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Abstract: This work demonstrates the use of a modified mica to concentrate proteins, which is
required for proteomic profiling of blood plasma by mass spectrometry (MS). The surface of mica
substrates, which are routinely used in atomic force microscopy (AFM), was modified with a pho-
tocrosslinker to allow “irreversible” binding of proteins via covalent bond formation. This modified
substrate was called the AFM chip. This study aimed to determine the role of the surface and
crosslinker in the efficient concentration of various types of proteins in plasma over a wide concentra-
tion range. The substrate surface was modified with a 4-benzoylbenzoic acid N-succinimidyl ester
(SuccBB) photocrosslinker, activated by UV irradiation. AFM chips were incubated with plasma sam-
ples from a healthy volunteer at various dilution ratios (102X, 104X, and 106X). Control experiments
were performed without UV irradiation to evaluate the contribution of physical protein adsorption
to the concentration efficiency. AFM imaging confirmed the presence of protein layers on the chip
surface after incubation with the samples. MS analysis of different samples indicated that the pro-
teomic profile of the AFM-visualized layers contained common and unique proteins. In the working
series of experiments, 228 proteins were identified on the chip surface for all samples, and 21 proteins
were not identified in the control series. In the control series, a total of 220 proteins were identified
on the chip surface, seven of which were not found in the working series. In plasma samples at
various dilution ratios, a total of 146 proteins were identified without the concentration step, while
17 proteins were not detected in the series using AFM chips. The introduction of a concentration
step using AFM chips allowed us to identify more proteins than in plasma samples without this step.
We found that AFM chips with a modified surface facilitate the efficient concentration of proteins
owing to the adsorption factor and the formation of covalent bonds between the proteins and the
chip surface. The results of our study can be applied in the development of highly sensitive analytical
systems for determining the complete composition of the plasma proteome.

Keywords: protein immobilization; atomic force microscopy; crosslinker; mass spectrometry

1. Introduction

Blood plasma is the most important sample for proteomic studies. Plasma is a liquid
medium with a complex composition and a broad protein concentration range. Plasma is
often used in proteomic studies to identify biomarkers for various human pathologies.

Plasma contains major proteins, such as albumin (~60%), globulins (~35%), fibrino-
gen (~4%), lipoproteins, and proteins involved in iron metabolism (~1%) [1]. A total of
22 proteins account for approximately 99% of all plasma protein content [1]. The remaining
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1% of blood protein content is represented by several hundred (or thousand) circulating
low-abundant proteins, as well as by proteins secreted by living, apoptotic, and necrotic
cells [1]. Proteins present in plasma at all concentration levels are part of the molecular
profile of the body, which can be used to assess the health/disease balance. The diversity
of plasma proteins can be roughly divided into three classes: proteins present at high
concentrations, proteins infiltrated from tissues (“leakage markers”), and cytokines present
at low concentrations. “Leakage markers” are extremely important since pathology in a
tissue can be detected by measuring their release into the plasma [2]. For instance, plasma
levels of cardiac myoglobin (Mb) are 1–85 ng/mL for normal state and 200–1100 ng/mL
for myocardial infarction [3]. Meanwhile, cytokines are involved in various infections and
disorders affecting the immune system through pro-inflammatory and anti-inflammatory
mechanisms [4]. Interleukin (IL)-6 and IL-8 have been shown to predict neonatal sepsis
at thresholds of 10.85 pg/mL (sensitivity: 92.5%; specificity: 97.6%) and 60.05 pg/mL
(sensitivity: 93.7%; specificity: 65%), respectively [5].

The particular aim of proteomic studies is the identification of proteins that can be
potential biomarkers of early-stage disease. The mass spectrometry (MS) method is an
indispensable and reliable tool in proteomic research owing to its performance, selectivity,
and versatility. To successfully analyze complex biological samples, such as plasma and
serum, various functionalized surfaces are often used to concentrate medium- and low-
abundance proteins and remove major proteins from the analyzed sample [6]. For instance,
the use of immunoaffinity columns allows one to remove up to 20 highly represented
proteins and analyze the remaining components by liquid chromatography and tandem
mass spectrometry (LC-MS/MS) [7]. The use of the so-called multiple affinity removal
system (MARS) was an important step toward improving the detection efficiency of low-
abundance proteins. The operation principle of this system is based on the fact that purified
antibodies are bound to an inert solid phase and mixed with an antigen solution under
conditions favoring adsorption. After antigen capture, unwanted antigens are removed
by rinsing, and the purified antigen is released by switching to conditions conducive to
desorption [8]. However, this approach can lose a significant amount of information due
to the formation of complexes between major proteins and low-abundance proteins of
interest [9]. To date, a consensus has not been reached on whether proteins with low
plasma concentrations are more “interesting” or clinically relevant than proteins with high
concentrations [2]. In addition, the use of affinity columns with immobilized antibodies
can be impeded by their high cost, which can be several thousand dollars.

Nanoparticles (NPs) with different physicochemical surface properties are widely
employed in plasma proteome profiling. When exposed to biological fluids, a layer of
proteins—protein corona—is adsorbed onto the surface of NPs [10]. The protein corona can
concentrate serum or plasma components with affinity for the surface [11], which improves
the detection of medium- and low-abundance proteins [12]. In their large-scale study, Blum
et al. [13] developed an automated protein separation technology platform, Proteograph,
which includes a panel of NPs with different physicochemical surface properties, for ex vivo
analysis of protein corona formation followed by LC-MS/MS analysis, providing reliable
protein detection. These scientists used plasma as a model object and proved the hypothesis
that a large panel of NPs can allow the identification of more proteins—particularly those
that are present at low concentrations. This approach is predicted to help identify many
new biomarkers in the future. In [14], Ma et al. investigated the protein corona formed on
zeolite (NaY-PPC) after incubating with plasma to obtain a comprehensive characterization
and in-depth profiling of the plasma proteome by LC-MS/MS. They demonstrated that, in
the medium, the relative content of low-abundance proteins increased significantly from
2.54% to 54.41%, while that of 20 high-abundance proteins decreased from 83.63% to 25.77%.
This method allowed the quantitative identification of approximately 4000 plasma proteins
with sensitivity in the pg/mL range—compared with approximately 600 proteins identified
in untreated plasma samples. A pilot study, performed with plasma samples obtained
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from 30 lung adenocarcinoma patients and 15 healthy volunteers, demonstrated that this
method can help successfully distinguish between normal and disease states.

Apart from the developed engineered surfaces, including chromatographic columns
and nanoparticles described above, the use of atomically smooth functionalized surfaces
for concentrating proteins is also promising [15,16]. Atomically smooth substrates are
useful for concentrating target proteins in amounts sufficient for their subsequent mass
spectrometric identification. In this approach, the atomically smooth substrate with a
functionalized surface (i.e., a chip) can be considered an affinity reagent used with a
nanotechnology-based detector [17,18]. The latter acts as a quality control device, which
allows one to determine the functionalization efficiency of the chip surface and affine
complex formation. A striking representative of nanotechnology-based detectors is the
atomic force microscope. The use of atomic force microscopy (AFM) in structural biology
has made it possible to visualize proteins with high resolution under near-native conditions,
as well as to study supramolecular ensembles (protein filaments and viruses) [19]. Thus,
the potential of AFM is in the possibility of studying both the “form” of a biological object
and its “function”, making it possible to simultaneously solve the problems of proteomics
and structural biology [20].

With respect to protein concentration, the use of chemical crosslinking agents (crosslink-
ers) for modifying atomically smooth surfaces is also promising [16,21,22]. Based on ir-
reversible capturing of the investigated biomolecules from the analyzed solution onto
the chemically activated atomically smooth surface of the AFM chip, this approach was
called chemical fishing [16]—analogous to molecular fishing [23,24]. A substrate whose
surface is partially or fully activated with a crosslinker is called the AFM chip [22]. The
use of AFM chips instead of chips with immobilized antibodies or aptamers is reasonable
when it is necessary to overcome the thermodynamic limitation of the detection limit. The
latter manifests in the dissociation of antibody/antigen complexes formed on the chip
surface. Chemical fishing is of use when it is necessary to non-specifically capture all
protein molecules from the volume of the analyzed solution to solve protein inventory
problems [25].

Previously, optimal conditions were established for the MS identification of bovine
serum albumin (BSA) captured from model protein solutions onto the surface of mica
chips, modified with either succinimide or benzophenone cross-linker (DSP and SuccBB,
respectively) [21]. The use of SuccBB was preferable in the case of MS identification of BSA
covalently captured on the chip surface. Upon using the SuccBB crosslinker, the protein
on the chip surface was visualized as layers, providing MS identification of more target
protein peptides.

In the present study, the applicability of an AFM chip with a SuccBB crosslinker-
modified surface to concentrate proteins from a much more complex sample—blood
plasma—is demonstrated. Subsequent MS identification of the chip-captured compo-
nents is performed. The influence of the sample dilution ratio on the number of proteins
identified in this sample is also studied.

2. Results
2.1. AFM Imaging

The imaging results for the surface of different AFM chips after incubation with
plasma samples at various dilution ratios are shown in Appendix A. These results show
the AFM data obtained in experimental series 1 (see Section 4.1). After incubation with
102X diluted plasma, layers up to 6 nm in height were visualized on the surface of the
#S.1.1UV+ and #S.1.1UV− AFM chips (Figures A1a and A2a, respectively). Following
incubation with 104X diluted plasma, compact objects with heights up to 6 nm were
visualized on the surface of the #S.1.2UV+ AFM chip (Figure A1b). In the case of the
#S.1.2UV− AFM chip, similar objects were observed on its surface, however, there were
fewer detected (Figure A2b). After incubation of the #S.1.3UV+ and #S.1.3UV− AFM chips
(Figures A1c and A2c, respectively) with samples with the highest dilution (104X), compact
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objects and layer fragments with heights up to 3 nm were observed on the chip surface.
AFM analysis of the control sample #S.1.4UV+ (Figure A3) revealed that the number of
objects with heights > 1 nm did not exceed the noise signal level (500 objects per 400 µm2).

The results of AFM imaging indicated that objects visualized in series 1 after incubation
of the AFM chips with diluted plasma samples in the working group (UV+) and control
group (UV−) could be attributed to protein molecules, as no such objects were visualized on
the surface of the control sample (#S.1.4UV+)—a solution containing no protein molecules.
In most experiments, proteins were adsorbed (control group) or immobilized (working
group) in the form of layer fragments, hindering the accurate quantification of proteins on
the surface based on the AFM data.

2.2. MS Identification of Proteins in Plasma Solution and Eluates from the AFM Chip Surface

Figure 1 presents the number of proteins identified by MS in the eluates from the
surface of AFM chips incubated with plasma at different dilution ratios (series 1), as well
as the number of proteins identified in plasma samples at different dilution ratios (series 2).
These results are presented in the form of three-circle Venn diagrams.

As shown in Figure 1a, in the case of protein concentration from plasma with the
lowest dilution of 102X, 197 proteins were identified on the surface of the working AFM chip
#S.1.1UV+. In the case of the control AFM chip #S.1.1UV−, 211 proteins were identified.
At the 102X dilution ratio (#P.2.1), 127 proteins were identified. The number of common
proteins characteristic for all three cases was 98. The number of unique proteins identified
in each case was 18, 21, and 14, respectively.

As shown in Figure 1b, in the case of protein concentration from plasma at a dilu-
tion ratio of 104X, 131 proteins were identified on the surface of the working AFM chip
#S.1.2UV+. On the surface of the control AFM chip #S.1.2UV−, 56 proteins were identified.
In plasma at the 104X dilution ratio (#P.2.2), 51 proteins were identified. The number of
common proteins, characteristic for all three cases, was 23. The number of unique proteins
identified in each case was 62, 7, and 8, respectively.

Figure 1c shows that in the case of protein concentration from plasma at the highest
dilution ratio of 106X, 59 proteins were identified on the surface of the #S.1.3UV+ working
AFM chip. In the case of the control #S.1.3UV− AFM chip, 38 proteins were identified.
At the 106X dilution (#P.2.3), 27 proteins were identified in the plasma. The number of
common proteins, characteristic for all three cases, was 3. The number of unique proteins
identified in each case was 41, 20, and 20, respectively.

As shown in Figure 1, upon increasing the dilution ratio of the analyzed plasma
sample, the number of proteins identified on the surface and in the plasma samples
decreased as expected. It should be noted that several proteins were only detected on
the surface of working AFM chips and control chips. The general trend was an increase
in the number of proteins detected on the surface with an increasing dilution ratio. The
total number of proteins, largely represented by major proteins, also decreased with an
increased dilution ratio.

Figure 2 displays the Pearson correlation matrix for analyzing the log2-transformed
signal intensity obtained for proteins detected on the surface of working and control AFM
chips after incubation with plasma samples with (UV+) or without (UV−) UV irradiation.
The intensity-based absolute quantification (IBAQ) value represents the sum of all peptide
peak intensities divided by the number of theoretically observable tryptic peptides [26].

Figure 2 presents the comparison of MS-identified proteins on the surface of work-
ing and control AFM chips. For #S.1.1UV+ and #S.1.1UV− chips, after incubation with
plasma at a dilution ratio of 102X, a considerable correlation (Pearson’s coefficient = 0.634)
was observed. By increasing the dilution ratio to 104X, the correlation ratio between
#S.1.2UV+ and #S.1.2UV− samples decreased to moderate (Pearson’s coefficient = 0.468). At
the highest dilution ratio (106X), the correlation between samples #S.1.3UV+ and #S.1.3UV−
remained moderate, while the Pearson coefficient decreased to 0.369.
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plasma samples included in series 2 for which the protein concentration step was omitted (designated 

as #P.2.1, #P.2.2, #P.2.3). 

As shown in Figure 1a, in the case of protein concentration from plasma with the 

lowest dilution of 102X, 197 proteins were identified on the surface of the working AFM 

Figure 1. Venn diagrams for MS protein identification. The number of proteins identified on the
surface of AFM chips and in plasma samples is presented. Data for dilution ratios of 102X (a), 104X (b),
and 106X (c) are shown. Colors indicate the samples from the working group of AFM chips in series 1.
Red: chips incubated with plasma samples upon UV irradiation (designated as #S.1.1UV+, #S.1.2UV+,
#S.1.3UV+). Green: samples from the control group of AFM chips in series 1—chips incubated with
plasma samples without UV irradiation (designated as #S.1.1UV−, #S.1.2UV−, #S.1.3UV−). Blue:
plasma samples included in series 2 for which the protein concentration step was omitted (designated
as #P.2.1, #P.2.2, #P.2.3).
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Figure 2. MS identification of proteins concentrated on the surface of AFM chips. Scatter plots are
presented as log2-transformed intensity-based absolute quantification (IBAQ) values correlation table.
Proteins were detected in eluates from the surface after incubation with diluted plasma samples. For
each correlation, Pearson’s correlation coefficient is provided in blue. Numbers 1, 3, and 5 correspond
to working AFM chips #S.1.1UV+, #S.1.2UV+, and #S.1.3UV+, respectively. Numbers 2, 4, and
6 correspond to control AFM chips #S.1.1UV−, #S.1.2UV−, #S.1.3UV−, respectively. The X and Y
axes correspond to the IBAQ values of proteins identified on the respective AFM chips 1–6.

Analysis of the results obtained for working AFM chips incubated with plasma sam-
ples at various dilution ratios upon UV irradiation revealed a poor correlation between
samples #S.1.1UV+ and #S.1.2UV+ (Pearson’s coefficient = 0.309). Comparing the #S.1.1UV+
and #S.1.3UV+ samples, virtually no correlation was observed (Pearson coefficient = 0.0103).
Comparing samples #S.1.2UV+ and #S.1.3UV+, a moderate correlation with a Pearson’s
coefficient of 0.48 was obtained. Thus, the composition of proteins captured on the sur-
face of the working AFM chip after incubation with plasma at the highest dilution ratio
(#S.1.3UV+) differed significantly from that of proteins concentrated from the plasma at the
lowest dilution ratio (#S.1.1UV+).

Figure 3 displays a three-circle Venn diagram summarizing the total number of all pro-
teins identified on the surface of the working AFM chips (#S.1.1UV+, #S.1.2UV+, #S.1.3UV+,
red), control AFM chips (#S.1.1UV−, #S.1.2UV−, #S.1.2UV−, #S.1.3UV, green), and plasma
with different dilution ratios (#P.2.1, #P.2.2, #P.2.3, blue).
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Figure 3. Venn diagram summarizing the total number of all proteins identified on the surface
of the working AFM chips after incubation with plasma samples. Colors indicate the samples
from the working group of AFM chips in series_1—chips incubated with plasma samples under
irradiation (signatures #S.1.1UV+, #S.1.2UV+, #S.1.3UV+; red); samples from the control group
of AFM chips in series_1—chips incubated with plasma samples without irradiation (signatures
#S.1.1UV−, #S.1.2UV−, #S.1.3UV−; green); and plasma samples included in series_2, in which no
surface protein concentration step was performed (signatures #P.2.1, #P.2.2, #P.2.3; blue).

As can be seen from Figure 3, a total of 225 proteins were identified on the surface of
working AFM chips (UV+) after incubation with plasma at various dilution ratios, with
21 unique proteins differing from other cases. For the case of control AFM chips (UV−),
220 proteins were identified, with 8 unique proteins. In plasma, a total of 146 proteins
were detected, with 17 unique proteins. These data indicate that the use of AFM chips
allows the identification of more proteins with a significant presence of unique proteins
after incubation with diluted plasma samples.

Table 1 lists the proteins identified on the surface of the working AFM chips (#S.1.1UV+,
#S.1.2UV+, #S.1.3UV+).

Table 1. Unique proteins identified on the surface of working AFM chips #S.1.1UV+,
#S.1.2UV+, #S.1.3UV+.

#S.1.1UV+ #S.1.2UV+ #S.1.3UV+
Fructose-1,6-bisphosphatase 1 Centrosomal protein of 290 kDa Plakophilin-1

Myosin regulatory light chain 12A Histidine ammonia-lyase Corneodesmosin
Flavin reductase Plakophilin-1 Titin

Transgelin-2 Calmodulin-like protein 5 A-kinase anchor protein 9

Ras-related protein Rab-7a Glyoxylate reductase/
hydroxypyruvate reductase Calmodulin-like protein 5

Mesencephalic astrocyte-derived
neurotrophic factor

Glyoxylate reductase/
hydroxypyruvate reductase

Thymosin beta-4 Fatty acid-binding protein 5
Septin-7

Protein DBF4 homolog B
Titin

Glyoxylate reductase/
hydroxypyruvate reductase

Myosin-2
Coronin-1C

Polymeric immunoglobulin receptor

Proteins identified on all three chips are highlighted in green. Proteins identified on #S.1.1UV+ and #S.1.3UV+
chips are highlighted in blue. Proteins identified on #S.1.2UV+ and #S.1.3UV+ chips are highlighted in yellow.
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As can be seen from Table 1, most unique proteins (12) were identified on the surface of
the working AFM chips after incubation with plasma at the lowest dilution ratio (#S.1.1UV+).
With an increase in the dilution ratio (#S.1.2UV+), 2 more unique proteins—Centrosomal and
Histidine ammonia-lyase—were identified. At the highest dilution ratio (#S.1.3UV+), 3 unique
proteins (Corneodesmosin, Fatty acid-binding protein 5 and A-kinase anchor protein 9) were
identified. Glyoxylate reductase/hydroxypyruvate reductase was detected on the surfaces of
all working AFM chips.

Focusing on the independent changes in protein levels, univariate statistical analysis
was employed to reliably detect the significant differences in protein expression comparing
#S.1.2UV+ with #S.1.2UV− and then only with plasma #P.2.2. Volcano plots for the binary
comparisons are shown in Figure 4, representing a scatter plot displaying the dependence
of statistical relevance (p value) on fold-change. That is, the Volcano plot shows the negative
log10 of the p value (−log10p; Y-axis) plotted against the log2 of the fold-change values
between the groups (X-axis).
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Figure 4. Volcano plots displaying the MS identification of proteins by plasma analysis at a dilution
ratio of 104X with and without the concentration step. (a) Comparison of samples with #S.1.2UV+
(red dots) and #S.1.2UV− (blue dots), (b) Samples with #S.1.2UV+ (red dots) and #P.2.2 (blue dots)
are presented. The X-axis shows the log2 of the fold-change value (log2(B/A)) of differential protein
expression across sample groups, and the Y-axis shows the negative log10 of the p value reflecting
changes in gene expression. Each dot in the figure represents a protein. Comparisons between
different protein groups are indicated by different colors.

3. Discussion

In the present work, the applicability of an AFM chip with a SuccBB crosslinker-
modified surface was tested on the concentration of proteins from blood plasma, followed
by MS identification of the chip-captured proteins. The original plasma sample was divided
into aliquots and used for analysis at different dilution ratios (102X, 104X, 106X) to estimate
the effect of the concentration factor on the efficiency of capturing a particular type of
protein on the chip surface.

It has been shown that the total number of proteins detected with and without applying
the concentration step decreased with increasing dilution ratio. This decrease was expected
since the concentration of all proteins decreases when plasma is diluted. However, it should
be noted that the composition of the protein mixture changes with increasing dilution.
Dilution of plasma with buffer possibly affects the physical properties of proteins and
protein–protein complexes. This can lead to changes in the spatial conformation of proteins
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or affect the strength of the intermolecular interactions. Namekar et al. [27] reported that
serum dilution can serve as a critical parameter that can affect the results of Luminex-
based microsphere immunoassays (MIA) upon detection of antibodies against West Nile
Virus (WNV). Serum dilution helps eliminate the influence of complement proteins or
the prozone effect observed in the case of high antibody titers and thus may improve the
sensitivity of MIA [28]. Meanwhile, increased serum dilution can decrease sensitivity [29].
MIA of WNV was performed at a serum dilution of 1:100 [30], whereas other MIAs used a
lower serum dilution (1:20) as this resulted in low levels of nonspecific background signals
within a high dynamic range of signal intensities [31].

Upon using a concentration step, the number of proteins identified on the surface
of working AFM chips tends to increase in the case of diluted plasma. The working
chips have been used under conditions that allow the covalent binding of proteins to the
surface (see Figure 1). However, before the covalent binding reaction between the protein
groups and the crosslinker’s active group on the chip surface, protein adsorption on this
surface must occur [32]. Protein adsorption on the solid substrate surface can occur at
the expense of electrostatic and hydrophobic interactions [33,34] by forming hydrogen
bonds [34] or van der Waals forces [35,36]. Since plasma proteins differ in molecular weight,
structure, and concentration, they may interact with the surface in different ways [34].
This leads to differences in the composition of the protein layer, as indicated by the results
obtained for working and control AFM chips. In the case of the control AFM chips, their
surface is identical to that of working AFM chips, however, the photocrosslinker activation
is not performed, i.e., there is no UV irradiation. The benzophenone molecule (active
group of SuccBB) is characterized by significant hydrophobicity [37]. The presence of
SuccBB on the chip surface may contribute to partial denaturation of proteins and thus
lead to efficient adsorption and further concentration of proteins [38]. This may explain
the presence of a significant number of proteins (211) in the case of the lowest dilution
ratio. Thus, 197 proteins were identified on the surface of the control AFM chip #S.1.1UV−,
and 197 were identified on the working AFM chip #S.1.1UV+. With an increase in the
plasma dilution ratio (i.e., decreasing the amount of protein), the contribution of covalent
binding between the protein and the SuccBB-modified surface presumably increased. Thus,
131 proteins were identified on the surface of the #S.1.2UV+ AFM chip; 62 proteins were
not detected in the case of the #S.1.2UV− AFM chip or in the plasma sample at a dilution
ratio of 104X (#P.2.2). The carbon–hydrogen bond (C–H bond) of a protein molecule must
be within 3.1 Å of the carbonyl oxygen of benzophenone to allow a covalent crosslinking
reaction between the protein and surface [37]. At an increased plasma dilution ratio and
upon agitation, proteins can approach the surface within the distance required for covalent
binding. In addition, a decrease in protein concentration with plasma dilution results in
less UV absorption/scattering necessary for the activation of SuccBB on the surface.

As shown in the three-circle Venn diagram displaying the total number of proteins
(Figure 3), 21 unique proteins were detected on the surface of the working AFM chips (UV+).
Most unique proteins were identified on the surface of the #S.1.1UV+ AFM chip (12 proteins)
after incubation with the least diluted plasma sample. However, additional proteins were
identified by increasing the dilution ratio. Thus, in the case of the #S.1.2UV+ AFM-chip, two
additional unique proteins—Centrosomal and Histidine ammonia-lyase—were identified. In
the case of the AFM-chip #S.1.3UV+, three more unique proteins—Corneodesmosin, Fatty
acid-binding protein 5 and A-kinase anchor protein 9—were additionally identified (Table 1).
Meanwhile, glyoxylate reductase/hydroxypyruvate reductase was identified on the surface
of all working AFM chips. It is worth noting that these proteins do not pertain to major
plasma proteins. For instance, Plakophilin-1 and Calmodulin-like protein 5 were identified
on the surface of AFM-chips #S.1.2UV+ and #S.1.3UV+ in both cases. Titin protein was
found on the surface of the #S.1.1UV+ and #S.1.3UV+ AFM chips in both cases.

It should be noted that upon studying plasma proteins, the maximum number of
proteins that can be captured onto the AFM chip (i.e., the capacity of the AFM chip) can
represent a limitation of the AFM-MS approach proposed herein. The limited capacity
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of the AFM chip hinders the capturing of more proteins necessary for MS identification.
However, this limitation can be overcome by using several chips to analyze the same
sample. Meanwhile, our AFM data indicate that the limited capacity of the AFM chip leads
to multilayer adsorption of protein. That is, while the first protein layer is covalently bound
to the chip surface, subsequent protein layers can physically adsorb onto this first layer. In
their review [39], Brash et al. reported that an increase in the protein layer thickness upon
adsorption can be explained by binding complement proteins with the proteins that had
already been adsorbed. Arvidsson et al. [40] demonstrated that silicon surface adsorbs a
3–5-nm-thick protein layer in one minute.

Solving the problem of controlled adsorption of these protein layers is required for
further successful use of our proposed approach.

Furthermore, the established list of unique proteins for the working series of experi-
ments will likely differ in the analysis of diluted blood plasma from other volunteers. To
confirm this hypothesis, further investigation involving a larger number of samples and a
special design of the ongoing experiment is required.

4. Materials and Methods
4.1. Experiment Setup

Figure 5 schematically illustrates chemical reactions that occur upon modification of
the substrate surface with the SuccBB crosslinker and during incubation of the AFM chip
with diluted protein-containing plasma samples.
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Figure 5. Schematic representation of the processes occurring on the AFM chip surface. Orange
letters highlight the functional groups participating in the formation of chemical bonds upon the
modification of the substrate surface with the SuccBB crosslinker (orange arrow). Green letters
highlight the functional groups participating in forming covalent bonds between the crosslinker-
modified AFM chip surface and captured protein upon UV irradiation during the incubation of the
chip in the analyzed sample (green arrow).



Int. J. Mol. Sci. 2024, 25, 409 11 of 18

Figure 6 presents a schematic of an experiment comprising two series. In series 1,
proteins concentrated on the surface of the AFM chip were identified (left panel in Figure 6).
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Figure 6. Schematic of the experiment workflow. The main steps of the experiment are described in
the text. The left panel shows the steps related to the work using AFM chips, while the right panel
shows the work with plasma samples without concentration on the chip surface.

In this series, AFM chips with their surface modified with the SuccBB crosslinker
were incubated in blood plasma at the respective dilution ratios: 102X, 104X, or 106X. In
the working group, AFM chips were incubated in plasma under UV irradiation. Labeling
of samples in this group #S.1.1 UV+, #S.1.2 UV+, #S.1.3 UV+ was performed according
to the dilution ratio. To estimate the contribution of adsorbed (not covalently attached)
proteins on the surface, in a series of experiments in the control group, AFM chips were
incubated with plasma in the absence of UV (#S.1.1 UV−, #S.1.2 UV−, #S.1.3 UV−). In
a separate blank experiment to estimate the influence of possible external contamination,
the SuccBB-modified AFM chip was incubated under UV irradiation in protein-free PBSD
buffer to dilute the plasma (#S.1.4 UV+). After incubation, all chip surfaces were washed
and subjected to AFM analysis for surface visualization, followed by a sample preparation
(proteolysis) step for MS analysis. Trypsinolysis was performed on the chip surface to
cleave the proteins. Then, the peptide mixture was eluted from the surface, and the eluates
were transferred to the LC-MS/MS stage for protein identification.

In series 2, protein identification was performed in plasma samples at various dilution
ratios of 102X, 104X, and 106X (right panel in Figure 6). The samples in this series were
labeled #P.2.1, #P.2.2, and #P.2.3. Plasma samples after the sample preparation step (trypsi-
nolysis) were submitted for further identification by liquid chromatography with tandem
mass spectrometry (LC-MS/MS).

It should be emphasized that the plasma aliquots used in series 1 and 2 were obtained
using the same biological sample from the same healthy volunteer.

4.2. Proteins

Porcine trypsin was from Promega Corp. (Cat.# V5111, Madison, WI, USA). Promega
Sequencing Grade Modified Trypsin is a porcine trypsin modified by reductive methylation,
rendering it resistant to proteolytic digestion.

4.3. Plasma Sample Preparation

In the study, a plasma sample of a conditionally healthy volunteer was analyzed. For
AFM analysis, 10 µL of plasma was added to 990 µL of Dulbecco’s modified phosphate
buffered saline (PBSD), corresponding to a dilution of 102X of the original sample. Dilutions
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of 104X and 106X were prepared by serial hundred-fold dilutions. Briefly, the initial plasma
sample was divided into aliquots, which were further used for analysis at various dilution
ratios (102X; 104X; 106X). Various dilution ratios were tested to estimate the influence of
the concentration factor on the efficiency of adsorption of a particular type of protein
onto the surface. For instance, the molar concentration of the major protein albumin in
plasma is approximately 6.4 × 10−4 mol/L [41]. Thus, at a dilution of 102X, the albumin
concentration will be 6.4 × 10−6 mol/L, at 104X, it will be 6.4 × 10−8 mol/L, and at 106X, it
will be 6.4 × 10−10 mol/L. The 102X dilution of plasma was selected based on data reported
previously in studies on biospecific molecular fishing: the use of plasma at such a dilution
allows one to avoid nonspecific adsorption of biological macromolecules on the surface of
the AFM chip with immobilized molecular probes [17]. The maximum dilution ratio tested
in this study was 106X, at which the final albumin concentration was close to the detection
limit attainable by commonly used experimental proteomic methods (10−12 mol/L). A
dilution ratio of 104X was used as an intermediate point. Different dilution ratios result in
a shift of the dynamic range and in lower concentrations of major plasma proteins, which
can influence the efficiency of capturing medium- and low-abundance proteins onto the
AFM chip.

This research was approved by independent ethical committees from the organizations
that provided the samples. Written informed consent was obtained from all healthy
volunteers for participation in the study and the use of biological material.

4.4. Chemicals

The following reagents were used in the study: 4-benzoylbenzoic acid N-succinimidyl
ester (SuccBB) (Sigma, St. Louis, MO, USA), 3-aminopropyltriethoxysilane (APTES; Acros
Organics, Fair Lawn, NJ, USA), dimethyl sulfoxide (DMSO; Sigma, St. Louis, MO, USA),
Emulgen 913 (Kao Atlas, Osaka, Japan), triethylammonium bicarbonate (TEAB) buffer (1 M,
for HPLC; Honeywell Fluka, Washington, DC, USA), 100% acetonitrile for HPLC (ACN;
Merck, Darmstadt, Germany), isopropanol, and formic acid (ACROS, Morris Plains, NJ, USA).

PBSD buffer was prepared by dissolving a salt mixture, commercially available from
Pierce, in ultrapure water. All solutions used in this study were prepared using deionized
ultrapure water (resistivity, 18.2 MΩ × cm) obtained with a Simplicity UV system (Millipore,
Molsheim, France).

4.5. Modification and Activation of AFM Substrate Surface

Muscovite mica sheets (SPI, West Chester, PA, USA) were cut into 7 × 15 mm pieces
and used to prepare the AFM substrates. The surface of muscovite mica substrates was
modified with (3-aminopropyl)triethoxysilane (APTES) using a vapor-phase deposition
technique developed by Yamada et al. [42].

A 0.31 mM SuccBB solution was obtained by dissolving a weighed quantity of SuccBB
in DMSO (final volume of the tube containing 1 mL of the SuccBB solution and incubated
at room temperature with the activation solution was 1 mL). Next, the AFM substrate
was immersed in an Eppendorf test tube containing the activation solution. The tube was
placed into a shaker and incubated therein at 120 rpm for 18 h. After incubation, the AFM
substrate was washed once with 1 mL of DMSO: EtOH (1:1) at 40 ◦C for 30 min and then
twice with 1 mL of 50% (v/v) EtOH for 30 min. After the washing, the AFM chip was dried
in a nitrogen stream and used for protein immobilization.

4.6. Fishing the Plasma Proteins

In the case of a SuccBB-activated surface, the AFM substrate was incubated with 1 mL
of volunteer plasma of varying dilution in 102X, 104X, and 106X in a rotating test tube
at 200 rpm under UV or without UV irradiation for 1 h. The irradiation was performed
using a UVP Crosslinker CL-3000L device (Analytik Jena US, Upland, CA, USA) at a
wavelength of 365 nm. The distance between the test tube and the UV light source was
~10 cm. The designation of AFM chips incubated in plasma at appropriate dilution ratios
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under UV irradiation was #S.1.1UV+, #S.1.2UV+, #S.1.3UV+ (series 1, working group).
The designation of AFM-chips incubated in plasma at an appropriate dilution ratio in the
absence of UV: #S.1.1UV−, #S.1.2UV−, #S.1.3UV− (series 1, control group—adsorbed
but not covalently crosslinked protein molecules on the chip surface).

AFM substrates activated with SuccBB and immobilized with the protein as described
above were washed once with 1 mL of 0.01% aqueous solution of Emulgen 913 at 37 ◦C for
30 min and twice with 1 mL of ultrapure water at 37 ◦C for 30 min; they were then dried
in air.

Control experiments were performed to estimate the amount of non-protein particles
adsorbed on the surface; crosslinker-activated AFM substrates were incubated in a protein-
free solution PBSD under UV irradiation (#S.1.4UV+).

4.7. AFM Scanning

In control and working experiments, the AFM chip surface was scanned in the tapping
mode using Titanium and Solver NexT atomic force microscopes (NT-MDT, Zelenograd,
Russia). NSG10 cantilevers (TipsNano, Zelenograd, Russia) with a tip curvature radius
of 6–10 nm, a resonance frequency of 47–150 kHz, and a force constant of 0.35–6.1 N/m
were used. The scan size was 5 × 5 µm (resolution, 256 × 256 points); at least 10 scans of
different substrate areas were acquired for each substrate. A TGZ1 grating (Zelenograd,
Russia) with a step height of 21.4 ± 1.5 nm was used to calibrate the microscope.

Processing of AFM images was performed using standard NovaPx 3.5.0 software and
involved subtraction of the 2nd order plane. The height of AFM-detected objects was the
main criterion for determining their size [22].

4.8. Preparation of the AFM Substrate for Mass Spectrometry Measurements

For trypsinolysis, the chips were immersed in a solution containing 10 µL of trypsin
(0.18 g/L), 20 µL of TEAB (50 mM), and 600 µL of deionized water so that the solution
completely covered the mica. Trypsinolysis was performed on an incubator shaker at 37 ◦C
and 140 rpm for 18 h and then in a heat chamber at 40 ◦C for 2 h in a horizontal position
to cover the mica with the buffer. Next, the chips immersed in a tryptic mixture were
placed into a shaker at 40 ◦C for 60 min. Then, the samples were shaken with a SkyLine
vortex (Elmi Ltd., Rı̄ga, Latvia) in MIX1 mode and centrifuged at 9000 rpm for 10 min. The
hydrolysis was stopped with 100 µL of 0.1% formic acid. The solutions were prepared in
the same way as chips.

After trypsinolysis, mixtures of peptides were dried in a vacuum centrifuge SpeedVac
(Eppendorf, Macquarie Park, NSW, Australia). Then, the dry mixtures were prepared for
LC-MS/MS analysis by first dissolving them in 5% (v/v) formic acid.

4.9. MS Measurements
4.9.1. LC-MS Measurements

Panoramic mass spectrometric analysis was carried out on a sensitive Q Exactive HF
mass spectrometer (HF Hybrid Quadrupole Orbitrap mass spectrometer, Thermo Fisher
Scientific™, Rockwell, IL, USA), which allows panoramic protein search and is used in
routine analysis.

The peptides for each sample were separated by high-performance liquid chromatog-
raphy (HPLC, Ultimate 3000 Nano LC System, Thermo Scientific, Rockwell, IL, USA) on
a 15 cm long 75 µm id C18 column (Acclaim® pepmap™ RSLC, Thermo Fisher Scientific,
Rockwell, IL, USA).

The peptides were eluted with a gradient from 5–35% buffer B (80% acetonitrile, 0.1%
formic acid) over 115 min at a flow rate of 0.3 µL−1 min. The total run time was 90 min to
reach 99% buffer B, 10 min to wash with 99% buffer B, and 15 min to re-equilibrate with
buffer A (0.1% formic acid).
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4.9.2. Acquisition of MS Data

Mass spectrometric measurements were carried out according to the procedure de-
scribed in a previous study [43]. The analysis was performed using a Q Exactive HF
mass spectrometer (HF Hybrid Quadrupole Orbitrap mass spectrometer, Thermo Fisher
Scientific™, Rockwell, IL, USA). Mass spectra were obtained with a resolution of 60,000
(MS) and 15,000 (MS/MS) in the m/z range 400–1500 (MS) and 200–2000 (MS/MS).

The resulting RAW files, unprocessed with a mass spectrometer, were analyzed with
the maxquant program (version 1.5.5.1, Jurgen Cox, Max Planck Institute for Biochemistry,
Martinsried, Germany) [44] with the built-in Andromeda search system [45].

Protein N-terminal acetylation and methionine oxidation were variable modifications
for the peptide search. A maximum mass deviation of 5 ppm was allowed for precursor
identification, and 20 ppm was set as a tolerance for fragment identification. For trypsin
digestion, 2 missing sites were allowed. The false discovery rate (FDR) of resulting protein
identifications was 0.01.

4.9.3. MS Data Processing

To perform molecular profiling of the proteomic composition of biological samples
caught on the AFM chip, panoramic analysis was performed using a Q Exactive HF mass
spectrometer (Thermo Scientific, Waltham, MA, USA). Data from mass spectrometers were
processed using bioinformatics. For panoramic analysis performed using a Q Exactive HF
mass spectrometer, the results were processed in MaxQuant software version 2.2.0.0.

The results were classified into two peptides, and the more contaminated proteins
were removed from the outside, as well as the reverse protein. For statistical processing, the
control (PBSD mica) was subtracted from the experiments. For data visualization, the IBAQ
parameter [26] was used. As was noted in Section 2.2, the IBAQ value represents the sum
of all peptide peak intensities divided by the number of theoretically observable tryptic
peptides [26]. According to international standards of reliable identification, proteins were
considered to be detected if at least two unique peptides were present [46].

5. Conclusions

The results reported indicate that AFM chips, whose surface is modified with a SuccBB
crosslinker, allow one to efficiently perform protein concentration from the liquid sample
owing to the adsorption factor and the possibility of covalent bonding between proteins and
the chip surface. The contribution of the adsorption factor is higher in the case of analysis of
plasma samples at a lower dilution ratio. We believe that the AFM chips developed herein
can be applied to solve various biomedicine problems. For instance, they can be employed
for the targeted search of antigens upon immobilization of antibodies or aptamers via
crosslinkers onto the surface of an AFM chip and the nonspecific capturing of components
from a biological sample or their depletion. The proposed approach can also help study
the blood plasma proteome to determine its complete composition and identify proteins,
allowing one to distinguish between normal and pathological states.
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Appendix A

Figure A1 shows typical AFM images of the surface of working experiments after incu-
bation with plasma at the corresponding dilution ratio: #S.1.1UV+, #S.1.2UV+, #S.1.3UV+.
The white line indicates the cross-section.
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to the lines in the respective AFM images shown on the left: (a) #S.1.1UV+, (b) #S.1.2UV+, (c) 

#S.1.3UV+. 

Figure A1. Typical AFM images of the surface of working experiments after incubation of AFM chips
with plasma at an appropriate dilution ratio (left). (right) Cross-section profile corresponding to the
lines in the respective AFM images shown on the left: (a) #S.1.1UV+, (b) #S.1.2UV+, (c) #S.1.3UV+.

Figure A2 shows typical AFM images of the surface to evaluate physical adsorption
after incubation with plasma of the corresponding dilution ratio: #S.1.1UV−, #S.1.2UV−,
and #S.1.3UV−. The white line indicates the cross-section.
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Figure A2. Typical AFM images obtained in experiments on the estimation of physical adsorption 

after incubation of the AFM chip with plasma at appropriate dilution ratios. Panels on the right 

display a cross-section profile corresponding to the lines in the respective AFM images shown on 

the left: (a) #S.1.1UV−, (b) #S.1.2UV−, (c) #S.1.3UV−. 

  

Figure A2. Typical AFM images obtained in experiments on the estimation of physical adsorption
after incubation of the AFM chip with plasma at appropriate dilution ratios. Panels on the right
display a cross-section profile corresponding to the lines in the respective AFM images shown on the
left: (a) #S.1.1UV−, (b) #S.1.2UV−, (c) #S.1.3UV−.

Figure A3 shows AFM images of the surface after incubation in protein-free solution
(PBSD buffer): #S.1.4UV+. The white line marks the cross-section.

Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 19 of 21 
 

 

Figure A3 shows AFM images of the surface after incubation in protein-free solution 

(PBSD buffer): #S.1.4UV+. The white line marks the cross-section. 

  

Figure A3. Typical AFM image of the chip surface after incubation in protein-free solution—PBSD 

buffer (#S.1.4UV+). 

References 

1. Pietrowska, M.; Wlosowicz, A.; Gawin, M.; Widlak, P. MS-Based Proteomic Analysis of Serum and Plasma: Problem of High 

Abundant Components and Lights and Shadows of Albumin Removal. Adv. Exp. Med. Biol. 2019, 1073, 57–76. 

https://doi.org/10.1007/978-3-030-12298-0_3. 

2. Anderson, N.L.; Anderson, N.G. The Human Plasma Proteome: History, Character, and Diagnostic Prospects. Mol. Cell Proteom. 

2002, 1, 845–867. https://doi.org/10.1074/mcp.r200007-mcp200. 

3. Cloonan, M.J.; Bishop, G.A.; Wilton-Smith, P.D.; Carter, I.W.; Allan, R.M.; Wilcken, D.E. An Enzyme-Immunoassay for Myo-

globin in Human Serum and Urine. Method Development, Normal Values and Application to Acute Myocardial Infarction. 

Pathology 1979, 11, 689–699. https://doi.org/10.3109/00313027909059049. 

4. Monastero, R.N.; Pentyala, S. Cytokines as Biomarkers and Their Respective Clinical Cutoff Levels. Int. J. Inflam. 2017, 2017, 

4309485. https://doi.org/10.1155/2017/4309485. 

5. Boskabadi, H.; Maamouri, G.; Tavakol Afshari, J.; Mafinejad, S.; Hosseini, G.; Mostafavi-Toroghi, H.; Saber, H.; Ghayour-Mo-

barhan, M.; Ferns, G. Evaluation of Serum Interleukins-6, 8 and 10 Levels as Diagnostic Markers of Neonatal Infection and 

Possibility of Mortality. Iran. J. Basic. Med. Sci. 2013, 16, 1232–1237. 

6. Malsagova, K.A.; Pleshakova, T.O.; Galiullin, R.A.; Kaysheva, A.L.; Shumov, I.D.; Ilnitskii, M.A.; Popov, V.P.; Glukhov, A.V.; 

Archakov, A.I.; Ivanov, Y.D. Ultrasensitive Nanowire-Based Detection of HCVcoreAg in the Serum Using a Microwave Gener-

ator. Anal. Methods 2018, 10, 2740–2749. https://doi.org/10.1039/C8AY00495A. 

7. Shi, T.; Zhou, J.-Y.; Gritsenko, M.A.; Hossain, M.; Camp, D.G.; Smith, R.D.; Qian, W.-J. IgY14 and SuperMix Immunoaffinity 

Separations Coupled with Liquid Chromatography-Mass Spectrometry for Human Plasma Proteomics Biomarker Discovery. 

Methods 2012, 56, 246–253. https://doi.org/10.1016/j.ymeth.2011.09.001. 

8. Kovàcs, A.; Guttman, A. Medicinal Chemistry Meets Proteomics: Fractionation of the Human Plasma Proteome. Curr. Med. 

Chem. 2013, 20, 483–490. https://doi.org/10.2174/0929867311320040001. 

9. Keilhauer, E.C.; Hein, M.Y.; Mann, M. Accurate Protein Complex Retrieval by Affinity Enrichment Mass Spectrometry (AE-MS) 

Rather than Affinity Purification Mass Spectrometry (AP-MS). Mol. Cell Proteom. 2015, 14, 120–135. 

https://doi.org/10.1074/mcp.M114.041012. 

10. Monopoli, M.P.; Walczyk, D.; Campbell, A.; Elia, G.; Lynch, I.; Bombelli, F.B.; Dawson, K.A. Physical-Chemical Aspects of Pro-

tein Corona: Relevance to in Vitro and in Vivo Biological Impacts of Nanoparticles. J. Am. Chem. Soc. 2011, 133, 2525–2534. 

https://doi.org/10.1021/ja107583h. 

11. Perona Martinez, F.; Nagl, A.; Guluzade, S.; Schirhagl, R. Nanodiamond for Sample Preparation in Proteomics. Anal. Chem. 2019, 

91, 9800–9805. https://doi.org/10.1021/acs.analchem.9b01459. 

12. Meng, Y.; Chen, J.; Liu, Y.; Zhu, Y.; Wong, Y.-K.; Lyu, H.; Shi, Q.; Xia, F.; Gu, L.; Zhang, X.; et al. A Highly Efficient Protein 

Corona-Based Proteomic Analysis Strategy for the Discovery of Pharmacodynamic Biomarkers. J. Pharm. Anal. 2022, 12, 879–

888. https://doi.org/10.1016/j.jpha.2022.07.002. 

13. Blume, J.E.; Manning, W.C.; Troiano, G.; Hornburg, D.; Figa, M.; Hesterberg, L.; Platt, T.L.; Zhao, X.; Cuaresma, R.A.; Everley, 

P.A.; et al. Rapid, Deep and Precise Profiling of the Plasma Proteome with Multi-Nanoparticle Protein Corona. Nat. Commun. 

2020, 11, 3662. https://doi.org/10.1038/s41467-020-17033-7. 

14. Ma, C.; Li, Y.; Li, J.; Song, L.; Chen, L.; Zhao, N.; Li, X.; Chen, N.; Long, L.; Zhao, J.; et al. Comprehensive and Deep Profiling of 

the Plasma Proteome with Protein Corona on Zeolite NaY. J. Pharm. Anal. 2023, 13, 503–513. 

https://doi.org/10.1016/j.jpha.2023.04.002. 

15. Archakov, A.; Ivanov, Y.; Lisitsa, A.; Zgoda, V. Biospecific Irreversible Fishing Coupled with Atomic Force Microscopy for 

Detection of Extremely Low-Abundant Proteins. Proteomics 2009, 9, 1326–1343. https://doi.org/10.1002/pmic.200800598. 

Figure A3. Typical AFM image of the chip surface after incubation in protein-free solution—PBSD
buffer (#S.1.4UV+).



Int. J. Mol. Sci. 2024, 25, 409 17 of 18

References
1. Pietrowska, M.; Wlosowicz, A.; Gawin, M.; Widlak, P. MS-Based Proteomic Analysis of Serum and Plasma: Problem of High

Abundant Components and Lights and Shadows of Albumin Removal. Adv. Exp. Med. Biol. 2019, 1073, 57–76. [CrossRef]
[PubMed]

2. Anderson, N.L.; Anderson, N.G. The Human Plasma Proteome: History, Character, and Diagnostic Prospects. Mol. Cell Proteom.
2002, 1, 845–867. [CrossRef] [PubMed]

3. Cloonan, M.J.; Bishop, G.A.; Wilton-Smith, P.D.; Carter, I.W.; Allan, R.M.; Wilcken, D.E. An Enzyme-Immunoassay for Myoglobin
in Human Serum and Urine. Method Development, Normal Values and Application to Acute Myocardial Infarction. Pathology
1979, 11, 689–699. [CrossRef] [PubMed]

4. Monastero, R.N.; Pentyala, S. Cytokines as Biomarkers and Their Respective Clinical Cutoff Levels. Int. J. Inflam. 2017,
2017, 4309485. [CrossRef] [PubMed]

5. Boskabadi, H.; Maamouri, G.; Tavakol Afshari, J.; Mafinejad, S.; Hosseini, G.; Mostafavi-Toroghi, H.; Saber, H.; Ghayour-
Mobarhan, M.; Ferns, G. Evaluation of Serum Interleukins-6, 8 and 10 Levels as Diagnostic Markers of Neonatal Infection and
Possibility of Mortality. Iran. J. Basic. Med. Sci. 2013, 16, 1232–1237. [PubMed]

6. Malsagova, K.A.; Pleshakova, T.O.; Galiullin, R.A.; Kaysheva, A.L.; Shumov, I.D.; Ilnitskii, M.A.; Popov, V.P.; Glukhov, A.V.;
Archakov, A.I.; Ivanov, Y.D. Ultrasensitive Nanowire-Based Detection of HCVcoreAg in the Serum Using a Microwave Generator.
Anal. Methods 2018, 10, 2740–2749. [CrossRef]

7. Shi, T.; Zhou, J.-Y.; Gritsenko, M.A.; Hossain, M.; Camp, D.G.; Smith, R.D.; Qian, W.-J. IgY14 and SuperMix Immunoaffinity
Separations Coupled with Liquid Chromatography-Mass Spectrometry for Human Plasma Proteomics Biomarker Discovery.
Methods 2012, 56, 246–253. [CrossRef]

8. Kovàcs, A.; Guttman, A. Medicinal Chemistry Meets Proteomics: Fractionation of the Human Plasma Proteome. Curr. Med. Chem.
2013, 20, 483–490. [CrossRef]

9. Keilhauer, E.C.; Hein, M.Y.; Mann, M. Accurate Protein Complex Retrieval by Affinity Enrichment Mass Spectrometry (AE-MS)
Rather than Affinity Purification Mass Spectrometry (AP-MS). Mol. Cell Proteom. 2015, 14, 120–135. [CrossRef]

10. Monopoli, M.P.; Walczyk, D.; Campbell, A.; Elia, G.; Lynch, I.; Bombelli, F.B.; Dawson, K.A. Physical-Chemical Aspects of Protein
Corona: Relevance to in Vitro and in Vivo Biological Impacts of Nanoparticles. J. Am. Chem. Soc. 2011, 133, 2525–2534. [CrossRef]

11. Perona Martinez, F.; Nagl, A.; Guluzade, S.; Schirhagl, R. Nanodiamond for Sample Preparation in Proteomics. Anal. Chem. 2019,
91, 9800–9805. [CrossRef] [PubMed]

12. Meng, Y.; Chen, J.; Liu, Y.; Zhu, Y.; Wong, Y.-K.; Lyu, H.; Shi, Q.; Xia, F.; Gu, L.; Zhang, X.; et al. A Highly Efficient Protein
Corona-Based Proteomic Analysis Strategy for the Discovery of Pharmacodynamic Biomarkers. J. Pharm. Anal. 2022, 12, 879–888.
[CrossRef] [PubMed]

13. Blume, J.E.; Manning, W.C.; Troiano, G.; Hornburg, D.; Figa, M.; Hesterberg, L.; Platt, T.L.; Zhao, X.; Cuaresma, R.A.; Everley, P.A.; et al.
Rapid, Deep and Precise Profiling of the Plasma Proteome with Multi-Nanoparticle Protein Corona. Nat. Commun. 2020, 11, 3662.
[CrossRef] [PubMed]

14. Ma, C.; Li, Y.; Li, J.; Song, L.; Chen, L.; Zhao, N.; Li, X.; Chen, N.; Long, L.; Zhao, J.; et al. Comprehensive and Deep Profiling of
the Plasma Proteome with Protein Corona on Zeolite NaY. J. Pharm. Anal. 2023, 13, 503–513. [CrossRef] [PubMed]

15. Archakov, A.; Ivanov, Y.; Lisitsa, A.; Zgoda, V. Biospecific Irreversible Fishing Coupled with Atomic Force Microscopy for
Detection of Extremely Low-Abundant Proteins. Proteomics 2009, 9, 1326–1343. [CrossRef] [PubMed]

16. Ivanov, Y.D.; Danichev, V.V.; Pleshakova, T.O.; Shumov, I.D.; Ziborov, V.S.; Krokhin, N.V.; Zagumenniy, M.N.; Ustinov, V.S.;
Smirnov, L.P.; Shironin, A.V.; et al. Irreversible Chemical AFM-Based Fishing for Detection of Low-Copied Proteins. Biochem.
(Moscow) Suppl. Ser. B Biomed. Chem. 2013, 7, 46–61. [CrossRef]

17. Kaysheva, A.L.; Isaeva, A.I.; Pleshakova, T.O.; Shumov, I.D.; Valueva, A.A.; Ershova, M.O.; Ivanova, I.A.; Ziborov, V.S.;
Iourov, I.Y.; Vorsanova, S.G.; et al. Detection of Circulating Serum microRNA/Protein Complexes in ASD Using Functionalized
Chips for an Atomic Force Microscope. Molecules 2021, 26, 5979. [CrossRef]

18. Pleshakova, T.; Kaysheva, A.; Shumov, I.; Ziborov, V.; Bayzyanova, J.; Konev, V.; Uchaikin, V.; Archakov, A.; Ivanov, Y. Detection
of Hepatitis C Virus Core Protein in Serum Using Aptamer-Functionalized AFM Chips. Micromachines 2019, 10, 129. [CrossRef]

19. Braga, P.C.; Ricci, D. (Eds.) Atomic Force Microscopy: Biomedical Methods and Applications; Humana Press: Totowa, NJ, USA, 2004.
20. Roos, W.H.; Wuite, G.J.L. Nanoindentation Studies Reveal Material Properties of Viruses. Adv. Mater. 2009, 21, 1187–1192.

[CrossRef]
21. Gordeeva, A.I.; Valueva, A.A.; Ershova, M.O.; Rybakova, E.E.; Shumov, I.D.; Kozlov, A.F.; Ziborov, V.S.; Zavialova, M.G.;

Zgoda, V.G.; Ivanov, Y.D.; et al. Mass Spectrometric Identification of BSA Covalently Captured onto a Chip for Atomic Force
Microscopy. Int. J. Mol. Sci. 2023, 24, 8999. [CrossRef]

22. Valueva, A.A.; Shumov, I.D.; Kaysheva, A.L.; Ivanova, I.A.; Ziborov, V.S.; Ivanov, Y.D.; Pleshakova, T.O. Covalent Protein
Immobilization onto Muscovite Mica Surface with a Photocrosslinker. Minerals 2020, 10, 464. [CrossRef]

23. Ivanov, A.S.; Medvedev, A.; Ershov, P.; Molnar, A.; Mezentsev, Y.; Yablokov, E.; Kaluzhsky, L.; Gnedenko, O.; Buneeva, O.;
Haidukevich, I.; et al. Protein Interactomics Based on Direct Molecular Fishing on Paramagnetic Particles: Practical Realization
and Further SPR Validation. Proteomics 2014, 14, 2261–2274. [CrossRef] [PubMed]

24. Florinskaya, A.; Ershov, P.; Mezentsev, Y.; Kaluzhskiy, L.; Yablokov, E.; Medvedev, A.; Ivanov, A. SPR Biosensors in Direct
Molecular Fishing: Implications for Protein Interactomics. Sensors 2018, 18, 1616. [CrossRef] [PubMed]

https://doi.org/10.1007/978-3-030-12298-0_3
https://www.ncbi.nlm.nih.gov/pubmed/31236839
https://doi.org/10.1074/mcp.R200007-MCP200
https://www.ncbi.nlm.nih.gov/pubmed/12488461
https://doi.org/10.3109/00313027909059049
https://www.ncbi.nlm.nih.gov/pubmed/394110
https://doi.org/10.1155/2017/4309485
https://www.ncbi.nlm.nih.gov/pubmed/28487810
https://www.ncbi.nlm.nih.gov/pubmed/24570828
https://doi.org/10.1039/C8AY00495A
https://doi.org/10.1016/j.ymeth.2011.09.001
https://doi.org/10.2174/0929867311320040001
https://doi.org/10.1074/mcp.M114.041012
https://doi.org/10.1021/ja107583h
https://doi.org/10.1021/acs.analchem.9b01459
https://www.ncbi.nlm.nih.gov/pubmed/31290325
https://doi.org/10.1016/j.jpha.2022.07.002
https://www.ncbi.nlm.nih.gov/pubmed/36605576
https://doi.org/10.1038/s41467-020-17033-7
https://www.ncbi.nlm.nih.gov/pubmed/32699280
https://doi.org/10.1016/j.jpha.2023.04.002
https://www.ncbi.nlm.nih.gov/pubmed/37305782
https://doi.org/10.1002/pmic.200800598
https://www.ncbi.nlm.nih.gov/pubmed/19253286
https://doi.org/10.1134/S1990750813010071
https://doi.org/10.3390/molecules26195979
https://doi.org/10.3390/mi10020129
https://doi.org/10.1002/adma.200801709
https://doi.org/10.3390/ijms24108999
https://doi.org/10.3390/min10050464
https://doi.org/10.1002/pmic.201400117
https://www.ncbi.nlm.nih.gov/pubmed/25044858
https://doi.org/10.3390/s18051616
https://www.ncbi.nlm.nih.gov/pubmed/29783662


Int. J. Mol. Sci. 2024, 25, 409 18 of 18

25. Archakov, A.; Zgoda, V.; Kopylov, A.; Naryzhny, S.; Chernobrovkin, A.; Ponomarenko, E.; Lisitsa, A. Chromosome-Centric
Approach to Overcoming Bottlenecks in the Human Proteome Project. Expert. Rev. Proteom. 2012, 9, 667–676. [CrossRef] [PubMed]

26. Schwanhäusser, B.; Busse, D.; Li, N.; Dittmar, G.; Schuchhardt, J.; Wolf, J.; Chen, W.; Selbach, M. Global Quantification of
Mammalian Gene Expression Control. Nature 2011, 473, 337–342. [CrossRef] [PubMed]

27. Namekar, M.; Kumar, M.; O’Connell, M.; Nerurkar, V.R. Effect of Serum Heat-Inactivation and Dilution on Detection of Anti-WNV
Antibodies in Mice by West Nile Virus E-Protein Microsphere Immunoassay. PLoS ONE 2012, 7, e45851. [CrossRef]

28. Schnaidt, M.; Weinstock, C.; Jurisic, M.; Schmid-Horch, B.; Ender, A.; Wernet, D. HLA Antibody Specification Using Single-
Antigen Beads—A Technical Solution for the Prozone Effect. Transplantation 2011, 92, 510–515. [CrossRef]

29. Weber, T.H.; Käpyaho, K.I.; Tanner, P. Endogenous Interference in Immunoassays in Clinical Chemistry. A Review. Scand. J. Clin.
Lab. Investig. Suppl. 1990, 201, 77–82. [CrossRef]

30. Appler, K.K.; Brown, A.N.; Stewart, B.S.; Behr, M.J.; Demarest, V.L.; Wong, S.J.; Bernard, K.A. Persistence of West Nile Virus in the
Central Nervous System and Periphery of Mice. PLoS ONE 2010, 5, e10649. [CrossRef]

31. Martins, T.B.; Litwin, C.M.; Hill, H.R. Evaluation of a Multiplex Fluorescent Microsphere Immunoassay for the Determination of
Epstein-Barr Virus Serologic Status. Am. J. Clin. Pathol. 2008, 129, 34–41. [CrossRef]

32. Trilling, A.K.; Beekwilder, J.; Zuilhof, H. Antibody Orientation on Biosensor Surfaces: A Minireview. Analyst 2013, 138, 1619–1627.
[CrossRef] [PubMed]

33. Andrade, J.D.; Hlady, V.; Wei, A.P. Adsorption of complex proteins at interfaces. Pure Appl. Chem. 1992, 64, 1777–1781. [CrossRef]
34. Ramsden, J.J. Puzzles and paradoxes in protein adsorption. Chem. Soc. Rev. 1995, 24, 73–78. [CrossRef]
35. Roth, C.M.; Lenhoff, A.M. Electrostatic and van Der Waals Contributions to Protein Adsorption: Computation of Equilibrium

Constants. Langmuir 1993, 9, 962–972. [CrossRef]
36. Zhdanov, V.P.; Kasemo, B. Van der Waals Interaction during Protein Adsorption on a Solid Covered by a Thin Film. Langmuir

2001, 17, 5407–5409. [CrossRef]
37. Prestwich, G.D.; Dormán, G.; Elliott, J.T.; Marecak, D.M.; Chaudhary, A. Benzophenone Photoprobes for Phosphoinositides,

Peptides and Drugs. Photochem. Photobiol. 1997, 65, 222–234. [CrossRef]
38. Chen, X.; Chen, J.; Huang, N. The Structure, Formation, and Effect of Plasma Protein Layer on the Blood Contact Materials:

A Review. Biosurface Biotribology 2022, 8, 1–14. [CrossRef]
39. Brash, J.L.; Horbett, T.A.; Latour, R.A.; Tengvall, P. The Blood Compatibility Challenge. Part 2: Protein Adsorption Phenomena

Governing Blood Reactivity. Acta Biomater. 2019, 94, 11–24. [CrossRef]
40. Arvidsson, S.; Askendal, A.; Tengvall, P. Blood Plasma Contact Activation on Silicon, Titanium and Aluminium. Biomaterials 2007,

28, 1346–1354. [CrossRef]
41. Carter, D.C.; Ho, J.X. Structure of Serum Albumin. In Advances in Protein Chemistry; Elsevier: Amsterdam, The Netherlands, 1994;

Volume 45. [CrossRef]
42. Yamada, K.; Yoshii, S.; Kumagai, S.; Fujiwara, I.; Nishio, K.; Okuda, M.; Matsukawa, N.; Yamashita, I. High-Density and Highly

Surface Selective Adsorption of Protein–Nanoparticle Complexes by Controlling Electrostatic Interaction. Jpn. J. Appl. Phys. 2006,
45, 4259. [CrossRef]

43. Anselm, V.; Novikova, S.; Zgoda, V. Re-Adaption on Earth after Spaceflights Affects the Mouse Liver Proteome. Int. J. Mol. Sci.
2017, 18, 1763. [CrossRef] [PubMed]

44. Cox, J.; Mann, M. MaxQuant Enables High Peptide Identification Rates, Individualized p.p.b.-Range Mass Accuracies and
Proteome-Wide Protein Quantification. Nat. Biotechnol. 2008, 26, 1367–1372. [CrossRef] [PubMed]

45. Cox, J.; Neuhauser, N.; Michalski, A.; Scheltema, R.A.; Olsen, J.V.; Mann, M. Andromeda: A Peptide Search Engine Integrated
into the MaxQuant Environment. J. Proteome Res. 2011, 10, 1794–1805. [CrossRef] [PubMed]

46. Deutsch, E.; Lane, L.; Overall, C.; Bandeira, N.; Baker, M.; Pineau, C.; Moritz, R.; Corrales, F.; Orchard, S.; Eyk, J.; et al. Human
Proteome Project Mass Spectrometry Data Interpretation Guidelines 3.0. J. Proteome Res. 2019, 2019, 4108–4116. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1586/epr.12.54
https://www.ncbi.nlm.nih.gov/pubmed/23256676
https://doi.org/10.1038/nature10098
https://www.ncbi.nlm.nih.gov/pubmed/21593866
https://doi.org/10.1371/journal.pone.0045851
https://doi.org/10.1097/TP.0b013e31822872dd
https://doi.org/10.1080/00365519009085803
https://doi.org/10.1371/journal.pone.0010649
https://doi.org/10.1309/65VKWVNAQ38PHMGQ
https://doi.org/10.1039/c2an36787d
https://www.ncbi.nlm.nih.gov/pubmed/23337971
https://doi.org/10.1351/pac199264111777
https://doi.org/10.1039/cs9952400073
https://doi.org/10.1021/la00028a015
https://doi.org/10.1021/la0104222
https://doi.org/10.1111/j.1751-1097.1997.tb08548.x
https://doi.org/10.1049/bsb2.12029
https://doi.org/10.1016/j.actbio.2019.06.022
https://doi.org/10.1016/j.biomaterials.2006.11.005
https://doi.org/10.1016/S0065-3233(08)60640-3
https://doi.org/10.1143/JJAP.45.4259
https://doi.org/10.3390/ijms18081763
https://www.ncbi.nlm.nih.gov/pubmed/28805685
https://doi.org/10.1038/nbt.1511
https://www.ncbi.nlm.nih.gov/pubmed/19029910
https://doi.org/10.1021/pr101065j
https://www.ncbi.nlm.nih.gov/pubmed/21254760
https://doi.org/10.1021/acs.jproteome.9b00542

	Introduction 
	Results 
	AFM Imaging 
	MS Identification of Proteins in Plasma Solution and Eluates from the AFM Chip Surface 

	Discussion 
	Materials and Methods 
	Experiment Setup 
	Proteins 
	Plasma Sample Preparation 
	Chemicals 
	Modification and Activation of AFM Substrate Surface 
	Fishing the Plasma Proteins 
	AFM Scanning 
	Preparation of the AFM Substrate for Mass Spectrometry Measurements 
	MS Measurements 
	LC-MS Measurements 
	Acquisition of MS Data 
	MS Data Processing 


	Conclusions 
	Appendix A
	References

