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Abstract

Control over orientation and conformation of surface-immobilized proteins, determining their biological activity, plays a critical
role in biointerface engineering. Specific protein state can be achieved with adjusted surface preparation and immobilization
conditions through different types of protein-surface and protein-protein interactions, as outlined in this work. Time-of-flight
secondary ion mass spectroscopy, combining surface sensitivity with excellent chemical specificity enhanced by multivariate
data analysis, is the most suited surface analysis method to provide information about protein state. This work highlights recent
applications of the multivariate principal component analysis of TOF-SIMS spectra to trace orientation and conformation
changes of various proteins (antibody, bovine serum albumin, and streptavidin) immobilized by adsorption, specific binding,
and covalent attachment on different surfaces, including self-assembled monolayers on silicon, solution-deposited
polythiophenes, and thermo-responsive polymer brushes. Multivariate TOF-SIMS results correlate well with AFM data and
binding assays for antibody-antigen and streptavidin-biotin recognition. Additionally, several novel extensions of the multivar-
iate TOF-SIMS method are discussed.
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Introduction

Protein immobilization on a solid surface is essential for the
development of biotechnological applications covering a wide
range of areas, such as medical diagnostic, pollution screen-
ing, regenerative medicine, or drug delivery. Control over the
proper state of immobilized proteins, involving their orienta-
tion and conformation that determine their biological activity,
is essential to ensure an effective and reliable performance of
analytical devices and systems, such as biosensors or protein
and DNA microarrays. Moreover, some applications require
induction by the surface of the desired biological response to
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environmental stimuli. For instance, temperature-induced
change in surface properties enables the harvesting of intact
contagious cell sheets for tissue engineering [1]. To achieve
these goals, recent studies have concentrated on the careful
design of biointerfaces with tuned or switchable properties.
The functionalization of the materials’ surface by molecular
or polymer layers is a versatile strategy, tailoring interface
properties while preserving bulk characteristics [2]. Organic
molecules forming self-assembled monolayers (SAMs) pro-
vide an effective and convenient method to introduce func-
tional chemical groups on various surfaces, e.g., gold, silicon-
based substrates, graphene, glass, or PDMS [3, 4]. SAMs can
be applied to promote protein physical adsorption, e.g., thiols
or silanes with the amine group, or to enable covalent protein
binding, e.g., by the creation of aldehyde or NHS ester surface
species. Due to the simple modification procedure and the
ability to modify the materials used as sensors’ transducers,
SAMs are widely applied in functionalization protocols for
protein immobilization on biosensors or bioassay surfaces
[3-9]. Furthermore, polymers with the desirable type of
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interactions with biomolecules involving biocompatible [10],
charged [11], anti-fouling [12], and stimuli-responsive [13]
polymers can be applied to modify the surface properties of
a variety of materials. This can be achieved by coating poly-
mer layers on or by grafting polymer chains to or from the
material surface. Thin polymer films, easily prepared by solu-
tion coating, not only enable a surface modification inducing
the desired iterations with proteins but also can form function-
al elements of various devices, e.g., within organic electronics.
In turn, polymer brushes can be formed by polymer chains
tethered to surfaces using different methods. Effective
functionalization of various materials is achieved with
grafting from the surface, involving surface-initiated polymer-
ization [14—16]. Among the variety of polymer brushes, those
formed by stimuli-responsive polymers, changing significant-
ly and reversibly their physico-chemical properties in re-
sponse to slightly varied environmental conditions, attract
special attention [13, 17]. Biotechnological applications of
such brush coatings involve bioseparation, drug delivery,
and tissue engineering, based on polymer interactions with
biomolecules changed in a response to external stimuli [13,
17-19]. These interaction changes are relevant for the affinity
to proteins or cells, as well as their behavior.

The state of proteins immobilized on a molecular and poly-
mer surface by physical adsorption or covalent binding de-
pends on protein—surface and protein—protein interactions
[20]. These interactions are determined by the properties of
both the surface and the protein as well as by external condi-
tions such as temperature, pH, and ion buffer strength. The
protein state corresponds to its free energy minimum resulting,
besides specific bindings, from electrostatic and van der
Waals interactions, hydrogen bonds, and hydrophobic effects
[20]. Proteins consist of one or more long chains of amino
acids folded into a secondary structure and then organized into
a tertiary and quaternary native protein structure, crucial for
the protein biological function. For this reason, conformation
changes of proteins upon adsorption on a solid surface, which
can even lead to protein denaturation and a loss of biological
activity, is an important issue in protein immobilization [20,
21]. In turn, the orientation of the protein immobilized on the
surface determines the protein subunits interacting with the
surface and those exposed to the solution. Orientation of
immobilized proteins is especially important for functional
proteins, such as enzymes, receptors, and antibodies with
binding or reaction sites located on a certain part of the mol-
ecule. Therefore, for proteins acting as detecting molecules or
components of bioaffinity techniques the orientation they
adopt on the surface determines the access to their binding
sites, and hence specifies assay efficiency [22, 23]. A direct
examination of the conformation and orientation changes of
surface-immobilized proteins is a challenging issue. At the
same time, many biotechnological applications are based on
simple non-specific adsorption methods, which result in an
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unspecified or random orientation of proteins. Therefore, re-
search efforts are focused on the development of both the
methods of protein immobilization limiting conformation
changes and providing the desired orientation, as well as the
methods of protein state examination themselves. The confor-
mation and orientation changes of a surface-immobilized pro-
tein are commonly deduced indirectly, based on
biorecognition examination or the determination of the thick-
ness and topography of the protein layers. As reviewed by
Trilling et al. [22] and Welch et al. [24], the orientation of
IgG antibodies, acting as detection elements of
immunosensors and immunoassays, can be inferred from the
antibodies surface density, when examined with techniques
such as X-ray photoelectron spectroscopy, spectroscopic
ellipsometry, surface plasmon resonance, quartz crystal mi-
crobalance, dual-polarization interferometry, or neutron re-
flectometry, and compared with their antigen-binding effi-
ciency. Additionally, atomic force microscopy (AFM) of sin-
gle proteins’ height or protein layer topography [25-27] and
Fourier-transform infrared spectroscopy (FTIR) [28] enable
an examination of proteins’ orientation and proteins’ second-
ary structure, respectively. Furthermore, time-of-flight sec-
ondary ion mass spectrometry (TOF-SIMS) is an especially
attractive method for protein state analysis: due to its excellent
chemical specificity, it can directly probe the amino acid con-
centration of surface-immobilized proteins with a sensitivity
peaked at their outermost region [29]. As a result, TOF-SIMS,
supported by multivariate principal component data analysis,
enables a comparison of the orientation and conformation of
proteins immobilized not only on simple model substrates but
also on functional molecular and polymer surfaces [24,
30-35]. Such a chemical glimpse at protein conformation
and orientation can be provided, although the ultra-high vac-
uum conditions required by TOF-SIMS induce additional pro-
tein denaturation [36] that causes a potential drawback [24].
For the above reasons, the multivariate TOF-SIMS method
provides information about protein state in a more direct man-
ner than most other surface analysis methods [22, 24, 37].

A protein state examination with multivariate TOF-SIMS
analysis is presented in the next section of this review. Then,
we examine the factors determining protein orientation.
Finally, the case studies of proteins immobilized on self-
assembled monolayers, solution-deposited polythiophenes,
and thermo-responsive polymer brushes are outlined.

TOF-SIMS examination of the state
of surface-immobilized proteins

TOF-SIMS is a surface-sensitive spectroscopic technique,
identifying secondary ions emitted from the surface upon
bombardment by energetic primary ions (e.g., Bi*, Cs*, Ga™,
Ceo"). Secondary ions, which are fragments of molecules
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forming the sample surface, are identified from the mass to
charge ratio (m/z) measured by a time-of-flight mass analyzer
and characterized by a mass resolution m/Am reaching
10,000.

In the case of proteins immobilized on a substrate, a high
mass resolution enables the identification of secondary ions as
fragments of particular amino acids [38]. However, a careful
choice of TOF-SIMS signals applied to further analysis is
required due to the ambiguous assignment of the same ion
fragments to amino acid residues [38—41] and a possible over-
lapping with signals derived from other materials, e.g., the
substrate.

For an examination of the state of surface-immobilized
proteins, the highly surface sensitive “static SIMS” regime is
applied. In this operating regime, the dose density of primary
ions is kept below 10'? ions/cm? to ensure that secondary ions
originate only from intact sample areas [42]. TOF-SIMS sur-
face sensitivity is characterized by the mean emission
(attenuation) depth of secondary ions A ~0.6 nm [34] (this
value for Biz™ (30 keV) primary ions), indicating a much
greater sensitivity for the outermost region of the protein layer
(Fig. 1a). At the same time, the “escape” depth, determined as
the thickness where a particular ion intensity is 3 standard
deviations from the background [43], is about 3 nm for ions
derived from organic films [34, 43]. This value corresponds to
the protein surface density of ~3.8 mg/m* and reveals the
TOF-SIMS ability to probe the complete protein monolayers.

The major disadvantage of the TOF-SIMS technique with
respect to protein state analysis is the fact that it operates under
ultra-high vacuum conditions. The examined protein layers
are, therefore, dehydrated causing some rearrangement of
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Fig. 1 Analysis of protein orientation (a) or denaturation (conformation)
(b), based on static TOF-SIMS sensitivity to the outermost region of the
immobilized proteins (marked by red horizontal lines), and differences in
the amino acid composition between the different protein domains (a) or
between the buried and surface regions of a native protein (b), respective-
ly. To maximize the differences in the measured amino acid composition,
a simultaneous inspection of the intensities of many mass signals,

the protein structure. However, a comparison of proteins ori-
entation or the denaturation degree on different samples is still
possible, since the composition of amino acids exposed to the
interface during the TOF-SIMS measurement depends on the
protein state before dehydration. To minimize alternations in
protein conformation in UHV protection methods applying
trehalose coating has been investigated [32, 44, 45].
However, they introduce trehalose-derived signals to TOF-
SIMS spectra and may mask protein-derived signals [32,
45]. The recent developments of the TOF-SIMS method in-
clude attempts at an “in situ” examination of protein layers in
water, here possible thanks to a special microfluidic device
[46-48].

Additionally, TOF-SIMS is not a quantitative method with
the ion intensity being influenced by a number of factors.
Therefore, the state of surface-immobilized proteins can be
examined only by comparison with reference samples.
Additionally, differences can be identified between the pro-
teins state on different surfaces.

The most popular set used to analyze proteins immobilized
into different surfaces consists of a liquid metal ion gun
(LMIG) and a time-of-flight analyzer. The LMIG generates
primary ions (single atoms or small clusters, mostly Bi or Ga)
which can be highly focused to attain a spot size of ~ 100 nm
at the sample surface. Unfortunately, metal clusters’ impact on
the underlying chemical structure and analysis can be per-
formed only to the ion dose limit before the surface becomes
extensively damaged. To overcome this limitation the rela-
tively recent development of gas cluster sources (mostly
consisting of thousands of Ar atoms) has been applied in
SIMS. An argon gas cluster beam enables for low damage
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provided by many high-resolution TOF-SIMS spectra, is performed by
the multivariate PCA method (¢). The obtained principal components
(PCs) capture the main sources of variability in the data set, incl.
Differences in the protein state interpreted from the plots of loadings from
particular mass signals. In turn, the plots of scores from particular TOF-
SIMS spectra separate samples according to the features maximized by
PCs
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surface analysis and the detection of intact peptides and pro-
teins [49-51]. Another very important element which impacts
on spectra quality is the mass analyzer. Typically this is a
time-of-flight analyzer, where mass-to-charge ratios are deter-
mined by measuring the time that ions take to move through a
drift (field-free) region (flight time is proportional to (ml2)").
Another very promising mass analyzer which employs trap-
ping within an electrostatic field is orbitrap. Orbiting ions
(trapped in the analyzer) perform harmonic oscillations along
the electrode with a frequency proportional to (m/z) - which
are observed using an image current and which are finally
transformed into mass spectra using fast Fourier-transform
[52]. An orbitrap mass analyzer is characterized by a much
higher mass resolution m/Am > 150,000 than is a ToF analyz-
er. Recently, the potential of an orbitrap mass analyzer com-
bined with a ToF, LMIG gas cluster gun in SIMS has been
presented [53]. Such a combination of these four elements has
provided a subcellular lateral resolution with a high mass-
resolving power > 240,000.

To process a large TOF-SIMS data set, recorded from com-
plex multi-component surfaces, advanced multivariate
data analysis [54] techniques are especially useful. Such tech-
niques support the detection of differences between spectra
and the identification of their major sources. Among different
data analysis methods, multivariate principal component anal-
ysis is nowadays the most commonly applied for the exami-
nation of layers of surface-immobilized protein [30, 38, 55] or
biomaterials surfaces [56, 57]. Each spectrum from the TOF-
SIMS data set can be visualized as a point in multidimensional
space with the coordinate system (axes) spanned by intensities
of particular secondary ions (Fig. 1c). PCA determines the
sequential directions of the greatest uncorrelated variations
within the data set (new axes of a new coordinate system)
called principal components that capture the main sources of
variability within the data set. PCA enables the reduction of
the data set dimensionality while maintaining most of the
original information. PCA results are provided as the plots
of scores from particular TOF-SIMS spectra (points) that sep-
arate samples according to the features maximized by PCs,
and the plot of loadings from particular mass signals that en-
able interpretations of PCs. PCA could also be applied to an
analysis of TOF-SIMS 2D images [33, 58-60] and even 3D
TOF-SIMS sputtering data [50]. Other multivariate methods
already applied for TOF-SIMS data analysis are non-negative
matrix factorization (NMF) [61, 62], the k-means cluster
method [63], discriminant analysis [64, 65], and artificial neu-
ronal networks [55, 66] involving self-organizing maps
[67-71].

Determination of protein orientation with TOF-SIMS

Specific orientation of protein immobilized on the surface
makes some protein domains direct themselves towards the
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substrate while others are exposed away from the substrate.
The idea of TOF-SIMS analysis of protein orientation is based
on the differences in the amino acid composition between
different protein domains and on the surface sensitivity of
TOF-SIMS technique (Fig. 1a). TOF-SIMS examines the mo-
lecular composition of the outermost region of the protein
layer which is different for proteins adopting different orien-
tations. Such an approach requires knowledge of the compo-
sition of amino acids in the domains of the examined protein
from the protein data bank or an additional TOF-SIMS exam-
ination of reference samples with immobilized particular do-
mains. Further, this approach gains when the relations be-
tween the intensities of particular amino acid derived ions
rather than characteristic signals are considered. Therefore,
multivariate data analysis is required. Still, some works have
analyzed the ratio of particular ions derived from the amino
acid abundant in individual domains [33, 72]. In PCA, the
loadings on PCs from the mass signals of different amino
acids are compared with the amino acid composition of dis-
tinct protein domains. This is to identify the principal compo-
nent maximizing orientational differences and to separate the
samples with a different orientation, based on the correspond-
ing scores plot. To ensure a proper data interpretation, the
results of protein orientation are usually juxtaposed with their
examined biological activity.

The largest part of research efforts concentrates on an ex-
amination of the orientation of surface-immobilized antibod-
ies due to their application in immunosensors and
immunossays. Immunoglobuline G (IgG), most commonly
employed as a capture molecule in immunosensors, consists
of two heavy and two light chains forming constant and var-
iable regions of the characteristic three-lobe Y-shape structure
with one Fc domain and two Fab domains. The Fc domain
consists only of constant regions, while antigen-binding sites
are located on the Fab domains forming molecule “arms”.
Therefore, the access to binding sites and antigen binging
efficiency depends on antibody orientation involving flat-on
(all domains attached to a surface), side-on (Fc and one Fab
domain attached to a surface), head-on (both Fab domains
attached to surface and Fc facing up), and tail-on (Fc domain
attached to a surface and both Fab facing up) orientations [22].
TOF-SIMS with PCA was applied for the examination of the
dominant orientation adopted by antibodies on a SAM modi-
fied gold [33, 37, 73] and silicon surface [34, 74], polymer
layers [28, 33, 35, 55], and polymer brushes [75] as well as to
determine the orientation of bioaffinity-bound antibodies [74,
76]. The studies performed so far have provided a comparison
of a dominant antibody orientation on different surfaces and a
definition of the factors determining protein orientation, the
being latter discussed in detail in “Factors affecting protein
orientation: examination illustrated with the antibody on
self-assembled monolayers” of this review. TOF-SIMS anal-
ysis of antibody orientation can be hampered by the fact that
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the exact composition of amino acids in the domains of par-
ticular IgG antibody are often unknown. One solution to this
problem is a simultaneous TOF-SIMS examination of refer-
ence samples with immobilized Fc and Fab domains [33, 34,
73]. Recently, Awsiuk et al. proposed to interpret the orienta-
tional order of an examined IgG antibody with an unknown
amino acid composition of its domains, using the relation
between the just obtained PCA loadings and the PCA loadings
determined earlier [73] for an IgG with a known complete
amino acid composition of the Fab and Fc domains [35, 75].
This idea is based on the fact that the relative prevalence of
amino acids contributing to each signal and originating from
F(ab’), versus Fc fragment is largely preserved for different
antibodies regardless of their exact composition (as shown in
[74] for the amino acid composition ratio in F(ab’), and Fc
subunits).

TOF-SIMS was also applied to determine the orientation of
other functional proteins, mainly immobilized on molecular
(i.e., SAM modified) surfaces. The surface orientation of pro-
teins widely applied in bioaffinity techniques such as
streptavidin [77] (on polymer layer) and protein G [72, 78]
(on SAMs) was examined using TOF-SIMS. Relations be-
tween orientation and electrostatic interactions as well as
biorecognition efficiency were reported. So far, the TOF-
SIMS technique has been successfully applied to analyze the
surface orientation of proteins such as bovine serum albumin
(BSA) [75], fibronectin [79], lysozyme [80], osteocalcin [81],
cytochrome b5 [82], and {3-lactoglobuline [83].

TOF-SIMS examination of protein conformation
changes

TOF-SIMS analysis of protein conformation changes, involv-
ing their denaturation, is based, in a way similar to protein
orientation analysis, on static TOF-SIMS sensitivity to the
outermost region of immobilized proteins (Fig. 1b). In a native
protein, hydrophilic amino acids are exposed on the protein
surface, while hydrophobic ones are buried inside protein
core. Therefore, protein denaturation causing structure
disordering changes the amino acid composition of the outer-
most region of the protein layers, which is probed by TOF-
SIMS. By that means protein denaturation can be detected by
multivariate analysis [32, 84, 85] or characteristic ions ratio
analysis [86] as an increase of the relative intensity of ions
derived from hydrophobic amino acids such as alanine, iso-
leucine, leucine, methionine, phenylalanine, valine, tyrosine,
tryptophan, or cysteine. Alternative approaches compare the
intensity of the ion fragments of disulfide bonds from the
cysteine stabilizing protein structure, as proposed by Killian
et al. [87], or identify the characteristic signals serving as
denaturation markers [36]. The developed TOF-SIMS analy-
sis of the protein state enables an examination of the different
factors causing protein denaturation, such as temperature [88],

time in a dried state [36], application of protecting substances
[32], or surface properties [84, 85]. Apart from protein dena-
turation examination, TOF-SIMS is tested to study other con-
formation changes such as the different exposure of protein
binding sites [89].

Factors affecting protein orientation:
examination illustrated with antibody
on self-assembled monolayers

Protein immobilization can be accomplished by random or
site-directed immobilization methods [22, 24, 90]. Random
immobilization is simply realized by physical adsorption or
the covalent binding through amino groups [22]. In turn, the
oriented immobilization methods involve covalent attachment
of engineered antibody fragments and bioaffinity techniques
based on the application of intermediate biomolecules such as
protein G, antigen, or biotin—streptavidin system [22, 24, 90,
91]. Here, we discuss the random antibody immobilization
which, however, often results in a specified dominant orien-
tation induced by the appropriate protein-protein and protein-
surface interactions. Even covalently immobilized proteins
undergo firstly physisorption during which one of the orien-
tations can be favored [92].

The issue of the orientation of surface-immobilized pro-
teins is especially important for antibodies in the multiprotein
overlayers on a biosensors’ transducer surface since it deter-
mines immunological recognition and biosensors perfor-
mance. Recently, silicon-based surfaces are used as the mate-
rial for the fabrication of novel biosensor transducers [93-95]
or even for the cost-efficient mass production (using main-
stream silicon technology) of complete lab-on-the-chip de-
vices integrating arrays of multiple miniaturized biosensors
[96]. Silicon surfaces are activated with silane self-
assembled monolayers prior to their biofunctionalization
[97]. Therefore, surface analysis methods including TOF-
SIMS have been applied to examine the antibodies, antigens,
and blocking proteins adsorbed and covalently attached to
silicon surfaces functionalized with organo-silanes for
silicon-based biosensors [34, 74, 98—100]. In the following
section, we discuss the TOF-SIMS examination of the factors
affecting antibodies orientation, with focus on the surfaces
modified with self-assembled monolayers, in particular the
organo-silanes on silicon surfaces.

Surface density-dependent antibodies orientation

The surface density of immobilized proteins is one of the most
important factors determining protein orientation [20, 22, 24,
101]. The increase of protein surface mass loading decreases
the surface area accessible to single molecules, inducing their
more vertical orientation. Here, the surface density-dependent
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orientation changes are discussed in relation to IgG antibody
molecules. The commonly used simple relation between anti-
body surface density and their orientation, which assumes
proteins highly ordered close packing, was predicted by
Norde et al. [102]. This relation yields the values of mass
loadings corresponding to a complete monolayer of IgG mol-
ecules adopting flat-on (~2 mg/m?) or vertical head-on\tail-on
orientation (2.6-5.5 mg/m” depending on the angle between
Fab fragments). Therefore, the antibody surface density deter-
mined with various techniques, and referred to an antigen-
binding efficiency, is often applied to infer antibody orienta-
tion [22, 24]. The disadvantages of this approach are the am-
biguities of orientations available for the same ranges of anti-
body surface density (e.g., head-on, tail-on, and side-on) and
the questioned highly efficient close-packed arrangement of
proteins on the surface [103]. In particular, the packing effi-
ciency (jamming limit, around 0.55) of proteins is markedly
smaller than that of close-packed molecules, as described by
random sequential adsorption [103]. Therefore, significantly
smaller values of mass loadings corresponding to the mono-
layers of I1gG antibodies adopting a particular orientation are
expected: ~ 1.1-1.4 mg/m? for flat-on, ~ 1.9 mg/m? for side-
on and ~2.2-2.4 mg/m” for vertical tail-on/head-on orienta-
tion (1.4-3.0 mg/m? for the different angle between the Fab
fragments) [25].

Recently, systematic studies of the surface density-
dependent orientation of antibodies covalently bound to
SAM modified silicon substrates, tracing the orientation
changes with multivariate TOF-SIMS analysis has been pre-
sented by Gajos et al. [34]. The PCA model developed for the
bare substrate, three representative IgG layers with different
mass loadings and the reference layers of Fc and F(ab’), anti-
body domains, enables an identification of the principal com-
ponent (here PC3) maximizing the orientational differences,
based on the loadings plot (Fig. 2a), and the separation of the
samples with different orientation, based on corresponding
scores plot. Subsequently, the TOF-SIMS data recorded for
a number of samples with different mass loadings of
immobilized IgG molecules were projected onto the PCA
model, as proposed by Wang et al. [73], to trace the changes
in IgG orientation as a function of protein surface density (Fig.
2b). The analysis of the mean values of the scores on PC3,
plotted against the surface density of particular IgG layers, and
compared with the values from reference Fc and F(ab’), sam-
ples, allows for a lucid identification of the mass loadings
ranges characteristic for a particular orientation. The obtained
ranges of surface density, < 1.2 mg/m? for flat-on, 1.2-2.2 mg/
m? for side-on and >2.2 mg/m* for vertical tail-on/head-on
orientation, confirm the lower (random) packing efficiency of
the antibodies in the examined layers, in accord with the ran-
dom sequential adsorption model [103]. In addition, the deter-
mined relation (Fig. 2b) enables a direct and well-defined
assignment of the dominant vertical IgG orientation adopted
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for high mass loading. Since the corresponding values of the
scores on PC3 (describing the IgG orientation change from
exposed F(ab’), to exposed Fc) are higher than those corre-
sponding to the side-on orientation, a dominant head-on ar-
rangement is assigned. In turn, the opposite relation, with
scores on PC3 for a high protein surface density lower than
those for a side-on orientation would have indicated a mixed
tail-on/head-on or dominant tail-on orientation [34].

Protein-surface interactions induce orientations of
adsorbed and chemically attached antibodies

As discussed in the previous section, the protein surface den-
sity is one of the most important factors determining mole-
cules orientation through short-ranged repulsive protein—
protein interactions. Among more complex protein—surface
interactions the most important are electrostatic forces. The
impact of these interactions on surface protein orientation is
caused by an asymmetry in the charge distribution within
protein molecules and depends on the buffer pH, buffer ion
strength, and the surface charge. For the IgG molecule, the Fc
and F(ab’), domains are characterized by the distinct values of
the isoelectric point IEP [73, 104]. Therefore, opposite
charges, negative within Fc and positive within F(ab’), frag-
ments, can be induced even at a pH close to the IEP of the
whole molecule. As a result, the whole IgG molecule has an
electric dipole pointing from the Fc to the F(ab’), fragment,
which can be aligned in tail-on or head-on orientation depend-
ing on the surface charge [73, 104, 105] (Fig. 3e). The control
of antibody orientation by electrostatic interactions was re-
ported for charged self-assembled monolayers [26, 73, 105]
and polymers [35, 102, 106]. However, the real orientation
adopted by proteins depends not only on the surface design
but also on the strength of the electrostatic interactions [34],
influenced by environmental conditions such as buffer pH and
ion strength, and competing with the effects of proteins sur-
face density [74] and possible affinity binding [74].
Examination of IgG molecules orientation in multiprotein
layers, corresponding to an indirect competitive immunoassay
for the detection of ochratoxine A (OTA) and performed on
silicon biosensors surface activated with a silane monolayer,
has been reported recently [74] (Fig. 3). The performed PCA
analysis involves the layers corresponding to the two final
steps (4, 5) of the assay with the specific binding of the pri-
mary (OTA specific mouse monoclonal antibody, IgG) and
secondary (goat anti-mouse antibody, anti-IgG) antibody, as
well as to the two reference surfaces with IgG (r4) and anti-
IgG (rS5) antibodies adsorbed physically with a low and high
surface density, respectively. Multiprotein layers of the assay
consist also of the conjugate of ochratoxin and ovalbumin
(OTA-OVA), and bovine serum albumin (BSA) used to block
free surface sites prior to immunoreactions. In the developed
PCA model the PC1 discriminates between the layers with
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Fig. 2 Multivariate TOF-SIMS examination of the surface density-
dependent orientation of an IgG antibody on a silicon surface modified
with APTES and glutaraldehyde [34]. (a) Loadings plot for PC3 in the
developed PCA model: mass signals of amino acids with a higher content
in Fc domain load in the positive direction, while those abundant in
F(ab’), domain load in a negative direction. (b) The surface density-
dependent mean scores on PC3 for immobilized IgG and reference Fc
and F(ab’), domains. Changes of IgG orientation from flat-on to side-on
and finally to head-on orientation are revealed for the surface density

albumins (ovalbumin and BSA) and those only with antibod-
ies. In turn, the PC2 distinguishes the layers with an exposed
and hidden Fc domain of antibodies as revealed from loadings
plots (Fig. 3b and c). After the identification of the source of
variance for particular PCs the location of data points corre-
sponding to different protein layers on the PC2 vs. PC1 scores
plot (Fig. 3d) enables the assignation of proteins arrangement
within each particular layer (Fig. 3a).

The concluded dominant antibody orientations result from
competing electrostatic and van der Waals interactions (4, r5)
to which specific immunochemical reactions are ascribed (4,
5). The flat-on antibody alignment (r4), due to van der Waals
interactions with the surface, changes into an end-on arrange-
ment (r5) due to the accumulation of electric dipoles. This
shows that although electrostatic interactions are dominant
for vertical antibody orientation, the effect of surface density
on the antibody arrangement (flat-on, side-on, vertical) is pre-
served. In turn, the combination of electrostatic interactions

pKa=7.6-8.0
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values (confirmed by AFM examination [34]), that accord with the ran-
dom rather than close packing of proteins. (¢) Protein covalent attachment
to the aldehyde modified surface occurs by a reaction with the oc-amine of
the N-terminus, located on F(ab’),, and the e-amine of lysine randomly
distributed between the F(ab’), and Fc domains. At a neutral pH, amine
groups of the N-terminus are more reactive than the more protonated
amine groups of lysine (with a higher acid dissociation constant pKa).
Together with random immobilization through lysine residues, they lead
to a preferred head-on IgG orientation at high surface density values

d)

with the specific Fab binding to the immobilized OTA-OVA
molecule leads to the side-on orientation for the primary anti-
body IgG (r4), incorporated in the multiprotein monolayer
(consisting also of OTA-OVA and BSA molecules). Finally,
the high density of the anti-IgG secondary antibody specifi-
cally bound to primary antibodies embedded in the protein
layer (5) leads to its head-on orientation.

It should be stressed, that electrostatic interactions can oc-
cur not only between protein and surface but also between
proteins themselves [20]. As reported recently, the interaction
between IgG molecules dipoles can lead to molecular align-
ment with a mixed tail-on/head-on orientation for high protein
surface density [34].

Another factor influencing the orientation of covalently
attached antibodies is the distribution on the protein molecule
and reactivity of functional groups used for covalent immobi-
lization. The most commonly applied approach for covalent
protein binding involves the reaction of surface functional
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Fig. 3 Analysis of antibody orientation in multiprotein overlayers on
aminosilane modified silicon substrates [74]. (a) Protein layers of
(competitive) indirect immunoassay for the detection of ochratoxin A
(OTA): (4) conjugate of ochratoxin and ovalbumin (OTA-OVA)
immobilized after blocking with BSA and immunoreaction with a OTA
specific monoclonal antibody (IgG), (5) the same after immunoreaction
with a secondary antibody (anti-IgG), (r4) and (r5) reference surfaces with
an IgG and anti-IgG antibody, adsorbed physically with a low and high
surface density, respectively. (b, ¢) Loading plots for PC1 and PC2: PC1
is loaded negatively and positively by the mass signals of amino acids
with a higher abundance in albumins (OVA, BSA) and antibodies (IgG,
anti-IgG), respectively. In turn, PC2 is loaded negatively by the mass

groups such as aldehyde, NHS ester, or epoxy groups with
primary protein amines groups, i.e., N-terminus «-amine lo-
cated on the F(ab’), and e-amine of lysine residues. In neutral
pH conditions both of them are reactive, however, N-terminus
«-amine with a pKa ~ 7.6-8.0 value lower the lysine e-amine
residues (pKa~9.3-9.5) exhibits a lower protonation and a
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signals of amino acids with a higher abundance in Fc fragment—
indicating an antibody orientation that exposes the Fc domain. (d)
Scores plot with 4 groups of data points, centered in different quadrants
of the coordinate system PC1 vs. PC2, corresponding to the samples
introduced in (a). (e) At neutral pH, Fc and F(ab’), domains (with differ-
ent isoelectric points IEPs) are charged negatively and positively, respec-
tively, and form an electric dipole, while the aminosilane modified sur-
face can be charged positively. The dominant orientation (a) of physically
adsorbed antibodies changes from flat-on (r4) to end-on (r5) as the surface
coverage with the IgG increases due to the accumulation of electric di-
poles. In turn, the orientation of immunoadsorbed antibodies changes
from side-on (4) to head-on (5) as the molar binding ratio increases

higher reactivity. In IgG molecules, lysine residues are ran-
domly distributed between the Fc and two Fab domains, while
the «-amine groups of N-terminus are located on the Fab
domains (Fig. 2c). Therefore, the head-on orientation can be
promoted during IgG coupling through the protein amines
[34] (Fig. 2d), which depends, however, on the solution pH.
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Proteins state on electroactive conducting
polymers

Electroactive conducting polymers, such as two types of
polythiophenes, poly(3-alkylthiophenes), and poly(3,3"-
didodecylquaterthiophene) PQT12, are electroactive as they
exhibit a rapid and reversible redox switching between differ-
ent oxidation states. Oxidation of these polymers can be
achieved involving molecular dopant (A-), counter-balanced
by a positively charged conjugated backbone [107]. Proteins
including antibodies act readily as molecular dopants and can
be even incorporated into conducting polymers [108]
(Fig. 4a). Similarly, upon the contact of polythiophene sur-
faces with protein solution, positively charged conjugated
backbones can impose an effective electrostatic field acting
on the electric dipoles of proteins (Fig. 6) or their subunits
(Fig. 7). The functionalization of conducting polymer sur-
faces with proteins, exemplified here by physical adsorp-
tion [110, 111], results in diverse applications, such as
biosensors and bioelectronics [107, 108, 110—-112] or tis-
sue engineering and regenerative medicine [113—-115].
This is due to the electronic properties of biocompatible
[114] conducting polymers, which enable molecular rec-
ognition for signal transduction [116, 117] or the electri-
cal control of interfacial properties [108, 118], as well as
easy solution processing compatible with large-area sur-
faces and flexible substrates.

The architecture of poly(3-alkylthiophenes) determines
their conducting properties [119]. Solubility-providing alkyl
side chains are attached to the conjugated backbone of thio-
phene rings in a pattern specified by head-to-tail (HT) cou-
plings. HT regioregularity induces a crystalline order [120]

that dramatically improves conductivity [120]. Solution-
deposited regiorandom poly(3-alkylthiophenes) P3ATs are
amorphous, but their regioregular counterparts RP3ATs are
semi-crystalline with self-oriented crystallites [119] (Fig.
4b). Strongly enhanced charge carrier mobility is provided
by edge-on textured crystallites, with separated layers of con-
jugated backbones and insulating alkyl groups forming the
lamellae parallel to the film substrate. Crystallites with a sim-
ilar lamellar structure are formed by the solution-deposited
films of PQT12 [121].

TOF-SIMS, enhanced with PCA, can resolve solution-
deposited films of polythiophenes with a different crystalline
order (Fig. 4b—d). Conjugated backbones and alkyl side
chains, accessed by TOF-SIMS, correspond to the amorphous
morphology of P3ATs and to the edge-on textured crystallites
of RP3ATs, respectively. Such a crystalline order (increasing
along with the series P3BT < RP3HT < RP3BT < PQT]12 [35,
77]) can affect protein conformation (Fig. 5) and improve the
electrostatic interactions that control protein orientation
(Figs. 6 and 7). This is due to the exposure of hydrophobic
alkyl side chains and a stronger effective electrostatic field,
respectively.

Conformation changes dependent on polymer
crystallinity

Conformational changes of proteins on modified substrates
previously were reported to have been revealed by a multivar-
iate TOF-SIMS analysis that separated amino acids into two
groups, identified simply as hydrophobic and hydrophilic [30,
85, 87, 88, 122]. A more rigorous approach to examine protein
conformational changes derived from TOF-SIMS data,
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Fig. 4 (a) Electroactive poly(3-alkylthiophenes) (or poly(3,3"-
didodecylquaterthiophene), PQT12, sketched in Fig. 7) are built of
solubility-providing alkyl side chains and a conjugated backbone of thio-
phene rings. The latter can be positively charged due to oxidation, involv-
ing molecular dopant (anions A"). Proteins can act as molecular dopants,
leading to electrostatic protein-polymer interactions (Figs. 6 and 7). (b)
Alkyl side chains are attached to the backbone in a pattern specified by
head-to-tail (HT) couplings. (¢, d) Multivariate analysis [35] separates

solution-deposited regiorandom (P3ATs) and regioregular (RP3ATs)
poly(3-alkylthiophenes). Conjugated backbones and alkyl side chains,
accessed by TOF-SIMS, correspond to the amorphous morphology of
P3ATs and to the edge-on textured crystallites of RP3ATs, respectively.
Such a crystalline order (increasing along with the series P3BT < RP3HT
<RP3BT < PQT12 [35, 77]) can affect protein conformation (Fig. 5) and
improve the electrostatic interactions that control protein orientation
(Figs. 6 and 7)
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Fig. 6 Analysis of the IgG antibody orientation on solution-deposited
amorphous P3BT and semi-crystalline RP3ATs [35], with an edge-on
textured crystallinity better developed for RP3BT than RP3HT. (a)
Loadings on the PC1 from the mass signals of the IgG plotted as a
function of the relative prevalence, RP, of amino acids contributing to
each signal and originating from the F(ab’), versus the Fc fragment (for
ion fragments (solid squares) and/or for amino acids (open circles) iden-
tical to those of the Ref. [73]). The RP parameter is defined [73] by the
loadings plot of another analysis made for a model antibody and its
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Fig. 7 Multivariate analysis [77] of the orientation of biotin-binding sites
in streptavidin on solution-deposited amorphous P3BT and semi-
crystalline polythiophenes, with an edge-on textured crystallinity, devel-
oped better for poly(3,3”-didodecylquaterthiophene) (PQT12) than
RP3HT. (a) Loadings plot shows that the PC2 is loaded positively by
mass signals of Trp abundant in biotin-binding sites. Any correlation
between the PC2 and conformational changes is excluded (based on the
analysis presented in Fig. 5). (b) The scores on the PC2 separate the
samples of streptavidin adsorbed to P3BT, RP3HT and PQTI12. (¢)
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fragments F(ab’), (negative RP values) and Fc (positive RP values). (b)
The corresponding values of the scores on the PC1 separate the samples
of the IgG antibody adsorbed to P3BT and both RP3ATs. (¢) The con-
cluded exposure of the antibody fragments: F(ab’), for RP3BT and
RP3HT (end-on orientation), both Fc and F(ab’), for P3BT (a mixed
head-on/end-on orientation). Poly(3-alkylthiophene) crystallinity en-
hances the effective electrostatic field ordering the IgG electric dipoles.
Such a field is less effective for P3BT, where intermolecular dipole-
dipole interactions promote an anti-ferroelectric pattern of protein dipoles
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Polythiophene crystallinity enhances an effective electrostatic field
interacting with the electric dipoles of 4 streptavidin subunits that orient
or change slightly its quaternary structure in a way whereby the biotin-
binding sites are more exposed. (d) Biorecognition of streptavidin by
biotin, determined through an enzyme-linked immunosorbent assay.
The relative amount of biotin bound to streptavidin adsorbed to PQT12
is 3 times higher than is corresponding to RP3HT, while the streptavidin
on P3BT has lost its biological activity almost completely
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Fig. 5 Analysis of the conformational changes of bovine serum albumin
(BSA) adsorbed to regiorandom P3BT and regioregular RP3HT (with
similar wettability) [84]. (a) Loadings on the PC2 from the amino acid
ion fragments of BSA plotted for each amino acid as a function of its side-
chain hydrophobicity, defined [109] as the difference in RPC retention
time Atg, relative to the Gly peptide, of a peptide analogue differing only
by one amino acid residue. Amino acids more hydrophobic and more
hydrophilic than Gly are marked by ellipses. (b) The corresponding
values of the scores on the PC2 separate samples of BSA adsorbed on

introduced in [84] and presented in Fig. 5a, relates the load-
ings on the principal component (here PC2) from different
amino acids with their side-chain hydrophobicity. A relative
measure of the hydrophobicity of amino acid sidechains is
provided by the results [109] of reversed-phase chromatogra-
phy (RPC) and defined [109] as the difference in RPC reten-
tion time Atg, relative to the Gly peptide, of a peptide ana-
logue differing only by one amino acid residue.

A new approach is applied (Fig. 5) to detect the conforma-
tional changes of bovine serum albumin (BSA) adsorbed to
regiorandom P3BT and regioregular RP3HT surfaces with a
similar wettability (water contact angle 92.7(1.5)° and
97.4(5)°, respectively). The principal component PC2 is load-
ed in the negative and positive direction by amino acids more
hydrophobic and more hydrophilic than Gly, as marked by
ellipses (Fig. 5a). The corresponding negative and positive,
respective values of the scores on the PC2 separate the sam-
ples of BSA adsorbed on RP3HT from those immobilized on
P3BT (Fig. 5b). Hydrophobic residues, not expected for a
native protein, evidence a higher degree of BSA denaturation
on crystalline RP3HT rather than amorphous P3BT films (Fig.
5c). The conformation change of BSA can be induced by
hydrophobic interactions [20], involving nonpolar BSA resi-
dues and nonpolar alkyl side chains accessible on the surface
of edge-on textured polythiophene crystallites (Fig. 4). In ad-
dition, the enhanced exposure of hydrophobic BSA residues
increases the protein-protein interactions, leading to BSA
clusters observed by AFM as a patch-like morphology of pro-
tein coverage (Fig. 5d).
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(7.65%)
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-0.0082(11)
for RP3HT

{ ¢
'RP3HT

denaturated BSA

RP3HT from those immobilized on P3BT. (¢) The higher degree of BSA
denaturation on crystalline RP3HT rather than amorphous P3BT films is
evidenced by hydrophobic residues, ones not expected for a native pro-
tein. Conformation change can be induced by hydrophobic interactions
[20], involving nonpolar BSA residues and nonpolar alkyl side chains
exposed by the edge-on textured polythiophene crystallites (Fig. 4). (d)
Enhanced exposure of hydrophobic BSA residues increases protein-
protein interactions, leading to BSA clusters observed by AFM as a
patch-like morphology of protein coverage

Polymer crystallinity determining proteins’
orientation and biorecognition

The impact of the edge-on textured crystallinity of
electroactive polythiophene on a protein’s orientation and
biorecognition is examined for two proteins, the IgG antibody
(Fig. 6) and streptavidin (Fig. 7), adsorbed to two series of
solution-deposited polymers with an increasing crystalline or-
der, P3BT <RP3HT <RP3BT [35] (Fig. 6) and P3BT <

RP3HT <PQT12 [77] (Fig. 7). For both adsorbed proteins,
multivariate PCA analysis of the protein mass signals sepa-
rates the samples according to the increasing crystallinity of
the polymer substrate (see the scores on the principal
component in Figs. 6b and 7b). This rather puzzling observa-
tion is simply explained by the correlation between the poly-
mer crystallinity and the differences in the protein state that
are maximized by the principal component. To interpret these
differences further, the loadings plots are analyzed pointing to
the varied orientational order of both proteins rather than their
conformational changes [35, 77].

In the case of the adsorbed IgG antibody, the antibody
orientation changes are examined with an approach intro-
duced in [35] and presented in Fig. 6a. This relates the load-
ings on PC1 with the amino acids that contribute to the TOF-
SIMS signals and which do not correspond merely to individ-
ual amino acids, as commonly used, but even to their pairs or
triplets. The loadings on the PC1 from the TOF-SIMS signals
of IgG (Fig. 6a) are plotted as a function of the relative prev-
alence, RP, of amino acids, contributing to each signal and
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originating from the F(ab’), versus the Fc fragment. The RP
parameter is defined [73] by the loadings plot of another anal-
ysis made for a model antibody and its fragments F(ab’),
(negative RP values) and Fc (positive RP values). The nega-
tive loadings on the PC1 originate from the amino acids with
both negative and positive RP values (blue ellipse), character-
istic for a mixed head-on/end-on orientation, and these induce
negative PC1 scores corresponding to the amorphous P3BT
(Fig. 6a—c). In turn, the positive loadings on the PC1 originate
from the amino acids with negative RP values (red ellipse),
corresponding to end-on orientation, and induce the positive
PC1 scores characteristic for semi-crystalline RP3ATs.

The orientational order of the adsorbed IgG antibody
(expressed by the scores on the PCI1, Fig. 6b), increases
with the crystallinity of the electroactive poly(3-
alkylthiophene) substrates. This is because positively
charged conjugated backbones form well-ordered and
densely packed chains in the edge-on oriented crystallites,
which enhance an effective electrostatic field ordering the
IgG electric dipoles. Such a field is less effective for an
amorphous P3BT, and therefore intermolecular dipole-
dipole interactions promote the anti-ferroelectric pattern
of the protein dipoles (Fig. 6¢).

In the case of adsorbed streptavidin, protein orientation
changes are examined with the plot of loadings on the PC2
(Fig. 7a). PC2 is loaded positively by the mass signals of tryp-
tophan abundant in biotin-binding sites. Also, an analysis similar
to that of Fig. 5 excluded any correlation between the PC2 and
conformational changes. Therefore, orientation change of
biotin-binding sites in streptavidin is concluded. Also, the expo-
sure of these sites is enhanced with the edge-on textured crys-
tallinity of polythiophene, since positive loadings on the PC2
induce positive PC2 scores (Fig. 7a—). As explained above,
polythiophene crystallinity enhances an effective electrostatic
field. This field interacts with the electric dipoles of 4
streptavidin subunits, and orients or changes slightly its quater-
nary structure in a way whereby the biotin-binding sites are
more exposed. Changes in streptavidin orientation, determined
from multivariate TOF-SIMS characterizations, are correlated
well with the results of binding assays performed for
streptavidin-biotin recognition (Fig. 7d). The relative amount
of biotin bound to streptavidin adsorbed to PQT12 is 3 times
higher than that corresponding to RP3HT, while the streptavidin
on P3BT has lost its biological activity almost completely.

Temperature-controlled proteins state
on stimuli-responsive polymer brushes

Polymer brushes are formed by chains attached with one
(modified) end to an interface using adsorption [123] or grafting
to a surface [16]. Alternatively, a chain is grafted from the sur-
face by surface-initiated polymerization, enabling the effective

@ Springer

functionalization of other materials. Although conformational
brush changes can be driven by both entropy [124] or enthalpy
[125], the latter finds more biomedical applications. In particu-
lar, the coil-to-globule transition exhibited in aqueous solutions
by the brushes of polymers with lower critical solution temper-
ature (LCST) can be used for temperature-controlled cell behav-
ior (e.g., cell sheet engineering [1, 126]) and protein adsorption
[127, 128]. In addition, some of these coatings exhibit a dual
temperature and pH response. A TOF-SIMS and PCA exami-
nation of the antibody adsorbed on thermo-responsive plasma
polymerized surface below and above its LCST pointed to dif-
ferent conformations or orientations, confirmed by different pro-
tein’s biological activity [129].

Practically all the biomedical applications of thermo-
responsive polymer brushes reported so far use LCST transi-
tion as a temperature response mechanism. Recently, a novel
approach to gain temperature sensitivity has been demonstrat-
ed, involving a glassy-to-rubbery state transition: in particular,
examined has been a grafted brush of poly(n-butyl methacry-
late) (PBMA) attached to the glass, with a glass transition
temperature (7, around 13-25 °C) within the range of physi-
ological temperatures [75]. Its properties are depicted in
Fig. 8: the temperature-driven transition from a glassy to a
rubbery state induces dramatic changes in polymer elasticity
and modifies the surface topography—from nanostructured to
a smooth surface. The latter results in a noticeable variation in
the surface RMS roughness, with changes larger (Fig. 8b) than
those between amorphous and semi-crystalline
polythiophenes (Arwms ~ 1-2 nm). Both the surface topogra-
phy and polymer elasticity effects seem to be responsible for
the temperature-controlled adsorption (Fig. 8d) and orienta-
tion of the proteins (Figs. 9 and 10) adsorbed on
temperature-responsive PBMA grafted brushes at different
temperatures. Such a conclusion is drawn, based on the
disregarded main factors determining the behavior of an
adsorbed protein, such as the electrostatic interactions of the
brush with charged proteins’ domains (yielding opposite pre-
dictions for BSA and the anti-IgG, cf. Figs. 9a and 10a).
Equally, the variations across 7, of the polar and apolar com-
ponents of the PBMA surface energy, reflecting van der
Waals-London interactions and hydrogen bonding, are too
small (< 9% of their absolute values) to induce the protein’s
response [75]. Finally, the above conclusion is in accord with
the recent studies that have demonstrated the role of interac-
tions between proteins and surface topographies [133, 134], or
the impact of polymer elasticity (flexibility) [135] on the state
of immobilized proteins.

The temperature-controlled orientation of protein
with preserved conformation

A PCA analysis of TOF-SIMS signals originating from the
amino acids of BSA, adsorbed on the temperature-responsive
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Fig. 8 Properties of the temperature-responsive poly(n-butyl methacry-
late) (PBMA)—grafted brush attached to the glass, with a temperature
sensitivity based on glassy-to-rubbery state transition [75]. (a)
Hypothetical scheme of temperature sensitivity. (b—d) Temperature-
induced changes around glass transition 7, (around 13-25 °C) in (b)
the surface topography of the brush—from a structured to smooth surface,
as measured by the RMS roughness (from AFM), (¢) elastic modulus—
exemplified by the bulk polymer values [130, 131], (d) adsorption of

PBMA-grafted brushes at different temperatures, is presented
in Fig. 9. The scores plot shows that the first principal com-
ponent PC1 separates the PBMA brush samples from the
reference glass samples. In turn, the second PC2 captures
the difference originating from the BSA adsorbed below
and above T,, with the data points centered for negative and
positive PC2 values, respectively (Fig. 9d). Modification of
the protein’s state can be concluded. To interpret further the
data, the PC2 loadings plot (Fig. 9b) is used, analyzed with
respect to two hypotheses, i.e., the changes of protein orien-
tation (Fig. 9b) or conformation (Fig. 9c¢). First, 3 domains
(Albumin 1, 2, 3) of BSA are considered, and the negative
values of the loadings on the PC2 are related to the mass
signals of amino acids more abundant in Albumin 1 and
Albumin 2 than Albumin 3. In turn, the PC2 is loaded posi-
tively by the fragments of amino acids rich in Albumin 3
when compared with Albumin 1 and Albumin 2. Second,
no correlation between the PC2 loadings and conformation
changes can be indicated (Fig. 9¢), using the analysis applied
earlier for the same BSA protein (Fig. 5a). In particular, no
systematic dependence can be noticed for the loadings on the
PC2 plotted for each amino acid as a function of its side-chain
hydrophobicity (Fig. 9¢). Therefore, the differences in the
composition of the outermost region of the adsorbed protein
layer, as revealed by the PCA, suggest changes in the BSA
orientation. The concluded temperature-controlled change of
BSA orientation (sketched in Fig. 9a), leads to the exposure
of Albumin 3 at higher temperatures, enhancing the forma-
tion of BSA dimers [132], and increasing the BSA adsorption
(Fig. 8d).

10 20 26 35
Temperature [°C]

BSA on the brush (compared with that on glass). In turn, variations of
the polar (van der Waals-London) and apolar (hydrogen bonding) com-
ponents of the PBMA surface energy are small (< 9%). The major factors
controlling temperature-dependent proteins’ orientation (Figs. 9 and 10)
are surface topography (b) and polymer elasticity (c) effects, while the
electrostatic interactions of the PBMA brush with differently charged
protein domains are disregarded as they yield opposite predictions for
BSA and the anti-IgG (cf. Figs. 9a and 10a)

Temperature-controlled proteins’ orientation and
biological activity

Temperature-controlled proteins’ orientation provided by the
temperature-responsive PBMA-grafted brushes is demonstrat-
ed also for the anti-IgG antibody adsorbed at various temper-
atures. A PCA analysis of the mass signals originating from
the amino acids of this protein is shown in Fig. 10b, c. The
scores plot shows that the first principal component PC1 sep-
arates the brush samples with the antibody adsorbed below
and above T, with the data points described by positive and
negative PC1 values, respectively (Fig. 10c). The first PC is
interpreted using the analysis applied earlier to determine an-
tibody orientation (Fig. 6a). Therefore, the loadings on the
PC1 from the TOF-SIMS signals of the anti-IgG (Fig. 10b)
are plotted as a function of the relative prevalence, RP, of the
amino acids contributing to each signal and originating from
the F(ab’), versus the Fc fragment. The positive and negative
PC1 scores (Fig. 10c) are induced by positive and negative
loadings on the PC1 (Fig. 10b). Therefore, it can be concluded
(Fig. 10b) that the uppermost regions of the antibodies
adsorbed to the brush below and above 7, are dominated by
the F(ab’), domains (negative RP) and Fc domains (positive
RP), respectively. Hence, the orientation change of the anti-
IgG antibody from an end-on to a head-on alignment, induced
by temperature increased above 7T, of the brush (Fig. 10a).
Independently, the assay shows that the effectiveness of IgG
binding to the pre-adsorbed anti-IgG is higher for an anti-IgG
adsorbed at a temperature below T, of the brush compared
with the situation above T, (Fig. 10d). This indicates that an
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Fig. 9 (a) Temperature controlled orientation of BSA, with resolved 3
domains (Albumin 1, 2, 3), adsorbed on temperature-responsive PBMA-
grafted brushes at different temperatures. (b, ¢) Multivariate analysis [75]:
(b) loadings plot shows that the PC2 is loaded negatively by the mass
signals of amino acids (e.g., His, Tyr) more abundant in Albumin 1 and
Albumin 2 than Albumin 3. In turn, the PC2 is loaded positively by the
signals of amino acids (e.g., Val, Thr) rich in Albumin 3 when compared
with Albumin 1 and Albumin 2. (¢) No correlation between the PC2
loadings and the conformational can be indicated (based on an analysis

anti-IgG antibody adsorbed onto PBMA brushes preserves its
biological activity and confirms its temperature-dependent
orientation.

Summary and conclusions

Information about the state, i.e., the conformation and orienta-
tion, of different proteins immobilized on various molecular and
polymer surfaces are readily provided by the multivariate TOF-
SIMS method, which combines an excellent chemical specific-
ity with surface sensitivity. Determining changes in a protein’s
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similar to that of Fig. 5a). (d) The scores on PC2 separate the samples of
BSA adsorbed to PBMA-grafted brushes at temperatures below and
above the glass transition 7. In contrast, the data of the reference samples
with PBMA adsorbed on the glass are distributed around a zero PC2
value independently of the temperature itself. The concluded BSA orien-
tation change leads to the exposure of Albumin 3 at higher temperatures,
enhancing the formation of BSA dimers [132], and increasing the BSA
adsorption (Fig. 8d)

orientation correlate well with protein biorecognition, as dem-
onstrated through binding assays for streptavidin-biotin (Fig. 7)
and antibody-antigen pairs (Fig. 10) [33, 37]. Also, the deter-
mined conformation changes of immobilized protein are con-
firmed by AFM morphology images of protein coverage, mod-
ified by denaturation (Fig. 5). This underlines the potential of the
multivariate TOF-SIMS method for a reliable (although per-
formed in vacuum) characterization of surface-immobilized pro-
teins, providing information about their state in a more direct
manner than most other surface analysis methods [22, 24, 37].
Control over the state of surface-immobilized proteins,
critical for biointerface engineering, can be achieved by the
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Fig. 10 (a) Temperature controlled orientation [75] of the anti-IgG
(secondary) antibody adsorbed on temperature-responsive grafted
PBMA brushes at various temperatures, analyzed with PCA (b, ¢), mod-
ifying the biological activity of the protein (d). (b) Loadings on the PC1
from the mass signals of the anti-IgG antibody plotted as a function of the
relative prevalence, RP, of amino acids contributing to each signal and
originating from the F(ab’), versus the Fc fragment (cf. Fig. 6a). (¢) The

design of surfaces and immobilization conditions, through
different types of protein—surface and protein—protein inter-
actions. Protein denaturation can be induced by hydropho-
bic surface—polymer interactions (Fig. 5). In turn, protein
orientation is controlled through the electrostatic interac-
tions of the dipoles of the adsorbed proteins (Figs. 3 and
6) or their subunits (Fig. 7), adjusted by a buffer pH for self-
assembled monolayers (Fig. 3), or by the effective electric
field imposed by solution-cast semi-crystalline films, in the
case of electroactive conjugated polymers (Figs. 6 and 7).
Since the greatest magnitude of the latter effect is observed
for PQT12, this conductive polythiophene might be an in-
teresting alternative for RP3HT commonly used in OFET-
based biosensors. Orienting the electrostatic interactions of
an antibody with the surface can be supplemented by
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scores on the PC1 separate the samples of the anti-IgG antibody adsorbed
to PBMA grafted brushes at temperatures below and above the glass
transition 7,. Hence, dominant antibody orientation changes with tem-
perature from end-on (7'< 7T) to head-on (7> T,). (d) Biological activity
of the anti-IgG, determined at various temperatures as the ratio of the
surface amounts of IgG (after binding to pre-adsorbed anti-IgG) and the
anti-IgG

specific binding with pre-adsorbed antigens (Fig. 3) or sup-
pressed by electrostatic intermolecular interactions induc-
ing an anti-ferroelectric order of antibody dipoles (Fig. 6).
Also, surface density induces orientation changes of anti-
bodies, packed randomly in a monolayer due to their repul-
sive short-ranged intermolecular interactions (Fig. 2). For
covalently immobilized antibodies, the different reactivity
of different protein’s domains promotes specific orienta-
tions (Fig. 2). Finally, nanostructured surface topography
and/ or surface elasticity effects (Figs. 9 and 10), lead to a
controlled orientation of different proteins on temperature-
responsive polymer brushes. Here, the temperature control
of protein orientation and biological activity offers an in-
teresting strategy to obtain remote biorecognition control,
or to fabricate switchable biosensing platforms.

@ Springer



400

Colloid Polym Sci (2021) 299:385-405

In recent years, several extensions of the well-established
and widely applied multivariate TOF-SIMS analysis of the
protein state have been developed. The examination of the
orientation of immobilized proteins now involves not only
antibodies but also different proteins such as BSA (Fig. 9) or
streptavidin (Fig. 7). The analysis of antibody orientation is
no longer limited to antibodies immobilized on various sur-
faces but involves also those embedded in the layers with
different protein components (Fig. 3), for instance, related to
the immunoassay protocols for silicon-based biosensors.
Moreover, simultancous analysis of several samples with
different antibodies surface densities, through data projection
on a previously developed PCA model, enables the determi-
nation of surface density ranges characteristic for different
antibody orientations, that accords with the random rather
than the commonly assumed close packing of proteins
(Fig. 2). The ability of multivariate TOF-SIMS analysis to
trace the orientation changes of various proteins (IgG and
BSA) induced by environmental stimuli, such as temperature
(Figs. 9 and 10) is important for the development of func-
tional platforms based on stimuli-responsive polymer
brushes. As has recently been shown, the results of a PCA
analysis of protein orientation can be correlated with binding
assay results, for the antibody—antigen (Fig. 10) and the
streptavidin—biotin (Fig. 7) recognition, providing the full
picture of the orientation related to biorecognition efficacy.
In turn, for the analysis of protein conformation changes the
relationship between PCA loadings and the side-chain hy-
drophobicity of different amino acids (Figs. 5 and 9), instead
of the commonly used simplified classification as merely
hydrophobic or hydrophilic residues, leads to both a more
lucid and appropriate interpretation.
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