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Factors resisting protein adsorption on hydrophilic/hydrophobic

self-assembled monolayers terminated with
hydrophilic hydroxyl groups

Dangxin Mao(E&3#1), Yuan-Yan Wu(&[d#E)", and Yusong Tu(i & 2)*
College of Physics Science and Technology, Yangzhou University, Yangzhou 225009, China
(Received 21 February 2024; revised manuscript received 16 March 2024; accepted manuscript online 3 April 2024)

The hydroxyl-terminated self-assembled monolayer (OH-SAM), as a surface resistant to protein adsorption, exhibits
substantial potential in applications such as ship navigation and medical implants, and the appropriate strategies for de-
signing anti-fouling surfaces are crucial. Here, we employ molecular dynamics simulations and alchemical free energy
calculations to systematically analyze the factors influencing resistance to protein adsorption on the SAMs terminated with
single or double OH groups at three packing densities (£ = 2.0 nm~2, 4.5 nm~2, and 6.5 nm~2), respectively. For the first
time, we observed that the compactness and order of interfacial water enhance its physical barrier effect, subsequently en-
hancing the resistance of SAM to protein adsorption. Notably, the spatial hindrance effect of SAM leads to the embedding
of protein into SAM, resulting in a lack of resistance of SAM towards protein. Furthermore, the number of hydroxyl groups
per unit area of double OH-terminated SAM at £ = 6.5 nm~2 is approximately 2 to 3 times that of single OH-terminated
SAM at £ = 6.5 nm~2 and 4.5 nm~2, consequently yielding a weaker resistance of double OH-terminated SAM towards
protein. Meanwhile, due to the structure of SAM itself, i.e., the formation of a nearly perfect ice-like hydrogen bond struc-
ture, the SAM exhibits the weakest resistance towards protein. This study will complement and improve the mechanism of
OH-SAM resistance to protein adsorption, especially the traditional barrier effect of interfacial water.

Keywords: molecular dynamics simulation, self-assembled monolayer, resistance to protein adsorption, hy-

drogen bond, interfacial water
PACS: 87.10.Tf, 64.75.Yz, 87.15.K—, 68.08.—p

1. Introduction

The adsorption of biological organic macromolecules,
such as protein and glycoprotein, onto the underwater
substrate is the primary step in the formation of marine

U=31 Their adherence to the hull surface will in-

biofouling.
crease surface roughness, consequent navigation resistance
and fuel consumption, and more severe acceleration of
corrosion,*! leading to potential safety concerns and eco-
nomic losses. Therefore, it is crucial for enhancing the anti-
fouling properties of surfaces to reduce the probability of life-
threatening incidents and operational costs. OH-SAMs are ex-
tensively utilized in anti-fouling researches due to their excel-
lent bioinertness and biocompatibility. =14

Experimental and theoretical researchers®~1>14! revealed
that OH-SAMs exhibited unique advantages in resistance to
protein/peptide adsorption, which was ascribed to a physical
barrier effect formed by a number of hydrogen bonds between
interfacial water and OH-SAM with weak charge distribution
in the headgroups. This physical barrier effect was traditional
mechanistic explanation for OH-SAM resistance to protein ad-
sorption. However, our previous study!!>! found that SAM ter-
minated with only hydrophilic OH groups exhibited different

hydrophilic and hydrophobic characteristics at different pack-
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ing densities. For such structures, is the effect of interfacial
water on OH-SAM resistance to protein adsorption consis-
tent? Does only interfacial water influence the resistance of
OH-SAM to protein adsorption? These issues are necessary
to explore for the rational design and precise customization of

[16] has also proposed

anti-fouling surfaces. Our recent study
a new mechanism of resistance to protein adsorption, namely,
the structure of SAM itself.

In this study, we utilize molecular dynamics (MD) sim-
ulations and alchemical free energy calculations to systemat-
ically investigate the factors affecting the resistance of single
or double OH-terminated SAM to protein adsorption at three
packing densities (2.0 nm~2, 4.5 nm~2, and 6.5 nm~2). The
aim is to enrich and improve the mechanism of OH-SAM re-
sistance to protein adsorption, provide directional guidance
for the rational design and precise customization of OH-
terminated anti-fouling surfaces, and promote their applica-

tions in ship navigation and medical implants.[!”)

2. Models and methods
2.1. Models

The SAM consisted of five-carbon long alkyl chains, one
end of which was terminated with single or double hydrophilic

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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OH groups, and the model atoms at the other end were bound
to the 111 surface (Fig. 1). The fixation of SAM on the 111
surface was performed to simulate the substrate in experimen-
tal conditions. To simplify the procedure, we followed the
typical setup described in the literature by fixing model atoms
on the 111 surface.!'®!1° The chain numbers of SAMs were
the same. The packing densities of SAMs were 2.0 nm™~2,
4.5 nm™?

densities, respectively. The water contact angles for SAMs ter-

,and 6.5 nm~2, representing low, medium, and high
minated with two hydrophilic OH groups at the three packing
densities were 35.6°, 82°, and 0°,[13] respectively, while those
for SAMs terminated with the single OH group were 63.4°,
22°, and 0° (Fig. S3 in supplementary information), respec-
tively. The calculation method for contact angles was consis-
tent with our previous work.!>19-21] The two OH-terminated
SAM at £ = 4.5 nm~2 with an 82° contact angle was defined
as hydrophobic, and the other surfaces of the six systems were
classified as hydrophilic.!'>?%23] The crystal structure of pro-
tein used in the simulations was taken from the Protein Data
Bank (PDB ID: SDUY).?*I As a mussel protein, it was widely
used to study the SAM resistance to protein adsorption!>! due
to strong adhesive property.[?°28] The protein was initially
placed 6 A above the SAM. The protein-SAM complex was
solvated with SPC/E[*"! water molecules. Sodium and chlo-
ride ions were added to neutralize the system with a concen-
tration of 0.15 M. The addition of 0.15-M NaCl was imple-
mented to mimic the physiological environment of the human
body. 3]

(b) (c)

i
Fig. 1. The initial structures of single alkyl chains terminated with an OH
group (a) and two OH groups (b), respectively, and the initial structure of
protein on the SAM (c). The protein is displayed using the NewCartoon
mode, and the alkyl chains are represented in Licorice mode. The rest of
the system is omitted for clarity. Color codes: hydroxyl groups, purple and
white; main chain, cyan and white; and model atoms, gray.

2.2. Equilibrium MD simulations

MD simulations were performed using GROMACS
2019.6 package!*"3?! with an OPLS-AA force field.!33! The
force field parameters for the OH-SAM were adopted from
the built-in parameters of the OPLS force field library, and the
entire molecule was electrically neutral. Our previous study
has demonstrated that these parameters can produce a reason-
able wetting phenomenon.!">! The force field for the protein

was generated using the gmx pdb2gmx tool integrated within

the GROMACS software package. The particle-mesh Ewald
(PME) algorithm[®*33] was used to treat electrostatic interac-
tions with a 1.2-nm cutoff radius. Likewise, a cutoff radius
for the van der Waals interaction was 1.2 nm. Newton’s equa-
tion of motion was integrated using the leap-frog algorithm
with a 2-fs integration time step. Periodic boundary conditions
were applied in all directions. A velocity rescaling thermostat
was used to maintain the temperature at 300 K. All bonds in-
volving hydrogen atoms were constrained using the LINCS
algorithm.? All systems were equilibrated in the canonical
(NVT) ensemble for 300 ns, and the last 20 ns were used for

data analysis. The coordinates were saved every 4 ps.

2.3. Alchemical free energy calculations

The last structures from MD simulations were used as the
starting configurations for further alchemical simulations. The
alchemical transformations were divided into two processes,
one was the decoupling of protein from the water solution in
the solvated protein system, and the other was the decoupling
of protein from the solvated protein-SAM complex. The free
energy differences (AG) were defined as the differences be-
tween the free energy changes of the decoupling of protein
from the water solution in solvated protein system and those
from the solvated complex,?”-3] which was used to charac-
terize the binding affinity of protein to the SAM. A coupling
parameter, A, ranging from 0 to 1 was introduced to alchem-
ical transformations with an equally spaced value of 0.1 and
21 A windows. It was noticed that A = 0 represented the ini-
tial state where the electrostatic and van der Waals interac-
tions between protein and the surroundings were fully turned
on, while A = 1 represented the final state where there was no
interaction between protein and the surroundings. The electro-
static interactions were first linearly scaled to 0, and then the
van der Waals interactions were turned off using a soft-core

51401

potential**! to avoid singularities. Langevin dynamic

were implemented for temperature regulation with a friction

coefficient of 2 ps~!

and a reference temperature of 300 K
in the NVT ensemble. Each A window was equilibrated for
1 ns, and then was sampled for 1 ns. The free energy changes
were estimated using the Multistate Bennett Acceptance Ra-
tio (MBAR) method*! implemented in the pymbar package

(https://github.com/choderalab/pymbar).

3. Results and discussion

First, the root mean square deviation (RMSD) of the pro-
tein backbone on the SAM surface is analyzed (Fig. S1 in the
supplementary information). The RMSD results show that the
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simulations have converged. The protein has achieved struc-
tural equilibrium during the simulation. Meanwhile, the sec-
ondary structure analysis provided in Fig. S2 of the supple-
mentary information reveals that the primary secondary struc-
ture of protein has been retained, indicating that the native
conformation has not been disrupted. We performed statis-
tical analysis on the data from the final 20-ns following simu-
lation convergence. During the equilibration phase, the struc-
tural variation of the protein remained minimal with a stable
conformation.

The binding affinity of protein to the SAM surface in
this study is characterized by the number of hydrogen bonds
formed between protein and the SAM, the difference in al-
chemical free energy, and the contact area between them. The
average number of hydrogen bonds is listed in Table 1, which
represents the number of the hydrogen bonds among the OH
groups of the SAM, between the SAM and interfacial water,
and between the SAM and protein at various packing densities.
The alchemical free energy differences of protein on single or
double OH-terminated SAMs are shown in Fig. 7 at the three
packing densities. The contact area of protein on the SAM
is shown in Fig. 8, which is calculated using the following

formula: 4244

contact area

1
= 5 ((SASAproteinJF SASAsurface) *SASAcomplex) ) (L

where SASAorein and SASAgyface TEpresent the solvent ac-
cessible surface area of the isolated protein and the SAM, re-
spectively, and SASAcomplex is that of the protein and SAM
complex. A probe of 1.4-A radius is employed to calculate the
individual solvent accessible surface area of the protein, the
SAM, and the complex.

3.1. The existence of interfacial water

The binding affinity of protein to the SAM surface is in-
fluenced by multiple factors, including the well-known phys-
ical barrier effect of interfacial water.!'! Due to this barrier
effect, the direct adsorption of protein onto the SAM surface
is hindered, resulting in OH-SAM exhibiting resistance to pro-
tein adsorption. Therefore, we analyzed the RDF of the oxy-
gen atoms in water relative to the topmost OH groups of the
SAM to reveal the presence of interfacial water. As shown in
Fig. 2, the first peak of RDF reflects the presence of interfacial
water near the SAM at the three packing densities. We ob-
served that, irrespective of the single or double OH-terminated
SAM systems, the peak of the RDF at £ = 2.0 nm™? is consis-
tently the highest, while the RDF at X = 4.5,05 nm 2 exhibits

the lowest peak among all the six systems. It is worth noting

that the peak of the RDF at X = 6.5,0y nm~2 is lower than
that at £ = 4.5;oy nm~2, contrary to the order of the peak
heights for water density (Fig. 4) at the two packing densities,
indicating that interfacial water at ¥ = 6.51oy nm~2 is denser.
This is analogous to the situation observed at £ = 2.0 nm ™2,
The RDF analysis confirms the presence of interfacial water
on these SAM surfaces. The barrier effect of interfacial water
may have varying degrees of impact on the resistance toward
protein. Here, we define the water within 6.5 A above the top-

most OH groups of the SAM as interfacial water.

1.6
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Fig. 2. Radial distribution function (RDF) of oxygen atoms in water with re-
spect to the topmost OH groups of the SAM at the three packing densities.
Panel (a) corresponds to the case of SAM terminated with a single OH group
(denoted by the subscript 10H, same as below), while panel (b) corresponds
to the case of SAM terminated with two OH groups (denoted by the subscript
20H, same as below). For instance, £ = 2.0;0q nm~2 denotes the system
where protein is adsorbed on the SAM terminated with a single OH group
with the packing density of 2.0 nm~2, and the RDF of oxygen atoms in water
corresponds to the packing density of 2.0 nm~2.

3.2. The effect of compactness and order of interfacial wa-
ter

As mentioned earlier, the barrier effect of interfacial
water reduces protein adsorption on the SAM, and we fur-
ther found that the resistance of SAM towards protein ex-
hibits variations under the influence of interfacial water at
X =450 nm~2 and 6.510u1 nm~2, as shown in Fig. 3. It
was found that a lower number of hydrogen bonds between
protein and the SAM at ¥ = 6.5,0y nm~2 (Table 1), indicat-
ing a weaker binding affinity of protein to the SAM compared
to that at £ = 4.5;0g nm 2. Furthermore, the difference in al-
chemical free energy at X = 6.5;0y nm ™2 is greater compared

068701-3
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to that at X = 4.5;04 nm~2 (Fig. 7), indicating a less stable
binding of protein to the SAM at X = 6.5;05 nm~2. This fur-
ther reflects the weaker binding affinity of protein to the SAM
at X =6.5,0y nm2. In Fig. 3, we notice that the arrangement
of OH groups of SAM at £ = 6.5;0 nm ™~ is more regular and
ordered, consequently leading to a more compact and ordered
distribution of interfacial water on the SAM surface. We spec-
ulate that this is responsible for the weaker binding affinity of
protein to the SAM at X = 6.510y nm 2. To demonstrate this,
we first analyze the density of water molecules perpendicular
to the SAM direction.

X =6.510q nm~2,

Fig. 3. Snapshots of protein adsorption on the SAM at £ = 6.5;0 nm ™2
[(a), (b)] and 4.5;0n nm~2 [(c), (d)], with interfacial water highlighted sepa-
rately. The rest of the system is omitted for clarity. The subfigure represents
a partial enlargement of interfacial water on the SAM surface. The proteins
are represented using a NewCartoon method with a transparent mode. The
protein residues near the SAM surface are displayed in CPK mode. Water
molecules are displayed in CPK mode with red and white spheres. The color
codes and atomic representations for the rest are the same as those in Fig. 1.

1200 R
1000
T
E 800}
\,&bj — = 2.020}1 nm~—2
> 600 — Y= 2.0101—[ nm~2 T
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Fig. 4. Density distribution of water molecules along the z axis (per-
pendicular to the SAM surface) at various packing densities. The two
density curves at £ = 2.0 nm~2 exhibit significant overlap.

As shown in Fig. 4, the density of water molecules at
Y = 6.510q nm 2 is significantly higher than that at ¥ =
4.5,0q nm 2, demonstrating the compactness of interfacial
water. Further, we analyze the probability of the dipole
orientation 8 of interfacial water to demonstrate the order
of interfacial water at ¥ = 6.510y nm~2, as shown in Fig. 5.

0.8 T T T

— Y= 6.51()H 1’11’1’172
0.7 — X =4.510n nm~—2 T
0.6

PRUE TR T Y T YRR T Y
A, 0.5 B o o

4 M L W kLB e A
0.4F 3

0.3f J

0.2 - - -
280 285 290 295 300

t (ns)

Fig. 5. Probability of dipole orientation of interfacial water as a func-
tion of time. The red color corresponds to the case of X = 6.510g nm~2,
while the blue color represents that at X = 4.5,0g nm~2. There are
two curves of the same color for each packing density, where the up-
per curve represents the upward dipole orientation of interfacial water
(i.e., the oxygen atom of water facing downward), and the lower curve
represents the downward dipole orientation of interfacial water (i.e., the
oxygen atom of water facing upward). Here, we define the dipole ori-
entation of interfacial water as an angle less than 90° with the z axis,
indicating an upward dipole orientation. Otherwise, downward.

The dipole orientation of interfacial water is defined by
the vector connecting the positive charge center of the two hy-
drogen atoms and the negative charge center of the oxygen
atom. The direction is delineated from the negative charge
center toward the positive charge center. We calculated the
probability of the number of interfacial water molecules with
dipole orientation up or down relative to the total number of
interfacial water in each frame. Subsequently, we computed
the probability values across all time points. Finally, con-
catenating the probability values at each time point yields the
temporal evolution of probability. From Fig. 5, the two blue
curves at X = 4.5,0g nm 2 are located between the two red
curves at £ = 6.5,0yq nm 2, indicating that a more disordered
dipole orientation of interfacial water caused by the disorder
in the distribution of OH groups of SAM at X =4.5,0y4 nm ™2,
i.e., the oxygen atoms of interfacial water exhibit a random
distribution, with a mixture of upward and downward orienta-
tions. In contrast, the more regular and ordered distribution of
OH groups of SAM at X = 6.5,0y nm~2 results in a more or-
dered dipole orientation of interfacial water compared to that
at X =4.5,0y nm~2. The upper red curve at X = 6.510 nm—2
indicates that more oxygen atoms of interfacial water are fac-
ing downward to form hydrogen bonds with the upward hy-
drogen atoms of OH groups of SAM. In Table 1, the higher
number of hydrogen bonds (7.27 nm~2) between the SAM
and interfacial water at X = 6.510 nm~2 further confirms a
more favorable structure arrangement for hydrogen bond for-
mation between the SAM and interfacial water compared to
that (6.19 nm2) at £ = 4.5,05 nm 2. Therefore, the com-
pactness and order of interfacial water enhance its barrier ef-
fect, thereby enhancing resistance to protein adsorption on the

SAM.

068701-4
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Table 1. Hydrogen bond number analysis.

System® X (nm~2) SAM-SAM SAM-water  SAM-protein
10H 2.0 0.14 0.92 4.39
4.5 0.85 6.19 3.92
6.5 1.32 7.27 3.35
20H 2.0 0.30 1.71 5.82
4.5 8.02 2.85 0.64
6.5 2.08 6.98 5.56

2 The number of OH groups in the alkyl chain. 10H represents the
single OH-terminated SAM system, while 20H represents the double
OH-terminated SAM system (same as below).

3.3. The spatial hindrance effect of SAM

The binding affinity of protein to the SAM surface is
also influenced by the spatial hindrance effect of SAM. From
Fig. 6, it can be observed that the protein is embedded into
SAM, which can be primarily ascribed to the spatial hindrance
effect of SAM at £ = 2.0,0p nm™ 2.

Fig. 6. (a) A side view of protein embedded into SAM at X = 2.0,0p nm~2.
The interfacial water and the water penetrating into SAM are highlighted sep-
arately in a linear mode. The protein is represented in a NewCartoon mode,
while the protein residues near the SAM surface are displayed using the CPK
representation. The rest of the system is omitted for clarity. The color codes
and atomic representations for the rest are the same as those in Fig. 1. (b) A
top view of protein embedded into SAM. Water molecules are also omit-
ted for clarity. (c) A magnified view of protein embedded into SAM. Water
molecules are represented by green and white spheres.

Here, the spatial hindrance effect of SAM indicates that
the spacing between the molecular chains constituting SAM
at low packing densities is too large, and the SAM and inter-
facial water are unable to effectively impede protein adsorp-
tion. The protein encounters a low energy barrier, leading
to its easy insertion into the interstices of SAM. Hence, the
protein is embedded into SAM and tightly binding to SAM
More-
over, the conformation of SAM differs between states of re-

under the influence of the spatial hindrance effect.

sistance (medium to high packing densities) and lack of resis-
tance (low packing density). The SAM at low packing density
displays significant conformational flexibility, with the molec-
ular chains in a collapsed state. While the SAM exhibits good

resistance at medium to high packing densities where the con-
formation of SAM becomes relatively rigid and ordered, com-
pared to that of low packing density. We also noted that the
spatial hindrance effect leads to the lowest number of hydro-
gen bonds among OH groups of the SAM (see Table 1, 0.14 for
X =2.0;0n nm~2 and 0.30 for £ = 2.0,0y nm~2) within the
three packing densities, indicating the minimal impact of the
structure of SAM itself (detailed analysis in Subsection 3.5) on
resistance towards protein. Although double hydroxyl modifi-
cation increases the number of hydroxyl groups per unit area
of SAM, excessive distance between molecular chains hinders
the formation of hydrogen bonds among hydroxyl groups of
SAM. Therefore, the increased number of hydroxyl groups
per unit area of SAM has not led to a greater formation of
hydrogen bonds among hydroxyl groups of SAM. Further-
more, the spatial hindrance effect also results in the lowest
number of hydrogen bonds between SAM and interfacial wa-
ter at £ = 2.0 nm~ 2 (see Table 1, 0.92 for £ = 2.0;0g nm 2
and 1.71 for £ = 2.0,0y nm—2), indicating the weakest bar-
rier effect of interfacial water on resistance towards protein.
As shown in Fig. 6, we notice that the spatial hindrance ef-
fect allows water penetration into SAM, which can be reflected
by the non-zero minimum density at £ = 2.0 nm~2 as shown
in Fig. 4. Furthermore, the RDF at ¥ = 2.0 nm~2 exhibits
the highest peak, indicating a substantial accumulation of wa-
ter molecules near the SAM. Also, the relatively low density
of water in Fig. 4 further confirms the weak barrier effect of
interfacial water, which is consistent with the lowest number
of hydrogen bonds between the SAM and interfacial water at
X = 2.0 nm~2. Therefore, protein can easily displace water
molecules and subsequently embed itself into SAM. At this
time, the number of hydrogen bonds (see Table 1, 4.39 for
X =200 nm~2 and 5.82 for £ = 2.000H nm’z) between
the protein and SAM is the largest, indicating the strongest
binding affinity of protein to the SAM. We observed that the
difference in alchemical free energy of protein on the SAM
surface was minimized (as shown in Fig. 7) at £ = 2.0 nm~2,
corresponding to the largest contact area between protein and
the SAM (as shown in Fig. 8). These findings further confirm
the strongest binding affinity of protein to the SAM. Hence,
the protein is embedded into the SAM under the influence of
the spatial hindrance effect, and the SAM exhibits a lack of
the resistance towards the protein. The simulation snapshots
at X =2.0;0y nm 2 are provided in Fig. S4 of supplementary

information.
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Fig. 7. Free energy differences of proteins on single or double OH-terminated
SAMs at various packing densities. The blue color represents the free energy
difference for the single OH-terminated SAM system, while the red color rep-
resents the free energy difference for the double OH-terminated SAM system.
The data are divided into three groups, i.e., the first two are grouped together,
representing the free energy difference at £ = 2.0 nm~2. The middle two are
grouped together, representing the free energy difference at £ = 4.5 nm~2.
The last two are grouped together, representing the free energy difference at
I =6.5nmm">.
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Fig. 8. The average contact area of proteins on single or double OH-
terminated SAM surfaces at the three packing densities. The blue color
represents the contact area of protein on the single OH-terminated SAM,
while the red color represents the contact area of protein on the double
OH-terminated SAM.

3.4. The effect of the number of hydroxyl groups per unit

area of SAM

We observed that the resistance of SAM towards protein
is also modulated by the number of hydroxyl groups per unit
area of SAM. As shown in Table 1, the number of hydrogen
bonds between protein and the SAM at X = 6.5,0 nm 2
(5.56) is greater than that at ¥ = 6.510n nm~2 (3.35) and
X = 45,04 nm~? (3.92), indicating a weaker resistance of
SAM towards protein at £ = 6.5,05 nm~2.
that the number of hydrogen bonds (0.85 at X =4.5,0y nm—2,
1.32 at £ = 6.5;054 nm 2, and 2.08 at £ = 6.5,0y nm~?2)

formed among OH groups of SAM in the three cases is sig-

It can be seen

nificantly lower than the number of hydrogen bonds (6.19 at
Y =454 nm 2, 727 at £ = 6.5,0q4 nm 2, and 6.98 at
¥ = 6.550g nm~2) formed between SAM and interfacial wa-
ter, indicating that the barrier effect of interfacial water plays

a dominant role in the resistance of SAM towards protein.

We also observed that the dense distance between molecu-
lar chains at £ = 6.5,0q nm 2 disrupts the favorable condi-
tion for hydrogen bond formation among hydroxyl groups of
SAM, resulting in a rapid decrease in the number of hydro-
gen bonds (2.85) formed among hydroxyl groups of SAM,
compared to that of £ = 4.5,0y nm~2. Therefore, the hy-
droxyl groups of SAM offer more available hydrogen bond-
ing sites for binding with protein. At this moment, the hy-
droxyl groups of SAM exhibit a stronger inclination to form
hydrogen bonds with protein. Furthermore, we notice that the
number of OH groups per unit area of double OH-terminated
SAM differs significantly from that of single OH-terminated
SAM, i.e., the number of OH groups (12.95) per unit area of
SAM at X = 6.550y nm ™2 is approximately 2 to 3 times that
at £ = 6.510n nm 2 (6.56) and X = 4.5;05 nm > (4.59), as
shown in Table 2. This advantage further amplifies the binding
between hydroxyl groups of SAM and protein. Consequently,
the SAM at X = 6.50y nm~2 can provide more hydrogen
bonding sites to form hydrogen bonds with protein, and result
in the highest number of hydrogen bonds formed between the
SAM and protein in the three cases, indicating that the SAM
at £ = 6.5,0n nm 2 exhibits the weakest resistance to protein
adsorption. Furthermore, it can be seen in Fig. 7 that the al-
chemical free energy difference of protein adsorption on the
SAM at £ = 6.5,04 nm~2 is lower than that at the other two
packing densities, further confirming the weakest resistance
of SAM at £ = 6.5,0p nm ™2 to protein adsorption in the three
cases. Therefore, the number of hydroxyl groups per unit area
of SAM can significantly impact the resistance of SAM to pro-
tein adsorption.

Table 2. The number of OH groups per unit area of SAM.

System X (nm~?) Non (nm—2)2
10H 4.5 4.59
6.5 6.56
20H 6.5 12.95

2The number of OH groups per unit area of SAM.

3.5. The impact of the structure of SAM itself

We further observed that the resistance of SAM towards
protein is also affected by the structure of SAM itself. As
shown in Table 1, the number of hydrogen bonds (0.64) be-
tween protein and the SAM at X = 4.5,0y nm~2 (the simula-
tion snapshot is provided in Fig. S5 of supplementary informa-
tion) is the lowest among all systems, indicating the strongest
resistance of SAM to protein adsorption. We noticed that the
number of hydrogen bonds (2.85) between the SAM and inter-
facial water at £ = 4.5,0y nm~2 is the lowest at all medium
and high packing densities, while the number of hydrogen
bonds (8.02) among OH groups of SAM is the highest. This
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trend at £ = 4.5,04 nm~2 is opposite to the corresponding

number of hydrogen bonds (i.e., SAM-water, SAM—-SAM) at
other medium and high packing densities, indicating that the
effect of the structure of SAM itself on resistance to protein
adsorption is significantly greater than that of interfacial wa-
ter. We noted that although there is an increased number of
hydroxyl groups per unit area of SAM at X = 4.5,05 nm ™2,
the majority of hydrogen bonding sites provided by them are
predominantly utilized for the formation of hydrogen bonds
among hydroxyl groups of SAM. Upon careful examination
of the SAM structure, it is found that a nearly perfect ice-
like hydrogen bonding structure (the simulation snapshot is
provided in Fig. S6 of supplementary information) is formed
among OH groups of SAM at X = 4.5,05 nm~2. Further, the
hydrogen bonding sites among OH groups of SAM are close
to saturation, leaving only a small number of hydrogen bond
sites available for binding with protein. This results in the low-
est number of hydrogen bonds formed between the SAM and
protein, corresponding to the largest difference in the alchemi-
cal free energy of protein on the SAM (Fig. 7) and the smallest
contact area between them (Fig. 8). Therefore, the SAM ex-
hibits the strongest resistance to protein adsorption due to the
structure of SAM itself.

4. Conclusions

In this study, we have utilized MD simulations and al-
chemical free energy calculations to systematically investigate
the factors influencing the resistance to protein adsorption on
single or double OH-terminated SAMs at various packing den-
sities. The results show that four factors play a significant
role in the resistance of SAM to protein adsorption, namely,
the compactness and order of interfacial water, the spatial hin-
drance effect of SAM, the number of hydroxyl groups per unit
area of SAM, and the structure of SAM itself.

For the first time, we found that interfacial water at X =
6.510u1 nm~2 is denser and more ordered compared to that at
Y = 4.5,0y nm 2, resulting in a lower number of hydrogen
bonds between the SAM and protein at X = 6.5,0y nm 2.
Therefore, the compactness and order of interfacial water en-
hance its barrier effect, thereby enhancing the resistance of
SAM towards protein. We further found that the protein is
embedded into SAM due to the spatial hindrance effect of
SAM at X = 2.0 nm~2, corresponding to the maximum num-
ber of hydrogen bonds between protein and the SAM, and
the SAM exhibits a lack of resistance towards protein. We
also found that the number of hydroxyl groups per unit area
of SAM at £ = 6.5,05 nm~2 is approximately 2 to 3 times
that at £ = 6.5,0y nm 2 and £ = 4.5,0y nm 2. The SAM at

2

Y = 6.500p nm™“ can provide more hydrogen bonding sites

to form hydrogen bonds with protein, resulting in a weaker re-
sistance of SAM to protein adsorption. Therefore, the number
of OH groups per unit area of SAM can significantly affect
the resistance of SAM towards protein. Meanwhile, we also
found that the structure of SAM itself, i.e., the formation of
a nearly perfect ice-like hydrogen bond structure results in the
least number of hydrogen bonds formed between the SAM and
protein, and the SAM exhibits the strongest resistance towards
protein.

Our findings enrich and improve the understanding of the
mechanism underlying the resistance of OH-SAM to protein
adsorption, particularly the traditional barrier effect of inter-
facial water. These findings are of great significance for the
rational design and precise customization of OH-terminated
anti-fouling surfaces, with potential applications in ship navi-
gation and medical implants.
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