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1. Molecular structures of the lipids and amino acids under study

d-DMPG

d-DMPC

Figure S1. Molecular structures of d-DMPG and d-DMPC.
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Figure S2. Molecular structures of lysine and arginine.

2. The procedures of prism-cleaning and lipid monolayer/bilayer preparations

CaF2 prisms were thoroughly cleaned using a procedure with several steps: They 

were first soaked in toluene for at least 24 h and then sonicated in soap detergent 

solution for 0.5 h. After that, they were rinsed with deionized (DI) water before 

soaking in methanol for 10 min. All of the prisms were then rinsed thoroughly with an 

ample amount of DI water and cleaned inside a Harrick plasma chamber for 10 min 

immediately before depositing lipid molecules on them. Substrates were tested using 

SFG, and no signal from contamination was detected.

Single lipid bilayers were prepared on CaF2 substrates using Langmuir–Blodgett 

and Langmuir–Schaefer (LB/LS) methods with a KSV mini trough LB system. The 

processes are similar to the methods given by Chen Group.1 Briefly, a sample holder 

was used to fasten the prism. One right-angle face of the prism was attached to a 

sample holder while the other right-angle face was perpendicularly immersed in the 

ultrapure water (prepared by a Millipore system: Millipore, Bedford, MA) inside the 

mini Langmuir trough.

To prepare the proximal leaflet (Figure 1), a certain amount of lipid solution was 

first carefully spread onto the water surface. After 5-10 minutes to allow the solvent 

of lipid to evaporate, the monolayer area was slowly compressed to a surface pressure 

of 35 mN/m by two barriers at a rate of 5 mm/min. The prism was then lifted out of 

the subphase at a rate of 2 mm/min. The prisms deposited with lipid monolayer were 

put in a clean small box before next-step experiments.

The distal leaflet was prepared in situ before doing SFG experiments. A 2.0-mL 

reservoir (prepared by Teflon) was placed in a large Teflon disc. The latter is slightly 
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deeper than the former. A monolayer of lipid at 35 mN/m surface pressure was 

formed by spreading a lipid solution onto a water surface. At this case, the prism's 

monolayer-coated right-angle face was horizontal to the water surface. The bilayer is 

formed by lowering the prism and allowing the prism's monolayer-coated right-angle 

face to contact the monolayer on the water surface. The extra lipids at the air/water 

interface were sucked away. The bilayer was immersed in water throughout the entire 

experiment, and a small amount of water could be added to the reservoir to 

compensate for evaporation when needed for long timescale experiments.

3. Fitting of the SFG-VS signals

The intensity of the SFG radiation is proportional to the square of the material’s 

second-order susceptibility ( ), the intensity of the input visible beam ( ) )2(
eff )(1 visI 

and the intensity of the input IR beam ( ), as shown in Eq. (S1),2-7)(2 IRI 
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where . For materials having inversion symmetry, the value of  is visIRSFG   )2(
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zero. No SFG signal would be generated in the bulk, whereas signals appear at the 

surface and interface due to the breakage of inversion symmetry.  is composed of )2(
eff

two components: the effective surface nonlinear susceptibility ( ) and the non-)2(
R

resonant background ( ). By properly tuning the frequency of the IR beam over the )2(
NR

vibrational resonance of the surface/interface molecules, the value of  can reach )2(
R

its maximum.  is frequency-dependent, as described in Eq. (S2),)2(
eff
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where ,  and  refer to the strength, resonant frequency, and damping A  

coefficient of the vibrational mode (), respectively.  could be either positive or A

negative depending on the phase of the vibrational mode, and , , and  can be A  
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extracted by fitting the spectrum.

4. Data analysis

Equations (S3)-(S6) present the relationship between the intensity ratio of 

 and the orientation angle of the CD3 group ( ), and 𝜒(2)𝑠𝑠𝑝(𝐶𝐷3,𝑎𝑠)/𝜒(2)𝑠𝑠𝑝(𝐶𝐷3,𝑠𝑠)
3CD

the calculated curve is plotted in Figure S3.

               (S3))2()2()2(
, sin)()()( yyz

ssp
FresnelyyzIRIRzzvisyySFGyysspeff CLLL   

               (S4)cccyyz rrNssCD  ]cos)1(cos)1[(
2
1),( 3

3
)2( 

                        (S5)caayyz NasCD  ]coscos[),( 3
3

)2( 

                                                   (S6)cccaacr  /

where  is the diagonal element of the Fresnel factor,  is the IR incident angle, iiL IR

and , , and  refer to the frequencies of SFG, visible light and IR light, SFG vis IR

respectively.2-7  is the molecular hyperpolarizability. The ),,,,( cbanmllmn 

average orientation angle () can be determined by relating the SFG susceptibility 

tensor elements  of the symmetric and asymmetric modes of CD3. In terms of the )2(
yyz

reference 8, a relation between the  and  can be ),(/),( 3
)2(

3
)2( ssCDasCD sspssp 

3CD

deduced using the value of r=2.3 and / =4.2 (Figure S3). Therefore,  can caa aac
3CD

be easily obtained by knowing the ratio of .),(/),( 3
)2(

3
)2( ssCDasCD sspssp 
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Figure S3. Relationship between  and .𝜒(2)𝑠𝑠𝑝(𝐶𝐷3,𝑎𝑠)/𝜒(2)𝑠𝑠𝑝(𝐶𝐷3,𝑠𝑠)
3CD
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5. The evidence of water signals in the right tail of the spectra before and after 

adding amino acids into d-DMPG bilayer

The right tail in Figures 2A and 3A extends to very high frequency and connects 

to the water signals. Here, we assigned the right tails in the spectra to the 

contributions from water signals.
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Figure S4. The ssp SFG spectra of d-DMPG bilayer in the frequency region of 1950-

2800 cm-1 before (top) and after (bottom) injecting lysine.

6. The initial ssp SFG spectra in the ss region of the d-DMPG bilayer for the 𝑃𝑂 ‒
2

experiments of the injection of lysine and arginine before and after 

standardization using standard sample intensity.
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Figure S5. The initial ssp SFG spectra in the ss region of the d-DMPG bilayer for 𝑃𝑂 ‒
2

the experiments of the injection of lysine and arginine. a) before standardization using 

standard sample intensity; b) after standardization using standard sample intensity.

7. Signals of the carbonyl group from the amino acids

In Figure S6, the carbonyl group from the amino acid shows the signal in the 

range of 1550-1650 cm-1 and no absorption peak appears in the range of 1700-1800 

cm-1.
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Figure S6. ATR-FTIR spectra of lysine (top) and arginine (bottom) in D2O solutions 

at 1500-1800 cm-1.

8. Experimental explanation for the non-resonant background drop after the 

introduction of lysine into the subphase of the lipid bilayer

The non-resonant background drop after the introduction of lysine into the 

subphase of d-DPMC bilayer in Figure 7A is actually associated with the interfacial 

water molecules. To help demonstrate our statement, we made a simple experiment by 

replacing the membrane-attached prism with a clean prism to monitor the single-point 

ssp SFG signal of 3200 cm-1 as a function of time as shown in Figure S7. Upon the 

addition of lysine, the intensity at 3200 cm-1 immediately dropped to a constant close 

to zero, whereby the signal at 3200 cm-1 is solely contributed by water molecules.9,10 

Given the fast diffusion process of positively charged lysine molecules into the 
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interfacial region between weakly positively charged CaF2 prism and bulk water, it is 

reasonable to speculate that lysine can also reach the lipid bilayer interface and 

occupy the positions of membrane-bound water. Actually, such non-resonant 

background drop after addition of the amino acids is also observed in the d-DMPG 

bilayer(Figure S4). Therefore, the drop in the non-resonant background in Figure 7A 

is because the background of the water signal drops.
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Figure S7. Time-dependent ssp SFG intensity at 3200 cm-1 at membrane-free 

prism/DI water interface upon the addition of lysine at t = 0 min.

9. The ssp SFG signals of d-DMPC/d-DMPC bilayer in the CD region before and 

after the injection of MP or 6-KC11,12

In Figure S8, the resonant SFG signals from the bilayer can be clearly observed 

after the strong interactions between d-DMPC/d-DMPC bilayer and the 

peptide/cholesterol.
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Figure S8. The ssp SFG spectra of d-DMPC/d-DMPC bilayer in the CD region before 
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and after the injection of MP (Figure S8A) or 6-KC (Figure S8B). (Figure S8A 

reproduced with permission from 2015, 119, 28523-28529, Copyright 2015, J. Phys. 

Chem. C., and Figure S8B reproduced with permission from 2014, 5, 419-424, 

Copyright 2014, J. Phys. Chem. Lett.)

10. The possible phase signs for the non-resonance, CD3 group, CD2 group and 

water background

As we were executing fitting operations on Figures 2 and 3, we found interesting 

variations in the phase signs in parallel with the evolution of the time-dependent SFG 

spectra. The phase signs were determined after considering all possible combinations 

of the phase signs. Only one combination fits our results, which is also proven by 

simulated SFG spectra in the CD region that show all possible combinations of the 

phase signs(Table S1) for the non-resonance, CD3 group, CD2 group and water 

background. The simulated spectra are given by Figure S9. It can be seen that only the 

cases of Figure S9a and S9e match well with the spectra before and after the addition 

of amino acid.

Figure S9. Left and right: Simulated SFG spectra with different phase sign 

combinations as listed in Table S1. Middle: Experimental SFG spectra before (top) 

and after (bottom) the introduction of amino acid into the subphase of d-DMPG lipid 

bilayer. 
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Table S1. Fitting parameters for simulated SFG spectra in Figure S9.

Phase sign
 A 

(a) (b) (c) (d) (e) (f) (g) (h)

𝜒(2)𝑁𝑅 0.1 / - - - - + + + +

2070 3 10 + + + + + + + +

2105 2 10 - - + + - - + +

2121 0.7 7 + + + + + + + +

2140 2 15 + + + + + + + +

2200 1 15 + + - - + + - -

2220 1.8 7 - - - - - - - -

2500 40 200 + - + - + - + -
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