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ABSTRACT

Precise characterization of a monolayer of two different biomolecules in a gradient pattern on a glass surface puts high demand on the
method used. Some techniques can detect protein monolayers but not on a glass surface. Others can distinguish between different proteins
but not identify a gradient pattern. Here, we used ToF-SIMS to validate the complete surface composition, checking all the necessary boxes.
As these types of surfaces can dictate sensitive cell behaviors, the precision on a nanolevel is crucial, and to visualize and determine the
molecular distribution become essential. The dual monolayer consisted of laminin 521 and one of three other biomolecules of different
sizes, epidermal growth factor, growth differentiation factor 5, or bovine serum albumin, creating opposing gradient patterns. The resulting
ToF-SIMS imaging and line scan data provided detailed information on the distribution of the adsorbed proteins.

Published under license by AVS. https://doi.org/10.1116/6.0000621

I. INTRODUCTION

Surface analysis with nanometer resolution is today viable
using different techniques. However, the precise characterization of
two biomolecules in a dual gradient pattern on a gold nanoparticle
(AuNP) and glass substrate puts high demand on the method used.
Depending on the focus and scope, a combination of surface
analysis techniques such as time-of-flight secondary ion mass spec-
trometry (ToF-SIMS), scanning electron microscopy (SEM), x-ray
photoelectron spectroscopy (XPS), quartz crystal microbalance with
dissipation (QCM-D) monitoring, surface plasmon resonance
(SPR), enzyme-linked immunosorbent assay (ELISA), and different
microscopic methods could be employed. Due to the nature of the
specific nanogradient surfaces used here, many techniques had to
be discarded. XPS can detect adsorbed protein amounts, but the
distinction between two proteins on the same surface is difficult.
Also, the AuNP creates an issue, at least in the densest area of the
nanogradient.”” The key part of the QCM-D technique is that it is
a microbalance. The amount of added proteins can be measured as
well as the viscoelastic properties of the resulting coverage, etc.” but
not the distribution along a gradient. SPR is a commonly used
technique to study the kinetics of biomolecule binding and has
been used on similar gradients but cannot be used on a glass

substrate. > Microscopic techniques are easy to use with nanogra-
dient surfaces. However, the AuNPs can create problems in, e.g.,
fluorescence approaches, ELISA included, where the fluorescent
signal is quenched near the AuNPs” or when relying on multipho-
ton induced luminescence (MIL) where the interparticle distance
dictates the presence of a MIL signal.”

A suitable candidate technique to use is ToF-SIMS imaging,
providing a high spatial resolution of about 400 nm,® low surface
impact, and high reliability when used for visualizing the molecular
distribution.””'” ToF-SIMS is a well-established state-of-the-art
technique for identifying specific elements and enabling detailed
studies of amino acid distribution in adsorbed proteins with ppm
level of sensitivity.'” Compared to other protein distribution
imaging methods, e.g., fluorescence microscopy, ToF-SIMS does
not need specific probes and or antibodies for protein identification
and offers the possibility to distinguish between different biomole-
cules easier than, e.g., an SPR imaging setup.'”

The present study aimed to employ ToF-SIMS to visualize the
immobilized biomolecules’ distribution along the nanoparticle gra-
dient and distinguish between the biomolecules and the surround-
ing laminin. The nanogradients used here consist of a glass surface
with AuNPs attached in a gradient pattern determined using SEM.
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The glass surrounding the nanoparticles was covered with extracel-
lular matrix protein laminin 521, and the nanoparticles were func-
tionalized with one of three different proteins: epidermal growth
factor (EGF), growth differentiation factor 5 (GDF5), or bovine
serum albumin (BSA) [Figs. 3(b)-3(e) show the basic nanogradient
setup]. These biomolecules are different in size (6.2, 26.8, 66.5 kDa,
respectively) and may thus distribute a bit differently along the gra-
dient depending on, e.g., the number of attachment points to the
AuNPs (see Figures S7-11). The nanostructured surfaces them-
selves, their topography, and functionalization, i.., with precisely
distributed biomolecules, have been shown to influence several
different events such as cell adhesion, viability, and tissue
integration.'”~* Thus, when purposefully functionalized, these sur-
faces can dictate cell responses in, e.g., cell migration and cell dif-
ferentiation. Therefore, the demand for knowledge of the precise
surface composition, on a nanolevel, is evident.”'° The informa-
tion gained through mainly ToF-SIMS measurements of the gradi-
ent surfaces can thus be necessary, e.g., when interpreting the result
from stem cell differentiation on the morphogen gradient.

Il. EXPERIMENT
A. Preparation of nanogradients

The nanogradients were provided by Cline Scientific (Cline
Scientific AB, Sweden), with 10 nm citrate-covered AuNPs (Cline
Scientific AB, Sweden) in a gradient pattern on a glass substrate. A
proprietary method developed by Cline Scientific for functionalization
of the nanogradient surfaces included the following steps: thiolated
streptavidin (SH-streptavidin, ProteinMods, USA) was applied to the
nanoparticles and incubated at room temperature. Thereafter, super-
fluous streptavidin was rinsed off with phosphate-buffered saline
(PBS) (Amresco, USA). Next, laminin 521 (Biolamina AB, Sweden)
was attached to the glass surface between particles by charge—charge
interaction (net charge —130, pI 5.92) and incubated at room temper-
ature, whereafter superfluous laminin was rinsed with PBS.

EGF (R&D Systems, Bio-Techne, MN, USA) and GDF5 (R&D
Systems, Bio-Techne, MN, USA) were biotinylated to facilitate
binding with streptavidin. Biotinylation was performed with an
excessive amount of biotin (EZ-Link™ Sulfo-NHS-LC-Biotin,
Thermo Fischer Scientific, MA, USA) according to the instructions
provided by the supplier. The superfluous biotin was discarded
using repeated wash and centrifugation steps. The biotinylation’s
success was controlled using a HABA test, resulting in 1-5 biotins/
molecule (HABA/avidin Reagent, Sigma-Aldrich, USA). BSA was
bought already biotinylated (Thermo Fisher Scientific, MA, USA).
Finally, the biotinylated proteins were attached to the streptavidin-
coated AuNPs and incubated at 4 °C overnight. As in the previous
steps, superfluous proteins were rinsed off with PBS. After func-
tionalization, the surfaces were rinsed with water and dried, await-
ing ToF-SIMS measurements.

B. Preparation of protein standards for ToF-SIMS

EGF (R&D Systems, Bio-Techne, MN, USA) 54x107°M,
BSA-biotin (Thermo Fisher Scientific, MA, USA) 4x107%M,
GDF5 (R&D Systems, Bio-Techne, MN, USA) 7%x107°M, and
laminin 521 (Biolamina AB, Sweden) 1.3 x 1077 were dissolved
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according to the specifications accompanying each protein from
the manufacturer and deposited dropwise on the glass surface.

C.SEM

The gradient pattern was confirmed using scanning electron
microscopy (SEM) (Zeiss Ultra 55, Germany) [Fig. 3(a)]. Images
were acquired in the secondary/backscattered electron mode at an
accelerating voltage of 3.00kV using an In-Lens detector. The
nanogradients had a particle density spanning on average from 1 to
2250 particles/um?, measured using scanning electron microscopy
(SEM) in three lines along the gradient, depicted with standard
deviations in Fig. 3(a).

D. ToF-SIMS

ToF-SIMS imaging was performed using a TOESIMS V
(ION-TOF, Miinster, Germany), with a bismuth liquid metal ion
gun as a primary ion source and a Cé 10-keV ion source as a
sputter source. Data were recorded in positive and negative ion
modes, and spectra were acquired using Bii" (50 keV) primary
ions. All analyses were performed in the so-called high-current
bunched mode, with a pulsed primary ion current of 0.34 pA and a
maximum ion dose density of 3 x 10'" ions/cm?, which is below
the static limit.”” Surfacelab 7 software (v. 7.0; ION-TOF) was used
for all spectrum and image processing and analysis. The mass
spectra were internally calibrated to signals of [C]~, [CH]™, [C,]7,
[C5]™ and [C]* [CH,]", [CH;]", and [CsH,N]* for negative and
positive ion modes, respectively. The gradient surfaces were ana-
lyzed using the raster stage scan mode to cover areas between
4000 x 11200 um* and 4000 x 11 600 um> In total, three sets of
each functionalized gradient were analyzed in three different areas.
One protein standard was analyzed for each protein type. The red/
green/blue (RGB) color overlays are represented in a linear relation-
ship ranging from a signal intensity of zero as black to 100% color
for the maximum ion count for that respective ion.

I1l. RESULTS AND DISCUSSION
A. ToF-SIMS visualizes biomolecular binding

ToF-SIMS analysis of the protein standards gave characteristic
peaks for the proteins used to functionalize the surfaces. A peak search
was used to identify peaks based on their relative intensities relative to
the other proteins, as well as principal component analysis (data not
shown). This information and information from previous publications
on ToF-SIMS protein characterization were used to identify peaks
from different biomolecules on the surfaces.>**" To determine the
gradient pattern, ion signals from each protein’s characteristic peaks
were added together to be overlaid with the sum of ion signals from
the laminin 521 background peaks. Spectra from EGF, BSA, GDF5,
and laminin 521 can be seen in supplementary material Fig. S1.”'

ToF-SIMS macroraster images from the functionalized surfaces
are shown in Fig. 1 and are represented as overlay images showing
the three biomolecules in green and the laminin background in red.
Individual macroraster ion images can be seen in supplementary
Figs. $2—S4.”" A clear separation between the functionalizing biomo-
lecule and the laminin background for both EGF and GDF5 can be
seen in Figs. 1(a) and 1(b). The separation between BSA and
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FIG. 1. ToF-SIMS macroraster overlay images showing the functionalized bio-
molecules EGF (a), GDF (b), and BSA (c) in green contrasted to laminin 521
(red). The yellow rectangles indicate areas used for the line scans, as can be
seen in Fig. 2, and cover approximately 3000 x 4500 um?. The wedge at the top
of the figure indicates the gradient's direction with the highest particle density on
the left side.

laminin in Fig. 1(c) is less clear due to BSA and laminin having
several overlapping peaks (see protein references, Figure S1).

The ToF-SIMS surface data can also be represented as line
scans showing the gradient distribution of the biomolecules on the
surfaces, as shown in Fig. 2. The line scans were based on an
average area from the gradient surfaces of approximately 3000
(width) x 4500 ym?> (length). All three biomolecules (laminin
excluded) start with a high density on the gradient surface’s densest
part, followed by descending density to approximately 2500 um.
The laminin signal shows an opposite behavior, especially for EGF
and GDF5, as shown in Figs. 2(a) and 2(b) with a sharply increas-
ing signal at approximately 1500 um. For BSA, the laminin signal is
at its maximum at around 1000 um with no apparent increase, con-
trary to the EGF and GDF5 surfaces. Another set of images is
shown in supplementary information Fig. $5.°' Since the gradient
preparation is very consistent between samples, the individual
samples analyzed showed very similar results.

B. SEM confirms the gradient pattern

The ToF-SIMS data show the distribution of molecules along
the gradient following EGF, GDF5, and BSA attachment to the

ARTICLE avs.scitation.org/journal/bip
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FIG. 2. Line scans of biomolecule distribution based on ToF-SIMS macroraster
data showing the distribution of EGF (a), GDF5 (b), and BSA (c) in orange in
relationship to laminin in blue. The line scans were made from an area starting
approximately 500 um from the edge of the gradient surface (high-density end)
and cover a length of ca. 4500 um. Line scans were averaged over an area of
about 3000 um. The relative intensity signals are normalized to the total ion
count of the experiment.

AuNPs and laminin on the substrate surrounding the particles.
SEM data on AuNP distribution (Fig. 3) confirms a decreasing
AuNP density from 500 to 3000 um, concurring with the decreas-
ing amounts of biomolecules. The high density of AuNPs and the
size of laminin 521 lead to a decreasing amount of laminin toward
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FIG. 3. AuNP distribution based on SEM measurements shown as the average
number of particles per um (curve) and SEM images along the gradient's length
(images). The curve shows the average number of nanoparticles per um? mea-
sured every 500 um. The inset is SEM closeup (magnification x200 000) of the
particles along the gradient. Below the curve, a montage of SEM pictures cover-
ing the gradient’s length every 500 um; each square length is 30 um. lllustration
(b)—(e) is redrawn based on a figure published in Andreasson et al. (Ref. 18),
showing (b) AuNPs (yellow circles) attached in a gradient pattern to a glass sub-
strate. (c) Laminin 521 (blue squares) attached to the glass surface between
particles. (d) Streptavidin (purple triangles) attached to AuNPs as a linker to the
biotinylated biomolecule. (e) Gradient ready to be functionalized by attaching
biomolecules.

the surface’s edge (far left Fig. 3, see also Figs. S10 and S11). Only
a very weak signal could be detected from the AuNP monitored
with ToF-SIMS (see Fig. S6 in the supplementary material),”’ most
likely because the AuNPs are covered by both streptavidin and a
biotinylated biomolecule, which hinders the effective production of
gold secondary ions.

C. Discussing differences and usefulness

As can be seen in Figs. 1(b) and 2(b), the GDF5 gradient has
irregularities approximately 3500 um from the edge. These green
areas in the middle of red [Fig. 1(b)] and the corresponding addi-
tional peak in Fig. 2(b) are due to AuNP aggregates present in the
measured area. BSA and laminin 521 in Figs. 1(c) and 2(c) show a
slightly different profile than the other two gradient surfaces. It is

ARTICLE avs.scitation.org/journal/bip

more difficult to differentiate between these two molecules, but the
distinction still shows a clear BSA gradient. The large BSA mole-
cules may, to some extent, cover and thus impede the signal origi-
nating from laminin 521 (see Figs. S7, S10, and S11 for molecular
sizes and distributional illustration).

Factors such as the density of the AuNP, the number of binding
spots, and the biomolecules’ size all influence the highest biomo-
lecular binding density possible to achieve as well as the biomolecular
gradient slope, further illustrated in Figs. 3 and S7—S11. In this case,
the approximately 3000-um-long AuNP gradients result in three
slightly different profiles depending on the biomolecule attached to
the AuNPs. The chemistry used to bind the proteins to their respec-
tive parts of the surface, the nanoparticles (biotin-streptavidin), or the
surrounding glass (charge-charge interaction) is well known and
established. The validation of their respective positions in a dual
monolayer gradient on glass (instead of the commonly used gold or
silicon surface) has long been challenging. ToF-SIMS is one of the
few techniques with the capacity to measure both a monolayer and
determine the gradient pattern.'”

These types of gradient surfaces are of use in, e.g., stem cell
differentiation, as models for molecular recognition and interaction
in biological systems, cell motility and diagnostics, and practical
applications such as cell separation, drug delivery, and sensors in
biotechnology, where the molecular composition and control
thereof are of the essence.'””*”’ Hence, the validation of the
surface composition dictating the cell behavior is vital.

IV. SUMMARY AND CONCLUSIONS

Creating biomolecular monolayers on a glass surface opens up
possibilities for precise control over cell reactions combined with
the ability to use microscopic techniques to study the results. Here,
we use ToF-SIMS to detect biomolecular monolayers with high pre-
cision on glass surfaces and more than one bound protein.
ToF-SIMS allows for precision measurements of the biomolecule
gradients on glass surfaces, which is difficult with other techniques
than ToF-SIMS. Moreover, we distinguish between two proteins on
each gradient surface and show different binding patterns depend-
ing on, e.g., molecular size.
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