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ABSTRACT. We report the detection of charge reversal induced by the adsorption of a cationic 

polyelectrolyte, poly(allylamine) hydrochloride (PAH), to buried supported lipid bilayers (SLBs), 

used as idealized model biological membranes. Through the use of an α-quartz reference crystal, 

we quantify the total interfacial potential at the interface in absolute units, using HD-SHG as an 

optical voltmeter in which the traditional wire leads of a voltmeter have been replaced by photons. 

This quantification is made possible by isolating from other contributions to the total SHG 

response the phase-shifted potential-dependent third-order susceptibility. We detect the sign and 

magnitude of the surface potential and the point of charge reversal at buried interfaces without 

prior information or complementary data. Isolation of the second-order susceptibility contribution 

from the overall SHG response allows us to directly characterize the Stern and Diffuse Layers over 

single-component SLBs formed from three different zwitterionic lipids of different gel-to-fluid 

phase transition temperatures (Tms). We determine whether the surface potential changes with the 

physical phase state (gel, transitioning, or fluid) of the SLB and incorporate 20 percent of 

negatively charged lipids to the zwitterionic SLB to investigate how the surface potential and the 

second-order nonlinear susceptibility c(2) change with surface charge.  
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I. Introduction. Charge reversal is an interfacial phenomenon characterized by the reversal of 

native surface charge through the adsorption of ions, occurring primarily in systems with high-

valence ions, large surfactants, polyelectrolytes, and biological complexes.1-11 A comprehensive 

understanding of charge reversal is needed to accurately predict and control electrostatic 

interactions at charged surfaces for applications in many fields ranging from materials science to 

environmental chemistry to microbiology. Factors leading to charge reversal are believed to 

include ion size asymmetry, the discontinuous dielectric constant of interfacial water, 

heterogeneity in the magnitude of the surface charge distribution, and salt concentrations.2 

Therefore, charge reversal is difficult to predict or explain using, for instance, mean field theory 

or Bragg-Williams approaches, given that they do not take into account non-Coulombic 

interactions and specific ion effects.7,11,12 In this context, label-free techniques that directly probe 

interfacial charges and potentials under ambient conditions and in real time as they undergo charge 

reversal are needed.13-15  

Here, we employ heterodyne-detected second harmonic generation (HD-SHG)16,17 to 

directly detect charge reversal at a negatively charged, largely zwitterionic supported lipid bilayer, 

used here as an idealized model of a biological membrane,18 upon adsorption of the cationic 

polyelectrolyte poly(allylamine) hydrochloride (PAH, 160mer). This commercially available 

polycation is used in various applications including gene therapy19 and drug delivery.20 Prior SHG 

and quartz crystal microbalance mass measurements showed the PAH surface coverage increases 

with [PAH] to full surface saturation,21 while SFG spectroscopy indicated no membrane disruption 

under these conditions.22,23  Now, we demonstrate the utility of HD-SHG for detecting both the 

sign of F(0) and the point of charge reversal at buried interfaces without any additional 

information or complementary techniques. Use of an α-quartz reference crystal in place of the 
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liquid water allows us to quantify the potential at the interface in absolute units, turning HD-SHG 

into an optical voltmeter in which the traditional wire leads of a voltmeter have been replaced by 

photons. Furthermore, isolation of the c(2) contribution from the overall SHG response allows us 

to directly monitor the Stern Layer such that the validity and applicability of atomistic simulations 

of aqueous:solid interfaces can be tested. Finally, we characterize the Stern and Diffuse Layers 

over single-component SLBs formed from three different zwitterionic lipids of different gel-to-

fluid phase transition temperatures (Tms). We determine whether the surface potential changes 

with the physical phase state (gel, transitioning, or fluid) of the SLB and incorporate 20 percent of 

negatively charged lipids to the zwitterionic SLB to investigate how the surface potential changes 

with surface charge. 

II. Heterodyne-Detected Second Harmonic Generation Signals from Electrical Double 

Layers. HD-SHG is sensitive to the polarization of water molecules in the electrical double layer 

(EDL) that is set up by the static E-field produced by surface charges, enabling a direct 

determination of the interfacial potential, F(0). The structure and composition of the EDL and the 

magnitude of F(0) remain topics of theoretical and experimental interest, with mean-field models 

often used to describe the EDL.24 One widely used model divides the EDL into the Stern and the 

Diffuse Layers.25-28 The Stern Layer contains tightly adsorbed species (water, ions) near the 

dividing plane of the interface and has been recently referred to as a bonded interfacial layer.29 In 

contrast, the Diffuse Layer is comprised of water molecules and ions farther away from the surface 

in the region where F(z) decays with distance, z, such that F(z=∞) = 0. While the potential is 

commonly assumed to decay exponentially, as predicted by Poisson-Boltzmann statistics,2,11,12,30,31 

other distance dependent expressions are possible as well, as will be discussed below.  
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As recently demonstrated,16,17 HD-SHG allows us to separate the signals generated in the 

Stern and the Diffuse Layers through the independent determination of the SHG phase and 

amplitude, making the detection of the point of charge reversal straightforward and giving us 

insights into the process without any need for prior knowledge of the sign or magnitude of the 

interfacial charge density at the beginning of the experiment. Working far away from electronic or 

vibrational resonances allows us to treat the contributions to the SHG response as purely real. 

Indeed, nonresonant homodyne-detected SHG has been widely used in label-free in situ studies of 

charged surfaces.32-35 Accounting for dispersion between the fundamental and second harmonic 

beams within the EDL, the interpretation of nonresonant SHG data from charged interfaces is 

based on the following model:21,29,36-49    

𝐸sig𝑒
𝑖𝜑𝑠𝑖𝑔 ∝ 𝜒(-) + 𝜒(0)Φ(0) ∙ 𝑇(𝜑56)𝑒789: = 𝜒<==,?@ABC<

(-)D (1) 

Here, 𝐸sig and 𝜑𝑠𝑖𝑔 represent the magnitude and phase of the SHG response, respectively, 𝜒(-) and 

𝜒(0) are the second- and third-order nonlinear susceptibility tensors of the interfacial system, Φ(0) 

is the total interfacial potential, and 𝑇(𝜑56)𝑒789: represents the phase matching correction term 

as will be discussed below. As expressed in eqn. 1, we use the term 𝜒<==,?@ABC<
(-)D  to characterize the 

total response of the interface, where the “ ′ ” has been added to emphasize that the nominally 

second-order term includes both 𝜒(-) and 𝜒(0) contributions, as defined here. The total interfacial 

potential, Φ(0), is given by the sum of the electrostatic Coulomb potential and the potential due 

to net-aligned dipoles, i.e. the dipole potential: ΦGHG@C(0) = Φ6HICHIAJ(0) + ΦK7BHC<(0). This 

latter potential is important for many uncharged (neutral, zwitterionic) interfacial systems and can 

be on the order of several 100 mV.50  
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Off-resonant HD-SHG provides all of the phase information required for separating 𝜒(-) 

from 𝜒(0)Φ(0), while current versions of single-step HD-SFG only reference the phase in the 

absorptive elements of	𝜒(-). Use of Model (1) relies on three assumptions: a) the nonlinear optical 

signal recorded at the detector consists of only second- and third-order terms, b) the surface 

potential decays somehow with distance, and c) Debye-Hückel theory is applicable for the bulk 

aqueous phase, which is a reasonable assumption below ~0.1M ionic strength.  

 The 𝜒(-) and 𝜒(0) contributions are now understood29,37,51-58 to originate in the Stern and 

Diffuse Layers, respectively. The second-order term, 𝜒(-) , reports on the Stern Layer and is 

specific to the identity and polarization of molecules and ions in that region.59,60 In contrast, the 

third-order 𝜒(0) term is of bulk origin37 and originates from the water molecules and ions in the 

Diffuse Layer.29,61,62 The phase shift of the 𝜒(0) term with respect to 𝜒(-) ("𝑒789:") results from 

the fact that at low ionic strength, the EDL becomes significantly long so that 𝜒(0) is generated at 

different EDL depths,16,36 with optical dispersion causing a phase shift in the 𝜒(0) term. This phase 

shift, when measured in conjunction with the amplitude of the SHG signal, allows separation of 

the Stern and Diffuse Layers.16,17 

The trigonometric function T(𝜑56) and the angle of the DC-field induced term,	𝜑56 , in 

eqn. 1 depend on the functional form of the variation of 𝛷(𝑧)	with distance, z, from the interface. 

For an exponentially decaying potential of the form 𝛷(𝑧) ∝ 𝑒OPQ9RS,37 we find that 𝑇 = cos(𝜑56) 

and 	𝜑56 = arctan(𝛥𝑘P	𝜆5),16,48 where 𝛥𝑘P  is the wavevector mismatch of the optical process 

(1.07 ´ 107 m-1 in our case)16 and 	𝜆5 is the Debye screening length in the bulk aqueous solution, 

which is readily estimated using Debye-Hückel theory. At high ionic strength, the Debye length is 

< 1 nm. Since 𝜑56 → 0 in that limit, and since 𝛷(0) → 0, 𝜒(-) dominates the SHG response in 
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eqn. 1. At low ionic strength, 𝛷(0) is non-zero and the Debye length can be several hundred nm 

or longer. Then, 𝜑56 →
^
-

 and optical interference in the Diffuse Layer is considerable and 

measurable through the 𝜒(0)  contribution. We also consider the case of a linearly decaying 

potential37 and find that the differences in the trigonometric factors for the linear and the 

exponential decays of 𝛷(𝑧) are about 50% in the dilute limit (100 nm screening length). In the 

high ionic strength limit (1 nm screening length), the difference is smaller than 1%. Derivations 

can be found in Supporting Information, Section S1.  

III. Experimental Methods  

III.A. Preparation of Optical Cell and Substrate. Fused silica hemispheres (ISP Optics, QU-

HS-25) were cleaned in NOCHROMIX (Godax Laboratories) cleaning solution for 1 hour and 

rinsed with ultrapure water. The hemispheres were then sonicated in methanol for 15 minutes, 

dried with N2, air plasma cleaned for 15 minutes on the highest setting, and stored in ultrapure 

water until use. A custom-built PTFE cell was sonicated in methanol for 15 minutes, rinsed with 

ultrapure water, dried with N2, then air plasma cleaned for 15 minutes prior to each experiment. 

The cell was then inserted into an aluminum exterior for added clamping rigidity to minimize 

movement of the hemisphere during experiments. A fluoroelastomer O-ring was placed between 

the interior cell and the hemispheres to ensure that the wetted part of the hemisphere is in contact 

only the fluoroelastomer and PTFE.  

III.B. Solution and Vesicle Preparation.  Trizma base buffer solutions were prepared in ultrapure 

water (18.2 MΩ cm-1; MilliporeSigma) and pH-adjusted to pH 7.4 using small aliquots of diluted 

HCl and NaOH. PAH (Sigma Aldrich, 283215) solutions were made in 0.01 mM NaCl solution 

without further purification. Each of the pure water, salt, and PAH solutions containing no buffer 

were air-equilibrated overnight to ~ pH 5.5 ± 0.3. Dioleoyl-sn-glycero-3-phosphocholine (DOPC), 
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1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), and 1,2-distearoyl-sn-glycero-3-

phosphocholine (DSPC) (10 mg mL-1 in chloroform) and 1,2-dimyristoyl-sn-glycero-3-phospho-

(1’-rac-glycerol) (DMPG) (lyophilized powder) were purchased from Avanti. DMPG was 

dissolved into 25 mg mL-1 solution using neat chloroform (B&J Brand). The lipids were dried 

under gentle N2 gas in glass vials and placed in a vacuum desiccator for at least 6 hours. The dried 

vesicles were then rehydrated in 1 mL 0.1 M NaCl, 10 mM Tris, 5 mM CaCl2, pH 7.4 for at least 

30 minutes. DSPC was hydrated and extruded at ~65 ˚C on a heating mantle (at least 10 ˚C above 

its transition temperature). Unilamellar lipid vesicles were prepared by extrusion though a 0.05 

μm membrane filter (Avanti, 610000) thirteen times. The vesicles were diluted to 0.5 mg mL-1 

with the hydrating buffer right before the formation of SLB. Chemical structures of lipids used in 

this work and PAH can be found in Figure 1.  

III.C. Formation of SLBs and HD-SHG Spectroscopy. Following our previous work,63 calcium-

free 0.1 M NaCl, 10 mM Tris buffer (pH 7.4) solution was introduced into the flow cell first, and 

the SHG response was recorded until a steady signal was attained for at least 10 minutes. Next, 4 

mL of diluted vesicles were introduced into the cell at 2 mL min-1 and allowed to self-assemble 

into a lipid bilayer on the silica substrate for at least 40 min using the vesicle fusion method.64  

Following bilayer formation, 20 mL of the 0.1 M NaCl, 10 mM Tris buffer solution at pH 7.4 was 

flushed through the cell to remove any excess vesicles, after which a 0.1 M NaCl solution air-

equilibrated overnight (pH 5.8) was introduced until steady signal was recorded for at least 10 

minutes. After a steady SHG intensity signal was obtained, three SHG interference patterns were 

recorded in series by moving a piece of a-quartz along an automated 10 cm translational stage 

(details about our HD-SHG spectrometer are described in our earlier work).16 For each pattern, 20 

equidistant positions along the translational stage were selected, each with 20 seconds of signal 
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acquisition. Each pattern took approximately 7 minutes for a total of ~20 min per triplicate pattern. 

Then, either PAH solution, low [salt], or pure deionized water, all air-equilibrated overnight, was 

introduced, followed by another triplicate interference pattern acquisition. The solutions were 

alternated between high [salt] and either low [salt] or PAH solution three times for each experiment. 

All [PAH]-dependent and [salt]-dependent SHG experiments were carried out under continuous 

flow at 2 mL min-1.  

III.D. Observables, Referencing, and Data Interpretation. In our implementation of HD-SHG 

(described in the SI, Section S2), a sinusoidal function is fit to interference patterns generated by 

modulating the phase between the sample signal and a local oscillator to obtain the SHG amplitude, 

𝐸sig, and the SHG phase, 𝜑𝑠𝑖𝑔.16,17 Argand diagrams (Fig. 2) are well suited to represent the change 

in the real and imaginary components of individual 𝜒(-) and 𝜒(0) contributions generated by 𝜑56  

and changes in surface potential. At high salt concentration (0.1 M), 𝜑56  is close to zero (Fig. 2A). 

As both our fundamental and SHG wavelengths are nonresonant with respect to any vibrational or 

electronic transitions of our experimental system,		𝜒(-) and 𝜒(0) are purely real. Therefore, 𝐸sig is 

situated along the real axis.  

 We set the measured 𝜑𝑠𝑖𝑔 from the interference pattern at high [salt] (0.1 M NaCl) equal to 

0º and effectively use it as the reference for the measurements with varying [NaCl] or [PAH]. At 

low [salt] (Fig. 2B), the χ(0)𝛷(0)cos(𝜑56) vector is rotated by the non-negligible value of 𝜑56  

away from the real axis such that the SHG response, 𝐸sig, also rotates away from the real axis. The 

angle of rotation around the Argand diagram origin is reported by 𝜑𝑠𝑖𝑔. Charge reversal is readily 

observed with HD-SHG because a flip in the sign of 𝛷(0)  reverses the direction 

of	χ(0)𝛷(0)cos(𝜑56), leading to a sign flip in 𝜑𝑠𝑖𝑔 (Fig. 2C).  
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 Using the 𝐸sig and 𝜑𝑠𝑖𝑔 at a given salt concentration relative to high salt concentration (0.1 

M) and the calculated DC phase angle at that salt concentration (recall that 𝜑56 =

arctan(𝛥𝑘P	𝜆5) = 𝑓([𝑁𝑎𝐶𝑙]) for an exponentially decaying Φ(𝑧)), we rearrange eqn. 1 to yield 

(derived in the SI, Section S3):  

𝛷(0) 	∝ 𝐸?7g
sinh𝜑?7gi

χ(0)cos(𝜑56) sin(𝜑56)
(2𝑎) 

𝜒(-) ∝ 𝐸?7g kcosh𝜑?7gi − sinh𝜑?7gi
cos(𝜑56)
sin(𝜑56)

m (2𝑏) 

 Here, 𝐸?7g and 𝜑?7g are determined from a triplicate set of interference fringes recorded at a given 

salt concentration, and 𝜑56  is computed for that given ionic strength. Experiments17,29,65 and 

computations66 show that 𝜒(0) for water is invariant with the chemical composition and charge 

state of the interface and constant across a wide range of bulk pH and ionic strength. Thus, eqn. 2 

yields 𝛷(0), which governs the energetics of interactions between charged species and the surface, 

and 𝜒(-), which gives information on surface chemistry or specific binding, from the measured 

𝐸?7g and 𝜑𝑠𝑖𝑔 at a given screening length in the bulk ionic solution.  

III.E. Absolute Measurements of F(0) and 𝝌(𝟐) through α-Quartz Referencing. Eqn. 2 allows 

the calculation, in arbitrary units, of values that are proportional to 𝛷(0)	and 𝜒(-). While useful 

for investigating relative changes in these two parameters, ideally one desires their quantification 

in absolute units. Such an absolute quantification can be achieved through comparison of the 

sample signal with that of a reference with known nonlinear susceptibility, as shown in the 

following equation (derived in the SI, Section S4):  

𝛷(0) 	= k
𝐸?7g,?@ABC<
𝐸?7g,qI@rGP

𝐹qI@rGP
𝐹?@ABC<

t𝜒<==,qI@rGP
(-) tm

sinh𝜑?7gi
χ(0)cos(𝜑56) sin(𝜑56)

(3𝑎) 
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𝜒(-) = k
𝐸?7g,?@ABC<
𝐸?7g,qI@rGP

𝐹qI@rGP
𝐹?@ABC<

t𝜒<==,qI@rGP
(-) tm kcosh𝜑?7gi − sinh𝜑?7gi

cos(𝜑56)
sin(𝜑56)

m (3𝑏) 

𝐸?7g,?@ABC< is measured for the sample surface of interest, 𝐸?7g,qI@rGP is measured for an α-quartz 

crystal in place of the sample surface, 𝐹qI@rGP  and 𝐹?@ABC<	represent the macroscopic Fresnel 

coefficients (calculated in the SI, Section S5), and 𝜒<==,qI@rGP
(-)  is known (vide infra). Importantly, 

the proportionality from eqn. 2 has been replaced by an equal sign. By measuring the ratio  

vwxy,wz{|}~

vwxy,��z���
 at one specific sample condition and calculating the value of 𝛷(0) and 𝜒(-)  at this 

condition using eqn. 3, the entire data set calculated from eqn. 2 can be referenced to that condition, 

giving it absolute units. We performed this “quartz referencing procedure” using the condition of 

0.01 mM NaCl at pH 5.8 with no PAH added (the bare bilayer at low ionic strength).67 The ratio 

vwxy,wz{|}~

vwxy,��z���
 was obtained in homodyne detection mode (i.e. direct direction of the sample and quartz 

reference signals with the detector, with no local oscillator) using 7 mW of incident laser power 

from the same laser as the HD-SHG experiments.  

First, a bilayer was formed from a 9:1 mix of DMPC:DMPG as described above. After 

flushing with buffer solution for 10 minutes, the buffer was replaced with a 0.1 M NaCl solution 

(air equilibrated over night to pH 5.8) until the SHG signal intensity was at steady state for at least 

10 minutes. The salt solution was then replaced with a 0.01 mM NaCl solution and the SHG signal 

intensity was recorded until it reached steady state for ten minutes under continuous aqueous flow.  

This SHG intensity was then noted in terms of number of SHG counts per second, and 𝐸?7g,qI@rGP 

calculated from its square root. Then, the fused silica hemisphere was removed from the cell and 

replaced by a fused silica hemisphere to which a rectangular piece of z-cut a-quartz (10 mm x 5 

mm x 3 mm, Knight Optical) was attached directly onto the flat side using a refractive index 
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matching optical adhesive (Norland, 146H). In preparation, the rectangular z-cut a-quartz crystal 

and the hemisphere were cleaned by sonicating in methanol for 6 minutes, followed by sonication 

in water for 6 minutes. Both were put in an oven for 1 minute and subsequently plasma cleaned 

for 1 more minute. The crystal was oriented with the x-axis parallel to the plane of incidence (the 

orientation of maximum intensity in Sin, Pout).  As with the bilayer, the SHG signal intensity from 

the fused silica:a-quartz interface was recorded for at least 10 minutes to ensure there were no 

drifts in the signal intensity. Then, we computed the square root of the SHG signal intensity 

measured from our fused silica:α-quartz interface to obtain 𝐸?7g,qI@rGP. The ratio vwxy,wz{|}~

vwxy,��z���
 was 

found to equal (1/(37 ± 12), from 2 replicates, each performed on 2 separate days).  

The value t𝜒<==,qI@rGP
(-) t is vastly dominated by the bulk response of α-quartz (𝜒�IC�,�

(-) =

8 × 10O�0 mV-1),68,69 and we calculate t𝜒<==,qI@rGP
(-) t = 4.5	 ×	10O-�	m-VO� in our experimental 

geometry, as shown in the SI, Section S5. Finally, we use the experimentally determined value of 

𝜒(0) = −(9.6 ± 1.9) × 10O--	m-VO-  recently reported for off-resonant SHG by Wen and 

coworkers67 (n.b., an earlier model using experimental and quantum mechanical inputs yields 

𝜒(0) = −10.3 × 10O--	m-VO-).70 We then have all the parts needed to obtain 𝜒(-) and 𝛷(0), in 

absolute units, from eqn. 3.  

IV. Results and Discussion.  

IV.A. Direct Measurement of Charge Reversal and Resulting Change in 𝜱(𝟎). We first 

investigate the adsorption of the cationic PAH onto a negatively charged bilayer formed from a 

9:1 mix of DMPC:DMPG. The experiments are carried out with 0.01 mM NaCl background 

solution to minimize the relative change in ionic strength with the addition of the highest PAH 

concentration, 10 nM (0.0032 mM ionic strength from the 160 charged units on PAH and 160 
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counter ions) while staying within the low ionic strength regime where 𝜑?7g  can be measured 

readily. We nevertheless account for the small change in ionic strength with increasing [PAH] 

when computing 𝜑56 , which changes by <10%, only negligibly impacting the final 𝛷(0) values 

compared to unadjusted values. The values with and without the additional ionic strength 

correction are presented in the Supporting Information, Section S6.  

Fig. 3A shows that the introduction of 1 nM PAH in 0.01 mM NaCl lowers 𝜑?7g when 

compared to that recorded for the PAH-free 0.01 mM NaCl over the bilayer when referenced to 

condition of 0.1 M NaCl at the same pH. However, the sign of the measured phase angle is still 

positive. Likewise, 𝐸?7g (normalized to 𝐸?7g at 0.01 mM NaCl) decreases. Given that the DC phase 

angle, jDC, does not change under the conditions of controlled ionic strength, and given that 𝜒(0) 

is constant,24 the observations are consistent with a decrease in the magnitude of the surface 

potential, 𝛷(0), that is expected upon adsorption of a polycation to a negatively charged surface. 

With increasing PAH concentrations, 𝜑?7gand 𝐸?7g  decrease further, with 𝜑?7g  crossing the 0º 

mark at ~4 nM, signaling the point of charge reversal, after which jsig has changed sign and 

continues to increase in the negative direction.  

 Using eqn. 2, we now obtain 𝛷(0) and 𝜒(-)  from the observables 𝜑?7g  and 𝐸?7g , again 

assuming an exponentially decaying potential. Following the discussion above, we use eqn. 3 to 

reference both axes to the condition at 0.01 mM NaCl and assign absolute units. The absolute value 

of 𝜒(-) at 0.01 mM NaCl and pH 5.8 for the 9:1 DMPC:DMPG bilayer is 1.3 ± 0.5 × 10-22 m2 V, 

which is in good agreement with experimental reports for DOPC liposomes albeit with a greater 

error,71 and agrees with computational estimates72 as well as nonresonant SFG responses from a 

variety of non-absorbing liquids in contact with air.73 The values are also in good agreement with 
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those reported more recently by Dalstein et al.65 who reported c(2) values for lignoceric acid 

monolayer:water interfaces using non-resonant SHG measurements.  

 Fig. 3B shows that PAH adsorption coincides with a change in surface potential from -0.18 

± 0.08 V before PAH addition to +0.03 ± 0.01 V at saturation, presumably through polycation 

adsorption to the negatively charged surface and a corresponding lowering of the interfacial charge 

density until the point of charge reversal, when 𝛷(0) reverses its sign as PAH adsorption continues 

(n.b. PAH surface coverages and free energies of adsorption obtained by our earlier homodyne-

detected SHG experiments coupled to quartz crystal microbalance measurements are considerable 

under our experimental conditions.)21 At this point, 𝛷(0) is ~ 15% of what it was without added 

PAH, and, again, oppositely signed.  

Unlike earlier studies reporting that 𝜒(-)  flips sign at mineral:water interfaces when 

adjusting the bulk solution pH from above to below the point of zero charge,74 or at air:lipid 

monolayer:water interfaces with oppositely charged lipids,75 𝜒(-) remains positively-valued in our 

case while not changing much in magnitude. Upon PAH-induced charge reversal, the number 

density of attached PAH is substantial, with direct contact ion pair formation between the lipid 

headgroups and the ammonium groups of the PAH,76 such that now 𝜒GHG@C
(-) = 	𝜒�7C7�@

(-) + 𝜒J7C@�<r
(-) +

𝜒���
(-) + 𝜒�@G<r

(-) + 𝜒7H�?
(-)  (𝜒�@G<r

(-)  in this equation refers to the tightly bound water molecules right 

at the interface, rather than in the Diffuse Layer).29 In terms of polarization charge density, the 

largest contributor to the SHG response is expected to be the lipid bilayer. While lipids can readily 

flip,77-84 the sign of 𝜒J7C@�<r
(-)  would not change as the number of lipids pointing up and down to 

form the bilayer is approximately constant for these similarly sized lipids.  



 
 
Chang et al.  14 

The relatively modest change, if any, in 𝜒(-) seen in Fig. 3B further confirms that the 

change in 𝐸?7g is dominated by the change in the potential-dependent 𝜒(0) term. Given that 𝜒(-) is 

comprised of constructive (in-phase) and destructive (out-of-phase) contributions from the silica, 

the lipid bilayer, the water molecules, the ions, and PAH, any net change in 𝜒(-) is likely to be due 

to a combination of a loss of water molecules (as we recently reported using vibrational sum 

frequency generation spectroscopy)39 and thus a reduction in 𝜒�@G<r
(-)  on the one hand and a gain in 

𝜒���
(-)  due to PAH adsorption on the other.  

There are two determinants of F(0): the charge density, s(0), and the ionic strength of the 

aqueous solution. The former can be described by mean field models, e.g. the Gouy-Chapman 

model, which works well up to moderate charge densities. Our previously published work shows 

that s(0) at the lipid membrane:water interfaces is −0.024 (+0.003/−0.005) C/m2 at pH 7.85 This 

value is below what has been reported to lead to breakdowns of Gouy-Chapman theory for 

describing charged Langmuir monolayers (>0.3 Cm-2).86 If we then compute the surface potential 

using the Gouy-Chapman model according to Φ(0) = -���
 ¡

sinhO� £
¤¥������¦§¨©ª©«¬¬®

, where k° 

is the Boltzman constant, z is the charge of the electrolyte, e is the fundamental charge of an 

electron, C¡´¡µis the concentration of the electrolyte, ε� is the relative permittivity of vacuum, ε· 

is the relative permittivity of bulk water at 25 ˚C, and σ is the surface charge density, we find 

sizeable surface potentials at the low ionic strengths employed here, Φ(0) = −0.25	V at the low 

ionic strength used in this work (0.01 mM), in agreement with the -0.18 (± 0.08) V total surface 

potential obtained in the experiment.  

 As a final note regarding the determination of the sign of the potential and charge reversal, 

the direction of the phase shift does not change when the reference quartz crystal is rotated by 60° 
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although we can observe the expected 180° phase shift (SI, Section S7), providing an additional 

practical advantage that the absolute orientation of the quartz crystal does not have to be known to 

determine the sign of the surface potential.  

III.B. c(2) and F(0) do not Change with Bilayer Fluidity but with Membrane Surface Charge. 

As an additional demonstration of the utility of HD-SHG for studying lipid bilayer membranes, 

we investigated three different, previously characterized,87 zwitterionic SLBs with different gel-

to-fluid transition temperatures, Tm. We specifically used bilayers formed from pure (zwitterionic) 

DOPC, DMPC, and DSPC, each in the fluid, transitioning, and gel phase, respectively, as well as 

a bilayer formed from an 8:2 mix of (zwitterionic) DMPC and (negatively charged) DMPG that 

we had previously characterized as well.88 Hysteresis effects that are important for the fused 

silica:water system under some conditions16,58,89 were investigated here as well by introducing pure 

water followed by 0.1 M NaCl (instead of 0.1 M NaCl first) and no difference in jsig or normalized 

Esig was observed between the two sequences, as described in Supporting Information, Section S8.  

 As described in the methods section, jsig is determined by subtracting jfit obtained for the 

condition of pure water from jfit at the condition of 0.1 M NaCl above a given bilayer. The Esig 

point estimate that is initially normalized to the condition of 0.1m M NaCl for each bilayer is now 

further normalized to the normalized Esig at 0.01 mM NaCl over 9:1 DMPC:DMPG in order to 

perform similar analyses for absolute quantification of F(0) as described in the previous section. 

We note that, in this analysis, we assume that the optical response of each bilayer at 100 mM NaCl 

is the same across bilayers and is dominated by the c(2) term.  

 Fig. 4A shows that there are no significant differences in jsig (~ 15˚) or the normalized Esig 

for the pure bilayers, while the corresponding values for the bilayers formed from the 9:1 and the 

8:2 zwitterionic:negatively charged lipid mixes are statistically significantly different. The same 
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outcome is obtained for the c(2) and F(0) values of the pure zwitterionic bilayers (Fig. 4B), 

consistent with the fact that the polarization charge density (number of electrons per lipid) and 

F(0) vary little when going from DOPC to DMPC to DSPC at constant ionic strength.  

 Because of the underlying assumption about c(2) as stated earlier, c(2) probed here is a poor 

indicator of the physical phase state (gel vs. fluid) of the SLBs we surveyed. However, when ten 

or 20 percent negatively charged DMPG is mixed in with zwitterionic DMPC, the F(0) point 

estimates increase towards more negative values, as would be expected due to the addition to 

negative charge while holding the ionic strength constant (from – 0.09 ± 0.04 V (DMPC) to -0.18 

± 0.07 V (10 percent DMPG) and to -0.22 ± 0.09 V (20 percent DMPG)). Yet, we caution that the 

uncertainties due to error propagation need to be lowered to make any further statements.  

IV. Conclusion Heterodyne-detected second harmonic generation (HD-SHG) presents 

considerable advantages over homodyne detection by enabling separations of the various 

contributions to the total SHG signal. We unambiguously determine the sign of the potential as 

well as the point of charge reversal of supported lipid bilayers interacting with a common 

polycation by observing the reversal in the sign of the phase angle. HD-SHG can now be used in 

fundamental explorations for charge reversal of a wide range of buried interfaces and their 

interactions without prior knowledge or intuition regarding the interfacial electrostatics. 

Additionally, HD-SHG requires only one phase measurement at one aqueous phase condition of 

pH, ionic strength, or analyte concentration, thereby dramatically speeding up the process of 

determining the interfacial potential when compared to prior (homodyne-detected) approaches.  

We also provide quantitative properties of the EDL of three lipid bilayers of varying Tms 

of the same charge as well as an SLB with a more negative charge. We find that the phase angles 

of the three zwitterionic SLBs do not differ significantly and conclude that the fluidity of the SLB 
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does not change the structure of the EDL as long as the surface charge remains comparable. This 

observation is in support of the notion that EDL properties in the systems studied here are mainly 

governed by the DC-field induced by surface charge. Since the zwitterionic lipids surveyed here 

have comparable surface charge densities, we do not expect the potential associated with the EDL 

to change significantly. The addition of negatively charged DMPG lipid to the zwitterionic DMPC 

bilayer leads to increased F(0) point estimates, consistent with an increased surface potential 

originating from the increased surface charge. Furthermore, absolute quantification of c(2) and F(0) 

of the 9:1 DMPC:DMPG bilayer at each PAH concentration is achieved by comparing the 

extracted value from HD-SHG to an external a-quartz reference of known nonlinear susceptibility.  

Combining the capability of HD-SHG to separate individual nonlinear susceptibilities and 

the visualization of the process enabled by Argand diagram, we are no longer restricted to studying 

only charged surfaces and particles. Interactions with uncharged (neutral) surfaces can be 

investigated by resonant HD-SHG, which molecularly specific. In resonant SHG experiments, the 

c(2) contribution is comprised of resonant (c(2),R) and non-resonant (c(2),NR), with c(2),R dominating 

the SHG signal.90-103 Since c(2),R is directly related to the number of surface species in resonance 

with the fundamental and/or SH wavelength,104 we can envision conducting HD-SHG experiments 

as a function of surface coverage of the resonant (as opposed to non-resonant species, like the PAH 

studied here) species. In this case, the phase shift between the two c(2) contributions is 90°; hence, 

c(2),R is represented by an additional vector perpendicular to the c(2),NR (c(2) in the current Argand 

plot).90 Because the earlier homodyne-detected resonant SHG experiments do not measure phase, 

they were carried out under the assumption and requirement that the signal is dominated by the 

resonant species. The two tool discussed here circumvents the need for these limitations. Since 

HD-SHG can discriminate coherent SHG light from light generated at the second harmonic 
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wavelength from other optical processes as only coherent SHG light will interfere with the LO,16 

one can now operate even in a regime where fluorescence is present. 

V. Associated Content  

Supporting Information: Derivations of linearly decaying potential model equations; Fresnel 

coefficients; detailed derivation of eqn. 3; sample calculations using eqn. 3; and control 

experiments and hysteresis experiments. 
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Figure Captions.  

Figure 1. Structures of lipids and polycation studied here. A) DOPC, B) DMPC, C) DSPC, D) 

DMPG, and E) PAH. 

Figure 2. Argand diagram demonstrating the phase angle shift effect on the expected SHG 

response at A) high ionic strength, B) low ionic strength, and C) after low ionic strength following 

charge reversal. In B) and C), the ionic strength is low and constant (0.01 mM) so that the DC 

phase angle is constant as indicated by the dashed lines and the c(3)F(0) vector is aligned along 

them. 

Figure 3. A) Observed jsig and normalized Esig as a function of PAH concentration interacting 

with a supported lipid bilayer prepared from a 9:1 mix of DMPC:DMPG held at a total ionic 

strength of 0.01 mM NaCl around the point of charge reversal obtained from fitting interference 

patterns. B) Absolute c(2) and F(0) calculated from data presented in Fig. 3A. C) Argand diagrams 

constructed using the experimental jsig and Esig values for marks ①,	②,	and	③. Please see text 

for details. 

Figure 4. A) Observed jsig and normalized Esig values and B) F(0) and c(2) point estimates 

obtained for three zwitterionic lipid bilayers and two mixed zwitterionic:negatively charged 

bilayer in contact with water that had been air-equilibrated overnight (pH 5.8, 0.002 mM ionic 

strength).   
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