour. 

Gel phase mixtures of DPPC and 1,2-dipalmitoyl-sn-
glycero-3-phosphoserine (DPPS) were utilized due to the 
inability to measure the rapid flip-flop mixing of liquid 
crystalline (LC) phase lipids by SFVS using PSLB model 
membranes. While binary mixtures of DPPC and DPPS 
are not physiologic, the simplified mixture allowed the 
variable of PS-selective Ca2+ or Mg2+ interactions to be 
isolated. Aside from headgroup identity these two lipids are 
structurally identical. Thus, any divergence in response to 
Ca2+ or Mg2+ exposure is attributed to differences in the 
binding of these two ions to PC and PS headgroups. 
Additionally, compression isotherms of lipid monolayers on 
subphases with or without Ca2+ and Mg2+ were used to 
probe the effects these ions have on the packing and 
compressibility of DPPS and DPPC lipids. Finally, SFVS of 
hybrid bilayers, composed of lipid monolayers deposited to 
a methylated silica surface, was utilized to determine the 
affinity of DPPS for Ca2+ and Mg2+ and characterize 
structural changes occurring within the headgroups, water 
solvation layer, and lipid alkyl chains.

Sum-frequency Vibrational Spectroscopy
Sum-frequency vibrational spectroscopy is a coherent 

nonlinear optical method which involves simultaneous 
infrared (IR) excitation and anti-stokes Raman scattering 
to generate an outgoing photon at the sum of the two input 
energies.80 In the present case, the system employed uses 
a tunable IR (𝜔𝐼𝑅) and a fixed 532 nm visible (𝜔532) laser 
to generate the sum-frequency beam (𝜔𝑆.𝐹.):

     𝜔𝑆.𝐹. = 𝜔532 + 𝜔𝐼𝑅  (1).

Generation of the sum-frequency is dependent on the 
second order nonlinear susceptibility of the material (χ(2)) 
and scaled by the linear transmission Fresnel coefficients 
of the IR (𝑓𝐼𝑅) and 532 nm (𝑓532), as well as the nonlinear 
Fresnel coefficient of the outgoing sum-frequency (𝑓𝑆.𝐹.):

𝐼𝑆.𝐹. = |𝑓𝑆.𝐹.𝑓532𝑓𝐼𝑅𝜒(2)|2 (2).

The second order susceptibility is a third order, 27 element 
tensor which describes the coupling of the three electric 
field vectors (IR, visible, and sum-frequency) in three-
dimensional space (x, y, and z). χ(2) contains both 
resonant (𝜒(2)

𝑅 ) and non-resonant (𝜒(2)
𝑁.𝑅.) contributions, 

however the non-resonant component is small compared 
to the resonant component when dealing with dielectric 
materials and may usually be ignored:

𝜒(2) = 𝜒(2)
𝑅 + 𝜒(2)

𝑁.𝑅. ≈ 𝜒(2)
𝑅   (3).

The resonant component (𝜒(2)
𝑅 )  is proportional to the 

number of molecules (N) at the interface, scaled by the IR 
(𝐴𝑖) and Raman (𝑀𝑗𝑘) transition probabilities (Equation 4). 
Resonance will reach a maximum when the tunable IR (𝜔𝐼𝑅
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) is matched to a vibrational mode (𝜔𝑣), though will be 
limited by the linewidth of the transition (Γ𝑣). Expressed as 
a sum over all possible vibrational modes, the sum-
frequency dependence on the total resonant contribution 
can be expressed as follows: 

              𝐼𝑆𝐹 ∝ |𝜒(2)
𝑅 |2 = |∑𝑣

𝑁〈𝐴𝑖𝑀𝑗𝑘〉
𝜔𝑣 𝜔𝐼𝑅 𝑖Γ𝑣

|2

 (4).

The orientation of the molecules is implicit via the bra ( ⟨ ) 
and ket ( ⟩ ) operators, which denote an average of all 
molecular orientations. In isotropic media where the 
orientational averaging results in no net directionality, the 
expected sum-frequency is zero. Only in anisotropic 
media, or at an interface, should sum-frequency be 
observed.81 Due to the symmetry dependence of the sum-
frequency, SFVS can be utilized to great advantage when 
observing interleaflet mixing. Bilayer systems contain a 
natural plane of inversion between the leaflets, and thus 
any sum-frequency generated is proportional to the 
number difference of  species in the proximal (𝑁𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑙) 
and distal (𝑁𝑑𝑖𝑠𝑡𝑎𝑙) leaflets: 64, 82

𝐼𝑆𝐹 ∝ (𝑁𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑙 ― 𝑁𝑑𝑖𝑠𝑡𝑎𝑙)2 (5).

One technique to achieve lipid leaflet asymmetry is 
through the use of PSLBs prepared via the Langmuir-
Blodgett/Langmuir-Schaffer (LB/LS) transfer methods. 
Selective deuteration of the lipid tails in one leaflet shifts 
the resonances out of the C-H region into the C-D region, 
removing any interference of sum-frequency from the 
antiparallel orientation of the tails. This bilayer asymmetry 
allows the alkyl chain C-H vibrations to become sum-
frequency active. Figure 1A illustrates this principal for the 
C-H vibrational region recorded for an asymmetric DPPC / 

DPPCd62 bilayer and a symmetric DPPC/DPPC bilayer. 
Five key vibrational modes are observed:  the CH2 
symmetric stretch at 2850 cm-1, CH3 symmetric stretch at 
2875 cm-1, CH2 fermi resonance at 2905 cm-1, CH3 fermi 
resonance at 2935 cm-1, and CH3 asymmetric stretch at 
2960 cm-1.65, 66 The spectra in Figure 1 were collected with 
s-polarized sum-frequency, s-polarized 532 nm and p-
polarized IR. This optical configuration probes the 
component of the vibrational transitions parallel to the 
surface normal. For this reason, the terminal CH3 stretch 
appears most prominently in ssp spectra.

As the sum-frequency is proportional to the lipid 
number difference between the leaflets, changes in the 
sum-frequency (SF) intensity can therefore be attributed 
directly to mixing between the two leaflets:

                                     𝑁𝑑𝑖𝑠𝑡𝑎𝑙   
𝑘𝑓𝑙𝑖𝑝

⇌
𝑘𝑓𝑙𝑜𝑝

   𝑁𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑙             (6).

where kflip and kflop are the rates of lipid translocation. By 
measuring the decay in intensity emanating from the CH3 
symmetric stretch (s) at 2875 cm-1, lipid translocation can 
be observed without the use of fluorescent or spin-labelled 
lipids. A plot of the CH3 s sum-frequency decay (Figure 
1B) with time can be fit to Equation 7, derived by Liu and 
Conboy, which allows the rate constant of lipid flip-flop to 
be determined:66

          𝐼𝐶𝐻3,𝑡 = 𝐼0𝑒―4𝑘𝑡 (7).

where 𝐼𝐶𝐻3,𝑡 is the sum-frequency at any time, t; 𝐼0 is the 
starting intensity; and k is the rate of lipid flip-flop. 
Importantly, Equation 7 is derived under the assumption of 
equivalent environments within each leaflet such that 𝑘𝑓𝑙𝑖𝑝 
= 𝑘𝑓𝑙𝑜𝑝.

Figure 1: A) SFVS spectrum scan of an asymmetric DPPC/DPPC-d62 bilayer (black) and symmetric DPPC/DPPC bilayer (red). Inset image shows an illustration of 
an isotopically asymmetric lipid bilayer highlighting the terminal CH3 symmetric stretch. The CH3 symmetric stretch is located at 2875 cm-1, denoted with a vertical 
grey dashed line. The grey dashed curves are the fits to the various C-H resonances obtained by fitting the SFVS spectrum to Equation 4, with the data offset for 
clarity. B) SFVS intensity decay of the CH3 symmetric stretch at 2875 cm-1 for an asymmetric DPPC/DPPCd62 bilayer recorded at 28 C. The solid blue line is the fit 
of the decay data using Equation 7.
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Experimental
Materials

All materials were used as received without further 
purification. 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 
(DPPC), 1,2-dipalmitoyl-d62-sn-glycero-3-phosphocholine 
(DPPC-d62), 1,2-dipalmitoyl-sn-glycero-3-phosphoserine 
(DPPS), and 1,2-dipalmitoyl-d62-sn-glycero-3-
phosphoserine (DPPS-d62) (Figure 2) were purchased 
from Avanti Polar Lipids (Alabaster, AL). 99.995% pure KCl 
(metals basis), ultra dry, 99.9% pure MgCl2 (metals basis), 
Tris Base, HPLC-grade chloroform, and deuterium oxide 
were purchased from Thermo Fisher Scientific (Waltham, 
MA). Nanopure, 18.2 MΩ·cm water from a Barnstead 
Thermolyne (Dubuque, IA) system was used for all 
aqueous solutions.

Lipid stock solutions of DPPC, DPPC-d62, DPPS, and 
DPPS-d62 were made at 1 mg/mL in HPLC-grade 
chloroform. Mixtures of various PS:PC mol fractions were 
made using these parent solutions.

Compression Isotherms

Pressure-area isotherms were collected on a Langmuir 
trough (KSV, Helsinki, Finland). Prior to lipid additions, 
each subphase was checked for surface contaminants with 
a barrier sweep over the surface, with barrier 
compressions resulting in less than a 0.2 mN/m lateral 
surface pressure increase considered sufficient for lipid 
deposition. Lipid solutions in chloroform were deposited 
dropwise at the air-water interface and allowed to 
evaporate for 10 minutes. All monolayers were 
compressed at a rate of 4 mm/min at room temperature (21 
oC). 

Silica Supports

Custom IR-grade fused silica prisms were purchased 
from Almaz Optics (Marlton, NJ). Before each use, prisms 
were cleaned for at least 10 minutes under ozone (Jetlight 
Co., Irvine, CA), followed by submersion in a 3:1 mixture 
of concentrated sulfuric acid and 30% H2O2 for at least one 
hour. Caution: Piranha solutions contain strong 
oxidants which react violently, potentially explosively, 
with organics. Submerged prisms should be 
absolutely free of any residual organic solvents, and 
extreme care with proper personal protective 
equipment should be used when handling these 
corrosive mixtures. Finally, each prism was rinsed with 

18.2 MΩ·cm water, dried under N2, and treated with argon 
plasma (Harrick Scientific, Ithaca, NY) for at least 10 
minutes.

Planar Supported Lipid Bilayers

PSLBs were deposited to silica prisms at a surface 
pressure of 30 mN/m to mimic physiological conditions.83 
Compressions were performed following the same 
procedure listed in the ‘Compression Isotherms’ section. 
To prevent interactions between the lipid headgroups and 
the silica surface, particularly salt bridging with PS, a 3% 
C16-PEG(5000)PE lipid fraction was incorporated for LB 
depositions (proximal leaflet). The highly water-soluble 
PEG groups attached to the lipid heads form a PEG 
polymer cushion to act as a spacer between the support 
and lipids.75-77, 84 For LB depositions the prism was pulled 
up through the interface at a rate of 4 mm/min. For the LS 
deposition the prism was rotated 90 and aligned to be as 
perfectly level with the trough as possible. The trough was 
reset with a fresh subphase, new lipids of the desired 
composition, and compressed to 30 mN/m as previous. 
The prism was then brought back through the interface to 
deposit the distal leaflet.

Hybrid Bilayers

Silica prisms were surface modified by submersion in a 
solution of 2% trimethoxymethylsilane in dry toluene (v/v) 
with an incubation time of at least one hour. Incubation 
should be performed in a covered container to prevent 
evaporation of the toluene. Following incubation, the 
surface was rinsed with methanol and placed into an oven 
at >80 oC for at least one hour. Finally, a lipid monolayer 
was deposited via a single LS transfer at 30 mN/m on the 
methylated surface to create a hybrid bilayer. 

Results and Discussion
Compression Isotherms

The effect of Ca2+ and Mg2+ ions on lipid packing and 
compression were examined by way of pressure-area 
isotherms for three lipid systems: control monolayers of 
100% DPPC (Figure 3A), monolayers of 10% DPPS in 
DPPC as a physiologically appropriate PS fraction (Figure 
3B), and monolayers of 100% DPPS (Figure 3C). The 
subphases for all experiments were ionic strength 
matched, with a base solution of 100 mM KCl and 50 mM 
Tris buffer for a total ionic strength of 133.4 mM at pH 7.4. 
The amount of KCl present was reduced to 97 mM to 
compensate for the addition of 1 mM CaCl2 or MgCl2 when 
those species were present. Each experiment was 
performed at least three times and averaged. 

In the absence of either Ca2+ or Mg2+, the mean 
molecular areas (MMAs) at a physiological surface 
pressure of 30 mN/m were determined to be 49.3  0.5, 
45.9  0.7, and 46.7  0.7 Å2/molecule for the 100% PS, 
100% PC, and 10% PS systems, respectively. The values 

Figure 2: Chemical structures of protonated and deuterated DPPC and DPPC 
lipids.
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determined for pure PC and PS agree favorably with those 
reported elsewhere.85, 86 Upon the addition of 1 mM Ca2+ 
or Mg2+, no net change in the MMA of DPPC was 
observed. A previous report from Allen et al. found DPPC 
monolayers to expand in the presence of Ca2+;87 however, 
those studies were carried out at much higher 
concentrations of Ca2+, starting at 300 mM CaCl2 
compared to 1 mM here. Additionally, their baseline of 
comparison was a pure water subphase rather than ionic 
strength matched buffer. The divergent results can 
therefore likely be attributed to experimental differences 
between their study and the results found here. 

More notable results are found in the DPPS mixtures 
where, when in the presence of Ca2+, but not Mg2+, there 
is a reduction in MMA of -0.2  0.7 and -2.4  0.6 
Å2/molecule for 10% and 100% DPPS, respectively, at 30 
mN/m surface pressure. In the case of the 10% DPPS 
system the differential is within the margin of error; 
however, the 100% DPPS system is significant and 
suggests a net condensation of the DPPS monolayer in the 
presence of Ca2+ ions. Given the low mol fraction in the 
10% mixture, one might expect only one-tenth the 
response as in the neat DPPS monolayer, corresponding 
to a shift of around -0.2 Å2/molecule, which is within the 
standard deviation of the experiment. The 10% DPPS data 
therefore agrees within error. The condensing behavior 

observed for Ca2+ with pure PS monolayers is additionally 
consistent with behavior observed by Narayanan who 
found a contraction of 1,2-dilauroyl-sn-glycero-3-phospho-
L-serine (DLPS) in the presence of 10 mM Ca2+.88 
Narayanan observed Mg2+ to have a weaker condensing 
effect than Ca2+, with the condensation disappearing at 
higher surface pressures. A similar trend was observed 
here, with the Mg2+-induced condensation effect 
disappearing above 20 mN/m.

There is additionally a shift in the compression moduli 
of the DPPS monolayer in the presence of both the Ca2+ 
and Mg2+. The compression modulus was computed from 
the first derivative of the isotherm in Figure 3C, using the 
following expression:89

       𝐶―1 = ―𝐴𝑑Π
𝑑𝐴

= ― 𝐴𝑖
Π𝑖+1 Π𝑖―1

𝐴𝑖+1 𝐴𝑖―1
           (8).

where 𝐶―1 is the compression modulus, or inverse 
compressibility; 𝐴 is mean molecular area; Π is surface 
pressure, and subscript 𝑖 represents a particular point 
along the compression isotherm. In the presence of both 
the Ca2+ and Mg2+, there is a shift toward higher 
compression moduli, or lower compressibility, for DPPS 
(Figure 3D). While the effects on packing appear to diverge 
between the two ions, similar rigidification of the DPPS 

Figure 3: Pressure-area isotherms of A) DPPC, B) 10% DPPS in DPPC, and C) DPPS obtained with a subphases of 100 mM KCl (black), 97 mM KCl + 1 mM CaCl2 
(blue) or 1 mM MgCl2 (green). Each line represents the average of at least three replicate measurments. All subphases are buffered with 50 mM Tris at pH 7.4. D) 
Compression moduli of DPPS as a function of surface pressure, calculated from the isotherms displayed in (C) using Equation 7 for 100 mM KCl (black), 97 mM KCl 
+ 1 mM CaCl2 (blue) or 1 mM MgCl2 (green). Compression moduli were obtained by employing a 50-point rolling average on the corresponding -A isotherm.
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monolayer implies some similarity between Ca-PS and 

Mg-PS interactions. Analysis of the -A isotherms and the 
compression modulus show a combined condensation and 
rigidification of the monolayer which is an indication of a 
binding interaction between Ca2+ and Mg2+ with the PS 
lipids. The mode of the Mg-PS and Ca-PS interactions do 
not, however, appear identical as the effect of lipid 
monolayer condensation with Ca2+ ions is present at all 
surface pressures, as well as being more pronounced even 
in the 0 to 20 mN/m region where Mg-induced 
condensation is seen. Molecular dynamics simulations 
from Martin-Molina et al. predict a headgroup-bridging 
effect whereby Ca2+ and Mg2+ ions both bind two PS lipids 
simultaneously.6 This bridging behavior can explain how 
both Ca2+ and Mg2+ result in higher compressibility, as 
individual lipids are held more tightly together, which will 
reduce the ease of deformation. Yet, while both ions were 
found to bind lipids in a 1:2 ion:lipid ratio, the binding 
modality was found to be quite different. The most stable 
conformation of Ca-PS complexation is a motief of four 
oxygens per Ca2+ ion, with each lipid coordinating one 
phosphate oxygen and one carboxylate oxygen to form a 
cage around the central ion (Figure 4). Conversely, the two 
most stable forms of the Mg-PS complex were found to 
involve only two total oxygens, with Mg2+ bridging either 
the lipid phosphate or carboxylate regions, but not both 
simultaneously as calculated for Ca2+. These 
conformations represented the most likely states, though 
Martin-Molina observed other binding modes at lower 
probabilities. The average of all possible states found Mg2+ 
to bind 2.7 oxygens, while Ca2+ bound 4.2. Overall, Mg2+ 
was found to occupy more superficial positions than Ca2+, 
which penetrated more deeply into the membrane and led 
to a loss of more associated waters.

The MD simulations by Martin-Molina are consistent 
with X-ray diffraction studies by Papahadjopoulos which 
support the conclusions of a larger dehydration effect of 
Ca2+ ions on PS.52 Tighter bridging of the headgroups by 
Ca2+ would additionally explain the Ca-induced 
abolishment of PS lipid phase transition and enhanced 
fusogenic activity also observed by Papahadjopoulos.11, 53 
These data make clear that while both ions impact the 
behavior of PS, an overall stronger binding interaction 
exists between PS and Ca2+ than with Mg2+. SFVS was 
used to determine whether the binding of either species 

results in changes within the C-H stretch or H-bonding 
regions, which can elucidate how differences in binding 
modality influence the lipid monolayer structure, both in 

Figure 4: Schematic diagrams comparing (A) the simultaneous bridging of 
carboxylate and phosphate oxygens by Ca2+ versus (B) Mg2+ bridged 
carboxylate or phosphate regions. These represent the most favourable 
configurations determined by MD simulations by Martin-Molina et al.6

Figure 5: SFVS spectra of hybrid bilayers composed of A) 100% DPPC with 100 
mM KCl (black), 40 mM CaCl2 (red), and 40 mM MgCl2 (green); B) 100% DPPS 
with increasing concentrations of CaCl2; C) 100% DPPS with increasing 
concentrations of MgCl2. All solutions are buffered with Tris at pH 7.4 and 
maintain a constant ionic strength of 133.4 mM.
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terms of tail packing and headgroup solvation. 

Sum-Frequency Analysis
The vibrational spectra of DPPS and DPPC hybrid 

bilayers were examined to determine whether significant 
changes to the alkyl chain or hydrogen bonding structure 
were occurring as a result of Ca2+ and Mg2+ binding the 
DPPS headgroups. The use of hybrid bilayers (lipid 
monolayers) rather than lipid bilayers is important, as 
equivalent hydration environments across the bilayer 
interface would result in interference of sum-frequency 
generation between the two leaflets. The use of hybrid 
bilayers removes the antiposed hydration layer associated 
with headgroups on the opposite leaflet of a symmetric 
bilayer. Figures 5A-5C illustrate how the SFVS spectra of 
DPPC and DPPS hybrid bilayers change as a function of 
Ca2+ or Mg2+ concentration. The sum-frequency spectra of 
these hybrid bilayers can be broken into three general 
regions of interest: the C-H region from 2800 to 3000 cm-

1, the water region from 3000 to 3500 cm-1, and an amine 
peak centered at 3300 cm-1 originating from the hydrogen 
bonded –NH3 group of the PS headgroup. Each of these 
vibrational features will be analyzed in turn to determine 
how the structure of the headgroups, associated water 
layer, and lipid tails respond to bound Ca2+ and Mg2+.

Amine Peak Analysis

The resonance observed at ~3300 cm-1 is attributed to 
the symmetric stretch of the primary amine moiety present 
on the serine headgroup. The resonance observed here is 
similar to the sum-frequency spectra obtained from 
mixtures of ammonia and water, where a 3300 cm-1 band 
appears due to the ordering of ammonia near the air/water 
interface.90 A very prominent 3300 cm-1 also appears 
within the sum-frequency spectra of fibrinogen-coated 
surfaces as reported by both the Chen and Cremer 
groups.91, 92 Chen and Cremer both attributed the peak to 
N-H stretches, though disagreed on whether the peak 
indicated an ordering of the backbone amides (R-NH2-R) 
or side-chain amines (R-NH3). Further analysis by Wedner 
and Castner using a lysine-containing protein analogue 
LK14 supports the hypothesis of the peak being related 
to the amine groups, as replacement of the lysine nitrogens 
with 15N resulted in a shift of the peak.93 The amine peak, 
for the purposes of this study, was considered a reporter 
of the reordering of serine headgroup amines resulting 
from Ca2+ or Mg2+ complexation, in line with the lipid 
complexing behavior predicted by Martin-Molina et al.6 as 
well as phospholipid reorientations observed by Seelig et 
al.94 

The amine peak, present only in the PS system, gains 
in prominence as the bulk Ca2+ (Figure 5B) or Mg2+ (Figure 
5C) content is increased. The prominence of the amine 
peak reports directly on structural changes resultant from 
Ca2+ or Mg2+ complexation. Therefore, correlation of the 

net area change in the amine peak to the concentration of 
bulk Ca2+ or Mg2+ present was used to derive the binding 
affinity of Ca2+ and Mg2+ to PS by way of a fit to a Frumkin 
model binding isotherm, Equation 9:95, 96

            𝐴𝑋 ∝ 𝐴𝑚𝑎𝑥𝐾𝑎[𝑋]𝑒
𝑔′ 𝐴𝑋

𝐴𝑚𝑎𝑥

1 𝐾𝑎[𝑋]𝑒
𝑔′ 𝐴𝑋

𝐴𝑚𝑎𝑥

2

(9).

where 𝐴𝑋 is the amine peak area at a given Mg2+ or Ca2+ 
concentration, [X]; Ka is the binding constant; 𝐴𝑚𝑎𝑥 is the 
maximum area at surface saturation, and g’ is a constant 
representing attractive or repulsive forces between binding 
species. A negative g’ indicates a repulsive interaction, 
while a positive g’ represents attraction. A g’ of zero results 
in the standard Langmuir model, which assumes no net 
interactions of the binding species.

Here it was found that while both Ca2+ and Mg2+ bind to 
the PS monolayer, Ca2+ will do so with both a higher affinity 
and a greater impact on the headgroup structure. Figure 6 
shows the amine peak area as a function of Ca2+ and Mg2+ 
concentration, with the lines representing the best Frumkin 
model fit of each dataset to Equation 9. The increase in 
amine peak area for Ca2+ is roughly double that of Mg2+. A 
more pronounced ordering of the amines in the case of 
Ca2+ is consistent with both the tighter caging of the ion as 
predicted in Martin-Molina’s MD simulations as well as the 
condensation effect of Ca2+ on DPPS observed in 
compression isotherms. The Ka values of 1.3  0.3 x 105 
and 7.3  2.5 x 103 M-1 for Ca-PS and Mg-PS, respectively, 
additionally indicate Ca2+ ions have around a 20-fold 
higher affinity toward PS. Newton and Papahadjopoulos 
reported a 10-fold difference between Ca2+ and Mg2+, 
roughly matching the order of magnitude relation found 
here, though their Ka values of 0.35 and 0.04 M-1 are much 

Figure 6: Binding isotherm data for Ca2+ (blue) and Mg2+ (green) obtained from 
the areas of the 3300cm-1 amine peak in the spectra shown in Figure 5B and 
5C respectively. The solid lines are the fits to the data using a Frumkin model 
(Equation 9). 
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smaller.52 These values were based on dialysis equilibrium 
experiments and assumptions were made regarding the 
permeability and “probable amount of lipid exposed to the 
bulk solution.” It is possible there was less exposure of the 
lipids to the Ca2+ and Mg2+ solutions than anticipated, 
which could explain the variance.

An alternate comparison with the results of Hauser et 
al., who examined Ca-PS affinity via measurement of the 
surface-enhanced radioactivity of solutions containing 
45Ca in the presence and absence of PS monolayers was 
also made.97 Based on increases in surface radioactivity in 
the presence of PS, representing surface enrichment of Ca 
relative to the bulk, Hauser determined the Ca-PS affinity 
to be anywhere from 104 to 106 M-1. Hauser could not go 
above 1 mM Ca2+ due to the cost and health concerns 
related to the use of radioactive isotopes. Ka values were 
therefore reported as single point measurements not fit to 
an isotherm model, however the results of Hauser are in 
relative agreement with the SFVS results. Mg2+ was not 
tested by Hauser, so a comparison of relative Mg2+/Ca2+ 
affinities cannot be made.

Finally, Sinn et al. characterized the binding affinity of 
PS and Ca2+ by way of ion selective electrode (ISE) 
measurements.98 Known amounts of Ca2+ were used to 
titrate a solution containing vesicles composed of 20% 
DOPS in 80% DOPC. The free concentration of Ca2+ 
measured by the probe was compared to the injected 
amount of Ca2+ to deduce the amount of Ca2+ ions bound 
to the vesicle membranes. Results indicated a binding 
constant of 650 M-1, roughly 200-fold lower than that 
determined by SFVS. The authors do note however that 
repeat calibrations of the ISE probe showed drift indicative 
of lipids depositing to the hydrophobic surfaces of the 
probe and that the presence of charged lipid on the probe 
surface could shift the measured Ca2+ concentration. Sinn 
et al. hypothesized the lipid coating could either decrease 
the measured [Ca2+] via reduced ion transport across the 
electrode membrane or increase the measured [Ca2+] 
through electrostatic enrichment in the local Ca2+ 
concentration due to the presence of negatively charged 
PS lipids. The former would increase the determined Ka by 
reporting an overly large differential in the injected and 
detected amounts of bulk Ca2+ whereas the latter would 
lead to a reduction in the measured Ka. Given Hauser’s 
finding of a great local enrichment of Ca2+ ions in the 
presence of PS lipids, it is possible the deviation in results 
between ISE and SFVS are due to the second scenario put 
forward by Sinn.

Water Peak Analysis

The water region from 3000 to 3500 cm-1 reports on the 
hydrogen bonding structure within the membrane 
associated water layer and contains two characteristic 
water peaks centered at 3200 cm-1 and 3400 cm-1, 
representing the ice-like O-H symmetric and liquid-like O-
H symmetric stretches.81, 99-101 While both result from the 
symmetric O-H stretch of water, the ice-like resonance is 

indicative of a strong, tetrahedral H-bonding structure like 
that seen in ice. Conversely, the liquid-like peak results 
from a weaker H-bonding structure, namely bifurcated H-
bonding whereby hydrogens are shared unevenly between 
neighboring oxygens. It can be seen that the intensity of 
the water sum-frequency is far higher with DPPS (Figure 
5B-C) as compared to DPPC (Figure 5A), results which are 
in line with previous observations by Allen et al.102 Allen 
attributed sum-frequency enhancement in the presence of 
negatively charged lipids to the ordering of water at the lipid 
interface, with waters orienting their hydrogens toward the 
charged lipid headgroups. The observed reduction in water 
sum-frequency for a DPPS monolayer exposed to either 
Ca2+ or Mg2+ is therefore hypothesized to result from 
neutralization of membrane surface charge and relaxation 
of the electrostatically imposed ordering of water. 
Conversely, the lack of an increase in sum-frequency from 
the water region of the DPPC hybrid bilayer when exposed 
to Ca2+ or Mg2+ ions implies the neutral DPPC lipids have 
not increased in charge. It is therefore hypothesized that 
either no binding of Ca2+ or Mg2+ has occurred, or that any 
bound Ca2+ and Mg2+ simply displace previously bound 
Na+ ions in a surface charge conserving manner. Both the 
hypothesized rationales for the DPPS and DPPC sum-
frequency water band responses to Ca2+ or Mg2+ rely upon 
the interpretation that sum-frequency in the water region is 
sensitive to the charge state of the lipids.

The influence of interfacial charge on the observed 
sum-frequency intensity has been previously considered 
by others as a third order, 𝜒(3) effect.103-110 Just as the 𝜒(2) 
tensor describes a material’s response to the coupling of 
two incident electric fields, the 𝜒(3) tensor describes a 
material’s response to three incident fields. In the present 
case, two are the 𝐸532 and 𝐸𝐼𝑅 from the incoming 532 nm 
and IR beams and the third is a static field, 𝐸𝐷𝐶, which is 
produced by the charged DPPS/water interface. The total 
sum-frequency generated is expressed as a summation of 
the respective second and third order contributions:105-108, 

110-113

         𝐼𝑆𝐹 ∝ |(𝜒(2) + 𝜒(3)𝐸𝐷𝐶)𝐸𝐼𝑅𝐸532|2 (10).

Depending on the material properties, 𝐸𝐷𝐶 may 
influence 𝜒(3) in various ways. As noted by Allen, 
Eisenthal, Levine and others, dipolar molecules, like water, 
will realign within a static electric field.100, 102, 105-107, 110, 114 
As 𝜒(2) depends on the molecular axis being probed, 
realignment of interfacial molecules can yield changes in 
sum-frequency generation without necessarily resulting 
directly from third-order coupling. Therefore, the static field 
(𝐸𝐷𝐶) contributions can be expressed as a summation of 
two components, one dependent on third-order molecular 
hyperpolarizability (𝛾)  and the other dependent on 
molecular rearrangement of the second-order molecular 
hyperpolarizability (𝛽).  𝜒(3) can then be expressed as:105-

107
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  𝜒(3) = 𝑁(3)𝛾 + 𝜇𝑁(2)𝛽
5𝑘𝐵𝑇 (11).

where 𝑁(3) is volumetric number density in molecules per 
cm3,  𝑁(2) is the surface density in molecules per cm2,  is 
the dipole moment of the molecules, kB is Boltzmann 
constant, and T is temperature in Kelvin. In cases where  
is large, molecular alignment within an applied 𝐸𝐷𝐶 field will 
magnify 𝜒(3) through the 𝜇𝑁(2)𝛽

5𝑘𝐵𝑇  term.107, 110 Substitution of 
Equation 11 into Equation 10 yields the relationship 
between the generated sum-frequency and 𝐸𝐷𝐶 field 
strength:

        𝐼𝑆𝐹 ∝ | 𝜒(2) + 𝑁(3)𝛾 + 𝜇𝑁(2)𝛽
5𝑘𝐵𝑇

𝐸𝐷𝐶 𝐸𝐼𝑅𝐸532|2  (12).

The magnitude of the static 𝐸𝐷𝐶 field is itself ultimately 
determined by the surface charge density and the ionic 
strength of solution. The surface charge will generate a 
surface potential in accordance with Equation 13:9, 14, 115-

117

        𝜙0 = 2𝑘𝐵𝑇
𝑒 sinh―1 𝜎

8000𝑘𝐵𝑇𝑁𝐴𝐼𝜀0𝜀𝑟
(13).

where 𝜙0 is the surface potential; 𝜎 is the surface charge 
density in C/m2; 𝐼 is the ionic strength of solution in 
molarity; 𝑁𝐴 is Avogadro’s number; 𝜀0 is the vacuum 
permittivity; and 𝜀𝑟 is the relative permittivity of the 
medium.9, 14, 115-117 Gouy-Chapman theory predicts that the 
surface potential decays with distance away from the 
interface, with the effective potential at any given distance 
described by:

         𝜙𝑥 = 𝜙0𝑒―𝜅𝑥 (14).

where x is distance from the charged surface and 𝜅 is the 
inverse Debye screening length.118 The 𝐸𝐷𝐶 field strength 
is taken to be the rate of change, or derivative, of the 
potential at one Debye length from the surface:

    𝐸𝐷𝐶 = 𝑑𝜙𝑥

𝑑𝑥
 𝑎𝑡 𝜅―1 = ―𝜅𝜙0𝑒―𝜅𝜅―1 = ―𝜅𝜙0𝑒―1 (15).

The charge density of the DPPS membrane was 
computed using the MMA of the DPPS monolayer obtained 
from the pressure-area isotherms. Given a mean 
molecular area of 49.3  0.5 Å2 for DPPS at a deposition 
pressure of 30 mN/m, the theoretical maximum charge 
density for a pure DPPS monolayer is -0.33 C/m2. 
Conversely, at a saturating concentration of Ca, one would 
expect the PS lipids to have a charge state of zero, 
assuming a binding ratio of 2:1 PS:Ca. Using these surface 
charge limits and the isotherm data in Figure 6, Table 1 
lists the surface saturation, charge density (), surface 
potential (𝜙0), and electric field strength one Debye length 
away from the surface (𝐸𝜅―1) for each bulk concentration of 
Ca2+. The Debye length for all calculations was taken to be 
0.828 nm as the ionic strength was held constant at 133.4 
mM.

Table 1: Calculation of electric field strengths using the predicted surface charge 
densities from Equations 14 & 15.  Ionic strength was held constant at 133.4 
mM, with a Debye length of 0.828 nm. The percent surface saturation of Ca2+ is 
taken from the amine peak binding isotherm (Figure 6).

[Ca] 
(mM)

𝛤𝐶𝑎2+
𝜎𝑖

𝜎𝑚𝑎𝑥
𝜎𝑖 

(Cm-2)
𝜙0 (V) 𝐸𝐷𝐶 

(V/m)x10-

7

0 0 100% -0.33 -0.142 6.30
0.01 27% 73% -0.25 -0.126 5.59

0.1 54% 46% -0.16 -0.103 4.57
0.5 72% 28% -0.094 -0.078 3.48

1 79% 21% -0.070 -0.065 2.89
5 92% 8% -0.028 -0.031 1.40

10 95% 5% -0.017 -0.020 8.67
20 97% 3% -0.009 -0.010 4.95
40 100% 0% 0 0 0

The validity of the calculated surface saturation and 
surface charge density values were evaluated as follows. 
The spectra of Figure 5B were fit using Equation 4 to obtain 
the transition probability amplitudes [PA = (𝑁〈𝐴𝑖𝑀𝑗𝑘〉)] for 
the ice-like 3200 cm-1 and water-like 3400 cm-1 
resonances. Equating Equation 4 and Equation 12 at a 
specific resonance yields: 

                𝑃𝐴 ∝ | 𝜒(2) + 𝑁(3)𝛾 + 𝜇𝑁(2)𝛽
5𝑘𝐵𝑇

𝐸𝐷𝐶 |        (16).

from Equation 16, PA is expected to scale linearly with 𝐸𝐷𝐶. 
Figure 7 shows the relationship between the calculated 
𝐸𝐷𝐶 and observed transition probabilities of the ice-like 
(3200 cm-1) and water-like (3400 cm-1) peaks, respectively. 
A linear relationship between 𝐸𝐷𝐶 for both the ice-like and 

Figure 7: 3200 cm-1 (black) and 3400 cm-1 (blue) peak transition probabilities 
from spectral fits of Ca-exposed DPPS (Figure 5B) plotted as a function of the 
electric field strength one Debye length away from the lipid surface (Table 1). 
The determined slopes, representing the relative 𝜒(3), are 3.4  0.1 x 106 m/V for 
the ice-like 3200 cm-1 and 1.6  0.1 x 106 for the water-like 3400 cm-1.
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water-like peak amplitudes is observed which, firstly, 
confirms 𝐸𝐷𝐶 scaling of 𝜒(3) for the DPPS associated water 
layer. Secondly, these data also validate the use of the 
3300 cm-1 amine peak as a gauge of Ca2+ adsorption and 
the associated membrane charge density. The starting 
assumption stipulated that the amine peak resulted from 
reorientation of the amines on the serine headgroup due to 
a 2:1 PS:Ca complexation. Under such a motif, the 𝐸𝐷𝐶 
should be reduced due to charge neutralization of PS upon 
binding Ca2+. A linear drop in the ice- and water-like 
transition probabilities with respect to 𝐸𝐷𝐶 supports these 
previous assumptions. There does, however, seem to be a 
deviation from linearity beyond an 𝐸𝐷𝐶 of 5.59 x 107 V/m. 
The 10 M Ca2+ and zero Ca2+ data have roughly equal 
water intensity despite the binding isotherm predicting 
around 27% neutralization of the surface charge should 
have occurred. The deviation from linearity seen in Figure 
7 is explained by considering the two types of contributions 
to 𝜒(3) detailed in Equation 11. As observed by both 
Richmond and Kielich, 𝐸𝐷𝐶 scaling reaches a saturation 
point beyond which there is no further change in 
intensity.99, 110 Saturation occurs in instances where 𝜒(3) 
has significant contributions from molecular reorientations, 
(𝜇𝑁(2)𝛽

5𝑘𝐵𝑇 ), as opposed to being purely third-order coupling, (
𝑁(3)𝛾). Both Richmond and Kielich attributed saturation to 
a limit on the alignment of the interfacial water within the 
𝐸𝐷𝐶 field.99, 110 Once the 𝐸𝐷𝐶 strength is sufficient to orient 
the water dipoles along the 𝐸𝐷𝐶 field vector, further 
increases in field strength will not yield further alignment. 
The realignment term, 𝜇𝑁(2)𝛽

5𝑘𝐵𝑇 , is thus maximized and higher 
𝐸𝐷𝐶 fields further magnify only the 𝑁(3)𝛾 component of 𝜒(3). 
The deviation seen here is therefore ascribed to maximal 
water alignment beyond 𝐸𝐷𝐶 = 5.59 x 107 V/m. Accordingly, 
the line fits of Figure 7 were limited to the linear region.

The ice-like peak results from tightly ordered water 
structures, whereas the water-like peak results from more 
transient and disordered H-bonding. As previously detailed 
by Gragson and Richmond, application of an electric field 
will lead to sequential conversion of disordered bulk water 
to the semi-ordered population resonant at 3400 cm-1 and 
from the semi-ordered population to the tetrahedrally 
ordered population resonant at 3200 cm-1.99 Gragson and 
Richmond altered the 𝐸𝐷𝐶 field strength through 
modulation of either the density of charged sodium dodecyl 
sulfate (SDS) molecules at the air/water interface or the 
bulk ionic strength. In both cases it was found the 3200 cm-

1 peak responded more strongly to the electric field due to 
population migration of water molecules toward the more 
ordered state. 

The rate of change of the ice-like and water-like amplitudes 
|𝑁〈𝐴𝑖𝑀𝑗𝑘〉|, with respect to 𝐸𝐷𝐶 were used to examine the 
relative 𝜒(3) of each peak. In Figure 7, the 𝜒(3) for the ice-like 
and water-like peaks is represented by the slope of each line 
(Equation 10). The data yield 𝜒(3) values of 3.4  0.1 x 106 
m/V for the ice-like 3200 cm-1 and 1.6  0.1 x 106 m/V for 
the water-like 3400 cm-1. The relative ice-like to water-like 

𝜒(3)ratio is thus found to be 2.1  0.1. A larger 𝜒(3) for the 
3200 cm-1 peak is in agreement with Gragson and 
Richmond’s findings of net population conversion of water 
molecules toward the more ordered ice-like state at higher 
𝐸𝐷𝐶. As the water population conversion requires 
reordering of the water molecules, it is concluded 𝐸𝐷𝐶 
dependent molecular rearrangements are occuring within 
the solvation layer. These data are limited, however, in that 
while the presence of molecular rearagment is suggested, 
the magnitude of 𝜇𝑁(2)𝛽

5𝑘𝐵𝑇  relative to the static component, 
𝑁(3)𝛾, of 𝜒(3) remains unclear.

The relative magnitude of the moelcluar rearangment 
and thrird-order contributions was assesed as follows. 
From Equation 12,  only the molecular rearrangement 
term, 𝜇𝑁(2)𝛽

5𝑘𝐵𝑇 , of 𝜒(3) has a 1/T dependence. Determination 
of the relative contributions of the dynamic and static 
components of 𝜒(3), 𝜇𝑁(2)𝛽

5𝑘𝐵𝑇  and 𝑁(3)𝛾, respectively, was 
therefore performed by measurement of the sum-
frequency intensity as a function of 1/T for the 3200 cm-1 
ice-like peak, Figure 8.105, 106 The ice-like resonance was 
chosen due to its larger 𝜒(3), as found in Figure 7. A linear 
relationship between the  the sqaure root of the sum-
frequency intensity and 1/T should be observed if 𝐸𝐷𝐶 
induced reorganization of water is occuring,105 with the  
slope and intercept terms equal to: 

𝑆𝑙𝑜𝑝𝑒 = 𝜇𝑁𝛽
5𝑘𝐵

𝐸𝐷𝐶𝐸
532

𝐸𝐼𝑅 (17).

    𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 = (𝜒(2) + 𝑁(3)𝛾𝐸𝐷𝐶)𝐸532𝐸𝐼𝑅 (18).

The relative influences of the dynamic realignment, 
𝜇𝑁(2)𝛽
5𝑘𝐵𝑇 , and static third-order, 𝑁(3)𝛾, contributions to 𝜒(3) 

Figure 8: Square root of SFVS intensity measured at 3200 cm-1 for a hybrid DPPS 
bilayer as a function of inverse temperature. The data were collected at 
concentrations of: 100 mM KCl + zero CaCl2 (black), 97 mM KCl + 1 mM CaCl2 
(blue), and 40 mM Ca (red), The dashed lines are the linear fits to the data. The 
solid lines indicate the 95% confidence intervals for each linear regression. All 
solutions were buffered with Tris at pH 7.4 and maintain a constant ionic strength 
of 133.4 mM.
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were calculated as follows. Intensity data was collected in 
the absence of Ca2+, as well as in the presence of 1 mM 
Ca2+ or 40 mM Ca2+. These data contain three important 
trends. Firstly, a linear trend is observed in the zero and 
1mM Ca2+ systems. As the realignment contribution, 𝜇𝑁(2)𝛽

5𝑘𝐵𝑇 , 
is the only temperature dependent term in Equation 12, the 
results validate the hypothesis of electrostatically induced 
water reorganization. Secondly, it is shown the 1/T 
dependence decreases as the concentration of Ca2+ 
increases. As per Equation 17, the slope, representing the 
dynamic term 𝜇𝑁(2)𝛽

5𝑘𝐵𝑇 , is scaled by 𝐸𝐷𝐶. Observation of 
reduced 𝐸𝐷𝐶 as Ca2+ content is increased is further 
evidence of charge neutralization of PS lipids as Ca2+ 
binds. Lastly, at 40 mM Ca2+ the slope of the line becomes 
indistinct from zero (180  200). The conclusion is that 
complete neutralization of PS headgroup charges has 
occurred resulting in 𝐸𝐷𝐶 = 0. Complete neutralization 
supports the previous assumption of a 2:1 PS:Ca2+ binding 
ratio. Further, the neutralization point agrees with the 
amine peak-derived binding isotherm (Figure 6), which 
indicates surface saturation at 40 mM Ca2+.

From the previous analysis, it becomes possible to 
determine the relative contributions (Equation 12) to 𝜒(3). 
The contribution from molecular rearrangements, 𝜇𝑁(2)𝛽

5𝑘𝐵𝑇 , at 
any temperature T is simply the product of the measured 
slope and 1/T (Equation 17). As all sum-frequency spectra 
shown in Figures 5A-5C were collected at 21 C, T = 
294.15 K is used here. The determined slopes of 960  130 
K and 300  60 K yield 𝜇𝑁(2)𝛽

5𝑘𝐵𝑇  values of 3.26  0.44 and 1.02 
 0.35 for the zero Ca2+ and 1 mM Ca2+ data, respectively. 
The static third-order contributions, 𝑁(3)𝛾, can be 
determined from rearrangement of Equation 18. To 
accomplish this, however, the value of 𝜒(2) must be known. 
𝜒(2) is obtained from the 40 mM Ca2+ data set, as complete 
neutralization of surface charge results in an 𝐸𝐷𝐶 of zero. 
The average of all the measured 3200 cm-1 sum-frequency 
intensities at 40 mM Ca2+ yields a relative 𝜒(2) of 0.958  
0.008. Using this 𝜒(2) value, the static third-order 
contributions, 𝑁(3)𝛾, were calculated for the zero Ca2+ and 
1 mM Ca2+ systems. From the determined intercepts of -
1.85  0.42 and 0.21  0.21, 𝑁(3)𝛾 values of -2.81  0.43 
and -0.75  0.22 are obtained for the zero Ca2+ and 1 mM 
Ca2+ data, respectively. The relative contribution of 
dynamic realignment (𝜇𝑁(2)𝛽

5𝑘𝐵𝑇 ) to 𝜒(3) is therefore 54  9% 
and 57  8% for the zero Ca2+ and 1 mM Ca2+ data, 
respectively. The results suggest an equal contribution of 
the dynamic and static components to 𝜒(3), within error. At 
saturation, where maximum dipole alignment and 
maximum 𝜇𝑁(2)𝛽

5𝑘𝐵𝑇  is reached, further increases in 𝐸𝐷𝐶 are 
predicted to increase the contribution from the negative 
𝑁(3)𝛾 term while contributions from 𝜇𝑁(2)𝛽

5𝑘𝐵𝑇  would remain 
constant. Increases in 𝐸𝐷𝐶 beyond saturation are therefore 
expected to reduce the total 𝜒(3) and result in a drop in 
generated sum-frequency. From Figure 7 it can be seen 

that maximum 3200 cm-1 amplitude is reached at 5.59 x 
107 V/m, which then decreases at 6.30 x 107 V/m. These 
data are consistent with maximal water alignment at 5.59 
x 107 V/m.

Alkyl Chain Analysis 

The alkyl chain C-H stretches, found between 2800 and 
3000 cm-1, were characterized to determine whether the 
lipid tails undergo any structural changes as PS binds Ca2+ 
or Mg2+. All five peaks previously detailed for the bilayer 
system of Figure 1 are present, with an additional peak at 
2920 cm-1 due to the CH3 symmetric stretch of the 
methylated surface. The C-H region of the DPPC system 
in Figure 5A displays no change when comparing the 100 
mM KCl, 40 mM CaCl2, and 40 mM MgCl2 solutions. 
Conversely, changes are quite apparent within the C-H 
bands of DPPS as Ca2+ (Figure 5B) or Mg2+ (Figure 5C) 
content is increased. At first glance this may imply an 
alteration in the packing structure of the lipid tails; however, 
the C-H region of the DPPS sits atop the trailing edge of 
the water stretches, the magnitudes of which are highly 
influenced by both Ca2+ and Mg2+ association due to 
charge screening.

The direct effect of Ca2+ ions on DPPS tail structure was 
determined by isolation of the C-H region from the water 
region. SFSV spectra were recorded in buffered D2O to 
remove the water features from the spectra. Figure 9 
illustrates the influence Ca2+ has on the C-H region, absent 
any O-H bands. Comparing the 100 mM KCl (zero Ca2+) 
and 40 mM Ca2+ solutions, it is clear the changes observed 
in Figure 5B are not due to changes in the C-H bands 
intensities, but rather result from Ca2+ induced disruption 
of the underlying water resonance.

The ratio of the CH2 symmetric stretch (vs) at 2850 cm-

1 and the CH3 vs at 2875 cm-1 has previously been used to 

Figure 9: SFVS spectra of DPPS in D2O with 100 mM KCl (black) or 40 mM 
CaCl2 (red). The offset curves (dashed lines) are the spectral fits of the CH2 vs 
and CH3 vs peaks at 2850cm-1 and 2875cm-1 respectively obtained using 
Equation 4. All solutions were buffered with Tris at pH = 7.4 with a total ionic 
strength of 133.4 mM. Spectra were recorded at 21oC
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evaluate net changes in gauche content within the chain 
structure.82, 119-122 Increased ordering of the alkyl chains is 
expected to result in reduced gauche content, which is 
observed in sum-frequency spectra as reduced CH2 vs 
character relative to the CH3 vs due to cancelation of sum-
frequency within the locally symmetric trans 
configuration.80, 119, 120 Ordering of the alkyl chains from 
Ca2+ induced condensation of DPPS would be expected to 
result in a decrease in the CH2 vs to CH3 vs peak ratio. The 
sum-frequency spectra of Figure 9 were fit using Equation 
4 to calculate the CH2:CH3 ratio for the 100 mM KCl and 
40 mM CaCl2 data, which remains unchanged within error 
at 0.20  0.05 and 0.17  0.06, respectively. The observed 
invariance of the CH2:CH3 ratio with respect to Ca2+ 
induced condensation of DPPS is taken to simply be a 
result of minimal initial gauche content within the alkyl 
chains. The membranes under measurement here were 
deposited at 30 mN/m, within the gel phase where gauche 
content of saturated lipids is expected to be minimal, for 
example H1NMR and FT-IR analysis place the gauche vs 
trans conformation of DPPC at less than 3%.123, 124 Given 
DPPS has the same 16-carbon alkyl chain lengths as 
DPPC, a similarly low gauche content would be expected. 

Flip-flop Kinetics 

The central hypothesis of the current work is that PS 
expression can be influenced by Ca2+. At equilibrium, a net 
population difference in the number density of PS lipids is 
possible if the rate constants for PS flip and flop are not 
equal:

           
𝑘𝑓𝑙𝑖𝑝

𝑘𝑓𝑙𝑜𝑝
= 𝑁𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑙

𝑁𝑑𝑖𝑠𝑡𝑎𝑙
(19).

To achieve this, Ca2+ ions need to alter the flip-flop mixing 
behavior of PS lipids such that PS lipids will flip and flop at 
different rates in the presence and absence of Ca2+. To test 
the hypothesis, DPPS flip-flop kinetics of asymmetric 
PSLBs containing physiologic levels of 10% PS were 
performed to determine if the binding interactions observed 
between PS and Ca2+ or Mg2+ affect the rate of DPPS flip-
flop. The concentration of Ca2+ and Mg2+ were 1 mM to 
mimic the physiologic concentrations of the extracellular 
fluid and cytosol, respectively.55, 56 KCl controls without 
Ca2+ or Mg2+ were also collected as a baseline for 
comparison. Figures 10A-10C show representative DPPS 
flip-flop decays for both DPPC and DPPS with Ca2+ or 
Mg2+, while Figures 10D and 10E show linearized Eyring 
plots of all determined flip-flop rates.

Eyring plots were generated from the Eyring equation, 
which relates the rate of flip-flop, k, to the transition state 
free energy, ∆𝐺‡:64, 67, 125

ℎ𝑘
𝑘𝐵𝑇 = 𝑒

∆𝐺‡

𝑅𝑇 (20).

where h is Planck’s constant, kB is Boltzmann’s constant, 
R is the molar gas constant, and T is temperature in Kelvin. 
In the linearized form, the Eyring relation is expressed as:

     ln 𝑘
𝑇

= ln 𝑘𝐵

ℎ
― ∆𝐺‡

𝑅𝑇 (21).

which allows for linear presentation of all kinetic data as 
well as determination of the change in the transition state 
free energy of flip-flop due to DPPS or DPPC lipids binding 
Ca2+ or Mg2+ ions.

Considering the DPPC controls first, no effect of Mg2+ 
or Ca2+ on the rate of DPPC flip-flop was observed. A 
representative comparison of DPPC flip-flop behavior is 
shown in Figure 10A, where the rate of DPPC flip-flop is 
found to be 3.35  0.03 x 10-5 s-1 at 26.9 C or 3.45  0.04 
x 10-5 s-1 at 26.6 C in the presence and absence of 1 mM 
Ca2+, respectively. The slight deviation in rate is 
considered within experimental variance as, from Figure 
10D, the 95% confidence intervals of the DPPC flip-flop 
rates in the presence and absence of 1 mM Ca2+ overlap. 
Likewise, measured flip-flop rates for DPPC in the 
presence of 1 mM Mg2+ fall within the 95% confidence 
intervals for DPPC flip-flop rates both in the presence and 
absence of 1 mM Ca2+. The lack of any influence of Ca2+ 
or Mg2+ on DPPC flip-flop rates is in agreement with the 
compression isotherms which found no change in the MMA 
in the presence of Ca2+ or Mg2, results which indicate 
neither ion had bound DPPC. Likewise, bound Ca2+ or 
Mg2+ would be expected to increase the surface charge 
density of the neutral DPPC lipids and, through 𝜒(3) 
(Equation 13), scale the sum-frequency generated by the 
3200 cm-1 and 3400 cm-1 water peaks. No such effect was 
observed in sum-frequency scans of DPPC hybrid bilayers 
in the presence and absence of Ca2+ or Mg2+ (Figure 5A). 
The sum-frequency spectra, compression isotherms, and 
flip-flop data are all consistent with no observable binding 
interaction between the PC headgroup and either Ca2+ or 
Mg2+.

Determination of the flip-flop kinetics for 10% DPPS + 
90% DPPC membranes was performed with respect to 
both the DPPS and DPPC fractions.  The effect of 10% 
DPPS on the parent DPPC matrix was examined by 
measurement of the flip-flop rate of 90% DPPC in the 
presence of 10% DPPS with 1 mM Ca2+ (87.3% DPPC + 
9.7% DPPSd62 + 3% PEG5000-PE / 90% DPPCd62 + 
10% DPPSd62, proximal/distal). The flip-flop rates fall 
within the 95% confidence intervals of the flip-flop rates 
obtained for a pure DPPC membrane shown in Figure 10D. 
This result indicates that the presence of 10 mol% DPPS 
has no influence on DPPC flip-flop. The flip-flop behavior 
of the PS fraction, however, yields more interesting results. 
The rate of DPPS flip-flop in DPPC (87.3% DPPCd62 + 
9.7% DPPS + 3% PEG5000-PE / 90% DPPCd62 + 10% 
DPPSd62, proximal/distal) show a pronounced effect of 
Ca2+ on the rate of DPPS flip-flop. The rate of DPPS flip-
flop decreased from 7.11  0.08 x 10-5 s-1 (24.7 C) in the 
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absence of Ca2+ to 1.46  0.07 x 10-5 s-1 (24.5 C) when in 
the presence of 1 mM Ca2+, roughly a 5-fold decrease. 
Alternatively, Figure 10C shows a comparison of DPPS 
flip-flop measured in the presence of 1 mM Mg2+ at 24.5 C 
compared to DPPS flip-flop in the absence of Ca2+ or Mg2+ 
at 24.7 C (same as Figure 10B). The measured flip-flop 
rate of 6.8  0.1 x 10-5 s-1 for the 1 mM Mg2+ exposed DPPS 
is essentially identical to the 7.11  0.08 x 10-5 s-1 flip-flop 
rate measured in the absence of Mg2+. All flip-flop rates 
measured for DPPS in the presence of 1 mM Mg2+ fall 
within the 95% confidence intervals of DPPS flip-flop in the 
absence of Ca2+ or Mg2+, whereas all flip-flop rates 
measured for DPPS in the presence of 1 mM Ca2+ fall 
outside (Figure 10E). Ca2+ exposure has a pronounced and 
specific slowing effect on DPPS translocation. From 
Equation 19, the slowed flip-flop kinetics of DPPS in the 
presence of Ca2+ (Figure 10B) results from an increase in ∆
𝐺‡ from 96.6  0.1 kJ/mol in the absence of Ca2+ to 100.5 
 0.2 kJ/mol in the presence of 1 mM Ca2+, an increase of 
3.9  0.2 kJ/mol. In the presence of 1 mM Mg2+, the ∆𝐺‡ of 
96.7  0.2 kJ/mol remains within error of the ∆𝐺‡ in the 
absence of Ca2+ or Mg2+.

The divergence in DPPS response to the presence of 

Ca2+ and Mg2+ can be attributed to two important factors. 
Firstly, Mg2+ was found to have a PS binding affinity 
roughly 20-fold lower than Ca2+. Yet further, the binding 
data from Figure 6 shows bound Mg2+ does not produce as 
great of an impact on the ordering of the serine headgroup 
amines. A 1 mM concentration of Mg2+ resulted in an amine 
peak area increase roughly equivalent to just 10 uM Ca2+. 
These results track well with Papahadjopoulos, who 
observed a 10-fold differential in Ca2+ and Mg2+ binding 
affinity, and noted only Ca2+ lead to fusion of PS-containing 
vesicles or phase segregation of PS.11, 51-54 Mg2+ ions have 
lower PS affinity, more muted impact on headgroup 
structure, and lower denticity binding to the membrane as 
predicted by MD simulations,6 and it is therefore not 
surprising to find that Mg’s binding modality is simply too 
weak to influence translocation. 

Ca2+ has a unique ability to slow the rate of DPPS 
translocation relative to Mg2+, which has no measurable 
effect. The finding has potentially important implications for 
PS expression in vivo. The extracellular concentration of 
Ca2+ is far higher than within the cytosol, at 1 mM and 100 
nM, respectively.56 Some degree of Ca2+ induced PS 
externalization could therefore be explained in terms of the 

Figure 10: Representative SFVS intensity decays of the CH3 symmetric stretch at 2875cm-1 for A) DPPC/DPPCd62 bilayers in the presence of 100 mM KCl (black) 
and 97 mM KCl + 1 mM CaCl2 (blue) recorded at 26.9 and 26.6 C, respectively; B) 10% DPPS in DPPCd62 bilayers in the presence of 100 mM KCl (black) and 97 
mM KCl + 1 mM CaCl2 (blue) recorded at 24.7 and 24.5 C, respectively; C) 10% DPPS in DPPCd62 bilayers in the presence of 100 mM KCl (black) and 97 mM KCl 
+ 1 mM MgCl2 (green) recorded at 24.7 and 24.5 C, respectively. The solid lines in A, B and C are the fits to the data using Equation 7. Figures D and E show the 
linearized Eyring plots of the measured flip-flop rates for DPPC and 10% DPPS in DPPCd62, respectively obtained in 100 mM KCl (gray circles), 97 mM KCl + 1 mM 
CaCl2 (blue triangles) and 97 mM KCl + 1 mM MgCl2 (green squares). The dashed lines are the fits to the data using Equation 21 with the corresponding confidence 
intervals (solid lines). Figure D also contains measured flip-flop rates for DPPC in the presence of 10% DPPSd62 (red diamonds) with 97 mM KCl + 1 mM CaCl2.
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difference in the rate of PS flip and flop (Equation 19).64, 66, 

126 In the case where kflip = kflop, one would expect the 
system to mix to homogeneity, where Nproximal = Ndistal. Such 
is observed in the flip-flop measurements in Figures 10A-
10C, where sum-frequency signal trends toward zero due 
to the increasing symmetry of the system (Equation 5). 
However, in the case of unequal rates of kflip and kflop, the 
equilibrium expression (Equation 19) dictates 
accumulation toward the side of lower k, as the rate of 
inward movement is greater than the rate of outward 
transfer. Using the flip-flop rates determined in Figure 10C 
as an example, a Ca2+ concentration differential whereby 
the distal leaflet is exposed to 1 mM Ca2+ while the 
proximal leaflet is unexposed to Ca2+ would result in a 
DPPS kflip of 1.46  0.07 x 10-5 s-1 and kflop of 7.11  0.08 x 
10-5 s-1 at 24.5 C. Applied to Equation 19, DPPS would be 
expected to enrich in the Ca2+ exposed leaflet by a factor 
of 4.87:1, or approximately 80% of the total DPPS 
population (Figure 11). Ongoing research aims to further 
validate the Ca-induced PS expression model by way of 
SFVS of surface-tethered vesicles where the concentration 
of Ca2+ of the external and internally encapsulated solution 
can be independently controlled. From the data shown 
here, an initially symmetric PS population should produce 
asymmetric vesicles upon exposure to a calcium 
concentration gradient and thus yield an increase in sum 
frequency. Such experiments would additionally allow a 
comparison of lipid flip-flop rates determined from PSLB 
and vesicle systems and aid in the examination of 
inconsistencies between methods. 

While the flip-flop rates used in the prior calculation are 
particular to the non-physiologic binary mixture tested, Ca-
PS interactions in vivo can reasonably be inferred to slow 
PS lipid flip-flop in an analogous fashion. The extent of the 
effect is very likely to depend on the membrane matrix and 
experimental parameters, which precludes any universal 
statement on how the effect may manifest. However, the 
theorized enrichment of PS toward the Ca-exposed leaflet 
is in agreement with the observations of both the Hampton 
and Bratton groups where the degree of PS expression 
was dependent on a Ca2+ concentration differential over 
the bilayer as opposed to Ca2+ influx.26, 57

On the surface, migration of PS lipids toward Ca2+ 
would seem incompatible with the usual observations of 
internally held PS, where Ca2+ content is minimal.56 
However, PS externalization is normally induced in vivo by 
some intentional perturbation of the cells. For example, 

common methods of achieving PS externalization include 
UV irradiation, incorporation of membrane-permeating 
ionophores, ATP-depletion, deoxygenation, and other 
treatments which may destabilize cell functioning in some 
unforeseen ways.17, 30, 34, 36, 37, 40, 41, 44, 48, 127 As the 
mechanisms by which PS asymmetry is maintained in 
healthy cells are not fully understood, the effects of such 
treatment on the cell’s ability to maintain PS asymmetry is 
not fully detailed. Destabilized cell functionality may simply 
lead to PS lipids becoming free to equilibrate across the 
membrane boundary. Many studies on PS externalization 
utilize high concentrations of external Ca2+ to mimic 
physiologic conditions, make use of Ca-dependent 
Annexin V staining, or test the dependence of scramblases 
on Ca2+ content.2, 4, 12, 18, 20, 25, 26, 29, 32-37, 40, 44, 45, 48, 127-138 
Due to PS experiencing differing flip and flop rates,  some 
amount of PS expression may simply be attributed to the 
high external concentrations of Ca2+.

The hypothesized effect of Ca-induced PS enrichment 
does not preclude the effects of scramblases or signalling 
processes which may also serve to externalize PS. 
Multiple pathways of externalization may coexist. The 
potential presence of a direct PS-Ca2+ mechanism of 
externalization does however suggest that determinations 
of cooperative actions between Ca2+ and scramblases may 
first require disentanglement from effects driven purely by 
PS-Ca2+ interactions. The data reported here 
demonstrates the importance of considering the influence 
of Ca2+ concentration differentials when interpreting PS 
expression data.

 Conclusions
Compression isotherms of DPPC and DPPS 

monolayers in the presence and absence of 1 mM Ca2+ or 
1 mM Mg2+ revealed a specific interaction between DPPS 
and Ca2+ ions. When in the presence of Ca2+, but not Mg2+, 
a -2.4  0.6 Å2/molecule reduction in the MMA of DPPS 
was observed at 30 mN/m. No change in MMA was 
observed for DPPC. A net condensation of the DPPS 
monolayer in the presence of Ca2+ is consistent with a 
headgroup-bridging binding interaction whereby 
neighboring headgroups are brought into closer contact. A 
2:1 PS:Ca2+ binding ratio was hypothesized.

SFVS spectra of DPPS and DPPC hybrid bilayers 
were examined at concentrations between 0 and 40 mM 
Ca2+ or Mg2+ to determine whether the binding of either 
Ca2+ or Mg2+ to PS or PC headgroups impacted membrane 
structure. No effect on DPPC was observed for either Ca2+ 
or Mg2+, whereas DPPS responded to both Ca2+ and Mg2+. 
As the concentration of Ca2+ or Mg2+ was increased, DPPS 
hybrid bilayers showed an increase in the amine peak 
sum-frequency at 3300 cm-1, as well as decreases in sum-
frequency of the ice- and water-like O-H peaks at 3200 cm-

1 and 3400 cm-1, respectively. The growth in the amine 
peak is attributed to complexation of the PS headgroup 
and ordering of the amine moiety. Ca2+ ions were shown to 

[Ca2+] [Ca2+] [Ca2+]

kin
Slow

kout
Fast

Figure 11: Illustration of the enrichment of PS lipids (blue) on the Ca2+-exposed 
distal leaflet, driven by unequal rates of slow inward flip (kin) and fast outward 
flop (kout).
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have a more pronounced influence on ordering of the 
amine groups, resulting in double the 3300cm-1 peak area 
at saturation when compared to Mg2+. Frumkin model 
binding isotherms were calculated through relation of the 
change in amine peak area with the bulk concentration of 
either Ca2+ or Mg2+ present. The binding isotherms showed 
both Ca2+ and Mg2+ demonstrate binding behaviors toward 
PS lipids, with affinity values of 1.3  0.3 x 105 M-1 and 7.3 
 2.5 x 103 M-1, respectively.

The amine peak binding isotherm for Ca2+ was used in 
conjunction with the assumed 2:1 PS:Ca2+ binding ratio to 
calculate the membrane charge state and 𝐸𝐷𝐶 field 
strength. The peak amplitudes of both the ice- and water-
like O-H peaks of the DPPS associated water layer were 
found to track linearly with 𝐸𝐷𝐶 values projected from the 
Ca-PS binding isotherm. These results are in line with 𝐸𝐷𝐶 
scaling of 𝜒(3) and the reorientation of water within the 
surface charge dependent 𝐸𝐷𝐶 field. At saturating 
concentrations of Ca2+, loss of temperature dependence of 
sum-frequency at the 3200 cm-1 ice-like water resonance 
was observed. These data indicate an 𝐸𝐷𝐶 of zero and 
complete charge neutralization at Ca2+ saturation, 
consistent with the assumed 2:1 PS:Ca2+ binding ratio.

SFVS measurements of DPPS and DPPC flip-flop 
rates in the presence and absence of physiologic 1 mM 
Ca2+ and 1 mM Mg2+ were utilized to determine the impact 
of bound Ca2+ or Mg2+ on DPPS and DPPC lipid 
translocation. The measured rate of translocation of 10% 
DPPS in DPPC decreased from 7.11  0.08 x 10-5 s-1 (24.7 
C) in the absence of Ca2+ to 1.46  0.07 x 10-5 s-1 (24.5 
C) when in the presence of 1 mM Ca2+, roughly a 5-fold 
decrease. No effect of Mg2+ on DPPS flip-flop rate or Ca2+ 
or Mg2+ on DPPC flip-flop rate was observed. From these 
data it is inferred that a Ca2+ concentration differential over 
the bilayer would produce differing rates of PS lipid flip and 
flop between the leaflets. For the tested binary mixture of 
10% DPPS in DPPC, the differential in the zero Ca2+ and 
1 mM Ca2+ flip-flop rates at ~24.6 C would be expected to 
result in an approximate 80% sequestration of DPPS 
toward the Ca2+-exposed leaflet. Given the large 
differential in Ca2+ concentration over the cell membrane 
in vivo, the endogenous effects of Ca2+ on PS lipids may 
influence PS lipid externalization even absent enzymatic 
action. These results illustrate the importance of 
considering direct Ca-PS interactions when interpreting PS 
locality and expression.
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