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Hybrid organic-inorganic interfaces are the key to functionalization of stainless steel (SS). We present a

solution-based deposition method for fabricating uniform bimolecular organosilane monolayers on SS and

show that their properties and functionalities can be further developed through site-specific biotinylation.

We correlate molecular properties of the interface with its reactivity via surface sensitive synchrotron

radiation mediated high-resolution photoelectron spectroscopy (HR-PES) and chemical derivatization (CD),

and demonstrate specific bonding of streptavidin proteins to the hybrid interface. The method facilitates

efficient growth of uniform bimolecular organosilane monolayers on SS under ambient conditions without

the need to prime the SS surface with vacuum-deposited inorganic buffer layers. The obtained insights into

molecular bonding, orientation and behaviour of surface-confined organofunctional silanes on SS enable a

new generic approach to functionalization of SS surfaces with versatile nanomolecular organosilane layers.
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1. INTRODUCTION

The potential benefits of nanotechnology are enormous. In addition to existing technologies that rely on

nanoscale materials and phenomena, such as semiconductor devices and catalysts, nanomaterials hold a

great promise for applications in many other technological fields [1]. Nanocoating technologies, or smart

coatings, have been extensively researched to effect breakthroughs in wearable electronics,

superomniphobic surfaces, biosensing and, for instance, self-healing nanocomposites for building

structures [2-5]. Similarly, pressing environmental concerns have stimulated increasing interest in utilizing

carbon nanotubes as a functional material in clean water technology [6]. The common trait in such

applications is that their novel functionalities depend on nanoengineered surfaces and interfaces.

Here, we report on a nanomolecular approach (Figure 1) to fabricating an affordable, uniform and highly

versatile hybrid interface consisting of a bimolecular organosilane monolayer on stainless steel (SS) surface.

The present study is the first investigation to date to report on a realization of biofunctionality on SS

achieved solely by utilizing electrochemistry and solution-based deposition techniques. Furthermore, in

contrast to most previous efforts, we attain deep quantitative insights into the chemical bonding, molecular

orientation and morphology in the silane layer at every stage of its fabrication. The quantitative

spectroscopic information obtained with surface sensitive analytical techniques is utilized in the

optimization of the hybrid interface composition to facilitate further surface functionalization via site-

specific bonding of biotinylated poly-ethylene glycol (PEG) chains and streptavidin (SA) proteins.

SS is a ubiquitous, affordable and durable material with excellent thermal and mechanical properties. It is

corrosion resistant due to its native and self-healing 5–10 nm thick passive oxide film that also makes a

number of SS grades in vivo biocompatible [7-8]. Consequently, SS has already been utilized in applications

like orthopaedic implantology, cardiovascular stents and biofilm resistant surfaces that require

biocompatibility [9-10]. Biofunctionality on SS is, however, still relatively unexplored, even though in harsh

environments (e.g. food processing industries or biorefining processes), the inherent mechanical strength

and corrosion resistance of an SS substrate would be an obvious advantage. The near total lack of rigorous

studies on biofunctionalization of SS (Ref. 11 being a rare exception) is an indicative of how the progress in

the field is constrained by the lack of detailed knowledge on the dynamic physicochemical interactions

between inorganic surfaces and complex, biologically relevant molecules such as proteins or DNA [12].
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Figure 1. The approach to biofunctionalization of stainless steel. The column on the left illustrates the steps
taken in the preparation of a stainless steel (SS) surface that is receptive for biofunctionalization: (A) The SS
surface is electrochemically treated in order to remove impurities and increase the surface hydroxyl
concentration (SS–EC). (B)  SS–EC  surface  is  silanized  with  a  mixture  of  (3-aminopropyl)trimethoxysilane
(APS) and (3-mercaptopropyl)trimethoxysilane (MPS). (C) The orientation of MPS thiol termini is
determined via chemical derivatization (CD) with N-(4,4,5,5,6,6,7,7,8,8,9,9,9-tridecafluorononyl)maleimide
(MAL–F). The surface properties are investigated by utilizing synchrotron radiation mediated high resolution
photoelectron spectroscopy (HR-PES). The column on the right illustrates the steps required to demonstrate
how the silanized SS can be further biofunctionalized: (D) the silanized surface is PEGylated with
polyethylene glycol succinimidyl ester (NHS–PEG) and maleimide-PEG-biotin (MAL–PEG–BTN). (E) The
surface is exposed to streptavidin-alkaline phosphatase conjugates (SA–AP) that exhibit strong affinity to the
biotin terminus in MAL–PEG–BTN. (F) Biotin-bound SA-AP  conjugates  are  detected  with  p-
nitrophenylphosphate (pNPP). In the presence of AP, pNPP is catalysed into p-nitrophenol, which absorbs
light at 405 nm. The absorbance spectra of biofunctionalized SS and a negative control sample are shown in
the top-middle inset.
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Silanes, in turn, are excellent compounds for creating organic–inorganic interfaces. They are economic and

environmentally benign. Furthermore, they exhibit strong covalent bonding with surface hydroxyls and

there is an enormous variety of functionalized silanes available for tailoring surface properties of materials.

However, unlike on materials such as silicon [13-14], silica [15-16] and glass [17], fabricating a uniform

nanoscale silane layer on SS is challenging due to the absence of naturally occurring surface hydroxyls that

facilitate efficient silane adsorption [18]. Furthermore, competition between Si–O–M (M = surface metal

atom) and Si–O–Si bond formation on SS tends to lead to detrimental clustering and growth of a thick and

non-uniform silane layer.  Clustering and non-uniformity in a silane layer can, however, be alleviated by

modifying the SS surface prior to silanization. For instance, in the report by Slaney et al., SS surfaces were

first primed with a nanolayer of silica via atomic layer deposition (ALD), and bimolecular silane layers were

subsequently deposited on silica covered SS to create a surface that has potential for biomedical

applications [11].

We, however, have shown that a receptive SS surface for a thin, uniform and strongly bound

monomolecular silane  layer  can  be  created  simply  via  electrochemical  (EC)  treatment  of  SS  in  weak

sulphuric acid [19]. Here, we utilize the same approach to create, under ambient conditions, robust and

uniform nanomolecular monolayers of bimolecular silane featuring a tuneable mixture of reactive amino-

and thiol-groups. While bimolecular silane layers offer more versatility, their behaviour and properties are

less well known in comparison to monomolecular silane layers [20-24]. In this paper, we gain insights into

the growth and behaviour of the layer and show how it can be further utilized to effect biofunctional

properties on stainless steel.

2. METHODS

Materials. Electrochemically polished EN 1.4372 (ASTM/AISI 201, Fe-18Cr-6Mn-4Ni) stainless steel (SS) was

manufactured by Outokumpu Stainless Oy (Finland) and laser cut into samples with diameter of 9 mm and

thickness of 1 mm by Jaloterässtudio, Finland. Sulphuric acid (A.C.S. reagent 95-98% H2SO4), N-

(4,4,5,5,6,6,7,7,8,8,9,9,9-tridecafluorononyl)maleimide (MAL-F), dimethyl sulfoxide (DMSO) and tris(2-

carboxyethyl)phosphine hydrochloride (TCEP) used prior to chemical derivatization were purchased from

Sigma–Aldrich (St. Louis, MO, USA) and 3-aminopropyl trimethoxysilane (APS, NH2(CH2)3Si(OCH3)3)  and 3-

mercaptopropyl trimethoxysilane (MPS, SH(CH2)3Si(OCH3)3) from Alpha Aesar, Germany. Maleimide-PEG-

Biotin (MAL–PEG–BTN, MW 2000 Da) and PEG succinimidyl ester (NHS–PEG, MW 1000 Da) were ordered

from Nanocs Inc. (New York, NY, USA). TCEP in biorecognition assay and phosphatase substrates (pNPP)

were purchased from Sigma–Aldrich. Streptavidin- Alkaline Phosphatase (SA-AP) was from Roche

Diagnostics GmbH (Mannheim, Germany) and D-biotin was from Fluka Chemie GmbH (Buchs, Switzerland).
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Overview of the synthesis technique. As shown earlier in Figure 1, our approach to creating new

functionalities on SS surface relies on understanding and controlling the properties of a bifunctional

organosilane monolayer on SS and step-by-step deposition of further molecules with specific functional

groups. In the first two steps, surface hydroxylation (A) and silanization (B), we create a uniform

bimolecular organosilane monolayer that provides specific functional groups for further functionalization.

An electrochemically polished stainless steel substrate is first hydroxylated by electrochemical treatment in

weak  sulphuric  acid  followed  by  deposition  of  a  mixed  silane  layer  on  SS  from  a  hydrolysis  solution

consisting of 3-aminopropyl trimethoxysilane (APS) and 3-mercaptopropyl trimethoxysilane (MPS) using

different solution concentrations. Surface-confined MPS acts as a reactive component inside an APS matrix

which, in turn, passivates the remaining surface area towards non-specific adsorption. The chemical

derivatization (CD) experiment (step C) is conducted to assess the reactivity of the silane layer towards

maleimide. In the fourth step (D), hetero-bifunctional maleimide-PEG-biotin (MAL-PEG-BTN) and NHS-PEG

chains are co-adsorbed at the APS/MPS – SS interface. The maleimide termini in MAL-PEG-BTN couple

exclusively with MPS and the tuneable concentration and dispersion of MPS is used to optimize the steric

clearance between MAL-PEG-BTN chains and, consequently, large (~5 nm) SA proteins to be deposited

later. NHS–PEGs bond preferentially with APS, thereby further passivating the remaining surface area. In

the two final steps, we couple SA with the surface-confined biotinylated PEG compounds (step E) and

demonstrate site-specific adsorption of SA proteins on the surface (step F). SA protein, a bacterial analogue

of chicken avidin protein, was chosen for the demonstration, because it offers a robust and versatile

molecule for easy and predictable functionalization without the need for specialized equipment [26-27].

Hydroxylation. The SS samples were sonicated for 10 minutes both in ethanol and deionized (DI) water in

room temperature (RT, 22±1 °C). The electrochemical (EC) treatment was performed with Autolab

PGSTAT12 potentiostat/galvanostat (Eco Chemie B.V., The Netherlands). In the EC treatment, the sample

was placed in three-electrode electrochemical cell using an Ag/AgCl electrode and a Pt rod as a reference

and a counter electrode, respectively. The SS surface was then reduced in order to remove surface

impurities and the native oxide film in deaerated aqueous solution of 0.1 M sulphuric acid by applying a

cathodic current of 5 mA/cm2 for 5 min. The treatment was continued with passivation in the same solution

at a constant potential of Ep = -0.197 V against the Ag/AgCl electrode for 10 min. The passivated sample

was rinsed with DI water and blown dry with N2.

Silanization. The silanization procedure was slightly modified from earlier investigations [19,28]. APS and

MPS  were  hydrolysed  in  a  same  hydrolysis  solution  of  3:1  DI  H2O:EtOH  solution  for  60  s.  The  freshly

prepared  SS–EC  surface  was  exposed  to  APS/MPS  mixture  in  hydrolysis  solution  for  60  s  followed  by

removal  of  excess  solution  with  dry  nitrogen  flow.  The  samples  were  annealed  for  10  min  at  373  K  in

atmospheric conditions prior to transfer to UHV for HR-PES experiments. The silanization reaction
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pathways are reported in detail in Ref. 28. Briefly, hydrolysis leads to formation of silanols (R(CH2)3Si(OH)3).

Under optimal conditions, a single silanol molecule adsorbs on the substrate with R group oriented

outwards as hydrogen bonds between surface and silanol OH groups are created. The silanols may also

oligomerize in the hydrolysis solution due to the formation of Si–O–Si-bonds in solution [28]. The

adsorption behaviour also depends on the silane, temperature, pH, and the amount of water in the

hydrolysis solution [28,29]. According to Chovelon et al. annealing a silanized sample in ambient conditions

at ca. 373 K leads to covalent bond formation between silane molecules and SS surface (Si–O–M). The thiol

(SH) groups in MPS may also form disulphide (S-S) bonds with each other at 373 K, but these detrimental

bonds were broken by incubating the samples in tris(2-carboxyethyl)phosphine (TCEP) [17].

Chemical derivatization (CD). Prior  to  CD experiments  the silanized sample was exposed to  0.05 M TCEP

solution for 15 min in order to reduce any potential S-S bonds between surface-confined silane thiol-

groups. The surface was then rinsed with water and dried with N2. For CD experiments, samples were then

exposed to a 0.5 M MAL–F solution in DMSO for 60 min, followed by rinsing with DMSO and drying with N2.

MAL-F bonds preferentially with thiol-groups. Therefore, measuring the residual F on the surface after

MAL-F exposure gives an indication of the number of available MPS sites and their reactivity towards MAL-

PEG-BTN (to be used later in biofunctionalization experiments).

High resolution photoelectron spectroscopy (HR-PES). In the investigation of bimolecular silane

monolayers it is essential to employ surface sensitive photoelectron spectroscopy [25], since scanning

probe techniques are not readily applicable to the investigation of chemical bonding and most optical and

electron microscopy techniques are not sufficiently surface sensitive to allow straightforward analysis of

nanomolecular monolayers. The samples were investigated before and after CD with HR-PES at MAX IV

Laboratory (Lund University, Sweden) at beamline D1011 [30]. In short, D1011 is a bending magnet

beamline equipped with a modi ed SX-700 plane grating monochromator. The HR-PES spectra were

measured by an electron energy analyser SCIENTA SES-200 in a xed analyser transmission (FAT) mode with

200 eV pass  energy and normal  emission.  The photon flux  on the sample was ~1011 photons/s, the total

energy resolution was ~200 meV and the sampled surface area was approximately 0.20 mm2. The

synchrotron radiation was linearly polarized in all experiments which were conducted with three primary

photon energies:  h 1=1486.6 eV, h 2=720  eV  and  h 3=300 eV.  Complementary experiments were also

conducted with photon energies of 550 eV and 900 eV. The surface morphology of silanized SS surfaces

before and after CD was determined by inelastic electron energy-loss background (IEEB) analysis [31,32]

using the implementation in QUASES-Tougaard software package [33]. The method relies on accurate

description of photoelectron energy-loss background due to inelastic scattering of the photoemitted

electrons. A more detailed description of the initial silane deposition, PES experiments (e.g. calibration,

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



7 (17)

background subtraction and radiation induced damage) and IEEB analysis can be found in Supplementary

Data.

Biofunctionalization. First, TCEP was diluted in water and 80 µL of 50 mM TCEP solution was incubated on

the surface for 20 min at RT. Then, TCEP solution was removed and 40 µL of 10 mM MAL–PEG–BTN in PBS

buffer (pH 7.4) was added and incubated for 10 min. This was followed by the addition of 40 µL of NHS–PEG

in PBS and incubation was continued for one hour. After PEGylation, the surface was rinsed three times

with 300 µL of PBS-Tween 0.05%. The unoccupied sites at the surface were blocked by incubating in 300 µL

of 5% milk-PBS-Tween 0.05% for one hour at RT to reduce the amount of non-specific bonding of SA-AP.

Then the surface was once again rinsed three times with 300 µL PBS-Tween.

Detection of biotin. 80 µL of Streptavidin alkaline phosphatase (SA–AP) conjugate was pipetted onto the

surface and incubated for one hour at RT. To remove any non-reacted SA–AP, the surfaces were rinsed six

times with 300 µL PBS-Tween. Samples were protected from light and 30 µL of phosphatase substrate

(pNPP 1 mg/mL in 1 M diethanolamine (DEA) buffer, pH 9.8, containing 0.5 mM MgCl2) was applied onto

the centre of the surface. 2 µL samples were obtained for the determination of UV/Vis-spectrum

(NanoDrop 1000 Spectrophotometer, Thermo Scientific, Wilmington, DE, USA) 10, 20, 30, 40, 60 and 120

minutes after addition of pNPP.

Control experiment. SA-AP was incubated with free biotin prior addition to the surface in order to inhibit

its affinity towards surface-confined biotin. The substrate pNPP was also reacted with metal surface that

was rinsed only  with  PBS-Tween prior  addition of  pNPP,  to  analyse whether  metal  itself  can catalyse the

reaction of pNPP to para-nitrophenol.

3. RESULTS AND DISCUSSION

Our initial finding after hydroxylation and silanization (Figures 1A and 1B) was that while the surface

silanization with APS and MPS was efficient (Supplementary Data, Figure S2) and reproducible, the surface

chemistry  was  more  complicated  in  comparison  to  a  monofunctional  APS  layer  [19].  In  particular,  we

observed that although the relative surface concentration of deposited APS and MPS did correlate with the

relative concentration of APS and MPS in the hydrolysis solution, the correlation was not linear

(Supplementary Data, Table S1). Similar behaviour was observed earlier by Jones et al.[25] In order to be

able  to  predict  the  APS/MPS  surface  concentration  ratio  in  the  silane  film  from  the  composition  of  the

hydrolysis solution, an investigation of layer composition and morphology was conducted as a function of

MPS concentration in the solution. MPS concentration in hydrolysis solution was varied between 0.01 and

1.00 v-% while the APS concentration was maintained constant at 0.10 v-%. The two most interesting layers

were selected for further study.
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Figure  2A  presents  O  1s  photoelectron  spectra  for  SS-EC  silanized  with  0.10  v-%  APS  /  0.01  v-%  MPS

solution  ratio  (SIL1)  and  0.10  v-%  APS  /  1.00  v-%  MPS  solution  ratio  (SIL2).   The  experiments  were

conducted after steps in Figures 1A and 1B by employing photon energy of 720 eV and the corresponding

information depth is shown schematically in the top-right corner. At this photon energy the majority of PES

signal originates from the silane layer, but there is also a contribution from the underlying SS-EC substrate.

As expected, both spectra exhibit features that indicate the presence of Si–O–Si and Si–O–M bonds, and

SO4 (residue from EC treatment) at 532.4 eV and free surface OH (531.4 eV) and metal oxides (530.0 eV)

[19,34]. There are also minor signals from impurities originating from sample preparation in ambient

conditions, such as C=O and C–O and silicon oxides from the underlying SS-EC. The prominent Si–O signal

indicates the formation of a surface confined silane overlayer.

Figure 2. HR-PES results of O 1s spectra and IEEB analysis. (A) The HR-PES O 1s spectra of samples SIL1 (0.10
v-% APS / 0.01 v-% MPS, top) and SIL2 (0.10 v-% APS / 1.00 v-% MPS, bottom). The schematic illustration
demonstrates the information depth of emitted electrons in HR-PES experiments with photon energy h of
720 eV. The experimental spectra are shown as dotted lines. The fits indicate the presence of surface-
bound OH,  SS  metal  oxides,  SO4 and Si-O-(Metal) bonds as well as states related to residual atmospheric
impurities such as C=O and C-O. The envelope of fitted components is shown in solid green. (B) The
different components in O 1s spectra for SS-EC, SIL1 and SIL2 are shown in percentages of total O 1s signal.
The inset demonstrates the difference between information depths for the two photon energies (h  =
1486.6 eV and h = 720 eV). (C) The inelastic electron energy-loss background (IEEB, see Supplementary
Data for details) analysis of Fe 2p region of the reference sample SS-EC (black), SIL1 (red) and SIL2 (blue).
Spectra were obtained with photon energy of 1486.6 eV. A good fit between experimental (solid lines) and
modeled (dotted line) data is achieved with the surface morphologies shown by the schematic illustrations.

Moreover, the analysis of spectral features in O 1s signal allows quantification of different oxygen bonds

present on the surface. Figure 2B illustrates the observed bonds and their quantities on SIL1, SIL2 and SS-EC

as measured by employing two photon energies (h = 1486.6 eV and h  = 720 eV . Data from SS-EC shows

surface composition prior to silanization. The inset graph demonstrates the respective surface sensitivities
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for  h and h The relative OH concentration on SS-EC indicates that the surface has been successfully

hydroxylated. Furthermore, the OH groups are clearly confined only to the topmost surface region, since

the OH signal is enhanced at the lower, more surface sensitive, photon energy h . In contrast, SO4 residue

from the EC treatment is evenly distributed in the subsurface region as shown by the relatively constant

SO4 concentration.

On the two silanized surfaces, SIL1 and SIL2, the most obvious result is the enhanced concentration of

silane related Si–O bonds. By comparing the quantity of Si–O bonds on the two surfaces, it is evident that

SIL2 has a higher concentration of silane species. Although Si–O signal overlaps with the minor SO4 feature

from the substrate, the concomitant decrease in OH and M-O concentrations and the increase in Si–O

concentration (along with an increase in the Si 2p peak intensity as shown in Supplementary Data Figure

S3A) on SIL2 all indicate that the total silane concentration was higher on SIL2 than on SIL1. The increase in

the quantity of Si–O bonds observed at lower photon energy confirms that silane layers are confined to the

surface on both SIL1 and SIL2.

The morphology of an ideal silane layer for PEGylation would feature a uniform and well-ordered

bimolecular monolayer with amino- and thiol-groups pointing out of the surface plane. To determine the

overall morphology of our silane layer, we employed inelastic electron energy-loss background (IEEB)

analysis developed by Tougaard [31,32]. Briefly, it facilitates the determination of surface morphology and

composition through comparison of experimental IEEB data and computational IEEB predictions obtained

from surface morphology models and experimental parameters. Since all the analysed spectra are acquired

from an area of approximately 0.20 mm2, the results are statistically averaged and represent a significant

sample area for practical applications. We have employed IEEB analysis previously in the quantitative

investigations of Fe–Cr alloy surfaces and silane layers [19,35-37]. The data measured from the SS-EC

surface was employed as a reference and the APS/MPS layer morphology was determined from the IEEB of

Fe 2p signal [25].

Figure 2C shows the best IEEB fits to experimental data and, as indicated in the schematic models on the

right,  the majority  of  the surface area is  covered by 4.6  Å (SIL1)  and 7.0  Å (SIL2)  thick  silane layers.  Both

results  are  in  the  same  range  as  the  values  published  earlier  for  APS  on  SS  and  silica  [19,29,38].  The

remaining surface area on SIL1 and SIL2, presented as taller blocks in the models, corresponds to regions of

siloxane clustering. It can be readily seen that SIL2 features a thicker silane layer and exhibits more

clustering. This is a natural consequence of the higher silane concentration in the hydrolysis solution:

higher concentration increases the probability of oligomer formation and the adsorption of incompletely

hydrolysed MPS, which leads to the observed increase in detrimental clustering and enhanced formation of

non-specific siloxane bonds.
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Since MPS surface compounds are intended to act as coupling agents for MAL–PEG–BTN (Figure 1D), and

eventually SA protein, an important criterion for a functional silane layer is the presence of sterically and

chemically available surface-bound thiol groups. Too densely packed MPS sites would result in a dense

MAL–PEG–BTN arrangement which, in turn, would sterically hinder the efficient bonding of large biotin–SA

complexes. In addition to surface density of MPS, it is of an utmost importance to ascertain whether the

thiol groups in MPS are chemically receptive towards MAL–PEG–BTN.

Figure 3. HR-PES results showing S 2p spectra and IEEB analysis after chemical derivatization (CD). (A) S 2p
spectra from samples SIL1 (top) and SIL2 (bottom) with fits indicating the presence of SH, S-Metal (S-M) and
S–S  bonds  as  well  as  SO3 and SO4. The schematic inset demonstrates the information depth in HR-PES
experiments with photon energy h  of 300 eV. (B) Results from IEEB analysis shown as schematic drawings
for SIL1 and SIL2 before (red and blue, corresponding to spectra in Figure 3A) and after (orange) CD. The
MPS/APS ratios on the surface are determined from the HR-PES spectra measured with photon energy of
550 eV. The schematic illustrations on the right show the proposed monolayer configuration of SIL1 (top)
and clustered thicker overlayer of SIL2 (bottom). For clarity, some Si-O-bonds are omitted from the figure.

Figure 3A shows HR-PES S 2p signal from SIL1 and SIL2 as measured by utilizing photon energy (300 eV) that

was  optimized  for  S  detection  with  high  surface  sensitivity.  S  2p  peaks  comprise  of  S  2p3/2 and  S  2p1/2

transitions with a binding energy difference of 1.18 eV and area ratio of 2:1. The S 2p3/2 peak at 163.7 eV

originates  from  thiol  (SH)  and  S–S  bonds  of  MPS.  The  peak  at  168.5  eV  indicates  SO4 residue in the

underlying SS-EC. Minor components are observed at 166.3 eV (SO3, from reduced sulphates) and at 162.0

eV (most likely S-Metal bonds). Thiol groups are clearly present on both surfaces, but the most striking

observation is that the concentration of thiol groups on SIL2 (blue curves) is 4.7 times higher than on SIL1

(red curves).
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The chemical availability of the surface-confined thiol groups was assessed in chemical derivatization (CD)

experiments (Figure 1C). In CD, the surface is treated with label molecules that readily react with a targeted

functional group on the surface (in this case, thiols) and can thereby be easily detected [39]. In our CD

experiments, we employed fluorocarbon labelled maleimide (MAL–F). The samples were incubated in

tris(2-carboxyethyl)phosphine hydrochloride (TCEP) solution prior to CD experiments in order to break the

any S-S bonds on the surface prior to the adsorption of MAL-F. Maleimide exhibits strong affinity towards

thiol groups in MPS, but is, under the present experimental conditions, inert towards the amino groups of

APS. Since fluorine is not present either in SS or in silanes, the concentration of covalently bound MAL–F,

and thus the chemical availability of thiols groups, can be estimated from the F 1s signal and increase in the

maleimide overlayer thickness. Figure 3B shows that after MAL–F treatment the observed increase in the

maleimide layer  thickness  on SIL2  was 1.5  Å whereas  on SIL1  it  was  13.5  Å.  A  corresponding trend could

also be seen in the F 1s signal (see Supplementary Data, Figure S3B).

The results in Figures 2 and 3 indicate that SIL1 is, indeed, a uniform, bimolecular silane monolayer with the

majority of the SH termini in a correct upright configuration and, thus, sterically and chemically available

for MAL-PEG-BTN bonding. In contrast, on SIL2 we observe a thicker silane layer but, somewhat

surprisingly, greatly reduced uptake of MAL-F in comparison to SIL1. We attribute the enhanced uptake of

MAL-F on SIL1 to the ability of surface-bound OH groups to orient the first layer of silane molecules so that

the functional groups point out of the surface plane. However, if – as on SIL2 – the silane thickness exceeds

one monolayer the silane–silane interaction starts to dominate and, as a consequence, multilayers grow in

a less orderly fashion. Hence, even though there are considerably more thiol groups on SIL2 (Figure 3A), the

weaker orientation of functional groups offers fewer available bonding sites for maleimide. This is

illustrated in Figure 3B by schematic diagrams of our proposed molecular structures for SIL1 and SIL2. The

qualitative diagrams are based on recent results [29,38-40] and the analysis of chemical bonds we have

observed with HR-PES. Our PES experiments indicate successful coupling of the bi-molecular silane film to

the surface. Further insights into the adsorption geometry and bonding on the surface will be obtained by

atomic force microscopy (AFM) and Fourier transform infrared spectroscopy (FTIR) in the forthcoming more

detailed studies of the biofunctional properties. The identified correlation between the molecular structure

of silane layer and its reactivity towards maleimide is a finding that underscores the importance of

understanding and controlling the molecular adsorption geometry of interface structures in nanoscale

functional films.

To demonstrate the functional properties of our layer, we fabricated a set of silanized surfaces with SIL1

silanization parameters and PEGylated (Figure 1D) them with hetero-bifunctional MAL–PEG–BTN

(molecular  weight  MW  =  2000  Da)  and  NHS–PEG  (MW  =  1000  Da)  molecules.  In  comparison  to  other

reactive groups used for bioconjugation (e.g. NHS), maleimide groups exhibit particularly good stability for
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thiol coupling [41]. Hence, MAL–PEG–BTN will bond preferentially, via its  maleimide  group,  to  the  thiol

groups on the surface. At its other end, MAL–PEG–BTN terminates in a biotin group to which SA is known to

link through strong hydrogen bonding (Figure 1E) [27]. NHS–PEG, in turn, carries an amino-reactive (NHS)

group that bonds covalently with the amino terminus in surface-bound APS. Therefore, NHS–PEGs cover

the remaining surface area and function as inert spacer molecules between MAL–PEG–BTN sites, thus

preventing non-specific protein adsorption between the biotinylated sites [42-44]. MAL–PEG–BTN features

a  linear  PEG  chain  that  is  almost  twice  the  length  of  NHS–PEG.  Since  PEGs  can  be  synthesized  with  a

relatively low polydispersity, we expect the biotin group in MAL–PEG–BTN to protrude clearly above NHS–

PEGs and, thus, be readily available for bonding with SA.

The overall performance of the biotinylated nanomolecular interface was confirmed by exploiting strong

and specific SA-biotin interaction [27]. Streptavidin conjugated alkaline phosphatase (SA-AP) was deposited

on the surface using P-nitrophenylphosphate as a substrate for AP. The yellow product (p-nitrophenol) of

the reaction catalysed by AP was measured by absorbance at 405 nm (Figure 1F and top middle inset) [25].

Figure 4. SA-AP uptake as determined from biorecognition assay experiments on silanized and PEGylated
SS-EC/SIL1 surfaces (SS-EC/SIL1/PEG). (A) Uptake of SA-AP on SS-EC/SIL1/PEG surface. (B) Uptake of biotin
(BTN) saturated SA-AP on SS-EC/SIL1/PEG. Absorbance spectra from experiments A and B are shown in
Figure 1 (top middle inset). Two additional negative control samples were prepared in order to investigate
non-specific adsorption of SA-AP. (C) SA-AP uptake on SS-EC/SIL1/PEG surface that was blocked with milk
proteins. (D) Uptake  of  biotin-saturated  SA-AP  on  SS-EC/SIL1/PEG  surface  that  was  blocked  with  milk
proteins. The error bars indicate measured standard deviation.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



13 (17)

As indicated by the biorecognition assay results in Figure 4, PEGylated surface does, indeed, exhibit specific

reactivity towards SA. A freshly PEGylated surface was first exposed to unsaturated (A) and biotin-saturated

SA-AP (B). Saturating SA-AP with biotin prior to deposition clearly reduced its uptake in comparison to

unsaturated SA-AP. The same two experiments were also conducted on surfaces pre-covered with milk

protein (C and D) in order to probe non-specific protein adsorption behaviour. When the surface was

blocked with milk proteins, we observed more variation in the quantity of surface-bound SA–AP. We

postulate that the milk proteins form a loosely bound and weakly ordered layer that sterically blocks SA–AP

bonding to biotin termini. By comparing results from experiments B and D, we conclude that the saturation

of SA-AP with biotin prior to its deposition clearly inhibits its bonding both in the absence and presence of

milk proteins, thus providing more evidence for the specificity of the reaction with MAL–PEG–BTN.

4. CONCLUSIONS

We have demonstrated a solution-based technique for economic and effective fabrication of bi-functional

organosilane monolayers for functionalization of stainless steels. Furthermore, we have elucidated the

nanoscale structure and composition of the organosilane layer by applying quantitative surface sensitive

analytical techniques. This has allowed us to correlate the properties of the silane solution with the

structure and composition of a surface-confined organosilane layer (e.g. the relative concentration of active

MPS sites). The bifunctional layer, in turn, has been shown to provide a versatile avenue for enabling wide

range of biotin-avidin based biochemistry on SS surfaces via tuning of the molecular structure and

composition of the bimolecular silane overlayer and functionalized PEGs. As we have shown here, SA

proteins (or its variants [45,46]) could be bound to the biotinylated organosilane layer, thereby facilitating

further surface functionalization by thousands of commercially available biotinylated molecules with

affinity towards SA. Moreover, although not demonstrated here, the covalent bonding of silanes and PEGs

to the surface also makes it possible to chemically erase the SA layer without destroying the silane–PEG

layer thereby regenerating the surface. The system studied in this paper can be tailored, for example, to

fabricate a wide variety of biosensors by using specific avidin-conjugated molecules. This type of sensors

could be used e.g. in food and medical industry to recognize unwanted bacteria in the process system via

selection of functional groups sensitive to e-coli bacteria, for instance. The bifunctional APS/MPS stainless

steel can also be functionalized with any maleimide or n-succinimidyl ester terminated molecules. This

enables for example specific binding of MAL-terminated RGD-peptides for enhanced cell binding. This type

of approach could be exploited in pro-healing stents. Pro-healing stents enhance the attachment of right

types of cells and tissue to the stent surface which would reduce the risk of encapsulation of the stent.

Finally, potential applications are not limited to avidin-biotin technology and biosciences only. Now that the

bonding to and ordering in the nanomolecular monolayer has been elucidated, covalently-bound
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bimolecular organosilane layers can be tailored to induce a variety of functionalities (e.g.

superomniphobicity or anti-bacterial properties) by grafting them with suitable PEGs and functional groups.

For instance, by functionalizing the silane layer with fluorocarbon groups, nanoscale anti-fouling coatings

can be created. Our technique to fabricating well-ordered and –characterized silane layers also facilitates

incorporation of robust and well-ordered nanoscale silane films on any hydroxyl-rich surfaces including

light-emitting semiconductor materials or ceramic/glass surfaces to attain protective layers that are

transparent to light. Hence, our approach - based on solution-based deposition techniques and profound

understanding of molecular bonding mechanisms - offers a sophisticated, yet relatively efficient way of

fabricating functional SS surfaces for a plethora of applications.
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