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a b s t r a c t
The protein-resistant properties of a chemical vapor deposited alkyl-functional carboxysilane coating
(Dursan® ) were compared to that of an amorphous ﬂuoropolymer (AF1600) coating and bare 316L grade
stainless steel by studying non-speciﬁc adsorption of various proteins onto these surfaces using quartz
crystal microbalance with dissipation monitoring (QCM-D). A wash solution with nonionic surfactant,
polyoxyethyleneglycol dodecyl ether (or Brij 35), facilitated 100% removal of the adsorbed bovine serum
albumin (BSA), mouse immunoglobulin G (IgG), and normal human plasma proteins from the Dursan
surface and of the adsorbed normal human plasma proteins from the AF1600 surface, whereas these
proteins remained adsorbed on the bare stainless steel surface. Mechanical stress in the form of sonication
demonstrated durability of the Dursan coating to mechanical wear and showed no negative impact on
the coating’s ability to prevent adsorption of plasma proteins. Surface delamination was observed in case
of the sonicated AF1600 coating, which further led to adsorption of normal human plasma proteins.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Prevention of non-speciﬁc protein adsorption to surfaces is
highly important for the technological performance of many products in the food, marine, and medical industries, to name a few
[1,2]. No doubt, the level of acceptable non-speciﬁc protein loading could greatly depend on the speciﬁc technology and industry
requirements. For example, medical devices in the modern clinical
laboratory widely utilize immunoassay formats that amplify the
detection of relevant analyte found in whole blood, serum, plasma,
cerebral spinal ﬂuid, urine, and other bodily ﬂuids. Although the use
of immunoglobulins allows for highly sensitive and speciﬁc capture
of the molecules of interest, the potential interference from nonspeciﬁc binding (NSB) of unwanted molecules to the solid surfaces
surrounding the antibodies often limits performance claims, such
as limit of detection (LOD) because of a poor signal to noise ratio
[3]. In addition to the negative impact that sample or reagent protein NSB may cause during the immuno-detection of analyte, much
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concern still exists with the prevention of key reagent protein loss
to surfaces in manufacturing containers (usually made up of stainless steel), ﬁll tubing, packaging (usually hydrophobic surfaces),
and automated analytical systems (that may contain stainless steel
parts). For example, automated analytical systems pipettes could
non-speciﬁcally bind traces of immunoglobulins that will eventually be carried on to a different part of the system thus generating
cross-reagent contamination and interference. To mitigate these
problems, automated systems may incorporate special coatings
that sustain continued use, exposure to a high variety of chemical
formulations, and preventive maintenance procedures that involve
harsh washes by solutions containing caustic chemicals.
A commonly used substance to impart protein adsorption resistance to a surface is based on oligo- or poly (ethylene glycol) (PEG),
with inertness or non-fouling properties attributed to a hydrophilic
nature. Although the mechanism of resistance to adsorption of
proteins remains inconclusive, it is well believed that the strong
interaction of the surface with water plays a key role. In fact,
Whitesides’ group proposed a set of design principles for inert
surfaces which includes hydrophilicity, the presence of hydrogenbond acceptors, the absence of hydrogen-bond donors, and overall
electrical neutrality [4]. However, PEG is not stable and has a
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tendency to auto-oxidize in the presence of oxygen and thereby
loses its protein-resistance characteristic [2,5].
Another class of coatings that are used to resist biofouling consists of hydrophobic surfaces such as PDMS (polydimethylsiloxane)
and PTFE (polytetraﬂuoroethylene) surfaces [2,6]. These surfaces
are known to show good “fouling release” properties, due to the low
modulus and low surface energy that allow the easy detachment
of adhered fouling species [2]. These polymer surfaces, however,
often have delamination issues during use, rinsing, and physical
wear. An alternative coating solution that offers better physical stability as well as chemical stability in air, liquids and other oxidative
environments is highly desirable.
In this paper, we used the quartz crystal microbalance with
dissipation monitoring (QCM-D) [7,8] to characterize the protein resistant anti-biofouling properties of a chemical vapor
deposited alkyl-functional carboxysilane coating (Dursan® [9,10])
on a stainless steel surface via non-speciﬁc adsorption of different
biological macromolecules. QCM-D monitors changes in oscillation frequency and dissipation of a planar crystal substrate upon
adsorption of macromolecules [7,8]. Two very common immunoassay blocker proteins (i.e. bovine serum albumin (BSA) [11] and
mouse Immunoglobulin G (mouse IgG) [12]), a synthetic amino
acid polymer poly-l-lysine hydrobromide (PLL) [13], and normal
human plasma (NHP) – representing patient samples (with a mix
of albumins, globulins, and other serological proteins [14]), all
at concentrations relevant to immunoassay reagent formulations,
were utilized to determine the non-speciﬁc adsorption of protein
on coatings made up of Dursan, 316L grade stainless steel (SS),
and AF1600 – an amorphous ﬂuoropolymer surface. A stainless
steel coated QCM-D sensor was used as the substrate to characterize antifouling properties of the Dursan coating as prolonged
adsorption of BSA on SS has been shown to cause biofouling
through protein-induced enhancement of metal release from stainless steel [15,16]. Impact of a nonionic surfactant, Brij 35 that is
used in generic immunoassay wash buffer formulations on protein
adsorption was studied. Sonication was employed to induce rapid
mechanical wear and evaluate durability of the coating adhesion to
the QCM-D sensor substrate. Protein adsorption on the sonicated
QCM-D sensors with coatings was further evaluated.
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Sigma–Aldrich, Inc., Deconex® 11 UNIVERSAL (SKU # NC0361563)
was purchased from Fisher Scientiﬁc, Inc.
2.2. Coatings
Protein adsorption on different surfaces of interest was studied
using Q-Sense E4 – a quartz crystal microbalance with dissipation monitoring (or QCM-D) from Biolin Scientiﬁc, Inc. (Linthicum
Heights, MD, USA). AT-cut quartz crystal sensors with base resonance frequency of 5 MHz and coated with a uniform thin layer
of 316L grade Stainless Steel (QSX 304), and AF1600 (QSX 331)
– an amorphous ﬂuoropolymer – were purchased from Biolin
Scientiﬁc, Inc.
Stainless steel (SS) sensors were further coated by a proprietary
deposition called Dursan. Dursan is applied via a 3-dimensional
chemical vapor deposition process involving the decomposition
of an alkylsilane followed by an oxidative exposure of the base
material [9,10]. The surface is then functionalized with a second
alkylsilane to give a wear-resistant, hydrophobic and chemically
inert coating. The spectroscopically determined coating thickness
using a Filmetrics F20 instrument was about 200–300 nm on the
QCMD sensors, and it exhibited a static water contact angle of
85–90◦ (measured with a ramé-hart model 200 standard goniometer). The water contact angle on the as-received (uncoated) SS
sensor was ∼72◦ which decreased to ∼52◦ after the SS sensor
cleaning steps described in Section 2.4. Water contact angle on the
as-received AF1600 sensor was ∼120◦ .
2.3. Surface XPS and SIMS analysis of Dursan coating
The SIMS (Secondary Ion Mass Spectroscopy) measurements
were conducted at Evans Analytical Group (East Windsor, NJ) using
Cesium (Cs) primary ion bombardment, and Cs attached positive secondary ions were detected. The XPS (X-ray photoelectron
spectroscopy) analysis was conducted at the Pennsylvania State
University’s Materials Characterization Lab using a Kratos Analytical Axis Ultra spectrometer with a monochromatic Al K␣ source.
The scan was collected at a pass energy of 80 eV with a 1 eV step
size.
2.4. QCMD characterization

2. Experimental
2.1. Materials
Bovine serum albumin (BSA; SKU # 68100) and mouse
immunoglobulin G (mouse IgG; SKU # A66184M-ASR) were
purchased from Proliant Biologicals, Inc. (Boone, IW, USA) and
Meridian Life Science, Inc. (Memphis, TN, USA), respectively. Polyl-lysine (PLL; mol. wt. ∼9000) was purchased from Sigma. Normal
Human Plasma manufactured by Abbott Laboratories was used
as received. A 10 mM phosphate buffer saline (PBS) solution with
0.15 M NaCl at pH 7.2, was used to prepare solutions of 1% BSA,
1% mouse IgG, and three different concentrations of PLL. pH of
each protein solution was adjusted to 7.2 ± 0.1. Antimicrobial agent
Sodium Azide (Charkit Chemical Corporation, CT, USA) was added
into each protein solution at 0.1% (w/v) for longer shelf life at 2–8 ◦ C.
PBS with a nonionic surfactant – polyoxyethyleneglycol dodecyl
ether (Brij 35) at 0.05% (w/v) and 0.1% sodium azide was used
to obtain the baseline and rinse measurements in QCMD experiments. The solution has henceforth been identiﬁed as WB1. PBS
without surfactant will be identiﬁed as WB2. CHROMASOLV® Plus
grade water (HPLC water) was purchased from Sigma–Aldrich,
Inc. (St. Louis, MS, USA) and was used for cleaning of sensors, QSense assembly and preparation of different cleaning solutions.
HellmanexTM – a cuvette cleaning concentrate was purchased from

Protein solutions were ﬂowed over sensors maintained at
25 ± 0.1 ◦ C using a peristaltic pump (Ismatec IPC-N4) assembly
attached with the Q-Sense E4 unit. (The unit allows 4 distinct measurements in parallel.) Details of the working principle and data
acquisition using QCM-D can be obtained from these referenced
publications [7,8]. In brief, changes in frequency (f) and dissipation (D) at the 3rd, 5th, 7th and 9th overtones of the base
resonance of Quartz crystal (5 MHz) were monitored over time.
Base resonance of each sensor was ﬁrst determined in air. Each
sensor was then exposed to WB1 at 0.150 mL/min ﬂow rate for
up to 2 h. This step was performed to ensure complete removal
of any residual contaminants from the coatings as well as priming
of the surfaces before exposure to proteins. Experiment baseline
was determined by ﬂowing WB1 over all sensors for ∼4 min. Protein solution of interest was then ﬂowed over the sensors for
∼20–25 min and was followed by rinse using WB1 for another
25 min. All experiment steps were conducted at 0.150 mL/min ﬂow
rate. At the end of each experiment, per the supplier recommendations, cleaning of the modules was conducted by ﬂowing 2%
HellmanexTM solution for ∼30 min followed by HPLC water for
∼2 h, both at 1 mL/min. Sensors were further cleaned using the protocols recommended by Biolin Scientiﬁc. Stainless steel (SS) sensors
were cleaned after each experiment by storing in a 1% solution of
HellmanexTM in HPLC water for a minimum of 30 min followed by
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thorough rinse with HPLC water, sonication for 10 min in 190 proof
ethyl alcohol, drying by nitrogen gas, and exposure to UV/Ozone
treatment (BioForce Nanosciences ProcleanerTM 110) for 10 min.
AF1600 and Dursan coated sensors were cleaned by storing in 1%
solution of HellmanexTM in HPLC water for 30 min followed by storage in water for up to 2 h, thorough rinse with ethyl alcohol, and
drying by nitrogen gas. These two sensor types were not exposed to
sonication and UV/Ozone treatment as both methods were found
to considerably lower the static contact angle of water on these surfaces transitioning them from hydrophobic to hydrophilic. AF1600
and Dursan coated sensors were treated with sonication at ultrasound frequency of ∼42 kHz only when the effect of mechanical
stress was intentionally evaluated. (Caution: Adhering to the OSHA
protocol for safe handling of potentially biohazardous material, upon
completion of the experiments evaluating contact with normal human
plasma proteins, all sensors and experiment modules were ﬁrst treated
by ﬂowing 0.5% sodium hypochlorite solution in HPLC water.)
The ratio of change in dissipation to change in frequency can
be used to determine the rigidity of the adsorbed protein layer [7].
In case of detectable protein ﬁlm formation, it was approximated
that a rigid ﬁlm had formed when |D/f|, at a given overtone, was
<0.1 × 10−6 Hz−1 . Sauerbrey equation (m = −C/n·f) correlating
the adsorbed mass (m) to the changes in oscillation frequency
(f) was used to differentiate adsorption of proteins on the surfaces [17]. In the equation, C is the mass sensitivity constant (with
value of 17.7 ng cm−2 Hz−1 for the quartz sensors used here) and n
is the overtone used for measurement. In case of protein ﬁlms with
|D/f| values >0.1 × 10−6 Hz−1 , viscoelastic modeling using the
Voigt model [18] was used to determine the adsorbed protein ﬁlm
properties. The Qtools software from Q-Sense allows calculation
of both the Sauerbrey mass/thickness and viscoelastic properties
using Voigt modeling. A minimum of two distinct measurements
were carried out for each protein-surface system.

3. Results and discussion
3.1. XPS, SIMS analysis of the Dursan coating
Fig. 1 shows an XPS survey scan and SIMS depth proﬁle of a representative Dursan coating on a stainless steel coupon to illustrate
the atomic and bonding composition of the material. The combined
XPS and SIMS data conﬁrm that Dursan is composed of silicon, oxygen, carbon and hydrogen. The XPS scan in Fig. 1(a) represents the
top 10 nm region of the coating, which includes both the surface
functional layer as well as part of the bulk composition of the coating, but the surface functional layer contributes minimally to the
bulk component. The XPS peaks below 200 eV are characteristic of
silicon, and correspond to Si 3s (23 eV), Si 2p (100 eV) and Si 2s
(149 eV), respectively. The peak at 281 eV is attributed to carbon
1s, and the strong peak located at 529 eV is characteristic of oxygen
1s. The peaks above the oxygen 1s peak are attributed to plasmon
losses as well as Auger electron transitions generated during the
XPS data collection.
In comparison to XPS, which studies the surface 10 nm region of
the coating, SIMS depth proﬁle was collected throughout the whole
thickness of the representative coating (∼730 nm). The uniform distribution of each component element (H, O, Si, and C) throughout
the bulk of the coating is demonstrated in Fig. 1(b). The oxygen
bump peaked near 800 nm into the coating indicates an oxiderich interface between the coating and the stainless steel substrate.
Based on RBS calibrated low-k standard, the Si:O atomic ratio is 1:2
(15.3% vs. 31%), suggesting the coating is comprised of a SiO2 -like
bulk framework, with the remaining 10 atom% contribution from
carbon and 43.7 atom% from hydrogen. The XPS study conﬁrmed
the same 1:2 Si:O ratio, with data generated by high resolution

scans of each element and calibrated with the relative sensitivity
factors of each element.
3.2. QCMD characterization
3.2.1. BSA adsorption
A wash buffer with surfactant is typically used in immunoassays
for removal of unbound analytes [19,20] as well as for cleaning of
different non-disposable immunoassay analyzer parts. To understand the effect of nonionic surfactant on protein adsorption to the
Dursan coating and SS surface, WB1 (PBS buffer with a nonionic
surfactant, Brij-35) was compared to WB2 (PBS buffer without the
nonionic surfactant) and BSA was used as the model protein (Fig. 2).
Both the baseline and rinse steps were obtained using respective
buffers.
As shown in Fig. 2(a), upon exposure of the sensors to BSA
solution, both the Dursan coated and bare SS sensors showed an
instantaneous decrease in their resonance frequency indicating
protein adsorption. The resonance frequency of a quartz crystal
microbalance sensor decreases upon exposure of the sensor to a
solution with higher density than that of the baseline buffer as
well as a solution containing macromolecules such as proteins,
polymers, or surfactants that can adsorb on the sensor surface
[7]. The frequency drop for bare SS surface was 4-fold higher
than that for Dursan coated surface. The sensors were then rinsed
with WB1 (i.e. the buffer with nonionic surfactant), and a slight
increase of frequency was observed for SS, whereas for Dursan
the frequency reverted back to the baseline level. The dissipation
increased instantaneously for both SS and Dursan upon contact
with the protein solution indicating protein adsorption (Fig. 2(b)).
Thereafter, in case of SS, a gradual increase in dissipation was
observed until the sensor came in contact with the WB1 for the
rinse, when the dissipation decreased slightly and plateaued over
time to values above the baseline. In case of Dursan, the dissipation stayed relatively unchanged while in contact with the protein
solution and decreased very close to the baseline values upon rinse
with WB1. These observations indicated a much more effective
removal of adsorbed BSA from the Dursan coated surface by the
buffer containing nonionic surfactant than from the bare SS surface.
When WB2 (i.e. the buffer without surfactant) was used for
baseline and rinse steps, an instantaneous decrease in frequency
comparable to that of the buffer with surfactant (WB1) was
observed for both SS and Dursan (Fig. 2(c)). Similarly, the dissipation increased for both SS and Dursan as the sensors came in contact
with the protein solution (Fig. 2(d)). The decrease in frequency for
SS was roughly 2-fold higher than that for Dursan. Further gradual
decrease in frequency and increase in dissipation were observed
for SS while it was in contact with the protein solution and until
introduction of WB2 into the experiment chamber. Whereas, after
the initial changes, the frequency and dissipation for Dursan stayed
relatively unchanged until it came in contact with WB2 for the rinse
step, when the frequency increased slightly in the beginning and
stayed relatively unchanged over the next 20–25 min of the measurements for both SS and Dursan. The dissipation decreased in the
beginning and stayed relatively unchanged over the rinse duration.
Thus, the presence of a nonionic surfactant, Brij-35 in the baseline/rinse buffer (i.e. WB1) at ﬁrst led to comparatively lower
adsorption, when 1% BSA was ﬂowing over the Dursan coated surface, followed by near complete removal of the adsorbed protein
upon rinse using WB1. On the other hand, the frequency difference
between the rinse and baseline steps for Dursan shows that considerable amount of BSA was retained when a buffer without nonionic
surfactant (WB2) was used. The nonionic surfactant in the buffer
did not appear to impact adsorption or desorption of BSA on the
bare SS surface as the frequency differences were comparable at
rinse steps for both the WB1 and WB2 buffers.

S.V. Vaidya et al. / Applied Surface Science 364 (2016) 896–908

899

Fig. 1. XPS (a) and SIMS (b) spectra of a representative Dursan coating on a stainless steel coupon. In the SIMS spectra (b), the atomic percentages of elements H, O, Si and C
are based on RBS calibrated low-k standard, whereas Fe and Cr (from the stainless steel substrate) are in arbitrary units (quantities not calibrated).

Fig. 2. Panels (a–d), respectively are the representative QCM-D proﬁles of sensor frequency (a), (c) and dissipation (b), (d) vs. time data at the 3rd, 5th, and 7th overtones
comparing adsorption of BSA on Dursan coated and bare SS sensors. Wash buffers containing a nonionic surfactant (WB1) (panels (a) and (b)) and without surfactant (WB2)
(panels (c) and (d)) as baseline and rinse solutions have been compared. Proﬁles in panels (c) and (d) follow the same symbol scheme as that of the proﬁles in panels (a) and
(b). In these and the rest of the frequency and dissipation proﬁles, dashed red lines have been used to refer to the baseline values. Symbols have been used for visual guidance
and also represent intermittant data points.

The observed changes in frequency for SS can be attributed to
the adsorption of BSA on SS via electrostatic interactions bridged
by a screening layer of monovalent metal ions (Na+ ) [21] between
predominantly negatively charged BSA [22] and negatively
charged 316L grade SS QCM-D sensor [16] at pH 7.2. Adsoprtion is also presumed to be assisted by nanostructural surface

irregularities [15] as well as hydrogen bonding interactions [23].
Some structural rearrangement of the protein molecules at the sensor surface caused the gradual decrease in frequency when the
latter was in contact with the protein solution prior to the rinse.
As was observed by Marsh et al. [24] in studies evaluating displacement of ␤-lactoglobulin from hydrophilic silica surface by
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Fig. 3. Panels (a) and (b), respectively are the representative QCM-D proﬁles of sensor frequency and dissipation vs. time data at the 3rd overtone comparing adsorption of
Brij-35 on Dursan coated and bare SS sensors. Wash buffer without Brij-35 (WB2) was used for the baseline and rinse steps, whereas the buffer containing Brij-35 (WB1) was
used as sample.

nonionic octaethylene glycol monododecyl ether (C12 E8 ) surfactant, the presence of a nonionic surfactant in the baseline/rinse
buffer in our study also did not impact adsorption of a globular
protein (BSA) on hydrophilic SS surface. On the other hand, in case
of the hydrophobic Dursan surface, our observations with WB2
(the buffer without surfactant) for baseline/rinse steps show that
BSA adsorption was driven primarily by the hydrophobic interactions that have been reported to facilitate adsorption of globular
proteins to hydrophobic surfaces [23,25,26]. When WB1 was studied as a sample using WB2 for baseline and rinse steps, we found
that a considerable amount (∼40 ng cm−2 ) of Brij-35 was adsorbed
on Dursan and no detectable amount of Brij-35 was adsorbed on
SS (Fig. 3). Based on these observations, we have hypothesized a
2-way adsorption mechanism in which (a) Brij-35 ﬁrst formed a
layer of surfactant on hydrophobic Dursan (during the baseline
step) exposing its hydrophilic polyoxyethylene domains to BSA
molecules, thus allowing comparatively lower BSA adsorption on
Dursan through weaker van der Waal’s interactions, and (b) then
displaced the adsorbed BSA from the solid-liquid interface by signiﬁcantly weakening those interactions during the rinse step. Thus
the pre-adsorbed Brij-35 on Dursan during the protein exposure
step might have worked similarly to the PEG based hydrophilic
but uncharged polymeric ﬁlms that have been reported to reduce
adsorption of globular proteins [2,4,5]. During the rinse step, Brij-35
acted same as the nonionic surfactants displacing globular proteins
adsorbed at hydrophobic interfaces [24,27,28]. The differences in
density and viscosity of the BSA solution vs. WB1 could also have
contributed to the observed changes in frequency and dissipation
of the Dursan coated sensor prior to the rinse using WB1. However,
the magnitudes of change, |f| ≈ 10 Hz and |D| ≈ 2 units, tilt the
scale more towards the hydrophilic interactions of BSA molecules
with the in-situ Brij-35 ﬁlm. The Dursan surface is made up of alkyl
functional groups (with water contact angle of ∼90◦ ) and therefore
the protein adsorption on Dursan via the electrostatic interactions
can be ruled out.
The absolute ratio of the change in dissipation to the change
in frequency, i.e. |D/f| as well as separation between the overtones were used to discriminate between the rigid and viscoelastic
characteristics of the adsorbed protein layers [7,18,29]. As shown
in Table 1, |D/f| was <0.1 × 10−6 Hz−1 for BSA adsorbed on SS,
whereas there was negligible retention of protein on Dursan coating after WB1 rinse. Hence, as a qualitative comparison measure,
along with the change in frequency at the 3rd overtone, Sauerbrey mass was used to differentiate adsorbed amounts of BSA on
these two surfaces. Adsorbed BSA amount on SS of ∼760 ng cm−2

using the Sauerbrey equation was slightly higher than the value
of 610 ng cm−2 reported by Gispert et al. [30] for adsorption of
BSA at similar solution concentrations on 316L grade stainless
steel QCM-D sensor, and closer to the maximum surface coverage of 720 ng cm−2 estimated by Wertz and Santore [26] for a
closely-packed monolayer of BSA molecules in end-on orientation on a hydrophobic surface. The maximum surface coverage of
720 ng cm−2 estimated by Wertz and Santore [26] would result in
a ﬁlm thickness of ∼6 nm using hydrated protein ﬁlm density of
1200 g cm−3 [31] and appears to be an underestimation for a protein ﬁlm with end-on molecular orientation if the authors’ reported
BSA dimensions of 4 × 4 × 14 nm3 were considered. In our study,
the Sauerbrey thickness of the BSA layer on SS was determined to
be ∼6.4 nm using the protein ﬁlm density of 1200 g cm−3 . For the
ﬁlm thickness discussion, it would be appropriate to consider the
advances in which previously assumed elongated ellipsoidal structure of BSA molecule resulting in dimensions of 4 × 4 × 14 nm3 was
corrected to crystallographically determined heart-shaped [32–34]
with dimensions of 8 × 6.9 × 3 nm3 [32,35]. The Sauerbrey thickness in our study falls within the dimensions reported for both
the elongated ellipsoidal and heart-shaped structures of serum
albumins. As speciﬁed earlier, besides the dry protein mass, the
measurements using QCM-D can also detect hydration of protein
ﬁlms on hydrophilic surfaces [29,36]. Hence, the adsorbed mass
and thickness of BSA ﬁlm on SS in our study are certainly due to
mixed (both end-on and side-on) orientations of BSA molecules. In
addition to the only monovalent cation (Na+ ) that we have used in
our study, the buffer system used by Gispert et al. included divalent cations such as Ca2+ and Mg2+ [30]. Multivalent cations have
been shown to suppress electrostatic repulsion between negatively
charged BSA molecules [37]. This suppression of electrostatic repulsion at solution pH above the isoelectric point (pI) of BSA (ca. 4.6)
could explain formation of more compact BSA ﬁlms with comparatively lower Sauerbrey adsorbed mass in studies by Gispert et al.
|D/f| was <0.1 × 10−6 Hz−1 for BSA adsorbed on SS. However,
the frequency overtones at the rinse step were separated (Fig. 2(a)).
Hence, viscoelastic modeling of the frequency and dissipation data
was conducted using Voigt model. (Please refer to Supplementary
Information Fig. S-F1(a) for the ﬁtted data proﬁles and Table S-T1 for
parameters used in viscoelastic modeling.) The modeled BSA mass
of ∼880 ng cm−2 was greater than the Sauerbrey mass calculated
assuming a rigid protein ﬁlm, conﬁrming hydration of the adsorbed
protein ﬁlm. The modeled thickness of the BSA layer was determined to be ∼8.4 nm, which was slightly higher than the longest
reported dimension of the heart-shaped albumin molecule [32,35].

represents number of measurements for a given protein-coating system.
Although, |D3 /f3 | values for Dursan coating are >0.1 × 10−6 Hz−1 , due to near zero frequency at rinse step, Sauerbrey equation was used to calculate the hypothetical surface mass and thickness of the adsorbed protein.
*

(x)

8.4 (±1.6)
17.6 (±0.1)
9.2 (±0.1)
883 (±168)
1851 (±8)
969 (±10)
6.4 (±1.1)
14.4 (±0.2)
6.9 (±0.2)
767 (±122)
1586 (±23)
834 (±29)
0.05
0.06
0.05
1.95*
0.12*
0.08
2.33 (±0.6)
5.69 (±0.1)
2.50 (±0.1)
0.06(5) (±0.9)
−4.00(2) (±0.7)
−22.90(4) (±2.6)
Protein w/buffer
BSA w/WB1
Mouse IgG w/WB1
BSA w/WB2

−43.74(4) (±6.9)
−90.40(2) (±1.3)
−47.50(3) (±1.7)

0.37 (±0.4)
0.46 (±0.2)
1.83 (±0.8)

−1.1 (±15)
70.1 (±12.9)
489 (±45)

0.00 (±0.1)
0.6 (±0.1)
4.1 (±0.4)

SS
SS
Dursan
SS
SS
Dursan
SS
Dursan
Coating

SS

Dursan

Dursan

Sauerbrey
thickness (nm)
Sauerbrey
mass (ng/cm2 )
|D3 /f3 |
(10−6 Hz−1 )
D3 (1 × 10−6 )
f3 (Hz)

Table 1
QCM-D data for the studied protein-surface systems. Mean (±SD) values of the 3rd overtone data with normalized frequency changes have been reported.

SS

Viscoelastic
mass (ng/cm2 )

Viscoelastic
thickness (nm)
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For BSA adsorbed on SS in presence of WB2 for baseline/rinse, the
Sauerbrey mass and thickness, respectively were ∼820 ng cm−2 and
∼6.9 nm, and the viscoelastic mass and thickness obtained using
Voigt model were ∼960 ng cm−2 and ∼9.2 nm. These values for the
BSA/WB2 system were statistically comparable to corresponding
mass and thickness values obtained the for BSA/WB1 system, indicating negligible effect of the non-ionic surfactant, Brij-35 in the
baseline/rinse buffer on adsorption of BSA on hydrophilic SS surface. (Please refer to Supplementary Information Fig. S-F1(b) for the
ﬁtted data proﬁles and Table S-T1 for parameters used in viscoelastic modeling.) The modeled BSA mass in our study was statistically
closer to that of 1100 ng cm−2 reported by Jin et al. [25] for viscoelastic ﬁlms of BSA on hydrophilic monomethoxy poly(ethylene
glycol) surface.
Although the |D/f| value was >0.1 × 10−6 Hz−1 for BSA
adsorbed on Dursan coated sensor with WB1 for baseline/rinse,
since there was negligible retention of protein on the surface
(f = ∼0 Hz), the |D/f| ratio was deemed immaterial. In case of
BSA adsorbed on Dursan with WB2 (i.e. PBS w/o surfactant) for
baseline/rinse, |D/f| was ca. 0.04 × 10−6 (or <0.1 × 10−6 ) Hz−1
and the Sauerbrey mass and thickness calculated assuming rigid
protein ﬁlm were ∼490 ng cm−2 and ∼4.1 nm. Extended viscoelstic modeling, which utilizes frequency based layer 1 viscosity and
shear parameters in conjunction with the other modeling parameters of the Voigt model, was employed to model the frequency
and dissipation data for BSA/WB2 system on Dursan (Fig. S-F1(c)
and Table S-T1). Modeled mass and thickness were determined to
be ∼570 ng cm−2 and ∼5.4 nm. Adsorbed BSA mass on hydrophobic
surfaces can vary with the surface type. Formation of BSA multilayers (as interpreted by the authors through nearly 1200 ng cm−2 of
adsorbed mass) has been reported by Jin et al. [25] on hydrophobic
poly(ethylene-co-acrylic acid) ﬁlms. The Sauerbrey and modeled
thickness of the BSA adsorbed on Dursan (with WB2) in our study
are between the 2nd and 3rd largest dimensions of the heartshaped albumin molecule [32,35] alluding to the mixed side-on
and end-on orientations of adsorbed BSA molecules on the Dursan
coating.
Nevertheless, the statistically signiﬁcant differences in the resonance frequencies at the 3rd overtone as well as the differences
in the adsorbed protein mass (obtained using Sauerbrey equation
and the viscoelastic modeling) demonstrated that the Dursan coating was effective in complete prevention of non speciﬁc adsorption
of BSA in the presence of non-ionic surfactant Brij-35.
3.2.2. Mouse IgG adsorption
Mouse IgG showed adsorption behavior similar to that of BSA
on Dursan and SS surfaces when WB1 buffer was used. A considerable decrease in frequency (Fig. 4(a)) and increase in dissipation
(Fig. 4(b)) were observed for SS within a few minutes of exposure
to the protein solution. The corresponding changes on Dursan were
relatively slower (by ∼8–10 min). A gradual decrease in frequency
and increase in dissipation occurred for both SS and Dursan during
contact with the protein solution. The frequency increased back by
about 20% for SS upon introduction of WB1 into the experimental
chamber, still resulting in considerable retention of mouse IgG on
SS. In the case of Dursan, the frequency reverted back closer to the
baseline value upon the introduction of WB1, resulting in negligible
retention of adsorbed mouse IgG on the Dursan coating. Considerable dissipation shift was observed in case of SS during the WB1
rinse, whereas, the dissipation reverted back closer to the baseline
values in case of Dursan.
Similarly to that of BSA adsorption, three different events cumulatively could be driving the observed changes in frequency for
mouse IgG adsorbing on SS: (i) electrostatic interactions bridged
by a screening layer of monovalent metal ions (Na+ ) [21] between
slightly negatively charged mouse IgG (pI = ∼7.0) and negatively
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Fig. 4. Panels (a) and (b), respectively are the representative QCM-D proﬁles of the sensor frequency and dissipation vs. time at the 3rd overtone comparing adsorption of
Mouse IgG on two different Dursan coated and two bare SS sensors. Wash buffer with Brij-35 (WB1) was used for the baseline and rinse steps. Panel (c) is the D vs. f
proﬁle generated from the experimental data prior to the rinse step of mouse IgG adsorption on bare SS (#1) surface. Five distinct slopes were established.

charged 316L grade SS QCM-D sensor [16] at pH 7.2; (ii) adsorption
due to nanostructural surface irregularities; as well as (iii) adsorption due to the hydrogen bonding interactions of protein molecules
with the charged interface. (Note: The isoelectric point (pI) of
mouse IgG was determined using capillary isoelectric focussing
(CIEF).) The gradual decrease in frequency when the sensors were
in contact with the protein solution can be attributed to the structural rearrangement of the protein molecules at the solid-liquid
interface. For IgG adsorbed on SS, |D/f| was <0.1 × 10−6 Hz−1 .
Although the ratio was >0.1 × 10−6 Hz−1 for Dursan, it can be considered insigniﬁcant for comparison purposes as there was very low
protein adsorption. The Sauerbrey mass of IgG adsorbed on SS was
∼1580 ng cm−2 . The average adsorbed IgG mass was determined to
be ∼1840 ng cm−2 using the Voigt model for the viscoelastic ﬁlms
(Fig. S-F1(d) and Table S-T1). In comparison, very low amount of
IgG was adsorbed on Dursan (∼70 ng cm−2 – calculated using both
the Sauerbrey equation and Voigt models). Adsorbed IgG amount
on SS in this study is considerably larger than the reported amounts
of immunoglobulins electrostatically adsorbed on hydrophilic surfaces such as titanium dioxide, mica, aminopropyl (triethoxysilane)
modiﬁed silicon dioxide [38–40], and the amounts of ∼550 ng cm−2
that can theoretically be obtained for a densely packed intact IgG
monolayer with protein molecules adsorbed in end-on orientation [41,42]. The observed higher mass of IgG in our study can
be attributed to the capability of QCM-D measurements to record
the coupled water content in adsorbed protein layer [29,36,38] vs.
other methods detecting dry protein mass [39,40], to the different
type of hydrophilic surfaces studied, and plausibly to the general
tendency of IgG to form multilayers on stainless steel as well as

on hydrophobic surfaces above certain bulk IgG concentrations
[43,44]. Fig. 4(c) shows the D3 vs. f3 plot of the experimental data obtained for adsorption of mouse IgG on bare SS sensor
surface prior to the rinse step. Different slopes in this type of plot
indicate different kinetic processes of protein adsorption [44,45]
when the bulk protein solution is in contact with the sensor. Zhou
et al. [44] have reported establishment of multiple slopes for IgG
adsorbed on hydrophobic surfaces at bulk concentrations above
57.5 g/mL (or 0.00575%, w/v). Multiple slopes were also established in our study with mouse IgG adsorbed at a bulk concentration
of 1% (w/v) and the slopes at higher frequency/dissipation values
(K3 , K4 and K5 ) were almost an order of magnitude higher than the
slope at the beginning stages of the experiment run (K1 ). Slope K1
represents protein adsorption and formation of a compact monolayer, whereas slopes K3 –K5 represent loosely bound multilayer.
This multilayer however appears to be more or less completely
removed during the rinse step, for, as shown in Table 1, the Sauerbrey as well as Voigt modeled thicknesses of 14.4 and 17.6 nm,
respectively of the adsorbed mouse IgG at the rinse step are in
the vicinity of the longest structural dimension of an IgG molecule
[46,47]. Since QCM-D measurements do take into consideration the
hydration of the adsorbed protein ﬁlm and random adsorption of
protein molecules would occur at the high bulk concentrations used
in our study, the adsorbed IgG layer is presumed to be a mixture of
both the side-on and end-on orientated molecules.
Immunoglobulins also adsorb on hydrophobic surfaces such as
polystyrene [41,42], Teﬂon-amorphous ﬂuoropolymer (Teﬂon-AF)
[38], and 1-octadecanethiol modiﬁed gold [44] via hydrophobic
interactions. However, as was observed in the case of BSA (Section
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3.2.1), the presence of a nonionic surfactant, Brij-35, in the baseline/rinse buffer in our study signiﬁcantly reduced or prevented IgG
adsorption on the hydrophobic Dursan surface.
3.2.3. Effect of chemical and sonication cleaning on coating
performance
Treatment by sodium hypochlorite solutions [48,49], alkaline
solutions with surfactants [50,51] and sonication [50,52,53] are
few of the effective surface cleaning methods employed in various industries. As described in this paper’s experimental methods
section, bare SS and Dursan and AF1600 coated sensors, when they
were used to study adsorption of proteins from potentially biohazardous normal human plasma (NHP), were exposed to ﬂow of 0.5%
sodium hypochlorite for 30 min followed by cleaning using ﬂow of
2% Hellmanex for 30 min, followed by ﬂow of HPLC water for 2 h.
In a separate set of experiments, the sensors were also exposed to
10 min of sonication in ethanol to evaluate the effect of mechanical wear in polymeric coatings [54,55] on protein adsorption. The
SS sensor was used as a control. Water contact angle of the sensor
dried under nitrogen stream was measured to evaluate effect of
harsh chemical exposure and sonication-induced mechanical wear.
Optical microscopy was used to determine degree of mechanical
wear.
A considerable gradual decrease in water contact angle was
observed for Dursan exposed to the multiple harsh chemical cleanings post QCM-D experiments turning the sensor hydrophilic
(with an average water contact angle of 54 ± 9◦ across 9 different sensors). Changes in water contact angle of a representative
Dursan and AF1600 coated sensor after a given treatment step
are shown in Table 2. Subsequent sonication of the Dursan coated
sensor in ethanol did not appear to alter the water contact angle
changed due to chemical exposure. On the other hand, the contact angle of the AF1600 coated sensor did not undergo any
considerable changes upon cleaning post QCM-D experiments
(120 ± 6◦ ), but dropped considerably to 50 ± 11◦ upon sonication
turning the sensor surface hydrophilic. Additionally, when the
treated Dursan coated sensors were brieﬂy sonicated in deionized water for 40 seconds, the average contact angle increased
∼14% to 61 ± 10◦ . This indicates a reversible and/or semi-reversible
inﬂuence from the test and cleaning solutions as they interact
with the Dursan surface, whether it be adsorption and/or oxidation. Conversely, for the AF1600 surface, the similar decrease
in hydrophobicity (∼120◦ to ∼50◦ ) after ethanol sonication was
not altered by extensive (10 min) ethanol sonication and subsequent water rinsing. Exposure to oxidizing conditions such as
ozone treatment or use of harsh chemicals have been reported to
induce hydrophilicity in the hydrophobic self-assembled monolayers of alkylsilane molecules on different substrates [56,57].
Polymer ﬁlms of polyethylene and poly(tetraﬂuoroethylene-cohexaﬂuropropylene) – a ﬂuoropolymer – have also been reported
to undergo hydrophobic to hydrophilic change upon oxidation
induced by harsh chemicals [58]. Thus the change in water contact
angle of the Dursan coated sensor in our study can be attributed
to the exposure to the harsh chemicals. Although, the decrease in
contact angle of AF1600 coated sensor upon sonication is intriguing.

Table 2
Changes in water contact angle of a representative unit of a coated sensor after a
given treatment.
Coating

Dursan

AF1600

Treatment
None
2% HM (1×) + water
0.5% NaOCl + 2% HM (2×) + water
0.5% NaOCl + 2% HM (2×) + water + sonication in ethanol

∼90◦
∼72◦
∼43◦
∼45◦

∼120◦
∼120◦
∼120◦
∼50◦
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AF1600 coating was deposited on gold sensor using a proprietary
solvent based spin-coating technique by Biolin Scientiﬁc, Inc. Senda
et al. [59] have reported that the substrate adhesion strength of
ﬂuoropolymer thin ﬁlms, deposited using conventional organic
solvent based wet processes, was poorer than ion-assisted vapor
deposition polymerization method. In our study, upon sonication,
no visible changes were detected in Dursan coating, which was
deposited using a chemical vapor deposition method on a SS QCMD sensor (Fig. 5(a and b)), whereas some delamination of the
spin-coated ﬂuoropolymer AF1600 coating from the substrate was
observed (Fig. 5(c and d)). Multiple sensors of each coating were
sonicated. All of the cleaned and sonicated Dursan coated sensors
did not show any signiﬁcant contact angle change between cleaning
and sonication, whereas all of the sonicated AF1600 coated sensors
showed considerable decrease from ∼120◦ to ∼50◦ . Coating delamination was observed in only a few of the sonicated AF1600 coated
sensors.
For protein adsorption studies, treated (i.e. cleaned and sonicated) Dursan and AF1600 coated sensors without any visible
delamination post-sonication were exposed to normal human
plasma (a representative of patient samples utilized in diagnostics
analyzers) with WB1 (i.e. the buffer with Brij-35) as baseline/rinse
buffer. Proteins in normal human plasma consist of 3.5–5% by
weight of serum albumins, up to 2.5% by weight of different
immunoglobulins, and varying low concentrations of multiple
other proteins [14]. Overall protein content in human plasma can
be as high as 8%. We have seen in Sections 3.2.1 and 3.2.2 that
many of the plasma proteins (mainly albumins and immunoglobulins) would adsorb on Dursan coating if a wash buffer without a
surfactant (or WB2) was used, and would not adsorb if wash buffer
with nonionic Brij-35 (or WB1) was used as baseline/rinse buffer.
Similarly, as shown in Fig. 5(e and f), nearly zero frequency and
dissipation changes at the rinse steps meant that, even with the
considerably high protein content in the human plasma, none of
the plasma proteins were retained on the untreated Dursan and
AF1600 sensors, as well as the treated Dursan sensor. Negative
frequency and positive dissipation at the rinse meant that a considerable amount of plasma proteins was retained on the sonicated
AF1600 sensor, indirectly pointing toward loss of protein resistant properties of the hydrophobic AF1600 coating post-sonication.
Although the Dursan coating turned hydrophilic upon cleaning by
harsh chemicals, it retained its protein resistant characteristics.
Thus, hydrophobicity could not be the only determinant of differential adsorption behavior of plasma proteins on the treated Dursan
vs. AF1600 coatings and the microscopic structure of the surface
as well as deformities developed upon sonication could be playing a signiﬁcant role. A veriﬁcation run was performed in which
two units of the treated (i.e. cleaned and sonicated) Dursan and
AF1600 coated sensors were exposed to NHP proteins using WB2
(buffer w/o Brij-35) as the baseline/rinse buffer. A comparison of
the obtained frequency proﬁles to those obtained using WB1 (buffer
w/Brij-35) conﬁrmed that Brij-35 was indeed required for the Dursan surface to maintain its protein-resistant properties (Fig. 5(g)).
Whereas, irrespective of the baseline/rinse buffer used, a comparable adsorption of plasma proteins occurred on the treated AF1600
sensor, conﬁrming loss of its protein resistant properties upon sonication. A considerable amount of plasma proteins was adsorbed
and retained on the SS surface (see Fig. S-F2 and Table 3). As majority of the plasma proteins are albumins and immunoglobulins, the
electrostatic interactions of predominantly negatively charged proteins through salt ion bridging with negatively charged stainless
steel caused the proteins to permanently adsorb on SS surface.
Sauerbrey mass and thickness of the NHP proteins adsorbed on SS
were roughly 20% higher than that of BSA and roughly 50% lower
than that of mouse IgG. It can be corroborated that the majority of
the adsorbed NHP proteins on SS were albumins. The modeled mass
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Fig. 5. Panels (a)–(d) are the representative optical micrographs of the QCM-D sensors showing intact Dursan coating ((a) and (b)) and coating delamination of AF1600 coating
((c) and (d)) taken at 30× ((a) and (c)) and 100× ((b) and (d)) optical magniﬁcations, respectively. Panels (e) and (f), respectively are the representative QCM-D proﬁles of
sensor frequency and dissipation vs. time at the 3rd overtone comparing adsorption of normal human plasma (NHP) proteins on treated (i.e. cleaned and sonicated) vs.
untreated Dursan and AF1600 coatings. Wash buffer with Brij-35 (WB1) was used for the baseline and rinse steps. Panel (g) shows frequency proﬁles comparing adsorption
of NHP proteins on treated Dursan and AF1600 coated sensors when either WB1 (w/Brij-35) or WB2 (w/o Brij-35) was used as the baseline/rinse buffer.

10.5 (±1.5)
1190 (±46)
Post surface cleaning and sonication (for all)
NHP
−1.6(11) (±2.6)
−57.2(4) (±0.3)

526** (±213)
1024 (±4)
28 (±46)
0.08
0.07
number in parantheses represents number of measurements for a given protein-coating system.
Sauerbrey mass was not calculated due to positive frequency for AF1600 pre-sonication.
**
Viscoelastic modeling was not performed for the AF1600 data.
*

0.1 (±0.3)

3.8 (±0.2)

2.4 (±0.0)

0.06
(x)

−30.0(5) (±12.1)
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and thickness for NHP proteins adsorbed on SS (obtained using
Voigt modeling of the frequency and dissipation data) were roughly
20% higher than the corresponding Sauerbrey values giving due
consideration to the hydration of the adsorbed protein ﬁlm. (Please
refer to Fig. S-F2(c) and S-T1 for data ﬁt and model parameters.)

8.8 (±0.5)

–
–
Protein
Prior to surface cleaning and sonication (for Dursan) and prior to sonication (for AF1600). Regular cleaning of SS was followed. Hence, only the post cleaning/sonication data are reported below for SS.
NHP
−0.7(3) (±0.9)
–
1.0(2) (±0.1)
0.2 (±0.3)
–
−0.2 (±1.3)
n/a
–
n/a
13 (±16)
–
n/a*
–

SS
SS
Coating

Dursan

SS

AF1600

Dursan

SS

AF1600

Dursan

SS

AF1600

Dursan

SS

AF1600

SS

Viscoelastic
thickness
(nm)
Viscoelastic
mass
(ng/cm2 )
Sauerbrey
thickness
(nm)
Sauerbrey
mass (ng/cm2 )
|D3 /f3 |
(10−6 Hz−1 )
D3
(1 × 10−6 )
f3 (Hz)

Table 3
QCM-D data for the studied normal human plasma (NHP) protein-surface system with WB1 as baseline/rinse buffer. Mean (±SD) values of the 3rd overtone data with normalized frequency changes have been reported.
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3.2.4. Poly-l-lysine adsorption
The protein-resistant property of the Dursan coating was challenged by studying adsorption of a synthetic amino-acid polymer
poly-l-lysine (PLL; mw ∼9000), which exhibits a positive charge at
neutral pH and is used extensively for patterning cell culture substrates [13]. It is one of the polycations typically used in diagnostics
reagent formulations to prevent assay interference from the red
blood cells in a patient sample [60]. We studied PLL adsorption on
bare SS and Dursan coated sensors at different bulk concentrations.
Changes in frequency and dissipation vs. time are shown in Fig. 6.
A concentration dependent adsorption behavior was observed on
Dursan. The frequency gradually increased during contact with the
0.1% and 0.25% PLL solutions and, after roughly 20 min of contact
with the protein solution, reached a plateau for 0.1% PLL and a maximum followed by slight decrease for 0.25% PLL solution (Fig. 6(a)).
This behavior of PLL solution is exactly opposite of the observations with BSA and Mouse IgG. The densities and viscosities of WB1
(buffer with surfactant), 0.1% PLL and 0.25% PLL solutions were
comparable (density = ca. 1.007 g/mL and viscosity = ca. 0.93 cP at
100 s−1 shear rate). The upward shift in the frequency was not
observed when the buffer without surfactant (WB2) was used as
baseline/rinse buffer and some PLL adsorption was also detected
(Fig. 6(c)). Hence, the upward shift in sensor frequency during
contact with the 0.1% and 0.25% PLL solutions with WB1 suggests
that the Brij-35 surfactant molecules, adsorbed during the baseline
ﬂow, were being displaced from the Dursan surface by PLL. During the WB1 rinse step, the frequency instantaneously decreased
to values closer to the baseline, indicating negligible adsorption
of PLL on Dursan from solutions with 0.25% or lower PLL concentration. This phenomenon of displacement of Brij-35 by PLL from
Dursan has been demonstrated in Fig. 6(d), in which (i) baseline
was generated using WB2, followed by (ii) WB1 (buffer with Brij35) ﬂow over the sensors, followed by (iii) exposing the sensors to
0.1% PLL solution, and ﬁnally (iv) rinsing the sensors using WB2.
The comparable frequency values (∼0 Hz) between the rinse and
baseline steps conﬁrmed our observations in Fig. 6(a) that exposing the Dursan surface to PLL displaced the preadsorbed Brij-35
molecules.
In case of 1% PLL, the frequency ﬁrst decreased for few minutes followed by a gradual increase to values closer to the baseline
(Fig. 6(a)). After nearly 10 min of exposure of the sensor to the 1%
solution, the frequency decreased gradually until introduction of
the WB1. We think that this S-shaped behavior of the 1% PLL solution during contact with Dursan surface indicates three successive
events: (i) the decrease in frequency due to adsorption of PLL from
a concentrated solution on pre-adsorbed Brij-35 (from the baseline), followed by (ii) the comparable increase in frequency due to
near complete removal of pre-adsorbed Brij-35 by PLL, and (iii) the
subsequent adsorption of PLL due to the increased interfacial ordering of polymer backbones of the densely charged PLL molecules at
the hydrophobic interface [61]. The frequency did not revert back
to the baseline values during the WB1 rinse. Thus, considerable
amount of PLL was retained on the Dursan surface in case of 1%
PLL solution. On SS, for all of the evaluated PLL concentrations, the
frequency decreased as soon as the sensor came in contact with
the PLL solution and stayed relatively unchanged until introduction of the WB1. During the WB1 rinse, the frequency increased
initially and reached a plateau after few minutes. Nearly overlapping 3rd overtone proﬁles during WB1 rinse for the studied PLL
concentrations indicate that a monolayer of PLL was formed on SS
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Fig. 6. Panels (a) and (b), respectively are representative QCM-D proﬁles of sensor frequency and dissipation vs. time at the 3rd overtone comparing adsorption of poly-llysine (PLL) at different solution concentrations on Dursan coated and bare SS sensors. Wash buffer with Brij-35 (WB1) was used for the baseline and rinse steps. Panel (c)
shows frequency proﬁles comparing adsorption of PLL from a 0.1% solution on Dursan coated and bare SS sensors with either WB1 or WB2 as baseline and rinse solution.
Panel (d) shows frequency proﬁles at the 3rd overtone demonstrating displacement of Brij-35 by PLL from the Dursan coated sensor surface.

surface at neutral solution pH. For any given PLL concentration,
the absence of enough separation between the overtones during the rinse step did not allow appropriate viscoelastic modeling
of the experimental data (Fig. S-F3).
The dissipation showed opposing trends between 0.1% and
0.25% solutions in case of PLL adsorption on Dursan coated sensor
with WB1 as baseline/rinse buffer (Fig. 6(b)). It gradually decreased
to about −0.5 × 10−6 units upon contact of the sensor with 0.1% PLL
solution, stayed relatively unchanged until the rinse, and reverted
back to the baseline values during the rinse. For 0.25% PLL, it
increased initially to about 0.6 × 10−6 units during contact with
the sensor, stayed relatively unchanged thereafter, and decreased
closer to the baseline values upon rinse. The opposite directions
of the frequency and dissipation proﬁles for 0.1% PLL solution are
in good agreement with the typical trends of QCM-D proﬁles for
macromolecular interactions with substrates. The similar directions of the frequency and dissipation proﬁles for 0.25% PLL indicate
that during the process of removal of adsorbed Brij-35 by PLL
from the Dursan surface, the in-situ molecular complex of Brij35 – PLL that formed was viscoelastic in nature. For 1% PLL, the
dissipation increased considerably during contact with the sensor
and decreased to values of ∼0.5 × 10−6 units upon rinse indicating
slight viscoelastic nature of the PLL ﬁlm formed on the Dursan surface. In case of PLL adsorption on bare SS sensor, the dissipation
showed concentration dependent trends, atypical of macromolecular adsorption, during contact of all bulk solutions with the sensor.
However, it reverted back to the baseline values upon rinse by WB1
indicating rigid nature of the adsorbed PLL ﬁlm on SS surface. The

|D/f| values of <0.1 × 10−6 Hz−1 also provides conﬁrmation of
the rigid nature of the adsorbed PLL ﬁlm (Table 4).
Adsorption of PLL on hydrophobic surfaces via interactions
of the polypeptide alkyl backbone with the surface, and on
hydrophilic surfaces via strong electrostatic interactions driven
by opposite charges on the adsorbate and the substrate at neutral pH have been reported earlier [61–63]. As shown in Table 4,
the amount of PLL adsorbed as a monolayer on SS in this study
(i.e. ∼100 ng cm−2 ) is roughly 3-fold and 5-fold lower than the
values obtained by York et al. [61] and Barrantes et al. [62], respectively for adsorption on hydrophilic silica surface. It appears that
the adsorbed amount varied directly with the average molecular
weight of PLL used in the respective studies. The adsorbed amounts
in all these studies were considerably greater than the values of
∼40 ng cm−2 reported by Jiang et al. [63] for even higher molecular
weight PLL. The differences can be attributed to the measurement
techniques, i.e. optical reﬂectometry [63] vs. QCM-D [61,62], that,
as mentioned earlier, measures the coupled water content of the
adsorbed protein ﬁlm. York et al. [61] reported comparable adsorption of PLL on both the hydrophobic polystyrene and hydrophilic
silica surfaces indicating that the surface hydrophilicity did not play
a distinctive role in PLL adsorption.
In our study, the presence of a nonionic surfactant, Brij35, was successful in weakening the hydrophobic interactions
and preventing adsorption on Dursan surface at 0.25% or lower
PLL concentrations at neutral pH. At higher PLL concentrations
(≥1%), considerable adsorption on Dursan can be attributed to the
increased interfacial ordering of polymer backbones of densely
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Table 4
QCM-D data for the poly-l-lysine-surface system with WB1 as baseline and rinse buffer. Mean (±SD) values of the 3rd overtone data with normalized frequency changes
have been reported.
D3 (1 × 10−6 )

f3 (Hz)

|D3 /f3 |
(10−6 Hz−1 )

Sauerbrey
Mass (ng/cm2 )

Sauerbrey
thickness (nm)

Coating

Dursan

SS

Dursan

SS

Dursan

SS

Dursan

SS

SS

Protein
0.1% PLL
0.25% PLL
1% PLL

0.56(4) (±0.5)
−0.94(2) (0.3)
−4.41(4) (0.7)

–5.63(4) (±0.7)
−6.22(2) (±0.5)
−6.06(4) (±0.5)

−0.01 (±0.1)
0.17 (±0.0)
0.57 (±0.1)

−0.15 (±0.1)
0.22 (±0.1)
−0.01 (±0.2)

0.01
0.18*
0.13

0.03
0.04
0.00

−9.89 (±9.5)
16.48 (±5.5)
79.13 (±12.5)

101** (±1.2)
109 (±9)
106 (±9)

0.9 (±0.1)
1.0 (±0.1)
1.0 (±0.1)

(x)

number in parantheses represents number of measurements for a given protein-coating system.
Although, |D3 /f3 | values for Dursan coating were >0.1 × 10−6 Hz−1 , due to negligible frequency at rinse step, Sauerbrey equation was used to calculate the hypothetical
surface mass of the adsorbed protein.
**
Viscoelastic modeling of the data for adsorption of PLL at different concentrations on Stainless steel sensor was not carried out since, as shown in Supplementary Fig.
S-F3, the frequency proﬁles at the rinse step did not show any separation, indicating rigid nature of the adsorbed PLL ﬁlm.
*

charged PLL molecules at the hydrophobic interface. This increased
ordering did not allow Brij-35 to weaken the hydrophobic interfacial interactions between PLL molecules and the Dursan surface,
and thus led to retention of adsorbed PLL layer.
4. Conclusions
The protein resistant properties of a chemical vapor deposited
hydrophobic alkyl-functional carboxy silane coating (Dursan® ) on
stainless steel were characterized using QCM-D. It was demonstrated that a nonionic surfactant, Brij-35 in the wash buffer was
instrumental in facilitating easy removal of adsorbed immunoassay
blocker proteins (BSA and mouse IgG) and normal human plasma
proteins from the hydrophobic Dursan surface. On the other hand,
Brij-35 did not alter adsorption behavior of these proteins on bare
stainless steel surface. While it is not surprising that a stronger
ionic- and hydrogen bonding would lead to more difﬁcult removal
of residual protein from the stainless steel surface by non-ionic
detergent, these results however emphasize the need for design
consideration of surfaces used in biotechnology applications, especially in analytical settings. The choice of hardware and interactive
parts of any automated system should consider the available and
compatible cleaning solutions used and the nature of the reagents
handled. The practical data shown in this report shows that fast
and signiﬁcant adsorption within seconds is possible on either electrostatic or hydrophobic surfaces, thus implying the real nature of
the problem faced, for example, by clinical labs using automated
systems.
If automated analytical systems are to mitigate fouling to their
parts in contact with samples and reagents, these should be challenged to understand their limitations. This was the reason for
studying PLL, a synthetic cationic polymer that did not adsorb
on the Dursan surface below certain solution concentrations, but
resulted in surface fouling at a challenging high concentration.
These observations should lead us to implement optional but
suitable combinations of wash solutions for realistic scenarios to
complement the improved surface. It is clear that the effect of solution pH on adsorption behavior of highly charged macromolecules
remains to be further characterized.
It is now well understood that the combination of surface
chemistry and the solution environment that a coating material
is exposed to can lead to biofouling, which can be prevented
using following three precautionary measures: (i) pre-exposure
prevention, i.e. by modifying the surface chemistry to prevent
non-speciﬁc adsorption; (ii) during-exposure prevention, i.e. by
changing the solution properties such as pH, ionic strength, and by
using excipients such as ionic and/or non-ionic surfactants to alter
the electrostatic as well as hydrophobic interactions; and (iii) postexposure prevention, i.e. by using wash/rinse solutions containing
caustic chemicals and/or small molecular surface active agents. Any

one of these measures on its own cannot provide a universal ﬁx
to the biofouling problem, but various combinations of these three
can work. The combination of the durable and inert alkyl-functional
carboxysilane coating (Dursan) and the non-ionic surfactant in the
wash buffer that we have reported here is certainly a step forward
in that direction, speciﬁcally in case of automated assay analyzers,
reagent manufacturing, and ﬁlling setups.
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