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ABSTRACT
Zwitterionic peptides are great candidates as antifouling coating materials in many
biomedical applications. We investigated the structure and antifouling properties of surface
tethered zwitterionic peptide monolayers with different peptide chain lengths and charge
distributions using a combination of surface plasma resonance (SPR), atomic force microscopy
(AFM), and all atomistic molecular dynamics (MD) simulation techniques. Our results
demonstrate that longer zwitterionic peptides exhibit better antifouling performance. The
patchy charge distributions of the positive and negative charges in the peptides, although
affecting the structure of the peptide molecules, do not significantly change the antifouling
properties of the peptide monolayers in solution containing monovalent. However, divalent
cations, Ca2+ and Mg2+, in solution can significantly alter the structure and lower the antifouling
performance of the zwitterionic peptide monolayers, especially with the sequences of patchy
charge distributions. All atomistic MD simulations quantitatively reveal that the divalent
cations in solution lead to more inter-chain electrostatic crosslinks between peptide chains,
especially for peptides with patchy charges, which causes dehydration of the zwitterionic
peptides and diminishes their antifouling performances.

INTRODUCTION
Biofouling is a serious challenge in a wide range of systems, such as medical implants1,
drug delivery carriers1-4, biosensors5, 6, and water purification systems7, 8. More than 45% of
hospital-contracted infections are traced to biofilm-infected medical devices and estimates
show that 10% of hospital patients will contract an infection from a clinical implant.9 Despite
of the considerable efforts spent over the past decades on preventing the nonspecific adsorption
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of biomacromolecules, bacterial and microorganisms, an effective antibiofouling strategy on
various surfaces is still lacking.10, 11 Surface tethered polymers, especially polyethylene glycol
(PEG) related materials have long been proposed as effective antifouling materials due to their
strong hydration12, 13, which effectively prevents the adsorption of fouling molecules.14-18 But
PEG is susceptible to oxidative degradation in the presence of air, and its immunogenicity also
significantly limits its application in many biomedical applications.

19-22

Developing next

generation antibiofouling coating materials is of great importance to many practical
applications.7, 23, 24
Recently, zwitterionic polymers received great attention due to their better performance
to substitute PEG.10, 25-27 Carrying equal positive and negative charges in the same functional
motif, zwitterionic polymers such as poly(2-methacryloyloxyethyl phosphorylcholine)
(PMPC), poly(sulfobetaine methacrylate) (PSBMA), and poly(carboxybetaine methacrylate)
(PCBMA) have strong hydration while maintaining overall charge neutrality in aqueous
solutions, and therefore show superior antifouling performance than many other polymers.27-36
Zwitterionic peptides are peptides consisting of alternating positively charged and
negatively charged amino acid residues.37 Comparing to the zwitterionic polymers, the
compositions, structure, and chain length of the zwitterionic peptides can be very well tuned
through controlling the peptide sequences in solid state peptide synthesis.38, 39 There are a
variety of natural and synthetic amino acids can be utilized to tune the properties of the peptides.
It has been shown that adding a PPPP motif can increase the packing density of the selfassembled peptide monolayers and improve the antifouling properties of the surface grafted
zwitterionic peptide.40 Such advantages have been exploited for engineering various
3

zwitterionic peptides for various applications, such as surface functionalization of implants41,
biosensors42, 43 , drug delivery44, 45, and antifouling applications.46-48
Various parameters, including the peptides sequences, chain length, charge distribution,
and solution ionic environment can affect the antifouling properties of the surface tethered
zwitterionic peptide.49,

50

Chen et al. investigated the effect of monovalent ions to the

antifouling properties of lysine-glutamic acid mixed charge polypeptide thin films.49 Higher
lysozyme adsorption was observed under relatively low ionic strength conditions. Ziemba et
al. designed a block copolymer (BCP) of polystyrene and a zwitterionic peptide comprising
repeated units of lysine-glutamic acid, and concluded that the grafting density of the peptides
is critical for the antifouling performance of the zwitterionic peptides.51 Despite of numerous
efforts in developing antifouling zwitterionic antifouling polymeric and peptidyl materials,
many fundamental questions that are critical to the application of zwitterionic materials still
remain to be answered. In commonly studied zwitterionic peptides, the positive and negative
charges are arranged alternatively. Yet it is not fully clear whether having patchy charges in the
peptides, e.g. having multiple positive charges next to the same amount of negative charges,
would affect the structural and properties of the zwitterionic peptides.50 Another important
question that is critical to the antifouling application of zwitterionic peptides is the effect of
multivalent ions in the solution environment.52 The existence of multivalent ions can
dramatically affect the structure and properties of polyelectrolyte in solution.53-55 However,
their effects on many zwitterionic polymers and peptides are still not fully understood.51
Considering the wide existence of multivalent ions in natural and biological environment,
gaining a better understanding on the effect of multivalent ions to the antifouling properties of
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the zwitterionic materials is critical.
In this work, we took the advantage of well-defined structure of zwitterionic peptides and
tested a series of zwitterionic peptides with well controlled chain length and different patchy
charge distributions. We systematically investigated their antifouling properties in the presence
of Ca2+ and Mg2+ ions using a combination of surface plasma resonance (SPR), atomic force
microscopy (AFM) and all atomistic molecular dynamics (MD) simulation techniques. Our
results demonstrate that the chain length and the charge distributions of the zwitterionic
peptides can affect the antifouling performance of the peptides, especially in solutions
containing divalent cations.

RESULTS AND DISCUSSION

Scheme 1. A schematic of the zwitterionic peptide modified gold surface and the sequences
of the peptides studied.
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We systematically designed 5 zwitterionic peptides containing alternating positively
charged lysine (K) and negatively charged glutamine (E) residues. Three peptides, CP 4(KE)3,
CP4(KE)5, and CP4(KE)8, are synthesized to test the effect of increasing KE repeating unit. The
4 prolines (PPPP) were included to facilitate the assembly of the peptides. A cysteine is used
as the end anchoring group on gold surfaces via the well-established thiol-gold chemistry. A
peptide with the sequence of C(KE)5 was used as a control sample to confirm the effect of the
PPPP unit. Another series of peptides with the same number of amino acid residues but different
charge distributions, CP4(KE)8, CP4(K2E2)4, and CP4(K4E4)2, were used to investigate the effect
of patchy charge distributions.
The effect of charge distribution
We first investigated the assembly behavior of the zwitterionic peptides on gold surface.
After the peptide modification, the contact angle of the gold surface decreased from 81.5° to
17.2°-28.6° (Figure 1a), suggesting the successful modification of the gold surfaces by the
zwitterionic peptides. We then investigated the antifouling performance of the zwitterionic
peptides using the SPR technique (Figure 1b). Each zwitterionic peptide was first grafted onto
a gold substrate by flowing 0.015 mM peptide solution through the SPR chamber with a flow
rate of 5 µL/min for 40 min. The growth of the peptide monolayer was monitored in real time.
The final grafting density of the peptides decreases as the chain length of the peptide increases.
As the number of amino acid increased from 11 to 21, the grafting density decreased from 0.10
nmol/cm2 to 0.06 nmol/cm2, correspond to 0.60 chain/nm2 to 0.37 chain/nm2 respectively
(Figure 1c). For peptides with the same chain length, CP4(KE)3 and C(KE)5, having the PPPP
unit can significantly increase the grafting density of the peptides due to the covalently
6

constrained backbone of proline.40 Therefore we included the PPPP unit in all the other
zwitterionic peptide sequences in this study.

Figure 1. Antifouling behaviors of the zwitterionic peptide monolayers. (a) The static contact
angle of gold surfaces modified with different zwitterionic peptide monolayers. (b) A typical
SPR curve of the surface modification process following by the antifouling test. (c) The
grafting density of the zwitterionic peptides decreases as a function of the peptide chain length.
The fitting curve is just used for guiding the viewer’s eyes. (d) The antifouling performance of
the peptides with different lengths and charge distributions. (**) p<0.01, (*) p<0.05. .

We systematically tested the antifouling properties of the zwitterionic peptides using the
SPR technique. Bovine album serum (BSA) and lysozyme were used as model foulants. The
zwitterionic nature of the peptides is critical to their antifouling performance. When replacing
the zwitterionic unit of peptide CP4(KE)5 with hydrophilic poly-serine (S10) with the same
7

number of amino acid residues (CP4S10), the adsorption of BSA on the peptide monolayer
significantly increased (Figure 1d). The charged lysine and glutamic acid residues have
stronger capability of forming a hydration layer than the neutral serine residue, which is critical
to the antifouling properties of the peptides. The antifouling performance of the zwitterionic
peptides improves as a function of the KE repeating unit. While all the zwitterionic peptides
show very low BSA adsorption (<3 ng/cm2), increasing the KE repeating unit from 3 to 5 to 8
decreased the BSA adsorption by almost 50%, from 2.9 ng/cm2 to 1.5 ng/cm2. A similar but
less significant trend was also observed for lysozyme (Figure S3).
The charge distribution of a zwitterionic peptide can significantly alter the structure of the
peptide. It is still not clear whether a peptide with equal number of positive and negative
charges but with short patchy charge distributions will have the same antifouling properties as
a regular zwitterionic peptide. To study the effect of charge distributions, we systematically
tested the antifouling performance of three peptides, CP4(KE)8, CP4(K2E2)4 and CP4(K4E4)2,
with the same number of AA residues and zero net charge but different charge distributions. In
the sequence of CP4(KE)8, the positive and negative charges are alternatively mixed whereas
the sequences CP4(K2E2)4 and CP4(K4E4)2 contain a block of multiple positive charges
followed by a block of negative charges, with each block carrying the same number of charges
(2 or 4). As expected, three zwitterionic peptides showed very similar surface grafting density
(~ 0.06 nmol/cm2). Surprisingly, the charge distribution difference of the three peptides did not
cause any difference in the antifouling properties of the peptides in PBS solution as SPR
measurements showed almost identical BSA and lysozyme adsorption on the peptide
monolayers (Figure 1d and Figure S3). This is likely due to the similar capabilities of the three
8

peptides in forming H-bond and hydration shells with the surrounding water molecules. We
would come back to this in later MD simulation session.

Effect divalent cations

Figure 2. The effect of (a) Ca2+ and (b) Mg2+ in solution on the antifouling properties of the
zwitterionic peptides.

The solution ionic environment can significantly affect the structure of zwitterionic
peptide monolayers. Divalent cations, such as Ca2+ and Mg2+ widely exists in biological and
natural environment, yet their effects to the antifouling properties of zwitterionic materials are
not well explored. To study such effects, we compared the antifouling performance of peptides
CP4(KE)8, CP4(K2E2)4, and CP4(K4E4)2 in BSA solutions with and without Ca2+ and Mg2+.
Increasing of the concentration of Ca2+ and Mg2+ in solution leads to more BSA adsorption on
the peptide-modified surface for all the three zwitterionic peptides (Figure 2). The effect of the
divalent cations is more pronounced for the peptide CP4(K4E4)2. This is likely due to the more
concentrated negative charge of the sequence. Divalent cations can bridge two negative charges,
which can lead to the adsorption of negatively charged BSA to the zwitterionic peptides.
9

Additionally, this electrostatic bridging may also lead to the structural change of the
zwitterionic peptide monolayers.

The morphology and surface forces of the zwitterionic peptide monolayers.
To further understand the effect to the divalent cations, we investigate the morphology
and surface forces of the zwitterionic peptide monolayers in the presence of Ca2+ and Mg2+
using an AFM. Taping model AFM images showed that the surface tethered zwitterionic
peptide monolayers were homogeneous in HBS buffer (Figure 3a and Figure S4). After
modifying the gold surface with a CP4(KE)8 monolayer, the average adhesion between the
AFM tip and the surface decreased from 954.7 pN to 76.5 pN. Similar trend held for all the
zwitterionic peptide sequences used in this study (Figure S4). In contrast, the average adhesion
force between the AFM tip and a CP4S10 monolayer was 626.1 pN, an order of magnitude
higher than these of the zwitterionic monolayers. The low adhesion forces between the AFM
tip and the peptide monolayers indicates that the zwitterionic peptide monolayers are overall
neutral and well hydrated, which provide the excellent antifouling properties to the peptide
monolayers.

Figure 3. The morphology of the surface modified by CP4(KE)8 in (a) HBS, (b) HBS with 10
mM Ca2+, and (c) HBS with 10 mM Mg2+.
10

Adding Ca2+ and Mg2+ into the solution did not significantly alter the morphology of the
zwitterionic monolayers (Figure 3) but dramatically increased the adhesion between the silicon
nitride AFM tip and the zwitterionic monolayers (Figure 4c-d and Figure S5). The increase of
the adhesion force is likely due to the electrostatic bridging between the peptide chains and the
negatively charged AFM tip medicated by the divalent cations. The AFM adhesion
measurements agreed very well with the SPR measurements, which showed an increased BSA
adsorption on the zwitterionic peptide monolayers in the presence of divalent cations. As the
BSA molecules are also negatively charged, Ca2+ and Mg2+ can cause adhesion between the
BSA molecules and the peptide monolayers through electrostatic interactions.

Figure 4. The adhesion distribution of the different surface in different solutions. (a) The
adhesion map of the surface modified by CP4(KE)8 without divalent ions. (b) The change of
the adhesion histogram after modified by CP4(KE)8. The effect of divalent ions on the adhesion
11

histogram of the surface modified by (c) CP4(KE)8 and (d) CP4(K4E4)2.

Molecular dynamics simulations of the peptides monolayers
We performed all atomistic molecular dynamics (MD) simulation to further study the
molecular origin of the antifouling properties of the zwitterionic peptide monolayers. Three
peptides, CP4(KE)3, CP4(KE)8 and CP4(K4E4)2 were simulated using GROMACS 5.1.4.56 The
grafting density of the peptides were chosen according to the SPR measurements. Firstly, we
investigated the morphology of the peptide monolayers. Figure 5a shows the snapshot of a gold
surface modified by CP4(KE)8 and CP4(K4E4)2. Due to the alternating distribution of positive
and negative charges, peptide CP4(KE)8 largely exhibited inter-chain interactions as the KE
repeating unit can electrostatically interact with the EK unit from another peptide chain. Salt
bridges are bonds between oppositely charged residues that are sufficiently close to each.57 The
average inter-chain salt bridge per peptide chain formed by the lysine and glutamic acid
residues within the same CP4(KE)8 chain (2.6 /chain) is more than the average intra-chain salt
bridge per peptide (1.3 /chain) in which the lysine and glutamic acid residues are from two
different peptide chains (Figure 5b). In comparison, the block charge distribution of peptide
CP4(K4E4)2 promoted intra-chain electrostatic interactions, leading to more intra-chain salt
bridges per peptide (1.9 /chain). Additionally, peptide CP4(K4E4)2 can form loop structures
within the same chain (Figure 5a), which was not observed for CP4(KE)8.
Strong hydration is a key factor in antifouling. The number of hydrogen bond formed by
a peptide chain with its surrounding water molecules is critical to its antifouling properties.
MD simulation also demonstrated that longer peptides can form more hydrogen bond with
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surrounding water molecules. The average hydrogen bond number formed by peptides
CP4(KE)8 and CP4(K4E4)2 are identical, about 92 per chain, and are much larger than that of
peptide CP4(KE)3. (Figure 5c). These results are consistent with the SPR measurements. The
BSA adsorption on CP4(KE)8 and CP4(K4E4)2 modified gold surfaces were almost identical and
were much smaller than that of a CP4(KE)3 monolayer. Our MD simulation results demonstrate
that in monovalent salt solution, hydrophilicity is the major factor that affects the antifouling
properties of the zwitterionic peptide monolayers, whereas the effect of patchy charge is not
obvious.

Figure 5. The molecular dynamics simulation of the peptide monolayers. (a) The snapshot of
CP4(KE)8 and CP4(K4E4)2 monolayers on gold substrate. (b) The intra-chain/inter-chain salt
bridge of CP4(KE)8 and CP4(K4E4)2 in which the insert shows the salt bridge between the
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glutamic acid and lysine. (c) The hydrogen bonds of CP4(KE)3, CP4(KE)8 and CP4(K4E4)2. For
the side chain in the insert of (b), red atoms are oxygen, blue atom are nitrogen, white atoms
are hydrogen, and cyan atoms are carbon.

Divalent cations strongly alter the structure and hydration of the zwitterionic peptide
monolayers. One divalent cations can electrostatically bridge two glutamic acid residues from
the same peptide chain or different peptide chains, causing intra-chain or inter-chain
electrostatic bridging (Figure 6a). Our simulation results showed that the number of inter-chain
salt bridge increased as a function of divalent cation concentration (Figure 6b). Such
electrostatic bridging is known to cause large structural changes to polyelectrolyte brushes.53,
55

Additionally, the electrostatic bridging can break the overall charge neutrality of the

zwitterionic peptides, leading to an overall positive charge of the peptide monolayer and more
BSA adsorption. The simulation results also revealed that the average number of hydrogen
bond decreased as a function of divalent cation concentration. When we increased the
concentration of the divalent cations from 0 to 100 mM, the average number of hydrogen bond
per chain for both CP4(KE)8 and CP4(K4E4)2 decreased from 93.2 per chain to 85.3 per chain.
As the negatively charged glutamic acid groups are neutralized by the divalent cations, they
are less capable of forming hydrogen bond with the surrounding water molecules. Therefore
the zwitterionic peptides can significantly dehydrate in the presence of divalent cations, such
as Ca2+ and Mg2+, and therefore lead to a diminished antifouling performance.
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Figure 6. The molecular dynamics simulation of the peptide with divalent ions. a) The snapshot
of the intra-chain salt bridge and inter-chain salt bridge. b) The salt bridge of CP4(KE)8 and
CP4(K4E4)2 in different salt concentrations. c) The hydrogen bond of CP4(KE)8 and CP4(K4E4)2
in different salt concentrations.

CONCLUSION
In summary, we investigated the effect of charge distribution of the zwitterionic peptides
and the existence of divalent Ca2+ and Mg2+ to the antifouling performance of natural-inspired
zwitterionic peptide monolayers. By taking the advantage of controlled peptide sequences, we
systematically investigated how patchy charge distribution can affect the structural and
properties of zwitterionic peptides. The charge distribution can strongly alter the conformation
of the zwitterionic peptides in solution. MD simulations reveal that peptides with longer block
if alternating positive and negative charges show stronger intra-chain electrostatic interactions.
The presence of divalent ions in solution can significantly change the surface forces of the
zwitterionic peptide monolayer measured by the AFM and diminishes the antifouling
performance of the zwitterionic peptides, especially the peptide sequences with patchy charge
distributions. This is due to the columbic attraction between the divalent ions and glutamic acid
residues, which causes dehydration of the zwitterionic peptides and electrostatic bridging
15

between the glutamic acid residues. Our results quantitatively demonstrated the effect of
divalent cations to the structure and properties of zwitterionic peptides, which has not be
carefully characterized before. The solution environment is of great importance to the
properties of zwitterionic peptides. We believe that there is still a great deal to be learned on
this subject. Our findings can provide critical guidance for the design novel antifouling
zwitterionic peptidyl coating materials for not only anti-biofouling surfaces, but to a great
realm of applications, such as medical equipment

58

, drug delivery59,medical implant60,

biosensors61, and hygienic storage62.

EXPERIMENTAL SECTION
Materials. All the zwitterionic peptides were obtained from Genscript (Shanghai, China)
with a purity of >95%. Bovine serum albumin (BSA), lysozyme, and Tris(2carboxyethyl)phosphine (TCEP) were purchased from Sigma-Aldrich (Beijing, China). The
water used in all experiments was prepared by a three stage Millipore Milli-Q Plus 185
purification system (Millipore Corp., Bedford, MA) and had a resistivity of 18 MΩ cm. The
pH values of all solutions were measured with a MP220 pH meter (Mettler Toledo,
Switzerland). All solutions were filtered by 0.22 μm syringe filter before use.
Preparation of Zwitterionic Peptide monolayers. Gold-coated chips (BioNavis Ltd.,
Finland) were cleaned by ultrasonic cleaner (KQ-250E, KunShan Ultrasonic Instruments Co.,
LTD, China). The chips were then immersed in alkali piranha solution (H2O:NH3:H2O2=5:1:1)
at 75 ℃ for 10 mins followed by extensive rinsing with ultrapure water and N2 blow dry. The
gold chips were placed in an ultraviolet (UV)/ozone cleaning device (PSD-UV4-Novascan,
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USA) for 1 h. These chips were then rinsed with anhydrous ethanol and MilliQ water, and
subsequently dried with high-purity nitrogen before use. In a typical experiment, 1 mg
zwitterionic peptide was dissolved in PBS buffer (50 mM, pH 7.4) or HBS buffer (10 mM, pH
7.0) to a final concentration of 1 mg/mL. 4 mg/ml of TCEP in PBS solution was added it into
peptide solutions with a ratio of 1:1 to break the disulfide bond. The final peptide concentration
was adjusted to 0.015 mM.
Measurements of Modification and Nonspecific Protein Adsorption by SPR. To
evaluate the performance of the Au-peptide surfaces in resisting protein adsorption, we used
two single-protein solutions as test samples. BSA and lysozyme were individually dissolved in
PBS to final concentrations of 1 mg/mL. A SPR Navi 200A instrument (BioNavis Ltd., Finland)
equipped with a 670 nm laser as the light source was used to measure the real-time modification
of the zwitterionic peptides and the nonspecific adsorption of BSA or lysozyme on the peptide
modified gold chips. For each experiment, the baseline signal was established by flowing PBS
buffer solution over the chip surface at a flow rate of 50 µL/min for approximately 10-20 min.
The peptide solution was injected into the flow cell at a flow rate of 5 µL/min for 20 min,
followed by a rinse with PBS buffer solution at 50 µL/min for 10 min. The above mentioned
peptide injection was repeated one more time to ensure the gold chip was fully modified by the
zwitterionic peptide. After surface modification, BSA or lysozyme solution was injected into
the flow cell at a flow rate of 10 µL/min for 10 min, followed by a rinse with PBS buffer
solution at 50 µL/min for 10 min. The shift in the SPR angle was recorded as the ∆θ value,
which was used to quantify the amount of peptide or protein adsorbed. When the thickness of
the coating d is much smaller than the evanescent field decay length δ, the surface coverage, Γ
17

(here mass per area), is proportional to the resonant shift, ∆θ63:
𝛤=

Δ𝜃𝛿
2𝑆0 𝑏

Here δ is 218 nm by estimated from the field distribution of the surface plasmon, S0 is the
bulk sensitivity (angular shift per refractive index increment), which is 100 deg/RIU in the case
of the Navi 200 A system, b is the increase in refractive index with concentration (0.184 cm3/g
is the accepted average value for proteins). A shift in the SPR angle of 1° corresponds to a
surface protein adsorption of 592.4 ng/cm2.63
Morphology and force curve measured by AFM. The morphology and force
measurements were conducted using an Asylum Research Cypher S AFM operating in tapping
mode and contact mode separately with a silicon nitride AFM probe (SiNi, BudgetSensors,
force constant: 44.79 pN/nm, Amp InvOLS: 44.78 nm/V, radius is smaller than 15 nm).
Experiments were performed at room temperature. Prior to measurement, the samples were
rinsed with deionized water and flash-dried with nitrogen and immediately introduced to the
AFM liquid cell.
Static contact angle. The static contact angles were measured using an OCA15EC device
(DataPhysics Instruments, Germany), equipped with SCA 202 software. All contact angles
were measured with a 5 μL water droplet deposited on test surfaces at ambient temperature.
The contact angle was calculated by curve fitting the profile of the droplet from the 3-phase
interface of the image captured by a CCD camera. The value for each peptide was averaged
from 3 different samples with 3 separate measurements on each sample (9 measurements in
total) to ensure the repeatability of the measurements.
Molecular dynamics simulations. All atomistic MD simulation was performed with
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GROMACS 5.1.4.56 Amber_99SB-ILDN force field64 was used in conjunction with the TIP3P
water model. Each simulation contains 20 peptide chains on Au (111) surface in one box, and
the volume of the cubic box used in the simulations was 7.1970 × 4.9859 × 10.000 nm3, 8.6360
×5.9840 × 16.8360 nm3 and 10.0750 × 5.9840 × 16.8360 nm3 for CP4(KE)3, CP4(KE)8 and
CP4(K4E4)2, respectively, to resemble the grafting density of each peptide in the SPR
experiments. All the gold atoms and sulfur atoms were fixed during the simulation. 0.137 M
NaCl were used to neutralize charges and consistent with experimental conditions. Periodic
boundary conditions were used in the x- and y- directions. The system was confined between
repulsive LJ walls in the z- direction with a length of 2 times of the peptide chain length. The
van der Waals interactions were evaluated with a cut off of 12 Å, with energy and pressure
corrections. Electrostatic interactions were evaluated using a particle-mesh Ewald sum
(PME)65, with a real space cut off of 12 Å. Correction of dispersion was used for both the
energy and pressure. All these systems were first minimized by steepest-decent minimization.
After energy minimization, the system was heated to the target temperature of 298.15 K for a
period of 100 ps under canonical ensemble (NVT) with a time step of 2 fs. The system was
equilibrated for 80 ns with a time step of 2 fs. 10 mM or 100 mM calcium chloride was then
added into the system and the process mentioned above was repeated The RMSD (Root Mean
Squared Deviation) become stable after 60 ns (Figure S9) and only the last 10 ns of each
simulation was used for analysis. The MD simulation results were analyzed using the analysis
program in the GROMACS 5.1.4 package and visual molecular dynamics (VMD).66
Statistical analysis. Statistical analysis was performed using student's t-test.67 p < 0.05
was noted with an asterisk (*), p < 0.01 with two asterisks (**).
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