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ABSTRACT: We describe the development of a reference
biosensor surface, based upon a binary mixture of oligo-
ethylene glycol thiols, one of which has biotin at the terminus,
adsorbed onto gold as self-assembled monolayers (SAMs).
These surfaces were analyzed in detail by X-ray photoelectron
spectroscopy (XPS) and secondary ion mass spectrometry
(SIMS) to establish the relationship between the thiol solution
composition and the surface composition and structure. We
report the use of argon cluster primary ions for the analysis of
PEG-thiols, establishing that the different thiols are intimately
mixed and that SIMS may be used to measure surface composition of thiol SAMs on gold with a detection limit better than 1%
fractional coverage. The adsorption of neutralized chimeric avidin to these surfaces was measured simultaneously using
ellipsometry and QCM-D. Comparison of the two measurements demonstrates the expected nonlinearity of the frequency
response of the QCM but also reveals a strong variation in the dissipation signal that correlates with the surface density of biotin.
These variations are most likely due to the difference in mechanical response of neutralized chimeric avidin bound by just one
biotin moiety at low biotin density and two biotin moieties at high density. The transition between the two modes of binding
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occurs when the average spacing of biotin ligands approaches the diameter of the avidin molecule.

B INTRODUCTION

Controlling the interactions of biological molecules with
surfaces is an important step for many technological develop-
ments in biotechnology and medicine.'™® This has been
recognized for a long time, and there are many elegant methods
to engineer the chemistry of surfaces to prevent the binding of
unwanted biomolecules and promote the selective attachment
of those that are desired.*"® These developments are only
possible through the use of highly sensitive techniques that can
detect the attachment of submonolayer amounts of protein at
interfaces.””'" These methods fall into two categories: those
which have a reasonable claim to being quantitative and those
where there is still significant uncertainty about the relationship
between the data they produce and physically meaningful
quantities. To aid in the development of emerging techniques,
we have developed a reference surface based upon well-
understood thiols conjugated to biotin. These molecules can be
attached in a controllable and reproducible manner to a gold
surface, which is convenient because many techniques rely
upon noble metal surfaces for their operation, while the biotin
is able to capture avidin and streptavidin proteins from
solution."”” The biotin—(strept)avidin interaction is one that
is commonly employed to demonstrate the performance of
novel sensors.">™"” It therefore makes a perfect choice as a

-4 ACS Publications  © 2015 American Chemical Society

1921

reference system through which comparisons can be estab-
lished. A future intention of this work is to translate these
materials to assess the efficiency of gold nanoparticle-based
sensors,””'® and the establishment of a planar reference surface
is an important step in progress toward this goal.

The reference surfaces described in this paper provide highly
repeatable and reproducible binding of our chosen protein, and
we show that they also enable excellent control of the density of
biotin ligands at the surface. These densities have been
measured, as others have done,'”?° using X-ray photoelectron
spectroscopy (XPS); however, we demonstrate here that this
technique is not sensitive enough to measure ligand densities in
the dilute limit where they begin to restrict the amount of
protein that can bind to the surface. We show that secondary
ion mass spectrometry (SIMS) is sufficiently sensitive to extend
into this dilute regime and present optimized conditions for
quantitative analysis of thiol mixtures on gold surfaces. Using
these conditions and an extension to previous analyses of mixed
gold—thiol secondary ions using more traditional conditions,”!
we demonstrate that our mixed thiol layers are not phase
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Figure 1. Structures of (A) Biotin-PEG-SH (~6 nm long), (B) PEG-SH (~3 nm long), and (C) NCAvd, which has crystallographic dimensions
approximately 6 nm X 5.5 nm X S nm (Protein Data Bank id 3mmO0, representing a closely related protein form); two of the four biotin binding sites
are marked with green circles. The protein is expected to bind to the surface through one or two binding sites with the shortest axis perpendicular,

ie., occupying an area of 33 nm? with a thickness of 5 nm.
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Figure 2. Diagram of the QCM/SE liquid cell showing the liquid flow inlet and outlets and ellipsometry windows (SE). The upper figure shows a
cross section of the cell from the side. Dotted lines in the top figure indicate surfaces outside the plane of the cross section. The QCM crystal sits
between two O-rings and the arms and windows allow in situ ellipsometry. The arms are filled with liquid, and there are two liquid outlets along the
arms to prevent bubbles at the windows. The lower figure is a plan view of the surface indicated by dotted lines in the upper figure.

separated and that SIMS can be used to accurately measure
fractional coverage below 1% of a monolayer.

We employed a novel neutralized and thermostable form of
avidin, neutralized chimeric avidin (NCAvd), which has very
high thermal stability, neutral pl, and high affinity to biotin.
NCAvd binding to gold surfaces with different biotin densities
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was measured with quartz crystal microbalance with dissipation
(QCM-D) monitoring using a measurement cell designed for
simultaneous ellipsometry measurements on the very same
QCM-D sensor surface. The ellipsometry results were used to
quantify the protein binding and to aid a precise correlation
between the biotin density determined from the SIMS analysis
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and the saturated NCAvd coverage. The QCM-D data revealed
a coverage-dependent structural change analogous to previous
observations for streptavidin and avidin binding to biotinylated
supported lipid bilayers.*>**

B MATERIALS AND METHODS

Materials and Surface Functionalization. Biotin-PEG-SH
(molecular weight 788 Da, n = 10, >95% oligomer purity) and
PEG-SH (2,5,8,11,14,17,20-heptaoxadocosane-22-thiol, molecular
weight 356.5 Da, n = 6, >95% oligomer purity) were purchased
from Polypure AS (Oslo, Norway) and were used without further
purification. The structures of these compounds are provided in Figure
1. QCM gold-coated quartz crystals were purchased from Biolin
Scientific, Sweden. Analytical grade ethanol (Fisher Scientific) was
used to prepare stock solutions from the as-received Biotin-PEG-SH
and PEG-SH. For functionalization of gold-coated crystals, a 0.5 mM
solution in ethanol was prepared for both Biotin-PEG-SH and PEG-
SH. Mixed PEG solutions were prepared by combining the 0.5 mM
solutions of Biotin-PEG-SH and PEG-SH volumetrically. y3 expresses
the molar ratio of Biotin-PEG-SH to total thiol in the preparative
solution. Prior to the formation of self-assembled monolayers on the
gold-coated quartz crystals, the substrates were rinsed with ethanol and
water and then blown dry with compressed argon, followed by 20 min
of UV (ultraviolet) ozone cleaning (T10X10 ozone cleaner, UVOCS,
Montgomeryville, PA). The cleaned gold quartz crystals were
immediately immersed in thiol solutions for 22 h.

Neutralized chimeric avidin (NCAvd) is based on a previously
described thermostable avidin form. This novel avidin form was
developed by applying charge-neutralized mutations K9E, R124H, and
K127E (numbering according to avidin) to previously described
chimeric avidin.”* The neutralizing mutations were designed based on
structural comparison to avidin related proteins 2>° and 4.°° Further
studies indicate that neutralizing mutations cause no changes in the
thermal stability, oligomeric state, or ligand binding of the protein.””
The production and characterization of neutral chimeric avidin are
detailed in the Supporting Information (S.1). Concentrated (10X)
phosphate buffered saline (PBS) solution (pH 7.4 + 0.1) was obtained
from Fisher BioReagents. The buffer was diluted using high-purity
water supplied by an Elga ultra high quality water system with
resistivity = 18.2 MQ-cm (pH = 5.5 at 22 °C) and was filtered using
0.2 pm filters obtained from Fisher Scientific. NCAvd was supplied as
1.56 mg/mL in PBS buffer, and stock solutions were diluted with PBS
to 10 ug/mL concentrations. All the solutions were prepared at least
12 h before adsorption experiments and were stored in the refrigerator
before removing to room temperature at least 1 h prior to the
experiment. Diluted protein solutions were never used beyond 24 h of
storage.

Methods and Instrumentation. A quartz crystal microbalance,
Q-Sense E1 (Q-sense, Biolin Scientific) with a temperature-controlled
ellipsometry fluid cell, and spectroscopic ellipsometer, Woollam
M2000DI (JA Woollam, Lincoln, NE), were used to simultaneously
monitor adsorption of NCAvd. A schematic of the combined setup is
shown in Figure 2. The flow rate of liquid through the fluid cell was 75
#L/min, unless otherwise stated, and the temperature was 22 °C. Five
steps were used sequentially: the sequence was (i) water, (ii) PBS
buffer, (iii) NCAvd in PBS buffer for 1 h, (iv) PBS buffer, and (v)
water. In all the steps except (iii), the flow continued until the
frequency of the QCM was visibly stable. QCM data analysis was
conducted using the proprietary Q-Tools software (Q-sense, Biolin
Scientific, Sweden).

Spectroscopic ellipsometry was carried out on a Woollam M2000DI
(JA Woollam, Lincoln, NE) with a fixed incidence angle of 65°.
Ellipsometric data were fitted to a two-layer model using the
proprietary Complete Ease Software (JA Woollam, Lincoln, NE). In
the model, the substrate was gold with optical constants determined
from a clean gold substrate. The overlayer was represented by a
transparent material with refractive index given by a two-parameter
Cauchy function, n,, = A + B/ 22, where 1 is the wavelength of light and
with parameters A 1.58 and B = 0.001 um> chosen to be
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representative of dry protein.'® The only free parameter in the fitting is
the thickness of the overlayer, Tge. Dry protein thickness was
converted into ellipsometric areic mass, I'g, using I'sg = p,,, Tsp, where
Pp: is the density of dry protein. Noting that this conversion can also
be expressed by replacing p,, with (npr — n,)/(dn/dc), where n, ~
1.33 is the refractive index of buffer and (dn/dc) = 0.182 cm®/ gisa
good estimate of the specific refractive index increment for most
proteins,”® we use a value of Por = 1.37 g/ cm? for consistency with
these values throughout the paper.

The influence of any optical anisotropy in the windows was
compensated by comparison of ellipsometric data from the same
sample both inside and outside the cell. After water was introduced,
the ambient refractive index in the optical model was changed to that
of water to incorporate the contribution from the liquid and then fixed
for the remainder of the experiment.

XPS was performed using an Axis-Ultra XPS instrument (Kratos
Analytical, UK) using the selected area analysis mode with a nominal
area of analysis of 55 ym and monochromated Al Ko X-rays at 1486.6
eV. The magnetic lens on this instrument provides an electron
collection angle of approximately +20°, and samples were analyzed
normal to the electron energy analyzer. The Al anode was operated at
a power of 450 W. Wide scans (step size 1 eV, pass energy 160 eV)
and narrow scans (step size 0.1 eV, pass energy 40 eV) of the Au 4f
(binding energy, BE ~ 84 eV), C 1s (BE ~ 285 eV), N 1s (BE ~ 400
eV), S 2p (BE ~ 162 eV), and O 1s (BE ~ 532 eV) regions were
acquired from three separate areas on each sample. Data were
transmission function corrected and analyzed using CasaXPS (Version
2.3.15) using a Tougaard background. These are reported in the text
and Supporting Information as atomic fractions (%), which are
calculated using the average matrix relative sensitivity factors
(AMRSFs)* and assuming the sample to be homogeneous, as is
common practice in the literature.

SIMS measurements were performed using a TOF-SIMS IV mass
spectrometer (ION-TOF GmbH, Muenster, Germany) employing a
pulsed analytical argon gas cluster ion beam of cluster size 5000 atoms
(with a full width at half-maximum of approximately SO atoms)
accelerated with a potential of 20 kV. A time-averaged primary ion
current of 0.04 pA was employed over a 200 X 200 ym region for a
period of 400 s. This equates to a primary ion dose of 2.5 X 10" ions
m™2 and is well below the traditional “static” limit of 10" ions m™.
Data were collected in negative secondary ion mode with a cycle time
for mass spectral acquisition of 200 s, corresponding to the detection
of secondary ions with mass to charge ratio = 0.5 to 3500 Da.

B RESULTS AND DISCUSSION

Analysis of Sensor Surfaces by XPS. A typical XPS
spectrum is provided in the Supporting Information S.2.1A.
The elements detected on all surfaces are gold, carbon, oxygen,
and sulfur. A clear N 1s peak, arising from biotin may be
identified on surfaces prepared with y = 0.15 or greater. For a
surface prepared at yy = 0.05 a weak feature is present, but
barely above the background. This corresponds to an XPS
detection limit of ~0.3 at. % for nitrogen, which accords with
the estimated detection limit for nitrogen in gold under these
experimental conditions.’® For the surface prepared at y = 1,
we observe two features in the S 2p region, which correspond
to the thioether sulfur in biotin and the thiolate adsorbed to
gold, as shown in Supporting Information S.2.1B. The former is
significantly more intense because this sulfur is at the surface of
the thiol layer and the latter is at the bottom of the layer. The
intensity ratio of thioether:thiolate Rg,, = 3.2 may be used as a
yardstick to measure the height difference between the sulfur
atoms, ds_g, using eq 1, the estimated electron attenuation
length®' Lg 2p = 3.61 nm, and the experimental electron take off
angle ¢ = 0.

ds_g = Lg 2p cos(@) In(Rg Zp) (1)
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Figure 3. Argon cluster ToF-SIMS spectra of the AuM,~ region for three surfaces on a linear intensity scale, identifying the three secondary ions
used for analysis in this work: AuP,”, AuPB~, and AuB,”. Other secondary ions are observed; however, these spectra are remarkably free of

interfering ions.
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Figure 4. Distribution of intensities between the AuM, " series of secondary ions; the prediction from 65(N) using a binomial distribution are shown
as diamonds (<>) and the normalized measured intensities I*(i) as gray bars.

The resulting thickness, dg_g = 4.2 nm, provides evidence that
these monolayers are well ordered and is slightly smaller than
the total organic overlayer thickness, T, of 4.33 nm estimated
using the relative Au 4f intensity because dg_g is shorter than
the full molecule and T,, may include any extraneous
hydrocarbon contamination, which is typically an additional
few angstroms.32 Ty is calculated using a modified accurate
equation which accounts for attenuation length differences
between photoelectrons,® as detailed in the Supporting
Information (S.2). The thickness of the pure PEG-SH layer
prepared at yp = O is significantly smaller with an organic
overlayer thickness of T, = 1.28 nm. This is not due solely to
PEG-SH being a shorter molecule than Biotin-PEG-SH but
appears also to be due to a lower packing density. As shown in
the Supporting Information (S.2), at y = 1 we determine 3.6 +
0.4 Biotin-PEG-SH molecules per nm? whereas at y = 0 this
has reduced to 2.4 + 0.3 PEG-SH molecules per nm?. This
implies that there are attractive intermolecular forces between
adsorbed Biotin-PEG-SH molecules, perhaps due to the biotin
and amide moieties at the free termini, and raises concerns
about the possibility that the mixed thiols are phase separated
into domains on the gold surface. This question is specifically
addressed in the interpretation the SIMS results presented
below. It may also be tempting to try and estimate the
composition of the surface from the thickness of organic
overlayers; however, in light of the changes in packing density
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between the two pure systems, this is not possible to the
required accuracy.

It is important to establish the surface density of biotin for
the purpose of understanding the relationship between this and
NCAvd attachment; in the high density regime XPS is ideally
suited for this purpose. Using the N 1s intensity, it is possible to
calculate O5(N), the fractional coverage of biotin on the surface
normalized to the value obtained for yz = 1. Because the
nitrogen is located close to the surface, the raw N 1s intensity is
proportional to 05(N)."”*° However, to alleviate the ~5% total
intensity variations due to variations in instrumental perform-
ance and the precise positioning of samples during analysis,>*
we employ a normalization scheme, which is detailed in the
Supporting Information (S.2).

Analysis of Sensor Surfaces by ToF-SIMS. The
experimental conditions for the ToF-SIMS analysis have been
optimized for the analysis of thiol SAMs. The essential finding
is that, by using large argon clusters (more than 1000 atoms per
ion) as a primary analytical source, the negative secondary ion
spectrum is considerably simplified and, at high mass, consists
almost exclusively of ions of the form Au,M,,;)”, where M is a
complete thiolate unit. Such results have been briefly described
by Delcorte in a review of cluster beam sputtering;> the
conditions permit simple data analysis without interference
from fragments and gold—sulfur clusters observed using
traditional atomic primary ions.**™>® It has previously been
noted that in a binary thiol overlayer there are three possible

DOI: 10.1021/1a503213f
Langmuir 2015, 31, 1921-1930


http://dx.doi.org/10.1021/la503213f

Langmuir
5 1 1 0.16
4 0.8 A
0.12 A
€ 3 0.6 1
i % 3 é $0.08
¥ 33 ® S
K2 A 5 3 0.4 A
§o 0.04 -
14 0.2 1
0 T T T T 0 T T T T 0 + T T T
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0 0.04 0.08 0.12 0.16
Xs y £ Xs

Figure S. (A) Thickness of organic overlayer on gold, T,g s a function of the solution composition, yp. Error bars represent the 10% uncertainty in
electron attenuation length, L. The precision of the results is better than 0.05 nm. (B) The estimated fractional coverage of biotin, &g, as a function of
the solution composition, yg. XPS results from the N 1s intensity 05(N) are plotted as diamonds (<) along with their standard deviations as error
bars. SIMS results from the AuM,~ intensities, 5(S), are similarly plotted as squares (CI). The line shows eq 4. (C) Expanded region of (B) in the

region below the XPS detection limit for nitrogen.

AuM," secondary ions and the detection of an ion containing
dissimilar thiols indicates an intimate mixture of the two at the
surface.”’ Furthermore, if the relative secondary ion yields are
constant, it is possible to analyze the relative intensities of such
secondary ion series to obtain both the composition and local
structure of mixed systems, an exemplary case being the
secondary ion series (3M—0)* from poly(lactide-co-glyco-
lide).*

In the SIMS spectra of these surfaces, we observe the
secondary ions AuP,”, where P is PEG-S™ at ~908 Da, AuB,,
where B is Biotin-PEG-S™ at ~1771 Da, and AuBP™ at ~1340
Da. Unfortunately, the use of large argon clusters results in a
poor mass resolution due to the spread in arrival times of
clusters of slightly different size. However, the assignments are
unambiguous and the spectra very clear as shown in Figure 3.
The intensities of these ions are obtained by summing the
counts under the full isotopic envelope of each peak and
subtracting the background to obtain I; for each spectra, where i
=0, 1, or 2 depending upon the number of Biotin-PEG-S™ units
in the ion AuB,P(,_". The background intensity, from very low
intensity secondary ions and metastables, at these positions are
measured from the pure thiol layers formed using 3 = 0 and 1.
The normalized intensities, I;*, for the series are obtained
through eq 2.

I
=<
- X ()

Now, if the relative partial yields for these three ions are
identical at all compositions, and the two thiols are distributed
randomly on the surface, we should expect these intensities to
follow a binomial distribution such that I*; = (1 — &;)% I*, =
2(1 — 63)05, and I*, = 5. In Figure 4, a comparison is made
between the normalized intensities and the binomial
predictions using O5(N) for three compositions. The excellent
correspondence confirms that the relative partial yields for
these three ions are closely similar and that, at least within the
scale length of the primary ion impact crater (~10 nm), the two
thiols are intimately mixed. If the thiols were phase-separated
into their components, then the mixed ion AuBP™ could only
be formed if a primary ion impact occurred on the boundary of
the two phases. Because it is observed at the predicted
intensities, this is strong evidence for a uniform mixture.
Furthermore, because of the identity in the relative partial
ion yields across the AuM,™ ion series, it becomes simple to
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estimate the fractional composition from the observed
intensities in SIMS, 65(S), using eq 3.

0x(S) = 0.5 + If 3)
This enables us to measure the compositions of the mixed thiol
monolayers for compositions lower than the detection limit of
XPS at 0 ~ 0.03. The detection limit and precision of SIMS
are constrained by the presence of a background in the data,
which exceeds the signal for the AuBP™ secondary ion at yg =
0.005 or 85(S) = 0.003; this represents a reasonable estimate of
the limitations of this method: it is an order of magnitude more
sensitive than XPS. For these systems with low biotin coverage
we find that 05(S) ~ 0.5y, implying that the rate of attachment
of PEG-SH is approximately twice that of Biotin-PEG-SH and
that we may use a description of the form shown in eq 4 to
estimate the relationship between surface and solution molar
fractions.

QB:){B/(Z _}(B) (4)

Composition of the Sensor Surfaces. Figure 5
summarizes the results of the analysis of our surfaces. In
Figure SA the total organic thickness determined by XPS, T,
is plotted as a function of surface composition, yg,
demonstrating a monotonic increase from yz = 0 to yg = 1.
The curve is not linear, and this results from a combination of
packing effects, different thiol sizes, and the relationship
between solution and surface composition. Figure SB shows
the thiol composition of the overlayer, 5, as a function of
surface composition, yy. The XPS results, O5(N), are imprecise
but accurate (in the sense that XPS is a well-understood
quantitative method with known uncertainties), and the SIMS
results, O5(S), are very precise but of accuracy which can only
be validated by the XPS measurements. The excellent
agreement between the two methods shown in this plot is a
validation of the SIMS approach at values of 8 where XPS is
able to detect nitrogen. Under the assumption that this remains
valid at lower 6, we also show an expanded view in Figure 5C,
where the reliance is solely on the SIMS data. Plotted in both
Figures 5B and SC are the output of eq 4, which provides a
reasonable description of 6y up to yz = 0.5. Later we show that
NCAvd adsorption is identical for all yz > 0.15 (05 > 0.08);
therefore, we calculate 6y using eq 4 in the later text and
introduce no significant error.

DOI: 10.1021/1a503213f
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Figure 6. QCM-D (black, left-hand axis) and ellipsometry data (red, right-hand axis) acquired during the adsorption of NCAvd to a sensor surface
prepared from Biotin-PEG-SH, y3 = 1. For comparison, the ellipsometry data, I, for a sensor surface prepared from PEG-SH, y3 = 0, is shown as a
dotted red line. The approximate times when changes were made to the liquid flowing into the cell are marked as vertical dashed lines. All data are
referenced to the measurement made in buffer before the start of NCAvd adsorption.

Overview of QCM and Ellipsometry during NCAvd
Adsorption. Figure 6 displays, as black lines, the frequency
and dissipation shifts of the seventh overtone (F7 and D7)
during NCAvd adsorption onto a surface coated only with
Biotin-PEG-SH, 6 = 1. The trace shows the following features:
after exchanging water with buffer there is a rapid change in
resonant frequency and dissipation due to the different density
and viscosity of the buffer from that of pure water. Thereafter,
the typical features of protein adsorption are observed: on
exchange to the protein solution, a drop in resonant frequency
can be observed, consistent with efficient protein binding to the
biotin-containing sensor surface. Some transient changes can
also be observed in the dissipation trace, the origin of which will
be discussed later. The frequency appears to stabilize after
approximately 10 min; however, there is a continual and barely
perceptible decrease in frequency which continues for at least
an additional 10 min. We show later that QCM is insensitive to
protein adsorption in the high coverage regime, and this
apparent stabilization is therefore somewhat deceptive. After
exchange of the protein solution with buffer we observe no
change in frequency or dissipation, indicating that the protein
layer is essentially irreversibly bound to the sensor. Finally, the
buffer is exchanged for water to enable drying prior to XPS
analysis.

After exchanging water with buffer there is a rapid decrease in
QCM resonant frequency and an increase in dissipation,
attributed to the different density and viscosity of the buffer
from that of pure water. When water replaces the buffer after
protein adsorption is complete, there is a change in dissipation
and frequency roughly of the same magnitude and opposite to
that observed for the exchange from water to buffer.

The bold red line in Figure 6 shows the protein areic mass
derived from the spectroscopic ellipsometry data, I'gg, from the
same experiment. We observe a change in I'gy of ~0.15 mg m™>
after the exchange of water to buffer is complete, presumably
due to either the slight difference in refractive index between
these liquids or the association of ions with the surface. After
the addition of protein we observe a rapid increase in I'g; over
the same period as the change in frequency in QCM-D and
then a slow rise over the course of ~20 min. We also display as
a dotted red line the ellipsometric data for a surface coated only
with PEG-SH, 03 = 0, showing no detectable protein
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adsorption. The QCM-D data for these surfaces are equally
uneventful.

First note that the ellipsometry trace in Figure 6 shows two
distinct features when water is exchanged for buffer and then
back again toward the end of the experiment. This is correlated
with a near total loss of detected intensity in the ellipsometer
and explained by refractive index of water and buffer being
sufficiently different to deflect the path of light during the
exchange in the cell. There is no loss of intensity in
ellipsometry during the buffer to NCAvd solution exchange,
and this measurement is therefore only affected by changes at
the sensor surface. However, due to fluid exchange effects in the
cell, an analysis of binding kinetics is replaced by a comparison
of the bound mass and structural differences of the adsorbed
film that can be deduced from combined QCM-D and
ellipsometry data.

Ellipsometric Measurement of the Total Amount of
NCAvd Adsorbed. We turn first to the ellipsometry data,
which are expected to provide the best quantitative estimate of
the amount of adsorbed protein. In Figure 7 the total change in
areic mass, ['qz(max), is plotted as a function of 8. The graph
demonstrates the remarkably consistent performance of this
system, with repeat experiments at 63 = 1 and 0.15 providing
closely similar values. For @5 larger than 0.01, the values of
I'gg(max) are, within experimental error, identical at 2.53 +
0.03 mg m2. This is consistent with the 2.54 + 0.30 mg m™>
inferred from p,,, = 1.37 g/ cm?® and the change in Ty of 1.86 £
0.20 nm from the XPS analysis of sensors before and after
protein adsorption (see Figure 7 and Supporting Information).
This observation is contradictory to previous works using
Biotin-PEG-SH and PEG-SH modified gold surfaces where a
maximum adsorption was observed at 6y = 0.2;"9?° however,
those studies were performed with Biotin-PEG-SH containing
only 2 or 3 ethylene glycol repeat units, severely restricting the
ability of the SAM layer to deform and accommodate protein
binding. Here, there are 10 ethylene glycol repeat units in the
molecular monolayer, which appears to solve this complication
and enables a repeatable response which is robust to small
changes in surface coverage.

In the 6 > 0.15 regime, the maximum NCAvd adsorption is
limited by the size of NCAvd itself, and there are more than
sufficient biotin ligands on the surface to facilitate binding in
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Figure 7. Maximum areic mass of protein adsorbed, I'gz(max) (<),
measured during adsorption of NCAvd to sensor surfaces prepared
from mixtures of Biotin-PEG-SH and PEG-SH as a function of g, the
biotin surface fraction. The inset shows an expanded view of the region
where 6 ~ 0.01. Lines are linear fits to two regimes: 5 > 0.01 and 6y
< 0.01. For comparison, the areic mass of NCAvd inferred from XPS
organic overlayer thicknesses, Torg (O), are plotted, with uncertainties
as error bars, on the same axes.

any location. We may compare T, to the thickness expected
from the crystallographic size, ~5 nm (see Figure 1C), and
infer that the protein layer contains ~40% protein and ~60%
water by volume. For #y smaller than 0.01, the values of
Tgg(max) are linear with @5. This is shown more clearly in the
inset of Figure 7; in this regime the biotin molecules are
sparsely located on the surface, and the maximum NCAvd
adsorption is limited by the biotin areic density. The intercept
of the linear fits to both the low @5 and high 0 regimes shown
in Figure 7 is at O3 ~ 0.01, and the inverse of this should
correspond to the product of the packing density of thiols at
this composition (~2.6 molecules per nm? see Supporting
Information) and the surface area occupied by an NCAvd
molecule. From this we can infer that NCAvd occupies an area
of ~40 nm* on the surface which is higher than the expected
footprint of ~33 nm® This implies a reasonably close packing
of molecules on the surface with approximately three-quarters
of the surface occupied by adsorbed NCAvd. This is higher
than the random sequential adsorption “jammin§ limit”, which
results in coverage only slightly larger than half.*’ Furthermore,
since the biotin moieties are randomly distributed across the
surface, at 3 ~ 0.01 and lower the majority of NCAvd
molecules must be bound only through one biotin link since
the average spacing of biotin ligands in this regime is larger than
the distance between the two available NCAvd binding sites.
QCM Response as a Function of the Amount of
NCAvd Adsorbed. In Figure 8A we compare the change in
QCM frequency, AF7, to the ellipsometric areic mass, I'g,
during the adsorption process. Data from surfaces with 65 = 1,
0.08, 0.01, 0.00S, and 0.002$ are displayed but are difficult to
distinguish as they exhibit the same behavior. The response of
the frequency shift to adsorbed amount is clearly nonlinear and
displays monotonically declining sensitivity as the coverage of
NCAvd increases. In the low coverage regime, the additional
mass of entrained water surrounding isolated molecules is well
documented, as is the role of water entrapped within the
protein itself.*>*® From the initial and final gradients of these
curves, it is clear that the sensitivity of QCM to a fractional
increase in protein coverage decreases by an order of
magnitude from low to high coverage. Therefore, a quantitative
analysis of protein attachment is rather difficult using this
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Figure 8. Correlation of QCM-D data with spectroscopic ellipsometry.
Frequency change (A) and dissipation (C) are plotted against I for
selected sets of data from sensor surfaces prepared with 05 =1 (O),
0.08 (A, red), 0.01 (x), 0.005 (O, red), and 0.0025 (¢). (B)
Estimated fractional mass of trapped liquid, H, for y =1, is plotted
against the estimated areic mass of dry NCAvd from ellipsometry, I'p.
The red line shows a linear fit with intercept Hy = 0.86.

technique on its own. The curve shown in Figure 8A, however,
is well behaved and can be rationalized through a comparison
of the estimated areic mass of attached protein, which is
measured by ellipsometry, I'sg, and the areic mass of protein
and liquid mechanically coupled to the layer, measured by the
QCM (Iqcm = —CAF7/7), in which we use the mass
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sensitivity coefficient C = 0.1806 + 0.0015S mg m > Hz ™' fora S
MHz quartz crystal.”” The fractional mass of trapped liquid can
be calculated as H = 1 — (I'sg/T'qcum), and a plot of this against
I'gg is provided in Figure 8B for data from @5 = 1. The result is
a highly linear correlation, similar to previous studies of avidin
and streptavidin adsorption, where various models have been
employed to explain these results.”>*" Here, it is sufficient to
state that the fractional trapped liquid for isolated molecules
tends to Hy = 0.86 (~14 mass % protein or ~10 vol %) and for
a nearly complete layer is H ~ 0.5 (~S50 mass % protein or ~40
vol %). This latter value is consistent with the estimate made
from the crystallographic dimensions of the protein and the
ellipsometric thickness.

QCM Reveals Structural Differences in Bound NCAvd.
Figure 8C shows the changes in QCM-D dissipation against
equivalent ellipsometric thickness for different values of 5. For
6 > 0.15 there are no substantial differences in these data, and
of these, only 63 = 1 is shown for clarity. All sensor surfaces
demonstrate a rise in dissipation at the initiation of adsorption.
At high 6, this rise reaches a maximum and then decreases, the
position of the maximum in I'gg increasing as 0 decreases. The
magnitudes of changes in dissipation correlate in a similar
fashion, and it is clear that at, for example, I'sz = 0.5 mg m~2
there must a significant structural difference between the
adsorbed layers formed at high 0 and those formed at low 6.
Ho6k et al. and Bingen et al. both observed similar effects for
streptavidin adsorption, to biotinylated supported lipid bilayers,
without exploring the relationship to biotin coverage,””** and
Bingen et al. ascribed this to mechanical stabilization. A later
analysis of colloidal particle adsorption by Tellechea et al.
demonstrated that such behavior for large particles can arise
from hydrodynamic effects, and in such cases, plotting the ratio
of dissipation change to frequency change against frequency
results in a linear correlation which is not observed for uniform
viscoelastic film growth. Furthermore, the extrapolated
intercept of such a plot with the frequency change axis can
provide a reasonable estimate of the mass of a complete layer of
particles from which the diameter can be inferred.**

In Figure 9 we display such plots for the data acquired here,
and it is clear from these plots that there is at least a 4-fold
difference in dissipation between the surfaces prepared with
different biotin densities. We find linearity for surfaces with 6
= 0.01 and lower. The extrapolated intercepts correspond to
Focm ~ 5.8 mg m™2, which indicates a thickness, or NCAvd
diameter of ~4.2 nm for NCAvd using a dry protein density of
Ppr = 137 g/ cm®. A close-packed layer of proteins would
contain a substantial fraction of water both in and between the
molecules, having a lower density and larger thickness than
calculated here. Therefore, this is quite a reasonable result and
matches well with the expected value of ~5 nm for NCAvd.
However, at high biotin densities the analogous plot is
nonlinear since the dissipation change returns to zero within
the data, ie, prior to maximum binding being reached. The
intercepts in these cases return unphysically small diameters for
NCAvd, and it is clear that additional effects are occurring
which result in a different mechanical response to the low
biotin coverage case.

A plausible explanation for these observations is that the
attachment of NCAvd to the surface is restricted to being
through only one biotin moiety when the spacing of biotin
ligands is larger than the diameter of the NCAvd molecule
whereas, at high biotin density, NCAvd is capable of binding to
the surface through two biotin moieties. We call these modes of
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Figure 9. Ratio of QCM dissipation to QCM frequency plotted
against QCM frequency change from sensor surfaces prepared with 6
=1 (O), 0.08 (A, red), 0.01 (x), 0.005 (O, red), and 0.0025 (<)
demonstrates two different modes of NCAvd binding. Because of
noise in the dissipation signal, the data are truncated at the low-
frequency end and smoothed using a running five-point mean for
clarity. The extrapolated intercepts for NCAvd adsorbing on surfaces
with low 85 are displayed.

attachment respectively monovalent and divalent binding. In
consideration of the distance between binding sites on the
NCAvd molecule the transition should occur close to 0 ~
0.02, as indeed is observed, and as 0y reduces, the fractional
population of monovalently bound NCAvd should increase. We
therefore expect the data in Figure 9 to lie between two
boundaries defined by the QCM response to divalent NCAvd
and the response to monovalent NCAvd binding. These
limiting cases should be reasonably represented by the data
given by 6y = 1 for divalent binding and the data and
extrapolation given by @ = 0.0025 for monovalent binding.
The data indeed fall between these boundaries, although it is
not possible at this stage to attempt a quantitative analysis of
the fractional population of monovalently bound NCAvd with
any certainty because the cause of the anomalous QCM
response to divalent binding is still unclear. The effect may arise
from a number of factors, including stronger mechanical
coupling of the sensor to bound NCAvd molecules compared
to monovalent binding, cross-linking and stiffening of the PEG
layer by divalent binding, or surface association of bound
NCAvd molecules in the divalent case (island formation).
Nevertheless, these results demonstrate that one may control,
detect, and possibly quantify the fractional population of
monovalent and divalent NCAvd molecules, and this ability
could provide insight into the mechanisms of avidin association
and dissociation at sensor surfaces.

B CONCLUSIONS

We have developed highly stable and reproducible reference
surfaces based on thiol-modified gold and using the biotin—
avidin interaction. These have been measured with XPS and
SIMS to provide detailed information on the composition and
structure of the self-assembled thiol monolayer. Through the
use of a novel primary ion source, argon clusters, we
demonstrate that very clean and useful spectra from thiols on
gold may be obtained that can be employed both to
demonstrate that thiols are not significantly phase separated

DOI: 10.1021/1a503213f
Langmuir 2015, 31, 1921-1930


http://dx.doi.org/10.1021/la503213f

Langmuir

and to measure low surface concentrations of thiol,
approaching one molecule in a thousand. These analyses
show that an exquisite control of biotin surface density may be
achieved.

The simultaneous use of ellipsometry and QCM to measure
NCAvd adsorption to these reference surfaces demonstrates
that the frequency change in QCM, while highly sensitive to the
adsorption of protein, has a coverage-dependent sensitivity that
changes by at least an order of magnitude. This means that
QCM frequency changes should be used with extreme caution
when trying to understand, for example, the kinetics and
mechanisms of protein adsorption. The adsorption of NCAvd
to this surface and under the conditions employed here appears
to show two distinct modes of binding, which can be clearly
detected in the dissipation signal of the QCM-D, and we
ascribe these to the difference in mechanical response of this
system to NCAvd bound through either one or two biotin
moieties.

B ASSOCIATED CONTENT
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Details of the preparation and characterization of the NCAvd
protein; XPS results and a general method for measuring
organic film thicknesses on gold using XPS; and a justification
for the use of only one QCM-D overtone in the paper. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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