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Abstract 

Zwitterionic peptides emerge as a class of highly effective antifouling materials in a wide 

range of applications such as biosensor, biomedical devices, and implants. We incorporated 

neutral amino acid spacers with different hydrophobicities, including serine (Ser), glycine 

(Gly), and leucine (Leu), into zwitterionic peptides with KE repeating units and investigated 

the structure and antifouling performance of the zwitterionic peptide brushes using surface 

plasma resonance (SPR), surface force apparatus (SFA), and all atomistic molecular dynamics 

(MD) simulation techniques. Our results demonstrate that the hydrophilicity of neutral spacers 

alters the structure and antifouling performance of the peptide-modified surface. Hydrophilic 

Ser inserted peptides reduced the interaction between the peptide monolayer and protein 

foulants while hydrophobic Leu significantly increased the protein adhesion. SFA force 

measurements shows that the presence of more spacers would increase the adhesion between 

the peptide monolayer and the modeling foulant lysozyme, especially for the hydrophobic 

spacers. MD simulations reveal that hydrophilic Ser spacers retain the hydrophilicity of the 

peptide monolayer and improve the antifouling performance, and Gly spacers give rise to more 

inter-chain crosslinks. Leu spacers result in a more hydrophobic peptide monolayer which lead 

to dehydration of the peptide monolayer and reduces the antifouling performances. 
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Introduction 

Fouling of biomolecules and microorganisms is a great challenge in many applications, 

such as medical devices, drug delivery and purification systems.1-3 The biofilm-infected 

medical devices cause more than 45% of hospital-contracted infections and about 10% of 

hospital patients suffer infection from clinical implants.4 Surface tethered hydrophilic polymers 

such as polyethylene glycol (PEG) and their analogs have been suggested as effective 

antifouling candidates.5-9 However, PEG is subject to degradation, and the biomedical 

applications of PEG are limited by its immunogenicity.10-12 It is essential to develop novel 

antifouling materials for more practical applications.13, 14 

Owning good biocompatibility and excellent antifouling performance, zwitterionic 

polymers have received great attention. With equal positive and negative charges in the same 

functional unit, zwitterionic polymers such as poly(carboxybetaine methacrylate) (PCBMA),15, 

16 poly(sulfobetaine methacrylate) (PSBMA),17, 18 and poly(2-methacryloyloxyethyl 

phosphorylcholine) (PMPC)19, 20 have strong hydration arising from the electrostatic attraction 

between the charged residues and water molecules. The hydration layer repels the foulants 

approaching to the zwitterionic polymers, and the charge neutrality of the polymer diminishes 

the electrostatic attractions between the foulants and the polymers. The zwitterionic nature 

makes such polymers a promising class of material for a wide range of biomedical 

applications.21 

Zwitterionic peptides consist of alternating positively and negatively charged amino acid 

residues.22 Comparing with the zwitterionic polymers, zwitterionic peptides are inherently 
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biodegradable. Additionally, we can readily tune the compositions and chain length of the 

peptides through controlling the peptide sequences,23, 24 and a variety of natural and synthetic 

amino acids can be utilized. These advantages make zwitterionic peptides very attractive in a 

wide range of applications, such as drug delivery,25, 26 medical implants,27 and biosensors28, 29. 

The structure and antifouling properties of zwitterionic peptides have been investigated by 

experiments and molecular dynamic (MD) simulation. Jiang’s group found that a linker 

consisting of 4-proline (PPPP) increased the modification density of the self-assembled 

monolayers (SAMs) and improved the antifouling performance of the coated surface.30 They 

also studied the impact of monovalent salts to the antifouling performance of lysine-glutamic 

acid (KE) zwitterionic peptides31 and reported that the adsorption of lysozyme to a zwitterionic 

brush increases as the ionic strength decreases. Recently, our group systematically investigated 

the antifouling performance of a series of zwitterionic peptides with different chain lengths and 

charge distributions. Divalent ions can increase the adsorption of BSA to the zwitterionic 

peptides, especially for peptides with block charges.32  

Inserting different amino acids into zwitterionic peptides can disrupt the electrostatic 

interactions between the charged amino acid residues, altering the structure of surface tethered 

peptide monolayers. Zhang et. al. discovered that an Alanine spaced zwitterionic peptide 

(AEAEAKAK)2 can form stable macroscopic membrane in solution.33 The combination of 

hydrophobic interactions between alanine residues and electrostatic interactions between 

charged residues promotes the formation of β-sheets between the peptides, resulting 

macroscopic aggregates in solution. Jiang’s group reported that separating the superhydrophilic 
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(EK)15 with glycine (G) residues promotes disordered conformations of the peptides at 

physiologically relevant temperature34, which adds flexibility and improves the hydration of 

the peptides. The rich choices of the amino acids that can be included in the zwitterionic peptide 

sequences pose steep challenges, as cautions must be taken to avoid unwanted interactions 

between the peptide chains as well as between the peptides and other biological molecules. 

Despite of previous efforts, how including different amino acids to the sequence of 

zwitterionic peptides affects the structure and properties of the peptides remains poorly 

understood. In this work, we incorporated three neutral amino acid spacers with different 

hydrophobicities, including serine (S), glycine (G), and leucine (L), into zwitterionic peptides 

with KE repeating units. The effect of the neutral amino acid spacers to the structure and 

antifouling properties of the surface tethered zwitterionic peptides were studied with surface 

plasma resonance (SPR), atomic force microscopy (AFM), surface force apparatus (SFA), and 

bacteria adhesion assay. All-atom molecular dynamic simulations were employed to elucidate 

the structures of the zwitterionic peptide monolayers. Our results demonstrate that separating 

zwitterionic units by hydrophilic amino acid instead of glycine or hydrophobic amino acid 

improve the antifouling performance of the coated surface. 

 

Results and Discussion 

Effect of charge separation on modification 

To study the effect of spacer between charges in the zwitterionic peptides, we separated 

the positively charged lysine (K) and negatively charged glutamic acid (E) residues with three 
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neutral amino acid with different hydrophobicities: EK by serine (S), glycine (G), and leucine 

(L). Six different amino acids with KXKE or KX2KE2 repeating units were designed, where X 

= S, G, or L. A 4-proline (CPPPP) unit was included to the N terminus of each peptide to 

facilitate the assembly of the peptides on gold surfaces.30 We grafted the zwitterionic peptides 

to the gold surface by using the well-established thiol-gold chemistry35 (Figure S2). For 

consistency, a glutamic acid was used as the ending group at the C terminus for all the peptides 

(Scheme1).  

 

 

Scheme 1. Schematic diagram and sequences of the zwitterionic peptides. Chains represent the 

modified peptides and background represents the water molecules. The molecules on the top 

are the protein foulants.  

 

We first studied the surface assembly behaviors of the zwitterionic peptides on the gold 

surface in real time (Figure 1a) by the surface plasma resonance (SPR) technique. The peptide 

was grafted to a gold substrate by flowing a solution containing 0.015 mM peptide through the 
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SPR chamber with a 5 µL/min flow rate for 40 min. The final grafting density for peptides 

KSES, KGEG, and KLEL inserted peptides were 0.061, 0.077, and 0.059 nmol/cm2, 

respectively, correspond to 0.37, 0.47, and 0.36 chain/nm2. Due to the high flexibility of glycine, 

peptides KGEG has the highest grafting density. For the peptides with the same amino acid 

spacer, the number of spacers between charged amino acids does not significantly affect the 

grafting density of the peptides, e.g., Peptides KXKE and KX2KE2 have almost identical 

grafting densities (Figure 1b).  

The hydrophilicity of the zwitterionic peptide monolayers significantly changes with the 

type and number of the neutral spacer in the peptide sequences. The contact angle of a gold 

substrate was 80.8±7.2 °, and the contact angle of the substrate decreased to 14.5 - 50.1 ° after 

the peptide modification (Figure 1c). The contact angle of peptide KSES (13.2 ± 1.7 °) was 

almost identical to that of peptide (KE)10 (14.5 ± 1.8 °). Replacing the Ser with Gly slightly 

increased the contact angle of the peptide monolayer to 15.7 ± 2.7 °. Further replaced the Gly 

with more hydrophobic Leu significantly increased the contact angle to 47.7 ± 3.2 °, indicating 

the effect of the hydrophobic spacer to the overall hydration of the peptide monolayers. For all 

three spacers tested, increasing the number of spacers between the charged amino acids from 

1 to 2 increases the contact angle of the peptide monolayers. As we increase the number of 

spaces in the peptide sequence, the number of changed amino acids decreases, which increases 

the overall hydrophobicity of the peptides. Our contact angle measurements show that both the 

hydrophobicity of the spacer amino acids and the number of the spacers can significantly 

change the hydrophobicity of the surface tethered zwitterionic peptide monolayers, which can 
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affect their antifouling properties. 

 

Figure 1. The modification and antifouling properties of different zwitterionic peptide 

monolayers. (a) An example of the SPR curve of the modification and anti-adsorption 

experiment; (b) the modification density of different peptides on gold substrates; (c) the contact 

angle of water on different peptide-modified gold surfaces; (d) the adsorption of lysozyme on 

the gold surfaces modified with different peptides. (**) p<0.01, (*) p<0.05. 

 

Using a SPR, we also systematically investigated the antifouling properties of the 

hybridized zwitterionic peptides. Positively charged lysozyme and negatively charged bovine 

album serum (BSA) were used as model foulants. The hydration of zwitterionic peptides is 

critical to their antifouling performacne.32 Compared with the bare gold, the presence of 

zwitterionic peptide monolayers dramatically reducing the fouling of lysozyme and BSA 
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(Figure S3a). All the designed zwitterionic peptides show very low lysozyme adsorption (< 4.5 

ng/cm2). Gly spacers showed the minimum effect on the lysozyme adsorption as peptides 

KGEG showed almost identical lysozyme adsorption as the control peptide (KE)10. 

Surprisingly, peptides KSES showed slightly better antifouling performance than the control 

sequence (KE)10. The lysozyme adsorptions were 2.5 ± 0.2 and 2.1 ± 0.2 ng/cm2 for peptides 

(KE)10 and KSES, respectively. We attribute this to the hydrophilic nature of the Ser residues. 

On the contrary, the insertion of hydrophobic Leu spacer increases the lysozyme adsorption to 

3.9 ± 0.4 ng/cm2. A similar trend was observed when using BSA as the foulant (Figure S3b). 

For all three amino acid spacers, the lysozyme adsorption increased as increasing the number 

of spacers between Lys and Glu from 1 to 2 (Figure 1d). This is likely due to the smaller number 

of charged residues in the peptides KS2ES2, KG2EG2, and KL2EL2. The SPR results clearly 

demonstrate that the hydrophobicity of the spacers significantly affects the antifouling 

performance of the peptide-modified surface. 

 

The morphology and surface force of zwitterionic peptide monolayers. 

In order to further understand the effect of different spacers on the zwitterionic peptide, 

we investigated the morphology of different zwitterionic peptide monolayers in PBS buffer 

using atomic force microscopy (AFM) with ScanAsyst mode. The AFM images of the peptide 

monolayers indicate the all peptides are uniformly tethered to the gold surfaces (Figure 2), with 

the mean squared roughness of between 0.5 - 0.8 nm (Table S6).  
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Figure 2. AFM morphological images the surface modified with (a) KSEGE, (b) KS2ES2, (c) 

KGEGE, (d) KG2EG2, (e) KLELE, (f) KL2EL2 in PBS buffer. The scale bar is 100 nm. 

 

To explore the antifouling mechanism of the peptide monolayers, we used the surface 

force apparatus (SFA) technique to measure the interactions between a surface tethered 

monolayer and a mica surface modified by lysozyme. Since BSA is negatively charged in 

solution, it does not adsorb on negatively charged mica surface. We therefore chose positively 

charged lysozyme as the model foulant. The force between a peptide monolayer and a bare 

mica surface was first measured as a function of the separation distance (D) between the 

surfaces (Figure 3 and Figure S5). The thickness of the peptide layers was estimated by the 

hard wall separation distance measured in the force-distance profile between the peptide 

monolayer and the bare mica surface. SFA measurements showed that for peptides KSES, 

KGEG, and KLEL, the thicknesses of the surface tethered peptide monolayers were all ~ 5 nm. 

However, the force-distance profiles of the three peptide monolayers against a bare mica 

surface were very different. Perfect reversible force-distance curves were measured upon 
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approaching and separating two surfaces for peptide KSES, and the interaction was purely 

repulsive. The repulsion measured for the KSES monolayer started from 11 nm. In contrast, 

monolayers formed by peptides KGEG and KLEL showed very different force-distance 

profiles: the repulsion only showed up at a distance of ~ 7 nm during the approaching and an 

adhesion force was measured during the separation. The adhesion force F/R measured was - 

0.11 and - 0.52 mN/m for the KGEG and KLEL peptide monolayers, respectively. The 

thickness of peptide monolayers KS2ES2, KG2EG2, and KL2EL2 slightly increased to 6.8, 5.5, 

and 6.3 nm, respectively. Interestingly, KG2EG2 monolayer showed the smallest thickness 

among the three peptides, likely due to flexibility of the Gly residues, while the KS2ES2 

monolayer had the largest thickness due to the strong hydration of the peptide chains. The 

force-distance profiles of the three peptides showed the same trends to the force profiles of 

KSES, KGEG, and KLEL, but the adhesion forces measured for peptides KG2EG2 and KL2EL2 

were stronger than these of peptides KGEG, and KLEL. The difference in the SFA force curves 

from the peptides with Ser, Gly, and Leu spacers are caused by the difference in the 

hydrophobicity of the three spacers. Due to the hydrophilic nature of Ser, peptide KSES is more 

hydrophilic, leading to strong hydration of the peptide monolayer and therefore a purely 

repulsive force-distance profile. In contrast, the hydrophobic Gly and Leu residues can 

significantly perturb the hydration of the zwitterionic peptide, which can facilitate the hydrogen 

binding between the peptide monolayer and the mica surface, resulting in adhesion between 

two surfaces36.  



 

12 

 

 

Figure 3. SFA measurements on peptide monolayers. Illustration of the SFA experimental 

system with (a) bare mica and (d) lysozyme-coated mica surfaces. SFA force curves between a 

bare mica and the gold surface modified by (b) peptides KSES, KGEG, and KLEL as well as 

by (c) peptides KS2ES2, KG2EG2, and KL2EL2. SFA force curves between a lysozyme layer 

and the gold surface modified by (e) peptides KSES, KGEG, and KLEL as well as by (f) 

peptides KS2ES2, KG2EG2, and KL2EL2. The adhesive force F normalized by the curvature of 

the surfaces (R) was determined at the point of surface detachment (indicated by an arrow). 

 

The interactions between the peptide monolayers and a thin lysozyme protein layer were 

then measured using an SFA. Lysozyme and bare gold surface have strong adhesive interactions 

(F/R = - 1.71 mN/m). (Figure S5). After coating the gold surface with different zwitterionic 

peptides, the measured adhesive force decreased significantly. The force curves measured from 

peptides KSES, KGEG, and KLEL showed almost identical approaching with a repulsion 

arising at a distance of 15 nm and a hard wall of 9 nm. As the thickness of the peptide monolayer 
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was about 5 nm, this indicates that the thickness of the lysozyme monolayer was around 4 nm. 

Upon separation, no adhesion was measured between a peptide KSES or KGEG monolayer 

against a lysozyme monolayer, whereas an adhesion of - 1.11 mN/m was measured for peptide 

KLSL. The force-distance profiles measured with peptides KS2ES2, KG2EG2, and KL2EL2 

show similar trends to peptides KSES, KGEG, and KLEL. However, stronger adhesion was 

measured during the separation. The force-distance profile showed that there was no adhesion 

between the lysozyme layer and a KGEG monolayer, but a small adhesion force (- 0.23 mN/m) 

was measured with a KG2EG2 monolayer. Similarly, the KL2EL2 monolayer showed stronger 

the adhesion force (- 1.28 mN/m) on lysozyme in comparison to the KLEL monolayer.  

Our SFA force measurements between the zwitterionic peptide monolayers and a 

lysozyme layer agree well with the SPR measurements on the lysozyme adsorption on the 

spacer inserted peptide monolayers. The peptides with hydrophilic Ser spacers showed no 

adhesion force against a lysozyme monolayer in the SFA measurements and the lowest 

lysozyme adsorption in the SPR tests, whereas the SFA force curves from the peptides with 

hydrophobic Leu spacers showed the strongest adhesion force against a lysozyme monolayer, 

resulting in strong lysozyme adsorption. Depending on the hydrophobicity of the spacers, the 

insertion of the neutral spacer in the zwitterionic peptide sequence can strongly alter the 

interaction between the zwitterionic peptides and the protein foulants in solution and affect the 

antifouling properties of the peptide monolayers. 

 

Anti-bacterial performance  
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We tested the anti-bacteria performance of our spacer inserted zwitterionic peptide 

monolayers using the green fluorescent protein expressing E. coli. The adsorption of the 

bacteria on surface was monitored as a function of the averaged fluorescence signals from the 

surface. The representative fluorescent micrographs indicate significant adhesion of E. coli on 

bare gold surface after one day of incubation (Figure 4). Upon coating the gold surfaces, the 

fluorescence intensity from the surface adhered bacteria decreased by 92.1±0.7 %, 97.4±0.2 %, 

92.4±0.6 %, and 88.8±1.5 % for peptides (KE)10, KSES, KGEG, and KLEL-modified surfaces, 

respectively. The anti-bacteria performance of the neutral spacer inserted peptides again 

confirms that the addition of hydrophilic Ser residues into the zwitterionic peptide sequence 

can slightly improve the anti-bacteria performance of surface tethered zwitterionic KE peptides, 

whereas the insertion of hydrophobic Leu residues increases the adhesion of E. coil on 

zwitterionic peptide-modified gold surfaces (Figure 4).  
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Figure 4. (a) The fluoresces intensity and images of green fluorescent protein (GFP) on the (b) 

bare gold or the gold surface modified by (c) (KE)10, (d) KSESE, (e) KS2ES2, (f) KGEGE, (g) 

KG2EG2, (h) KLELE, (i) KL2EL2. The scale bar is 100 μm. (**) p<0.01, (*) p<0.05. 

 

Molecular dynamic simulation 

We used all-atom molecular dynamics (MD) simulations to further investigate the 

mechanisms of the antifouling properties of the zwitterionic peptide with neutral amino acid 

spacers at the molecular level. Using GROMACS 5.1.4,37 three peptides, KS2ES2, KG2EG2, 

and KL2EL2 were simulated, and the grafting density of each peptide was chosen according to 

the SPR measurements. Figure 5a-c show the snapshots of the peptide monolayers on gold 

surfaces after reaching equilibrium. The snapshots reveal while all three peptide monolayers 

exhibit polymer brush like structures at the experimental grafting density. Peptide KS2ES2 

monolayer has the highest height whereas the KG2EG2 monolayer shows the lowest height. In 

last equilibrated 10 ns, the time-averaged atom density distributions along the z-axis for the 

three peptide monolayers also show the same trend (Figure 5d). The atom density distributions 

along the z-axis of all three peptides exhibit a peaked distribution with the maximum located 

at about the middle of the peptide monolayer. The end of the atom density distribution of the 

KS2ES2 monolayer reaches 7 nm while that of the KG2EG2 monolayer is only slightly over 5 

nm. The thickness of the peptide monolayers obtained from MD simulations agree surprisingly 

well with the thickness of the same peptide monolayers measured with the SFA (Figure 3).  

The MD simulations provide critical insights on the structures of the surface tethered 
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zwitterionic peptide monolayers. Our previous studies have shown that the alternating charges 

of the Lys-Glu repeating units in zwitterionic peptides can lead to interchain electrostatic 

interactions between surface tethered peptide brushes. 32 The insertion of neutral amino acid 

spacers reduces the charge density of the zwitterionic peptides and therefore can significantly 

affect the electrostatic interactions between the charged groups. Due to the flexibility of Gly, 

the KG2EG2 peptides tend to have stronger electrostatic interactions with the neighboring 

chains, resulting in more interchain crosslinks and a more compacted monolayer. In 

comparison, the Ser and Leu spacers lead to more extended peptide chains on the gold surface.  

 

Figure 5. The molecular dynamic simulation snapshot of (a) KS2ES2, (b) KG2EG2, (c) KL2EL2. 

The density distributions of the (d) peptide layers and (e) water in different systems. The gold 

surface is from 0 to 0.85 nm along the z-axis.  
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Hydration is essential to the structure and properties of zwitterionic peptides.38 To 

investigate the differences of water distributions in different peptide monolayers, we plotted 

the time averaged density distribution of water along the z-axis for different peptide 

monolayers. The distribution of water molecules is related to the hydrophilicity of spacers 

(Figure 5e). Due to the presence of the peptides, the density of water in the peptide brush is 

smaller than the bulk phase, and the density of water gradually increases at the interface of the 

peptide brush. For KS2ES2 and KL2EL2, the density distribution of water increase at around 4.2 

and 3.9 nm, respectively, and become stable after ~7.3 nm. While the density distribution of 

water of KG2EG2 increases at around 3.2 nm and become stable after 5.5 nm due to the smaller 

thickness of the KG2EG2 monolayer. Moreover, the density of water in the KL2EL2 monolayer 

is smaller than that of KS2ES2 and KG2EG2, indicating there are less water molecules around 

KL2EL2 peptides. This is due to the hydrophobic Leu residues, which disrupt the hydration 

layer of the zwitterionic peptides. In comparison, the density of water in the KS2ES2 monolayer 

is larger than that in the other two peptides, indicative of a more hydrated peptide monolayer 

due to the presence of the hydrophilic Ser residues.  

 

Conclusions 

We studied the effect of three neutral amino acid spacers, Ser, Gly, and Leu, to the 

structure and antifouling properties of zwitterionic peptide monolayers. Our results 

demonstrate that the hydrophobicity of the neutral amino acids in the zwitterionic peptide 

sequences can strongly alter the hydrophobicity of the surface tethered zwitterionic peptide 
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brushes. With all the peptides tested, the Ser inserted peptides showed the best antifouling 

performance while the Leu incorporated peptides performed poorly. The SFA force 

measurements reveal that inserting hydrophobic Leu residues into the zwitterionic peptide 

chains increase the adhesion between the peptides and proteins in solution, which explains the 

poor antifouling performance of Leu incorporated zwitterionic peptides. MD simulations 

reveal that including hydrophilic Ser residues in the sequence of zwitterionic peptides preserves 

the hydration of the zwitterionic peptides while adding hydrophobic Leu groups in the sequence 

decreases the hydration of the peptide monolayer. The charge distribution in the peptide 

sequence is critical to the properties of surface tethered peptides. Our results quantitatively 

elucidate the effect of neutral spacer on the structure and properties of zwitterionic peptides, 

which, to our best knowledge, has not been systematically studied before. The current work 

provides useful molecular insights to the de novo design of functional zwitterionic peptides for 

a great realm of applications, such as coatings for medical equipment and implants39, 40, drug 

delivery41, and biosensors42. 

 

Experimental section 

Materials. All the zwitterionic peptides with a purity of >95% were obtained from 

Genscript (Nanjing, China). The molecular weight (MW) of different sequences were 

characterized by MALDI-TOF (Autoflex tof/tofIII, Bruker, USA) as Figure S1. Tris(2-

carboxyethyl)phosphine (TCEP), lysozyme, and bovine serum albumin were purchased from 

Sigma-Aldrich (Beijing, China). MilliQ water with a final resistivity 18 MΩ cm (Millipore 
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Milli-Q Plus, Millipore Corp., Bedford, MA) was used in all experiments. 

X-ray photoelectron spectroscopy. We characterized the Au-peptide surfaces by X-ray 

photoelectron spectroscopy (XPS) (K-Alpha+ spectrometer, Thermo Fisher Scientific, UK). 

The high-resolution C(1s), N(1s), O(1s) and S(2p) spectra was collected a with a step size of 

0.1 eV. The results were analyzed using Avantage software. 

Preparation of zwitterionic peptide monolayer. The gold chip (BioNavis Ltd., Finland) 

was first cleaned in alkali piranha solution at 75 ℃ for 10 mins. After that, the chip was rinsed 

with ultrapure water followed by ultrasonic cleaner (KQ-250E, KunShan Ultrasonic 

Instruments Co., LTD, China). The chip was then dried with N2 and then cleaned in an 

ultraviolet (UV)/ozone cleaning device for 1 h (PSD-UV4-Novascan, USA). Finally, the chip 

was rinsed with anhydrous ethanol and MilliQ water and dried with high-purity N2. We 

dissolved zwitterionic peptide in PBS buffer (pH 7.4) with a final concentration of 1 mg/mL. 

TCEP solution was added into the peptide solutions with a molar ratio of 1:1 to break the 

disulfide bonds. The final concentration of the peptide was adjusted to 0.015 mM before the 

experiments. 

Modification and nonspecific protein adsorption experiments. A SPR Navi 200A 

instrument (BioNavis Ltd., Finland) was used to measure the modification and the nonspecific 

adsorption of the foulants in real time. For each experiment, PBS buffer solution was flowed 

over the chip surface with a flow rate of 50 µL/min for approximately 10-20 min to establish 

the baseline. Then we injected the zwitterionic peptide solution at a flow rate of 5 µL/min for 

40 min. Positively charged lysozyme and negatively charged BSA were selected as model 
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foulant to evaluate the antifouling performance. We dissolved lysozyme or BSA in PBS 

individually to the final concentrations of 1 mg/mL. Then we tested the antifouling 

performance by injecting the BSA or lysozyme solution at a flow rate of 10 µL/min for 10 min 

and rinsed with PBS buffer solution at a rate of 50 µL/min for 10 min. The shift in the SPR 

angle quantificationally indicate the amount of modification or foulants adsorption.32, 35 

Morphology measured by AFM. We measured the morphology of modified surfaces in 

PBS buffer at room temperature by an AFM (Dimension Icon, Bruker) in ScanAsyst mode with 

a silicon AFM probe (SNL-10-C, Bruker, normal radius is 2 nm). Before the experiments, we 

rinsed the samples with MilliQ water and dried them with N2. AFM images were processed 

using Gwyddion analysis software. 

Static contact angle. The static contact angle was conducted using a OCA15EC device 

(DataPhysics Instruments, Germany). The data analysis was performed using the SCA 202 

software. For each measurement, we deposited a 5 μL water droplet on the surfaces and 

measured the contact angle. The image was captured by a CCD camera, and the contact angle 

was determined by fitting the profile of the droplet. For each sample, the contact angle was 

averaged from 3 individual measurements. 

Antibacterial tests. Fluorescent microscopy with 488 nm excitation light was used to test 

the anti-bacterial capability of the gold surface and peptide-modified gold surfaces against 

green fluorescent protein expressed E. coli. The bacteria were incubated in 10 mL LB Medium 

(with kanamicin) for 24 h at 37 °C under aerobic conditions and the bacteria density (107 

CFU/mL) was determined using the spread plate method. The chips (bare gold and that 
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modified with peptides) were treated using 75% ethanol for sterilization before immersion into 

the bacteria solution. Afterwards, the chips were immersed into bacteria solution and incubated 

for 24 h, following rinsing by ultrapure water 3 times to remove the loosely-bound bacteria 

before the fluorescence test. 

Surface force measurements. An SFA 2000 (SurForce LLC, Santa Barbara) was used 

for all the SFA measurements.43 All peptides and protein solutions were prepared at 

concentrations of 0.015 mM and 1 mg/ml in PBS, respectively. The peptide and protein 

solutions were filtered using 0.22 μm nylon membrane. The procedure of the SFA experiments 

has been reported previously.36 To graft the peptides onto the gold surface, freshly cleaved gold 

surface was immersed into 0.015 mM peptide solution for 12 h, followed by rinsing thoroughly 

with PBS buffer to remove the excess peptides, resulting in an uniform monolayers on (111) 

gold surfaces.36, 44 Protein deposition was done by immersing the mica surface into a 1 mg/ml 

lysozyme solution for 15 min. After adsorption, the surfaces were gently rinsed to remove 

excess non-adsorbed protein from the surfaces. The SFA discs were then mounted in a SFA 

chamber and PBS was injected in between the surfaces prior to final equilibration. For each 

peptide-mica or peptide-protein experiments, the force runs (approach and separation cycles) 

were repeated 3 times for each condition. 

Molecular dynamic simulations. We performed all-atom MD simulation with 

Amber_99SB-ILDN force field45 and TIP3P water model by GROMACS 5.1.4.37 For each 

simulation, 20 peptide chains were modified on the Au (111) surface and the volume of the box 

was 8.6 ×6.0 × 12.0 nm3 (S/L) or 8.6 ×5.5 × 12.0 nm3 (G) to resemble the modification density 
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of SPR experiments. To be consistent with experimental conditions, we added 137 mmol/L 

NaCl into the system to neutralize the charges. Periodic boundary conditions in the x- and y- 

directions were employed. Two repulsive LJ walls were included in the z-direction. Particle-

mesh Ewald sum (PME) 46 method was used to evaluate the electrostatic interactions and the 

van der Waals interactions were calculated with energy and pressure corrections. 12 Å was 

used as the cut off. We minimized all these systems by steepest-decent minimization and heated 

the system to the target temperature of 298.15 K under canonical ensemble (NVT). The system 

was then equilibrated for 100 ns with a time step of 2 fs. The GROMACS inbuilt tools were 

used for data analysis, and the visual molecular dynamics (VMD) software was used to 

visualize the simulation results.47 

Statistical analysis. We performed the statistical analysis (Table S1-S5) by student's t-

test.48  
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