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ABSTRACT.  Water is vital to many biochemical processes and is necessary for driving many 

fundamental interactions of cell membranes with their external environments, yet it is difficult to 

probe the membrane/water interface directly and without the use of external labels. Here, we 

employ vibrational sum frequency generation (SFG) spectroscopy to understand the role of 

interfacial water molecules above bilayers formed from zwitterionic (phosphatidylcholine, PC) 

and anionic (phosphatidylglycerol, PG, and phosphatidylserine, PS) lipids as they are exposed to 

the common polycation poly (allylamine hydrochloride) (PAH) in 100 mM NaCl. We show that 

as the concentration of PAH is increased, the interfacial water molecules are irreversibly displaced 

and find that it requires 10 times more PAH to displace interfacial water molecules from 

membranes formed from purely zwitterionic lipids when compared to membranes that contain the 

anionic PG and PS lipids. This outcome is likely due to difference in (1) the energy with which 

water molecules are bound to the lipid headgroups, (2) the number of water molecules bound to 

the headgroups, which is related to the headgroup area, and (3) the electrostatic interactions 

between the PAH molecules and the negatively charged lipids that are favored when compared to 
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the zwitterionic lipid headgroups. The findings presented here contribute to establishing causal 

relationships in nanotoxicology and to understanding, controlling, and predicting the initial steps 

that lead to the lysis of cells exposed to membrane disrupting polycations, or to transfection. 

I. Introduction.  Cell membranes act as selective barriers to control the movement of ions and 

small molecules into and out of the cell.1,2 This function is important in maintaining a homeostatic 

aqueous environment on both sides of the membrane, where vital biochemical processes occur.3-5 

Therefore, unanticipated changes to cell membranes can also alter their surrounding environment, 

ultimately disrupting important biological pathways. It has been reported that ions, polycations, 

and nanomaterials are prone to perturb supported lipid bilayers (SLBs), idealized model cell 

membranes,3,6 and cause physical changes such as lipid asymmetry7-10 and the formation of lipid 

coronas.11-14 While informative, these results are specific to the SLBs and not their surrounding 

aqueous environment. Thus, further analysis of the aqueous surroundings is an important factor in 

obtaining a complete and fundamental understanding of the molecular mechanisms associated with 

membrane interactions. To this end, we focus on the water above SLBs due to its ubiquitous 

presence in biochemical environments.15,16 Moreover, water at biologically relevant membranes 

exhibit properties that are still under debate, including those influencing structural networks 

resembling ice vs water1,17 or bulk-like vs considerably reduced relative permittivity.18 

Here, we monitor the interfacial hydrogen-bonding (H-bonding) network above 

membranes formed from zwitterionic and anionic lipids as we add varying concentrations of the 

cationic polymer poly (allylamine hydrochloride) (PAH, Fig. 1A). PAH is widely used as a coating 

for nanoparticles19-21 and exists in substantial amounts as free PAH in equilibrium with bound 

PAH in nanoparticle solutions, even after purification. Given the toxicity of PAH to bacteria,22 it 

is of interest to analyze free PAH with lipid membranes so as to further understand its lysing action. 
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While our prior studies of free-PAH characterized the thermodynamic and structural changes to 

SLBs upon PAH adsorption by monitoring structural changes to the lipids in the C−H stretching 

region,11,23 we now focus specifically on probing how the H-bond network of the water molecules 

that constitute the electrical double layer over the membrane varies during interaction with the 

polycations. Given their importance in biological membranes, we study lipids terminated with the 

zwitterionic phosphocholine (PC) headgroup as well as the anionic phospho-(1-rac-glycerol) and 

phospho-L-serine (PG and PS) headgroups (Fig. 1B-1D).  

To probe the very initial stages of membrane disruption by PAH, which presumably 

involves PAH interactions with the membrane-bound water molecules, we employ M polycation 

concentrations but also employ higher polycation concentrations, which disrupt the bilayers 

permanently, as demonstrated in detail in our prior work.11 We now probe the water O−H 

stretching region and do so with vibrational sum frequency generation (SFG) spectroscopy. This 

technique is a naturally appropriate for studying aqueous interfaces, as it is inherently surface 

sensitive,16,24,25-28 allowing us to probe a thin interfacial region of water above the membrane while 

providing detailed molecular information about the strength of the hydrogen bond network through 

a detailed analysis of the second-order spectral lineshapes.29-31 Prior work has shown that the 

membrane/water interface is a challenge to probe directly using SFG spectroscopy due to the 

symmetric constraints that govern the sum frequency process. To offset these constraints, past 

studies have employed asymmetric, chemically modified bilayers by deuteration of one of the 

bilayer leaflets. Our recent work using a commercially available broadband laser system at kHz 

repetition rates has shown to overcome these restrictions and provide spectra with relatively good 

S/N after short acquisition times for unlabeled, symmetric bilayers.36  
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We find evidence for the displacement of interfacial water molecules for lipid bilayers 

formed from zwitterionic and negatively charged lipids in a fashion that impacts both strong and 

weak H-bond interactions. Rinsing does not lead to SFG signal recovery from the C−H and O−H 

oscillators, indicating that the irreversibility of PAH interaction with membranes rich in lipids such 

as those studied here may be detrimental to membrane function and cellular integrity. As PAH 

attachment blocks solvated ions and water molecules at the membrane surface, irregular diffusion 

and cell lysis is expected.32, 33 

II. Methods. Unless indicated otherwise, we follow our previously published methods.8-9,11,19,23,34 

The sections below briefly summarize the approach for the reader’s convenience.  

IIA. Polymer and Vesicle Preparation. Poly (allylamine hydrochloride) (PAH, 17.5 kDa) was 

purchased from Sigma-Aldrich and used without further purification. All stock solutions of PAH 

were made and stored in 0.001 M NaCl. These solutions were then diluted with buffer composed 

of 0.01 M Tris and 0.1 M NaCl to the final PAH concentrations used for the experiments shown 

in sections III.A. - III.C. The buffer was corrected to a final pH of 7.40  0.05 with NaOH and 

HCl.  

The lipids 1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-dimyristoyl-sn-

glycero-3-phospho-(1-rac-glycerol) (DMPG), and 1,2-dimyristoyl-sn-glycero-3-phospho-L-

serine (DMPS) were purchased from Avanti Polar Lipids. Small unilamellar vesicles were 

prepared from 2 mg suspensions of the following lipid combinations: 100 mol % DMPC, 90 mol 

% DMPC and 10 mol % DMPG, and 90 mol % DMPC and 10 mol % DMPS. The vesicle solutions 

were dried with N2 and left in the desiccator overnight to remove any excess chloroform. The dried 

vesicle films were then resuspended in 0.01 M Tris and 0.1 M NaCl buffer containing 0.005 M 

CaCl2 and extruded using a mini-extruder kit as we have shown previously.35,36 SLBs are then 
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formed using the vesicle fusion method37,38 on 3 mm CaF2 windows (ISP-Optics) coated with 25 

nm of SiO2 by atomic layer deposition (ALD). Calcium-free 0.01 M Tris and 0.1 M NaCl buffer 

(pH 7.4) was used for bilayer formation. Our SLBs have previously been well characterized.26 

IIB. Substrate Preparation with Atomic Layer Deposition (ALD). To avoid spurious optical 

contributions to the detected SFG signal from color centers that are present to varying extent within 

commercially available fused silica windows, we coated CaF2 windows, which are free of such 

center, with a thin ALD silica overlayer processed in a 125C reactor under Argon flow in which 

3DMAS [Tris (dimethylamino) silane] was added for 0.4 s, followed by a 10 s purge. O2 plasma 

was then introduced for 20 s, followed by a 12 s purge. To yield a SiO2 film of 25 nm thickness, 

this process was repeated for ~300 cycles. The final thickness of SiO2 on the CaF2 windows was 

then estimated from modeling the thickness deposited on witness Si substrates with variable angle 

spectroscopic ellipsometry.39 For clarity, these windows will be referred to as 25 nm ALD SiO2 

substrates.  

IIC. Vibrational Sum Frequency Generation Spectroscopy. SFG experiments were conducted 

using a Ti:Sapphire laser system (Solstice, Spectra Physics, 795 nm, 3 mJ/pulse, 1 kHz repetition 

rate, 120 fs pulse duration). Details of our experimental set-up have been previously reported.34 

Briefly, we monitored changes in the C−H (2800-3000 cm-1) and O−H (3000 cm-1-3600 cm-1) 

stretching regions. All experiments were carried out in triplicate and conducted using internal 

reflection geometry. Multiple individual spectra were taken at different center IR wavelengths and 

different detector positions prior to being compiled together following the procedure discussed in 

our previous work.34 All spectra were taken in ssp-polarization (s-polarized SFG, s-polarized 800 

nm light, and p-polarized IR light) and normalized to spectra from gold coated on a CaF2 window 

in ppp-polarization to account for the IR spectral profile (see Supporting Information Figure S1). 
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IID. PAH-Membrane Interaction Experiments. Following bilayer formation, PAH was 

introduced into a home-built Teflon flow-cell at a starting concentration of 1 M. Two acquisitions 

were taken in the frequency range of interest, 2800-3600 cm-1, before the next concentration was 

introduced and averaged to produce a representative spectrum for each concentration. PAH 

addition was stopped after the SLBs had undergone substantial perturbation. After the highest 

concentration of PAH was introduced, the SLBs were rinsed with 20 mL of PAH-free buffer in 

order to determine if changes to the SLBs are reversible.  

III. Results and Discussion. 

IIIA. PAH Displaces Interfacial Water from Negatively Charged Membranes. Figure 2A 

shows the ssp-polarized spectrum of a SLB formed from a mixture of 9:1 DMPC:DMPG lipids 

exposed to varying PAH concentrations. Our prior work shows the PAH surface coverage for a 

bilayer formed from a 9:1 mix of DMPC:DMPG to be dense, consistent with monolayer limit.23 

PAH attaches to the membrane through electrostatic interactions and not only changes the surface 

charge and the lipid order23,40-44 but is shown here to also displace the interfacial water molecules. 

In the C−H stretching region, Figure 2A shows what we had reported earlier for the C−H stretching 

region, namely peaks at ~2880 cm-1, ~2900 cm-1, and ~2950 cm-1 characteristic of lipids in a well-

formed bilayer.8,9,35 The peak at ~2880 cm-1 is attributable to the symmetric CH3 stretches of the 

lipid alkyl tails while the SFG intensity of the other two peaks is due to spectral interference from 

the water molecules, as demonstrated recently using D2O35 and spectral lineshape modeling.27 

Adding PAH to the bilayer leads to SFG intensity decreases, indicating a clear perturbation in the 

lipid structure with the addition of the polycations. Note that our previously reported loss of 

spectrally resolved peaks in the C−H stretching region at 1 M PAH11 is somewhat at variance 

with our current observations, which we attribute to the differences in substrates used for 
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experiments (25 nm ALD SiO2 on CaF2 in the present experiments vs. fused SiO2 in our previous 

experiments).  

In the O−H stretching region, the broad peak centered ~3200 cm-1 signifies the presence of 

strong hydrogen bonds (H-bonds) between water molecules and appears in the frequency region 

where the O−H stretches of the water molecules in solid ice show their infrared transitions.45 

Earlier dilution work with PC/PG lipids identified SFG signal contributions at ~3100 cm-1 to be 

specific to PC…H2O interactions.34 A smaller peak, at ~3400 cm-1 is also observed in the spectrum 

and is attributed to the weakly bonded water molecules above the 9:1 DMPC:DMPG bilayer.46-48 

Figure 2A shows that adding PAH results in a signal intensity decrease across the O−H stretching 

region probed here. At 0.1 mM PAH this loss is ≥70% of the original SFG signal intensity. As the 

stronger H-bond network, observed at ~3200 cm-1, is seemingly disrupted by PAH, one may expect 

an increase in the weaker H-bonding region (~3400 cm-1), however, this is not the case. Instead, 

the decrease in intensity in the 3200 cm-1 and the 3400 cm-1 regions suggests a direct displacement 

of the water molecules by PAH. The same trend is also seen in Figure 2B for another negatively 

charged bilayer composed of a 9:1 mix of DMPC:DMPS lipids, in which the PS headgroup is less 

shielded than in PG.  

IIIB. Membranes Formed from Zwitterionic Lipids Show Slight Displacement of Interfacial 

Water. Adding PAH to a bilayer formed from purely zwitterionic DMPC elicits two types of 

outcomes that fall into a majority category showing little (≤ 30%) to no change to the lipid or water 

signals upon addition of up to 0.1 mM PAH after which signal intensities drop mainly in the C−H 

stretching region and to some degree in the O−H stretching region at 1 mM PAH (Figures 3A, 

observed 4 out of 6 times). These changes in the SFG lineshapes at high PAH concentration are 

likely due to specific water/ion interactions with the lipids, as controls carried out at 300 mM [salt], 

Page 7 of 25

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 Page 8 

which corresponds to the total ionic strength at 1 mM PAH (~160 –NH3
+ repeat units) in 100 mM 

NaCl is ~300 mM (vide infra) (Figure 4D). The minority response (Figure 3B, observed 2 out of 

6 times) is characterized by noticeable SFG intensity reduction/elimination in the C−H stretching 

region at PAH concentrations as low as 10 M, along with considerable signal reductions around 

3200 cm-1, albeit to a lesser extent when compared to the negatively charged bilayers (Figure 2).  

 We attribute the differences we observe in the PAH-membrane interactions described here 

to how strongly water molecules are bound to the lipid headgroup and to the strength of the 

electrostatic PAH-membrane interactions. First, the cationic nature of PAH favors interactions 

with the overall negatively charged membranes, as is indeed observed here in our majority 

responses. The carboxylate moiety in the PS headgroup is likely parallel to the other lipids 

comprising the membrane and is therefore readily accessible to cationic PAH (this is also likely 

for the PG headgroup due to the condensing effect, described below).49 Moreover, water is also 

expected to bind more strongly to the amine and carboxylate groups on PS when compared to the 

more shielded, less accessible, negatively charged phosphate moiety, where most H-bonding 

occurs for PC lipids.50 Regarding the strength with which water molecules are bound to the lipids, 

we refer to computer simulations by Berkowitz and coworkers51,52 showing that the area per 

headgroup is smaller for PS lipids than for PC due to intermolecular H-bonding of the amine and 

carboxylate moieties (Figure 1B, known as the “condensing effect”).49-50 Intermolecular lipid-lipid 

interactions are also possible for PG bilayers, in which the glycerol moieties H-bond with the ester 

carbonyl group, likely decreasing the available area per headgroup and thus the number of bound 

water molecules.53,54 Conversely, more water molecules surround PC headgroups than PG or PS.41  

IIIC. Membrane Water is Irreversibly Displaced by PAH. Rinsing the PAH-exposed 

membranes with calcium-free buffer showed no signal intensity recovery in the H-bonding 
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network or the C−H oscillators (Figures 4A-C). While irreversibility is only shown for the major 

response for the pure DMPC bilayer, it was also observed for the minority response (see 

Supporting Information Figure S8). These results support the notion that the PAH polycations have 

irreversibly displaced the interfacial water molecules.43 

Because the ionic strength of 1 mM PAH (0.3 M) is~3x higher than our original buffer 

solution (0.1 M), a control experiment was carried out to determine whether the changes in the H-

bonding network was due to the PAH interaction or ionic strength. Figure 4D shows only 

negligible changes in the O−H stretching region when the salt concentration is raised from 0.1 to 

0.3 M. This outcomes is consistent with negligible absorptive-dispersive mixing between the 

second-order ((2)) and the surface potential-dependent third-order contribution ((3)(0)) to the 

SFG signal generation process, according to29-30,34,55-57  

χtotal
(2)  =  𝜒(ଶ) + cos(𝜑஽஼)eiఝವ಴χ(3)Φ(0)                                  (1) 

Here, DC is the optical phase angle (the “DC phase angle”)57 associated with the electrostatic 

potential produced by the interfacial charges. For electrical double layer models in which the 

surface potential decays exponentially into the bulk aqueous phase, DC=arctan(kzD), where kz 

is the wave veactor mismatch (~1.1 x 107 m-1 in our experimental setup) and D is the Debye length 

in the diffuse layer, which depends on the ionic strength. At >100 mM [salt], DC is ~0°.28 The 

product cos(𝜑஽஼)eiఝವ಴ then equals +1 and model (1) becomes purely additive in (2) and (3)(0). 

Figure 4D is consistent with this model. While we observe no significant change in O−H stretching 

region as [salt] goes from 0.1 to 0.3 M, we observe an SFG signal intensity decrease in the C−H 

stretching region, which we attribute to the onset of specific binding of Na+ to the oxygen atoms 

in the lipid headgroups at these high salt concentrations, as shown by Cordomi et al. at 0.2 M 

NaCl.58  
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IV. Conclusion. We have shown the perturbation of the H-bonding network of bilayers formed 

from 100% zwitterionic DMPC as well as from 9:1 mixes of DMPC:DMPG and DMPC:DMPS 

with the addition of the common cationic polymer PAH in 100 mM NaCl. At 0.1 mM, PAH binds 

irreversibly to the bilayers that contain the negatively charged PG and PS lipids and displace 

interfacial water molecules, as revealed by vibrational sum frequency generation spectroscopy. 10 

times higher PAH concentrations are required to displace water molecules from the purely 

zwitterionic bilayer. This outcome is likely due to difference in (1) the energy with which water 

molecules are bound to the lipid headgroups, (2) the number of water molecules bound to the 

headgroups, which is related to the headgroup area, and (3) the electrostatic interactions between 

the PAH molecules and the negatively charged lipids that are favored when compared to the 

zwitterionic lipid headgroups. The interactions between the polycations and the membranes were 

further analyzed in reversibility studies that revealed no SFG signal intensity recovery upon rinsing 

for all PAH-exposed membranes surveyed. The irreversibility of PAH attachment can have 

significant effects on cell function, as osmosis and membrane diffusion are expected to be altered 

without access to membrane water molecules or solvated ions. As PAH is continued to be used in 

nanomaterials and as thin films for biomaterials, it is important to note the toxic outcomes large 

quantities of PAH can have on biological systems.17 Taken together, then, it is our hope that our 

insights will help establishing causal relationships in nanotoxicology, and contribute to 

understanding, controlling, and predicting the initial steps that lead to the lysis of cells exposed to 

membrane disrupting polycations. 

Supporting Information. Replicate measurements of SFG spectra mentioned throughout this 

article 
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Figure Captions. 

Figure 1.  The structure of (A) cationic polymer, poly (allylamine) hydrochloride (PAH, blue), 

(B) zwitterionic lipid, 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC, green), (C) 

negatively charged lipid, 1,2-dimyristoyl-sn-glycero-3-phospho-(1-rac-glycerol) (DMPG, 

orange), and (D) negatively charged lipid. 1,2-dimyristoyl-sn-glycero-3-phospho-L-serine 

(DMPS, red).   

Figure 2. Representative ssp-polarized SFG spectra for a bilayer formed from (A) a 9:1 mixture 

of DMPC:DMPG lipids (orange) and (B) a 9:1 mixture of DMPC:DMPS lipids (red) in buffer 

solution composed of 0.01 M Tris and 0.1 M NaCl, adjusted to pH 7.4 before interaction with PAH 

and after the interaction of the SLB with PAH in increasing concentrations: 1 M (light blue), 10 

M (blue), and 0.1 mM (dark blue). All spectra in (B) have been binned over three points in x and 

y between 3000 cm-1 – 3600 cm-1 for clearer S/N resolution.  

Figure 3. ssp-Polarized SFG spectra for (A) major and (B) minor responses for the interaction of 

PAH with a bilayer formed from 100% DMPC lipids in buffer solution composed of 0.01 M Tris 

and 0.1 M NaCl, adjusted to pH 7.4 before interaction with PAH (green). The spectra taken after 

the interaction of the SLB with PAH in increasing concentrations: 1 M (light blue), 10 M (blue), 

0.1 mM (dark blue), and 1 mM (navy). The spectra for (B) have been binned over three points in 

x and y between 3000 cm-1 – 3600 cm-1 for clearer S/N resolution and comparison with the major 

response. 

Figure 4. Interaction of a bilayer formed from (A) a 9:1 mixture of DMPC:DMPG lipids (orange) 

and (B) a 9:1 mixture of DMPC:DMPS lipids (red) with the highest concentration of PAH studied, 

0.1 mM (dark blue), and after rinsing with 20 mL of PAH-free buffer solution (dotted blue line). 

The spectra for (B) have been binned over three points in x and y between 3000 cm-1 – 3600 cm-1 
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for clearer S/N resolution and comparison with other reversibility traces. (C) Interaction of a 

bilayer formed from 100% DMPC lipids (green) with the highest concentration of PAH studied, 1 

mM (navy), and after rinsing with 20 mL of PAH-free buffer solution (dotted blue line). (D) A 

bilayer formed from 100% DMPC lipids (green) after rinsing with buffer solution composed of 

0.01 M Tris and 0.3 M NaCl, adjusted to pH 7.4. 
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