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ed organosilane modification of a
simultaneously protein resistant and bioconjugable
silica surface†

Erol Ozgur,‡ab Pelin Toren‡ab and Mehmet Bayindir*abc
A facile method to coat silica surfaces with THPMP is introduced,

forming simultaneously a protein resistant and bioconjugable surface.

The coating is experimentally identified and its anti-fouling and bio-

conjugable characteristics are demonstrated.
Chemical modication of surfaces, which enables unprece-
dented manipulation of the characteristics of materials, can be
attained by a virtually indenite number of different
compounds and methods. Regarding the accommodation of
molecules over surfaces, self-assembly strategies depending on
spontaneous interactions of the molecules with the surface for
the formation of mono- or multilayers are among the most
frequently utilized. Self-assembly generally occurs via func-
tional head groups having high affinity towards the substrate,
anchoring the molecule covalently or non-covalently to the
surface. Among various different head groups, silanes are
particularly important and widely used, while the knowledge
regarding their assembly is far more empirical, besides being
practical. Silanes are assumed to form monolayers over the
surfaces; yet this is a controversial issue since their assembly
depends highly on the environmental conditions, obstructing
the formation of lms with well-dened characteristics. Also
polymerization frequently occurs during their assembly.1

The characteristics of a silane based coating depend on
many factors such as density,2 chain length and functional
group.3 Having a coating with simultaneously more than one
function thus represents a challenge for silane basedmolecules,
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since an alteration in one directly affects the nature of whole
coating. Coating with more than one molecule is hypothetically
possible, either simultaneously or sequentially. However, it is
not practical to perform in every case due to easy polymerization
and unpredictable assembly behavior of silanes.1

Here we propose an alternative strategy for realizing anti-
fouling surfaces with bioconjugation capability by using only a
single molecule for surface modication. We utilized THPMP, a
commercial small silane-based molecule, to produce a bio-
conjugable and anti-fouling silica surface (see ESI† for details).
Phosphonates have been used as functional groups stabilizing
silica containing nanoparticles against aggregation4 or sites for
covalently anchoring primary amines to other molecules such
as nucleic acids.5 Also, it has been shown previously that
methylphosphonate containing silica nanoparticles exhibited
signicantly reduced non-specic biological interactions,6 and
our research group has recently demonstrated that methyl-
phosphonate conjugation particularly decreased protein
adsorption on silica nanoparticles.7 However, to the best of our
knowledge, neither the characteristics of these phosphonate-
based lms were investigated in detail, nor were their bio-
conjugation properties utilized together with their protein
resistant characteristics. In this study, we experimentally char-
acterized the THPMP lm, and examined it regarding its
protein resistance and bioconjugation characteristics. Our
results show that THPMP could effectively be used for
producing simultaneously bioconjugable and protein resistant
silica surfaces in a facile manner, as shown in Scheme 1.

Aer coating the silica surfaces with THPMP by a facile
method that we developed (see ESI† for details), we conducted
XPS, contact angle, AFM and ellipsometry analyses to charac-
terize the coating. Fig. 1 represents the comparison of high
resolution XPS scans of P2p, Si2p, O1s and C1s regions for bare
and THPMP coated silica surfaces. As also could be seen from
the survey spectra (Fig. S1, ESI†), the P2p signal at 133.2 eV only
arises from the THPMP coated sample, showing existence of P
over the surface. Due to the fact that low abundance of P on the
surface, the P2p signal is much lower compared to that other
This journal is © The Royal Society of Chemistry 2014
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Scheme 1 Piranha treated silica surface is first coated with THPMP (1),
which forms a protein resistant thin film. Methylphosphonates could
be activated temporarily by using a cross-linker (2). After the covalent
attachment of proteins via their primary amines (3), the coating reverts
to its bio-inert state.

Fig. 1 Comparison of high resolution XPS scans of P2p, Si2p, O1s
and C1s regions for the bare silica and THPMP coated silica
surfaces. Original data are given in blue lines, while fits for single
peaks and envelopes are given in dashed and solid red lines,
respectively.

This journal is © The Royal Society of Chemistry 2014
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elements have (Table S1, ESI†). The XPS spectrum of bare silica
is known to possess single peaks for both silicon and oxygen,
while functional group related peaks emerge aer organosilane
modication,8 which is coincident with our data. As seen in the
Si2p scan of the bare silica surface, a single peak at 103.6 eV is
from an oxygen-rich Si binding environment.9 The THPMP
coated silica shows an additional peak, located at 102.1 eV,
suggesting a C–Si–O bonding.10 This peak with lower energy
veries that a slightly carbon-rich environment is induced on
the Si surface due to THPMP bonding. Additionally, O1s scans
of the bare and THPMP coated silica surfaces show a common
peak located at 532.9 eV. This peak arises from thermal oxide.11

Aer the THPMP coating, a lower energy peak located at 531.1
eV appeared. This peak shows Si–O bonding8 between THPMP
molecules and the silica surface. C1s scans of the bare and
THPMP coated silica surfaces show two common peaks at 284.8
and 286.5 eV, which are attributed to C–C bonding and C–O
bonding,12 respectively. The intensity of the lower energy peak
at 286.5 eV increases signicantly aer the THPMP coating due
to covalent bonding of the THPMP molecules over the silica
surface.

Static contact angle measurement of a piranha cleaned
surface revealed a contact angle of �3�, since the surface
became highly hydrophilic aer the piranha treatment (Fig. S2,
ESI†). Aer the THPMP coating, the surface gained a static
contact angle of 49.4 � 2.0� (Fig. S2b, ESI†) indicating the
existence of a moderately hydrophilic methylphosphonate
containing thin lm over the silica surface. Additionally, in
another study it was indicated that a contact angle of �50� had
been observed at hydroxyl terminated and compact monolayers
of phosphonate coatings.13

We did AFM measurements to gain information regarding
the morphology of the THPMP coating. AFM results (Fig. S3,
ESI†) demonstrate a roughened surface aer the coating
(Fig. S4, ESI†). Also, this has been commonly observed in other
silane based coatings.14 Rms surface roughnesses from 1 � 1
mm scanned areas of the bare and THPMP coated silica surfaces
were calculated to be 0.59 � 0.03 nm and 2.08 � 0.09 nm,
respectively.

Additionally, from ellipsometry measurements, we assessed
the thickness of the THPMP lm as 0.65 � 0.02 nm (Table S2,
ESI†). This estimated thickness is less than the rms values we
obtained; however, since the ellipsometry measurement is
performed over a much larger area compared to AFM, we
observe an average characteristic of the THPMP lm. Rms
values higher than the thickness were previously reported,
which occur due to local polymerization of organosilane mole-
cules over the surface.14 Thus, we suggest that our results both
from AFM and ellipsometry do not contradict with each other.
Our results indicate that we coated the silica surface completely
with a thin THPMP lm with partial aggregations.

We tested the protein resistance of THPMP coating against
four different proteins: BSA, lysozyme, brinogen and g-glob-
ulin. BSA and g-globulin are serum proteins with different
molecular weights, while brinogen, another serum protein, is
used in adsorption studies due to its large molecular weight and
sticky nature. Lysozyme, on the other hand, a small protein
J. Mater. Chem. B, 2014, 2, 7118–7122 | 7119
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which is positively charged under our experimental conditions
(at pH 7.4), is used to observe whether any electrostatic effects
are present.15 We did XPS measurements to characterize the
adsorption of these proteins. High resolution XPS scans of N1s
regions of piranha treated and THPMP coated silica surfaces
were compared aer being exposed separately to the afore-
mentioned four protein solutions.

The results shown in Fig. 2 represent that N1s signals
signicantly decreased from the samples having THPMP
coating. While comparing the peak intensities quantitatively,
instead of directly using atomic percentages of the survey,16 we
performed a background correction, because we observed a
signicant difference in the baselines among piranha treated
and THPMP coated silica surfaces, probably caused by the
increased surface roughness. We also performed ellipsometry
measurements to compare BSA lms formed over silica surfaces
before and aer the THPMP coating (Fig. S5, ESI†). The amount
of BSA adsorbed is estimated to reduce vefold according to the
measured lm thicknesses,17 which is comparable to similar
ellipsometry measurements.18 It is important here to note that it
is difficult to assess the actual thickness solely depending on
ellipsometry, especially when the surface contains voids,19 as in
the protein adsorption case. Nevertheless, the protein thick-
nesses we deduced from the ellipsometric ts from different
spots on the wafer (Table S2, ESI†) demonstrate that there is a
signicant qualitative difference between piranha treated and
THPMP coated silica surfaces, coinciding with our XPS results.

Many factors are shown to contribute to protein resistance,
among which the most prominent ones are hydrophilicity,
inclusion of hydrogen-bond acceptors but not donors, and
neutral overall charge.20 The methylphosphonate group is
hydrophilic, contains two oxygens as hydrogen-bond acceptors
but no hydrogen-bond donors, and is neutral or very slightly
negatively charged in PBS (pH 7.4), as we measured previously.7

Therefore, since the characteristics of the THPMP molecule t
within the empirically described domain of high protein
Fig. 2 High resolution XPS scans of N1s of piranha treated and THPMP
coated silica surfaces after exposure to (a) BSA, (B) g-globulin, (c)
fibrinogen, and (d) lysozyme solutions. THPMP coating showed
significant resistance to all tested proteins. The ratios of intensities of
piranha treated (I0) and THPMP coated (ITHPMP) surfaces were calcu-
lated after background correction.

7120 | J. Mater. Chem. B, 2014, 2, 7118–7122
resistance, it could be anticipated that THPMP coating over
silica would show a considerable protein resistance.

In order to covalently conjugate proteins to the methyl-
phosphonate groups, we used EDC as an activator (see ESI† for
details). EDC attacks the negatively charged terminal oxygen of
methylphosphonate, forming an unstable O-acylisourea inter-
mediate, which is then replaced by a primary amine. As a veri-
cation, we applied EDC/NHS chemistry (see ESI† for details)
and performed a high resolution N1s scan to observe NHS esters
(Fig. S6, ESI†). We observe two distinct peaks at 400.0 and 402.2
eV, corresponding to N–C and N–O, respectively, indicating the
formation of NHS ester termination.21 In a previous study
regarding EDC activation of methylphosphonate for covalent
attachment of primary amines, phosphoramidate chemistry
was suggested; i.e., the unstable O-acylisourea was suggested to
be formed via the methyl group of methylphosphonate.22

However, according to our XPS data, we observe the typical N–C
and N–O bonding verifying the formation of NHS esters. Our
results imply that the NHS ester formation occurs via negatively
charged oxygen terminal of THPMP molecules, suggesting a
phosphonamidate structure.23

We utilized confocal microscopy to examine protein resis-
tance and bioconjugation simultaneously and compare
different samples quantitatively, using FITC labeled BSA
(Fig. 3). First, we veried that the THPMP coated surface is
protein resistant, as could be seen from the confocal images of
the piranha treated (Fig. 3a) and THPMP coated (Fig. 3b) quartz
wafers, comparing their uorescence intensities. The protein
resistance for longer periods was also investigated separately
(Fig. S7, ESI†). Then, we covalently attached FITC-BSA over the
THPMP coated quartz wafers aer EDC activation (Fig. 3c), and
observed a signicant uorescence, the intensity of which is
comparable to the nonspecic adsorption. Normally, it is diffi-
cult to distinguish covalent coupling from nonspecic adsorp-
tion. However, we assert that covalent conjugation occurred,
since proteins were successfully accommodated over the
THPMP lm aer EDC activation, which was otherwise protein
resistant.

We also tested the recovery of THPMP aer EDC activation by
washing the wafer thoroughly with ultrapure water prior to
incubation with FITC-BSA. We observed a signicant loss in the
uorescence (Fig. 3d), indicating the reversibility of the EDC
activation. High resolution XPS scans of P2p and N1s regions of
recovered THPMP coatings on thermal silica (Fig. S8, ESI†) also
veried that the lm chemically returns to its unmodied form.
The quantitative comparison of all uorescence intensities is
also given (Fig. 3e). The results show that THPMP possesses a
dramatic protein resistant behavior. Additionally, covalent
attachment of proteins is feasible by activating the THPMP
coated surface with EDC, which is totally reversible in terms of
protein resistance. The fact that O-acylisourea is quite unstable
in aqueous environments could be advantageous, regarding the
recovery of protein resistance properties of the THPMP lm
aer EDC activation and covalent modication. As a further
control, we covalently conjugated amine modied ssDNA to the
wafers aer EDC activation, and still observed signicant
protein resistance aer bioconjugation (Fig. S9, ESI†).
This journal is © The Royal Society of Chemistry 2014
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Fig. 3 Nonspecific adsorption of FITC-BSA over the piranha treated
quartz surface (a) is almost diminished after THPMP coating (b).
Covalent attachment, which produces a comparable signal level to
nonspecific adsorption, is possible by EDC activation (c), while THPMP
coating can be reverted to its protein resistant original state later (d).
The comparison of the fluorescence intensities (e) enables quantitative
comparison of the amount of protein present over the surface.
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Confocal microscopy measures emitted photons from uo-
rophores attached to the proteins, which is proportional to the
amount of proteins on the surface, suggesting that THPMP
induces around two orders of magnitude reduction in the
amount of adsorbed BSA. According to the XPS measurements,
the resistance towards other proteins is expected to be on the
same order as well. Although not coinciding with the obtained
XPS and ellipsometry results, when the limitations of these
research tools are considered, such as difficulty of measure-
ment on rough surfaces with XPS,24 or thin lm approximation
of the ellipsometer,17 we could assume that the confocal
microscopy measurements are dependable for a quantitative
comparison.

AFM images were taken aer covalent coupling of BSA over
the THPMP coated silica surface with two different scanned
areas (Fig. S10 and 11, ESI†). Rms surface roughnesses of
scanned wide and narrow areas from the covalently BSA
conjugated surface were measured to be 3.82 � 0.16 nm and
3.62 � 0.56 nm, respectively. The surface roughness increased
aer covalent coupling of BSA to the THPMP lm. Moreover, the
This journal is © The Royal Society of Chemistry 2014
surface shows a uniform distribution of BSA over a wide area
range. It can be seen from the gure that the proteins formed a
layer following the pattern of the THPMP coating. We also took
an AFM image of non-specically bound BSA onto a piranha
cleaned silica surface with 1 � 1 mm scanned area (Fig. S12,
ESI†). The Rms surface roughness was measured to be 1.23 �
0.19 nm and a signicantly different morphology from that of
the BSA conjugated THPMP lm was observed.

In conclusion, we demonstrate that methylphosphonate
containing organosilanes could effectively be used as protein
resistant coatings which are simultaneously bioconjugable.
Both coating of silica with methylphosphonate and covalent
protein conjugation are quite straightforward and efficient, and
activation of methylphosphonates could easily be reverted,
forming an inert coating around the bioconjugated moiety.
Using only a single molecule in a multifunctional manner
provides an unprecedented exibility to the model we propose,
which in our opinion could nd important applications espe-
cially in biomedical elds, such as smart biocompatible
implants, targeted drug delivery, and high selectivity and
sensitivity biosensors.
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S1. Experimental Procedures 

Materials 

Hellmanex III was purchased from Hellma-Analytics (Müllheim, Germany). Acetone, 3-

(Trihydroxysilyl) propyl methylphosphonate (THPMP, MW 238.18), 2-(N-Morpholino) 

ethanesulfonic acid hydrate (MES, MW 195.24), phosphate buffered saline (PBS, as tablets), bovine 

serum albumin (BSA, MW 66kDa), albumin–fluorescein isothiocyanate conjugate (FITC-BSA, MW 

of BSA 66 kDa and MW of FITC 389.4), γ-globulins from bovine blood, fibrinogen (from human 

plasma), and lysozyme (from egg chicken white) were purchased from Sigma-Aldrich (St. Louis, 

USA). Ethanol, N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC, MW 191.70), 

sodium chloride (NaCl, MW 58.44), sodium hydroxide (NaOH, MW 40.00), and N-

Hydroxysuccinimide (NHS)  were purchased from Merck (Darmstadt, Germany). Sulfuric acid 

(H2SO4) and hydrogen peroxide (H2O2) were purchased from Carlo Erba (Val-de-Reuil, France) and 

Panreac (Barcelona, Spain), respectively. During all studies, we used ultrapure water (18.2 MΩ.cm-1 at 

25°C) purified with a Millipore Milli-Q water filtration system (Billerica, USA). 

Surface Cleaning and Activation 

Silica and quartz surfaces, cut into pieces using a dicing saw purchased from Disco Corporation, 

Model DAD3220 (Tokyo, Japan), were cleaned with 1% v/v Hellmanex solution in water in an 

ultrasonic bath for 15 min. Then, the surfaces were washed with ultrapure water and sonicated in 

ethanol, acetone and ultrapure water each for 15 min, respectively. The surfaces were again washed 

thoroughly with water and dried in vacuum for 30 min at 100 °C. To remove residual organic 

contaminants and increase the number of active hydroxyl groups on the surfaces, piranha cleaning was 

applied (Caution! Piranha solution is highly reactive and should be handled with care in a fume hood). 

After cleaning with piranha solution (H2SO4:H2O2 3:1 v/v) at 60 °C for 30 min, the surfaces were 

washed thoroughly with water and dried with a nitrogen gun. 

THPMP Coating of Silica Surfaces 

A 2% v/v THPMP solution in ultrapure water was prepared and left on a shaker for 10 min at room 

temperature. The dried surfaces were soaked immediately into the THPMP solution and organosilane 

modification of the surfaces were done for 1h at 60 °C. Then, the surfaces were washed gently with 

ultrapure water to remove unbound THPMP molecules, and cured in vacuum for 1h at 100 °C.  

Protein Resistance Measurements 

THPMP coated silica surfaces were exposed to 1 mg/ml of BSA, albumin, γ-globulin and lysozyme 

solutions in 1X PBS (at pH 7.4) separately for 1h at room temperature on a lab shaker. 
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Covalent Protein Conjugation and Recovery of the Protein Resistant Surface 

For covalent protein conjugation, a THPMP coated silica surface was soaked into a 5 mM EDC 

solution in MES buffer (50 mM MES, 0.1 mM NaCl in ultrapure water at pH 6.0 adjusted by NaOH) 

and incubated for 2h on a lab shaker for surface activation. We activated the methylphosphonate 

groups in MES buffer instead of commonly used phosphate buffer, especially in activation of 

carboxylates,1 to avoid any reaction of EDC with the phosphates in the solution, which could decrease 

the efficiency of activation seriously.2 To remove residual EDC molecules, the surfaces were washed 

once with the MES buffer rapidly and then soaked into a 1 mg/ml protein containing 1X PBS (at pH 

7.4) for 1 h on a lab shaker. To remove unbound proteins, the surfaces were washed with 1X PBS (at 

pH 7.4). To show that EDC/NHS chemistry can be applied via methylphosphonate groups, a THPMP 

coated silica surface was activated with a solution containing 5 mM EDC and 2 mM NHS in the MES 

buffer for 2 h on a lab shaker. Then, the surface was washed triply with the MES buffer to remove any 

residual products. All steps were performed at room temperature.  

For the recovery of protein resistance after EDC activation, the samples were thoroughly washed with 

ultrapure water. 

Covalent (single strand DNA) ssDNA conjugation 

THPMP coated quartz wafers were incubated in a solution containing amine modified ssDNA labeled 

with Cy5 fluorophore (100 nM in PBS) for 2 h at RT, after EDC activation. 

X-Ray Photoelectron Spectroscopy (XPS) 

XPS measurements were done with a high resolution XPS spectrometer (Thermo Fisher Scientific, 

U.K.). As X-Ray source, Al K-α X-Ray monochromator (0.1 eV step size, 12 kV, 2.5 mA, spot size 

400 µm) was used at an electron take-off angle of 90°. For all samples, survey spectra were taken 2 

times with 50 ms dwell time (pass energy 200 eV). All N1s, O1s, C1s and Si2p spectra were taken 10 

times with 50 ms dwell time (pass energy 30 eV). In order to increase signal and minimize the noise 

from background, all P2p spectra were taken 20 times with 200 ms dwell time (pass energy 30 eV). 

Peak calibration and peak fitting were done with Avantage software package. Binding energy scales 

were calibrated with respect to neutral C1s peak at 284.8 eV.3 For peak fitting, background type and 

function type were chosen as ‘Smart’ and ‘Gaussian-Lorentzian mix’, respectively. During all XPS 

studies, 1 µm thermally grown oxide on Si wafers, cut into 0.5 x 0.5 cm pieces, were used. 

Atomic Force Microscopy (AFM) Imaging 

To observe surface morphology and measure root-mean-square (rms) surface roughness, AFM (XE-

100E, PSIA, Korea) was used in non-contact mode at 0.65 Hz scan rate during all measurements. For 

each measurement, 1 x 1 µm area was scanned from three different regions and rms surface 
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roughnesses were calculated. Additionally, covalently BSA conjugated THPMP coated silica surface 

was scanned with 10 x 10 µm areas from three different regions and rms surface roughness was 

calculated. During all AFM studies, 1 µm thermally grown oxide on Si wafers, cut into 0.5 x 0.5 cm 

pieces, were used. 

 

Contact Angle Measurements 

Static contact angle measurements were done with a contact angle meter (OCA-30, Dataphysics, 

Germany). Each measurement was done with 3 µl water droplet and repeated three times with 

different wafers at room temperature. Laplace-Young fitting was done to obtain contact angle values. 

All contact angle measurements were performed on 1 µm thermally grown oxide on Si wafers. For 

piranha cleaned and THPMP coated samples, we used wafers cut into 2 x 2 cm and 0.5 x 0.5 cm, 

respectively. 

Confocal Microscopy 

Confocal measurements were performed with a confocal microscope (Model LSM 510, Zeiss, 

Germany) using 20X objectives. FITC-BSA were excited with Argon laser at 488 nm, and emission 

were collected over 505 nm using photomultiplier tubes. Cy5 were excited with He-Ne laser at 633 

nm, and emission were collected over 650 nm. The settings for gain and offset were kept constant 

throughout all measurements. The pinhole was set to 5 airy units in order to collect more signal, and 

the images were formed by averaging each scan line 16 times. ImageJ program was used for image 

processing. Fluorescent intensity from one sample with only piranha treated was utilized as 

background signal, and the amount was subtracted from each data. For quantitative analysis, three 

measurements from different places of each wafer were considered. Quartz wafers were used to avoid 

interference effects that would be observed with thin thermal silica on Si. The quartz samples were 

incubated for 1 h in 1 mg/ml solutions of FITC-BSA (in 1X PBS at pH 7.4) on a lab shaker at room 

temperature. Environmental light was avoided during sample preparation. During all confocal 

microscopy studies, quartz wafers cut into 0.5 x 1.5 cm, were used. 

Ellipsometry 

Ellipsometry measurements were performed with a spectroscopic ellipsometer (V-VASE, J.A. 

Woollam, USA). The ellipsometer was operated at single wavelength (633 nm), while the incident 

angle was varied from 30° to 90° by steps of 2°, and optical constants; amplitude component (Ψ) and 

phase difference (Δ) were measured. Afterwards, thickness of the films were estimated by fitting data 

with the optical constants obtained from the literature.4  During all ellipsometry studies, 250 nm 

thermally grown oxide on Si wafers, cut into 0.5 x 1.5 cm, were used. 
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S2. Figures 

 

Fig. S1 XPS survey spectra of the (a) bare and (b) THPMP coated silica surfaces. 

 

 

 

 

 

Fig. S2 Contact angle measurements. CCD camera images of water droplets on the (a) piranha cleaned 

silica surface (2 x 2 cm) and (b) THPMP coated silica surface (0.5 x 0.5 cm) at room temperature. 

Droplet volume was 3 μl for both samples. 
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Fig. S3 Surface topologies of bare (a) and THPMP coated (b) silica surfaces. Rms surface roughness 

increased after THPMP coating of silica surface. 

 

 

Fig. S4 2D AFM images (1 x 1 μm) of the (a) bare silica, (b) THPMP coated silica given with line 

profiles and histograms.  
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Fig. S5 Ellipsometry measurements. Bovine serum albumin (BSA) adsorption (ng/cm2) onto the 

piranha treated and THPMP coated silica surfaces.  

 

 

Fig. S6 High resolution XPS scans of  N1s region for the EDC/NHS chemistry applied THPMP coated 

silica surface. Original data were given in blue lines, while fits for single peaks and envelopes were 

given in dashed and solid red lines, respectively. Components peaks (at 402.2 and 400.0 eV) verifies 

the existence of  stable NHS-esters on surface. Full-width half-maxima of the component peaks at 

402.2 and 400.0 eV, are 0.9 and 2.3, respectively. 
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Fig. S7 Time dependent protein resistance of THPMP. THPMP coated quartz wafers have shown a 

significant protein resistance towards 4h (b) and 24 h (d) incubation inside 1 mg/ml FITC-BSA 

compared to bare quartz glasses with the same incubation times (a,c). (e) The measured fluorescence 

intensities compared to each other.   
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Fig. S8 High resolution XPS scans of  P2p and N1s regions for the EDC activated and then recovered 

THPMP coated silica surface. Original data were given in blue lines, while fit for single peak was 

given in solid red line. P2p peak (solid red line) has full-width half-maximum of 2.0. 

 

Fig. S9 Confocal images of quartz wafers covalently conjugated with ssDNA labeled with Cy5 (a) and 

afterwards  incubated  in 1 mg/ml FITC‐BSA  (b). The  images are  formed by merging two channels of 

the confocal microscope. The relative fluorescent intensities were given in (c).  
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Fig. S10 Surface topologies of covalently BSA conjugated silica surfaces with (a) 10 x 10 and (b) 1 x 

1 µm scanned areas. 3D image on the left shows that the bioconjugated coating has a definite 

topography over a wide area. 3D AFM image on the right demonstrates that the bioconjugation 

follows the pattern of the THPMP coating, with a slightly but yet significantly increased rms surface 

roughness. 

 

 

Fig. S11 2D AFM images of the covalently BSA conjugated THPMP coated silica surface with (a) 10 

x 10 μm, and (b) 1 x 1 μm scanned areas given with line profiles and histograms. Scale bars are 2.5 

μm and 250 nm, respectively. 
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Fig. S12 Surface topology of  the non-specifically bound BSAs onto piranha cleaned silica surface. 

Rms surface roughness was measured as 1.23 ± 0.19 nm. 
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S3. Tables 
 

Table S1. XPS data of the bare and THPMP coated silica surfaces. 

  Peak binding energy 

(eV) 

*FWHM fit param 

(eV) 

Atomic 

(%) 

P2p - - 0 

Si2p 103.6 1.5 32.5 

O1s 532.9 1.4 55.5 

High C1s 

Low C1s 

284.8 

286.5 

1.5 

1.3 

11.1 

0.9 

P2p 133.2 2.0 2.8 

High Si2p 

Low Si2p  

103.6 

102.1 

1.6 

1.4 

24.8 

1.3 

High O1s 

Low O1s 

532.9 

531.1 

1.4 

1.5 

47.0 

4.1 

High C1s 

Low C1s 

284.8 

286.5 

1.5 

1.2 

14.1 

2.8 

Na1s 1071.5 - 3.1 

 

* Full-witdh half-maximum 

 

 

 

 

 

THP
MP 

COA
TED 
SILI
CA 

BA
RE 
SIL
IC
A  



     

Ozgur, Toren, Bayindir | Protein resistant and bioconjugable silica surface                                               S13 / 13 

Table S2. Ellipsometry data. 

 Thickness 

(nm) 

Standard 

deviation 

Mean-square-error Average 

thickness (nm) 

Protein adsorption 

(ng/cm2) 

NS1 1.89 0.10 1.54  

1.84±0.07 

 

242.30±8.77 NS2 1.86 0.10 1.57 

NS3 1.76 0.09 1.73 

T1 0.65 0.11 1.61  

0.65±0.02 

 

_ T2 0.64 0.09 1.41 

T3 0.67 0.09 1.69 

TB1 0.40 0.09 1.57  

0.36±0.07 

 

47.50±8.94 TB2 0.39 0.09 1.66 

TB3 0.28 0.15 2.34 

 

NS1-3 : Non-specific adsorptions of BSAs onto piranha cleaned silica surface. 

T1-3 : THPMP coated silica surface. 

TB1-3 : Non-specific adsorptions of BSAs onto THPMP coated silica surface. 
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