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ABSTRACT
Unequivocal dependence of bioinertness of self-assembled 
monolayers of methoxy-tri(ethylene glycol)-terminated alkanethiol 
(EG3-OMe SAMs) on their packing density has been a mystery for 
more than two decades. We tackled this long-standing question by 
performing surface force and surface-enhanced infrared absorption 
(SEIRA) spectroscopic measurements. Our surface force measurements 
revealed a physical barrier of interfacial water in the vicinity of the 
Au-supported EG3-OMe SAM (low packing density), whereas the  
Ag-supported one (high packing density) did not possess such 
interfacial water. In addition, the results of SEIRA measurements clearly 
exhibited that hydrogen bonding states of the interfacial water differ 
depending on the substrates. We also characterized the bioinertness 
of these SAMs by protein adsorption tests and adhesion assays of 
platelet and human umbilical vein endothelial cells. The hydrogen 
bonding states of the interfacial water and water-induced interaction 
clearly correlated with the bioinertness of the SAMs, suggesting 
that the interfacial water plays an important role determining the 
interaction of the SAMs with biomolecules and cells.

1. Introduction

Construction of bioinert surfaces to prevent non-specific adsorption or adhesion of proteins 
and cells is one of pivotal issues in biosensing [1,2], cellular-biological studies [3,4], etc. Self-
assembled monolayers (SAMs) of oligo(ethyleneglycol)-terminated molecules (OEG SAMs) 
have been widely used for a long time because of their high bioinertness as well as easiness of 
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their preparation. Despite a wide spread use of the OEG SAMs, the mechanism underlying 
their bioinertness has not fully been unveiled, despite much effort devoted thus far [5].

In a field of polymer science, a conventional way to suppress adsorption of biomole-
cules and adhesion of cells (denoted as bioadhesion, hereafter) is to tailor surfaces with 
hydrophilic polymers. In such cases, steric repulsion has been a main factor to suppress the 
bioadhesion. i.e. it is energetically unfavorable from the viewpoints of both entropy and 
enthalpy for biomolecules and cells to approach the tailored surfaces, since the hydrated 
polymer chains covering the surfaces have high degrees of freedom in their configurations 
[6,7]. In contrast to the polymer systems, thiolate molecules in SAMs are densely packed 
[8–11]. Therefore, the contribution of the steric repulsion cannot be expected in the cases of 
the SAMs. To clarify the underlying mechanism, many experimental and theoretical studies 
have been performed to elucidate interfacial behavior of thiolate molecules constituting the 
SAMs (especially functional terminal groups), ions, and water molecules [5].

Among various OEG SAMs, a SAM of methoxy-tri(ethylene glycol)-terminated alkan-
ethiol (EG3-OMe SAM) is an extensively studied system to understand the mechanism 
underlying their bioinertness. Here, we review previous works on the EG3-OMe SAMs 
briefly. Harder et al., for the first time, reported that their bioinertness critically depends 
on the packing density of the molecules on surfaces (3.6 and 4.2 molecules/nm2) [12]. 
Surprisingly, the Au-supported SAM exhibited resistance to the adsorption of fibrinogen, 
whereas the Ag-supported SAM adsorbed. They reported that the conformations of the 
EG chains in air are helical and all-trans configurations on Au and Ag, respectively, and 
speculated that the molecular conformation is the key factor.

Feldman et al. performed the direct measurements of the interaction operating between 
the EG3-OMe SAMs and fibrinogen immobilized on probes of an atomic force micro-
scope (AFM). They reported that electrostatic (DLVO) repulsion (attraction) operated for 
the Au- (Ag-) supported SAMs [13]. Their finding was supported by the works by Chan 
et al., in which the hydroxide ions were preferentially concentrated in the vicinity of the 
Au-supported SAM by streaming potential measurements [14].

Studies on the interfacial behavior of water molecules were initiated by the com-
puter simulation. The results of their grand canonical Monte Carlo simulation by Pertsin  
et al. suggested that water molecules penetrated into the Au-supported SAM, whereas the 
Ag-supported SAM did not allow the penetration of water because of its high molecular 
packing density [15,16]. This finding was in good agreement with the density profile of 
water in the interface region measured by neutron reflectivity measurements [17]. We also 
reported that the Au-supported EG3-OMe and other bioinert SAMs are similarly covered 
with interfacial water that play a role of a physical barrier to prevent the approach of bio-
molecules and cells to the surfaces [18].

Collecting together, the interfacial behaviors of the EG chains [12], ions [14,19,20], and 
water [16,18] strongly depend on the packing density of the EG3-OMe thiolate molecules 
in the SAMs. Considering the Debye screening length of the experimental conditions of the 
above experiments (0.7 nm), it is difficult to attribute the origin of bioinertness to electro-
static or electrostatic double layer repulsion induced by the EG3-OMe thiolate molecules, 
ions and water molecules. We rather strongly expect that physical repulsion induced by 
the interfacial water molecules is the main factor for the bioinertness. The aim of this 
work is to clarify the origin of the bioinertness using the well-defined and -studied EG3-
OMe SAMs by performing systematic assays of protein adsorption and cell adhesions, 
since the adsorption and adhesion are governed by different mechanisms. Moreover, we 



JOURNAL OF BIOMATERIALS SCIENCE, POLYMER EDITION   3

conduct surface force and surface enhanced infrared absorption (SEIRA) spectroscopic 
measurements to investigate force induced by the SAMs and hydrogen bonding states of 
the interfacial water. Combining these results, we discuss the mechanism underlying the 
bioinertness of the EG3-OMe SAMs.

2. Materials and methods

2.1. Fabrication of SAMs and their substrates

Details of the fabrication process of the Au and Ag film on mica and preparation of SAMs 
were described elsewhere [18,21]. Both Au and Ag film were prepared by vacuum deposition 
of gold (99.999%, Furuuchi Chemical Co., Japan) or silver (99.999%, NewMet Ltd., U.K) onto 
freshly cleaved mica substrates (10 × 10 × 0.3 mm3, S & J Trading Inc., NY, U.S.) at 620 K 
under a vacuum pressure at 10−5 –10−6 Pa. Then, the Au films were annealed at 620 K in a 
vacuum chamber for 2 h. To prepare the SAMs, we used 1-octanethiol (Abbreviation: C8, 
Sigma-Aldrich, U.S-MO) and (1-mercaptoundec-11-yl)tri(ethylene glycol) monomethyl-
ether (Abbreviation: EG3-OMe, ProChimia Surfaces, Poland). Both alkanethiol molecules 
were dissolved in pure ethanol at a concentration of 1 mM. Then, the SAMs were prepared 
by dipping the metal films into the solutions for 24 h. The SAMs were carefully rinsed with 
pure ethanol to remove the physisorbed thiol molecules prior to use. The packing density of 
the SAMs were evaluated by X-ray photoelectron spectroscopy (XPS) (Theta Probe, Thermo 
Fisher Scientific, MA, U.S.) by measuring the attenuation of the photoelectrons from the 
substrates (Au4f and Ag3d) [12,18,22].

Static water contact angles of the SAMs were measured by a sessile-drop (5 µL in volume) 
method (DSA10, Krüss, Hamburg, Germany) at 25 ± 0.5 °C.

2.2. Analysis of protein adsorption

We employed quartz crystal microbalance (QCM) (D300, Q-Sense, Sweden) to measure 
amounts of fibrinogen adsorbed onto the SAMs. Firstly, gold-coated QCM sensors were 
cleaned with a UV-O3 cleaner (UV-300, SUMCO, Japan), and washed by ultrasonic clean-
ing in acetone, ethanol, and pure water in this order, followed by blow of nitrogen gas. The 
SAMs were prepared by the same manner that for the Au and Ag substrates. Silver-coated 
QCM sensors were fabricated by vacuum deposition of silver (99.999%, NewMet Ltd., U.K) 
with a thickness of 10 nm onto the gold-coated sensors at 313 K in vacuum (10−5 –10−6 Pa). 
After the evaporation, the silver-coated sensors were immediately immersed into the thiol 
solutions. We used human fibrinogen (Biogenesis Ltd., U.K) dissolved in phosphate buffer 
saline (PBS) at a concentration of 1 mg mL−1. In the QCM measurements, a measurement 
chamber was filled with PBS. Then, the fibrinogen solution was injected into the chamber. 
After the resonant frequency of the sensor becomes constant, the PBS solution was injected 
to the chamber again for rinsing. The amount of the adsorbed fibrinogen was defined as 
difference in weights before the injection and after rinsing. The conversion from resonant 
frequency to weight was based on the Sauerbrey equation [23];

where C = 17.7 ng cm−2 Hz−1, Δf is the change in the resonant frequency due to protein 
adsorption, and the n is the overtone number [(n = 3) in this work] All data were collected 

(1)Δm = −
C ⋅ Δf

n
,
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at the n = 3 overtone. For the adsorption of soft materials, we frequently need to employ 
viscoelastic model (Voigt–Voinova model) [24]. However, the trend in the evaluated thick-
ness is same to that in the weights calculated with the Sauerbrey equation. Therefore, we 
discuss the amount of the adsorbed proteins evaluated by the Sauerbrey model.

2.3. Cell attachment assay

2.3.1. Platelet cells
Details of the platelet attachment assay were described elsewhere [18]. Fresh human blood 
was mixed with a 1/9 volume of acid citrate dextrose. The mixture was separated to plate-
let-rich plasma (PRP) and platelet-poor plasma (PPP) by centrifugation. Then, we prepared 
plasma containing platelet cells at a concentration of 1 × 106 platelet cells mL−1 by mixing 
PRP and PPP. The concentration of the platelet cells in the plasma was determined using a 
hemocytometer. The 200 μL of the plasma containing platelet cells was placed on the SAMs, 
and incubated for 60 min at 37 °C. After the incubation, the SAMs were washed three times 
with PBS. Then, the SAMs were immersed in 1% glutaraldehyde solution for 60 min at 37 °C 
to fix the adhered platelet cells on the SAMs. The SAMs were washed with PBS, pure water, 
and ethanol in this order to remove water. The samples were coated with conductive osmium 
films for the observation with a scanning electron microscope (S-4800, HITACHI, Japan).

2.3.2. Human umbilical vein endothelial cells
Human umbilical vein endothelial cells (HUVECs) were cultured in Dulbecco’s Modified 
Eagle Medium (DMEM/F12, Thermo Fisher Scientific, MA, U.S.) containing 20% of fetal 
bovine serum (Equitech-Bio, Kerrville, TX, U.S). After confluence was achieved, the cells 
were washed with PBS, and detached from the cell culture dish (IWAKI, Japan) with 0.25 mg/
mL of trypsin solution containing 0.25 mM EDTA. After that, the cells were harvested by 
centrifugation at 1300 rpm. Cell suspension was prepared by mixing the cell pellet with 
the cell-culturing medium. Before the cell attachment assay, the SAMs were rinsed with 
pure ethanol and PBS, respectively. Then, the SAMs were immersed in the cell-culturing 
medium for overnight at 37 °C. Before the cell attachment assay, the excess medium was 
discarded from the SAMs.

The cells were seeded on the SAMs at a density of 5.0 × 104 cells cm−2, and cultured for 
one hour at 37 °C in a CO2 incubator. After that, the cells were fixed with 4% paraformal-
dehyde in PBS (Wako, Osaka, Japan) for 10 min at room temperature. After the fixation, 
the fixed cells were washed three times with PBS, 1% Triton X-100 (MP Biomedicals, Santa 
Ana, CA, U.S.) in PBS, and 0.02% Tween 20 (MP Biomedicals, Santa Ana, CA, U.S.) in PBS, 
respectively. The permeabilized cells were incubated with 0.2% anti-vinculin antibody for 
one hour at 37 °C, and washed three times with the 0.02% Tween 20 in PBS. Then, the cells 
were incubated with mixed solution containing 0.1% Alexa Fluor 568 goat anti-mouse 
IgG (for vinculin staining) (Thermo Fisher Scientific, MA, U.S.) and 0.1% Alexa Fluor 488 
phalloidin (for actin staining) (Thermo Fisher Scientific, MA, U.S.) for one hour at 37 °C, 
and washed three times with the Tween 20 in PBS (2 wt%). For staining of nuclei of the cells, 
ProLong Gold antifade reagent with DAPI (Thermo Fisher Scientific, MA, U.S.) was dropped 
onto the substrates. We employed a commercial confocal laser scanning microscope sys-
tem (Olympus, Tokyo, Japan). We prepared three samples for each SAM, and obtained five 
images at different positions of each SAM substrates. By counting the numbers of cells in 
the images, we calculated the average densities of the cells.
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2.4. Fabrication of colloidal probes

Colloidal probes were prepared by attaching of a washed silica bead (diameter: 18 μm, Duke 
Sci. Corp., CA, U.S.) to the end of a tipless cantilever (NP-OW, Bruker, MA, U.S., nominal 
spring constant 0.06 N m−1) using epoxy glue (Araldite, Huntsman Corp., UT, U.S.). The 
diameters of the beads were determined by optical microscope images prior to the fixation. 
After the cleaning of the probes with a UV-O3 cleaner (UV-300, SUMCO, Japan), Au and 
Ag films and SAMs were fabricated by the same matter for the Au and Ag substrates.

2.5. Surface force measurement

We used a commercial AFM system equipped with a liquid cell (MFP-3D, Oxford 
Instruments, U.K) to measure the interaction between the SAMs. All force measurements 
were performed in PBS. Spring constants of the probes were determined from the ther-
mal fluctuation of the probes [25]. Probe velocity on approach and retract was fixed at 
200 nm s−1. The reproducibility of the force curves was checked at different positions of 
the substrates. For the conversion of the deflection of the cantilever to the probe–surface 
separation, we simply defined a separation of zero as where linearity in the constant com-
pliance region started in the force–displacement curve [18].

2.6. Spectroscopic measurement of the interfacial water molecules by SEIRA 
spectroscopy

Au and Ag films with a thickness of 20 nm were formed on the flat surface of a hemispherical 
silicon prism by vacuum deposition. gold (99.999%, Furuuchi Chemical Co., Japan) and 
silver (99.999%, NewMet Ltd., U.K) were deposited by vacuum deposition with a vacuum 
chamber (SANYU SVC-700TM, SANYU, Japan) under a vacuum pressure at 4 × 10−4 Pa. 
The deposition rate of the metals was 0.01 nm s−1. Preparation process of the SAMs was 
same as that for the metal films. Incident angle of the infrared (IR) beam to the silicon prism 
was 45°. IR adsorption of the evanescent wave was monitored by Fourier transform infrared 
spectrometer (Thermo Electron Nexus 470, Thermo Fisher Scientific, MA, U.S.) with liquid 
nitrogen-cooled HgCdTe detector. For each SAM, we performed SEIRA measurements 
under dry and wet conditions, respectively. In the wet condition, the spectra were collected 
during injection of water vapor (relative humidity: 90%) to the measurement cell. Previously, 
we confirmed that a water layer was formed on the SAMs with a thickness of 5–20 nm by 
humidity-controlled QCM [19]. IR adsorption spectra of the interfacial water were obtained 
by subtraction of spectra taken in the wet condition with that in the dry condition.

3. Results and discussion

3.1. Effect of packing density of the alkanethiolates on the protein- and cell-
resistance of the Au- and Ag-supported EG3-OMe SAMs

Measured packing density and water contact angle of each SAM were summarized in  
Table 1. The packing density of the EG3-OMe/Ag SAMs was around 1.3 times higher than that 
of the EG3-OMe/Au SAMs. This finding is in good agreement with the previous work [26].
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QCM charts and evaluated amounts of adsorbed fibrinogen on the SAMs are shown in 
Figure 1(A) and (B). The Au-supported SAM showed resistance to the adsorption, whereas 
the Ag-supported SAM did not, in good agreement with the previous reports [12,26]. A 
similar trend was found for the SAMs of hydroxy-tetra(ethylene glycol)-terminated alkan-
ethiol (EG4-OH) by Li et al. [27,28]. In their work, they controlled the molecular packing 
density on Au substrates by using different solutions dissolving the EG4-OH molecules. 
EG4-OH SAMs exhibited excellent protein resistance at low packing densities, the SAMs 
lost protein resistance at high packing densities. Together with the results of pervious works, 
we clearly conclude that the protein resistance of the OEG SAMs strongly depends on their 
packing density.

Next, we investigated the interaction of the EG3-OMe SAMs with platelet cells. As 
clearly seen in Figure 2(A), the Au-supported SAM repelled platelet cells. In contrast, the 
Ag-supported SAM adhered platelet cells. Figure 2(B) displays the detailed pictures of the 
responses of platelet cells to the SAMs. On the C8 SAM, the shapes of the most of platelet 
cells become changed from a native biconvex discoid shape to dendritic (early stage of 
activation) or fully flattened (late stage of the activation). Therefore, the C8 SAM is consid-
ered as platelet activating surface (low platelet compatibility). In contrast to the C8 SAM, 
the Au-supported SAM adheres low density of platelet cells, and the platelet cells were not 
activated even after adhesion, indicating that the Au-supported EG3-OMe is ‘stealth’ for 
platelet cells and its platelet compatibility is high. Several factors to promote the adhesion 
and activation of platelet cells have been reported, i.e. fibrinogen, its conformational changes, 
albumin, etc. [29–31]. Previously we evaluated the correlation among adhesion of platelet 
cells, chemical composition of the surface, water contact angle, and amount of fibrinogen. We 
concluded that the density of adhered platelet cells correlated quantitatively well with amount 
of adsorbed fibrinogen. The correlation was also found in this work [Figures 1 and 2(A)].

Figure 1. (A) QCM charts (frequency and dissipation) observed for adsorption of fibrinogen onto the Au- 
and Ag-supported EG3-OMe SAMs. (B) Amount of fibrinogens adsorbed on the SAMs evaluated based 
on the Sauerbrey equation.
Note: Error bars denote standard deviation (n = 3).

Table 1. Packing density and static water contact angle of the EG3-OMe SAMs on Au and Ag (n = 3).

SAMs Packing density (molecules nm−2) Static water contact angle (°)
EG3-OMe/Ag 4.6 ± 0.10 65 ± 2
EG3-OMe/Au 3.5 ± 0.10 65 ± 1
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We also performed the adhesion test of HUVECs onto the SAMs. As shown in Figure 3, 
the C8 and Ag-supported EG3-OMe SAMs adhered HUVECs, whereas the Au-supported 
SAMs almost completely suppressed the adhesion. As clearly judged from the fluorescent 
microscope images [Figure 3(B)], the large footprint area of HUVEC was observed for 

Figure 2. (A) Density of adhered platelet cells on C8, Au- and Ag-supported EG3-OMe SAMs. Error bars 
denote standard deviation (n = 15). (B) Typical SEM images of the adhered platelet cells on the SAMs.

Figure 3.  (A) Density of adhered HUVECs on C8, Au- and Ag-supported EG3-OMe SAMs (n  =  15). (B) 
Fluorescent microscope images of HUVECS adhered on the SAMs.
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the C8 and Ag-supported EG3-OMe SAMs. Together with the red signal from vinculin, 
HUVECs on these SAMs formed focal adhesion on the substrate and strongly adhered 
to the SAMs. On contrary, the HUVECs adhered on the Au-supported EG3-OMe SAM 
remained a spherical shape with small foot print areas, indicating that the Au-supported 
SAM does not allow HUVECs to form of focal adhesion points.

The adhesion of the HUVECs to artificial materials is governed by specific molecular 
recognition between an integrin and RGD moieties of the scaffolding protein. In our assay, 
the monolayers were immersed in serum solution for 12 h, and we confirmed that the all 
SAMs were covered with serum proteins. Our recent analysis by MALDI ToF Mass and 
QCM-D techniques revealed that there was only small ratio of fibronectin and vitronectin 
in the scaffolding protein and the conformational changes (denaturation) was suppressed 
on the Au-supported SAM [32]. This result indicates that the scaffolding protein on the 
Au-supported SAMs did not provide the binding sites (RGD moieties).

3.2. Surface force operating between the SAMs in PBS solution

As discussed above, we found out that the bioinertness of the Au-supported EG3-OMe SAM 
is high different from the Ag-supported one. The next question is the underlying the mecha-
nism governing the bioinertness of the Au-supported EG3-OMe SAM. To answer this ques-
tion, we performed surface force measurements for these SAMs to investigate the interfacial 
behaviors of molecules near the monolayers. Force–distance curves measured between the 
SAMs in PBS (pH7.4) were displayed in Figure 4. An attractive force was observed between 
the C8 SAMs at distances smaller than 15 nm. By considering the working distance of the 
attraction, the attraction is attributed to van der Waals and hydrophobic forces [33]. In the 
case of the Ag-supported EG3-OMe SAM, the attraction worked at separations smaller than 

Figure 4. Force–separation curves recorded on an approach for symmetric systems of the SAMs (same 
SAMs prepared for both probe and substrate) in PBS solution.
Note: Force was expressed in both nN (force) and μN/m (Derjaguin approximation).
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4 nm. This attraction can be attributed not to hydrophobic attraction but only to van der 
Waals attraction, since hydrophobic attraction cannot be expected from the wettability of 
the Ag-supported EG3-OMe SAM [18,34].

In contrast to the C8 and Ag-supported SAM, the repulsion was observed between the 
Au-supported SAMs at separation smaller than 10 nm. Considering the decay length of 
the repulsion (3.1 nm), it cannot be attributed to DLVO force (electric double layer force), 
since the Debye length of the solution is about 0.7 nm. Previously, we reported that bioinert 
(resistant to fibrinogens and platelet cells) OEG SAMs are commonly covered by a layer 
of interfacial water molecules, whose structure and dynamics are different from those in 
bulk region [18]. The water layer plays a role of a physical barrier against biomolecules and 
cells, and there is clear correlation between bioinertness and the presence or absence of 
the water-induced repulsion. The correlation was obviously reproduced also in this work. 
Therefore, we conclude that the interfacial water with a thickness of about 5 nm (half of the 
working distance of the repulsion) play a role of the physical barrier deterring fibrinogen and 
serum proteins from the adsorption, resulting in the inertness to platelet cells and HUVECs.

3.3. OH stretching modes of water molecules in the vicinity of the SAMs measured 
by SEIRA spectroscopy

Next, we discuss the difference in the physicochemical states of interfacial water in the 
vicinity of the SAMs. The spectra in an O–H stretching region reflect the degree of water–
water (hydrogen bonding and number of hydrogen bonds per molecule) and water–SAM 

Figure 5. IR absorption spectra in OH stretching region obtained from the SEIRA measurements of water-
SAMs interfaces.
Notes: Note that the intensities are normalized simply by the maximum values in the region of OH stretching modes (3000–
3800 cm−1), since the enhancement factors for the Au- or Ag-coated prisms are different.
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interaction. The spectra measured with the C8, Au- and Ag-supported EG3-OMe SAMs 
exhibited clear difference from the spectrum of the bulk water. Considering that the decay 
length for the intensity of the local enhanced magnetic field is about 5 nm [35], which 
is much larger than the molecular length of the thiolates, these results indicates that the 
network of hydrogen bonds in the interfacial region is modulated by the SAM–water 
interactions.

A broad peak of symmetric and asymmetric OH stretching modes consists of a mixture 
of multiple states of OH bonds. A strong intermolecular interaction is considered to induce 
a red shift of the peak. As to the assignment of OH stretching modes, we refer the readers 
to an article by Kitadai et al. [36]. The spectrum for the C8 SAM shows sharp peaks at from 
3600 to 3700 cm−1. The peaks in this region were assigned to the OH stretching modes of 
isolated OH bonds usually observed for water vapor. Water molecules cannot form hydro-
gen bonds with hydrophobic methyl groups of the C8 SAM, resulting in the isolation of 
OH bonds from hydrogen bond at the interface. This finding is in agreement with previous 
results on OH stretching band of water in contact with hydrophobic surfaces studied by 
sum-frequency generation spectroscopy [37]. In contrast, there is no peak assigned to the 
OH stretching modes of the isolated OH bond for Ag-supported SAM. This is rationalized 
by the fact that the EG3-OMe SAMs are more hydrophilic than the C8 SAM, consistent 
with the trend in the water-induced force discussed before.

The spectrum for the Au-supported EG3-OMe SAM is obviously different from the 
spectra for the C8 and Ag-supported SAMs. From large population of water molecules with 
higher frequency region (>3400 cm−1), we assume that interfacial water molecules are in a 
state of weak hydrogen bonding. Pertsin et al. reported that water molecules penetrate into 
the Au-supported EG3-OMe SAM with low packing density, whereas the Ag-supported 
SAM with high packing density does not allow the penetration of water into the SAM. In 
the case of the Au-supported SAM, the oxygen atoms in the EG chains strongly trap the 
water molecules via hydrogen bonding. Their results also suggest that one EG3-OMe thiolate 
accommodates one water molecule in average and half of the penetrating water molecules 
and a half of the molecules are involved in double hydrogen bonds bridging the EG3-OMe 
thiolates. The penetrated water provides hydrogen bonding sites (hydrogen acceptors) for 
the water molecules at the SAM-water interface, but the density of the binding sites is 
lower than that in bulk water at the interface, resulting in the contribution to the intensity 
at 3450–3600 cm−1 (water molecules with weak hydrogen bonds).

In the cases of the C8 and Ag-supported EG3-OMe SAMs, water molecules cannot form 
strong hydrogen bonds with the SAMs. Then, the interfacial water molecules attempt to 
maximize the number of hydrogen bonds by themselves, resulting in the larger population 
at the region of 3000–3300 cm−1 (water molecules with stronger hydrogen bonds and/or 
with larger number of bonds per water molecule). This behavior of water is consistent with 
that found in previous reports [38–40].

To conclude this part, the local SAM-water interaction modifies the hydrogen bond state 
of the interfacial water. Combining with the results of our surface force measurements, 
the thickness of water molecules with the modulated hydrogen bond network extend up 
to 3–4 nm.

It also should be noted that the spectrum for the Au-supported SAM was very similar 
to spectra of intermediate water, which is confirmed commonly for platelet compatible 
polymers such as poly(2-methoxyethyl acrylate) (PMEA), poly(ethylene glycol) (PEG), 
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and poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC) [41]. In their model, the 
intermediate water is defined as water molecules bound to a water tightly trapped to pol-
ymer chains, and this binding scheme is also same as our model for the water molecules 
in the vicinity of the Au-supported SAM. We anticipate that a main factor to modulate the 
state of interfacial water is the intermixing of the EG chains and interfacial water. Smith 
et al. suggested that the clustering of water molecules is promoted around PEG [42]. It is 
expected that the clustered water may be a physical barrier to prevent protein adsorption 
and cell adhesion. The detailed analysis based on ab initio calculation is underway.

4. Conclusion

Main conclusions of this work are that the packing density of the EG3-OMe thiolate on a 
substrate strongly affects the interfacial behavior of water molecules and that the interfacial 
behavior well correlates with the bioinertness of the monolayers. In this work, we performed 
the systematic analyses of the interaction of the Au- and Ag-supported EG3-OMe SAMs 
with fibrinogen, platelet cells, and HUVECs. The Au-supported EG3-OMe exhibited excel-
lent bioinertness, whereas the Ag-supported one allowed their adsorption and adhesion. 
Our surface force and SEIRA measurements revealed that the hydrogen bonding state of 
the interfacial water with a thickness of several nm is significantly modulated by the local 
SAM-water interaction that depends on the molecular packing density. The modulated 
hydrogen bonding state governs the resulting water-induced force, which directly correlates 
with bioinertness. We believe that our findings contribute to molecular-level understanding 
of the role of interfacial water molecules in the adsorption of biological molecules (lipids, 
proteins, DNA, etc.) onto solid surfaces and self-assembly of them into their higher-order 
structures [43–45].
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