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Abstract: Muscovite mica with an amino silane-modified surface is commonly used as a substrate in
atomic force microscopy (AFM) studies of biological macromolecules. Herein, the efficiency of two
different protein immobilization strategies employing either (N-hydroxysuccinimide ester)-based
crosslinker (DSP) or benzophenone-based photoactivatable crosslinker (SuccBB) has been compared
using AFM and mass spectrometry analysis. Two proteins with different physicochemical
properties—human serum albumin (HSA) and horseradish peroxidase enzyme protein (HRP)—have
been used as model objects in the study. In the case of HRP, both crosslinkers exhibited high
immobilization efficiency—as opposed to the case with HSA, when sufficient capturing efficiency
has only been observed with SuccBB photocrosslinker. The results obtained herein can find
their application in commonly employed bioanalytical systems and in the development of novel
highly sensitive chip-based diagnostic platforms employing immobilized proteins. The obtained
data can also be of interest for other research areas in medicine and biotechnology employing
immobilized biomolecules.
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1. Introduction

Surface chemistry plays a crucial role in the development of materials with biological
functionality [1] intended for various medical and biotechnological applications, including fabrication of
sensor chips for biomarker detection [2–4], development of medical implants [2,5] and enzyme catalysis
for wastewater purification [6], food [7–9] and biofuel production [10] etc. In these applications,
the necessary biological functionality of a surface is attained by immobilization of various types
of biomolecules, such as peptides [5,11], enzymes [10,12,13], antibodies [14–17], aptamers [3,18],
glycans [4] etc. That is, the surface to be immobilized with biomolecules must possess chemically active
groups capable of binding with the biomolecules of interest under certain conditions that provide
retaining of their biological activity.

Regarding biomarker detection applications, surface functionalization with biomolecules is often
used in the fabrication of sensor chips used for selective capturing of target marker molecules from the
analyzed sample for their subsequent detection on the sensor chip surface [14,16,17]. This principle of
capturing target molecules from the volume of the analyzed sample onto the solid surface of a sensor
chip was called molecular fishing [14,19]. During the capturing, the chip-immobilized probe molecules
selectively bind the target molecules owing to biospecific interaction [2,17,19]. This principle is widely
used in various types of biosensor systems [20].
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In this field, particular attention is paid to the development of highly sensitive biosensor systems
that allow one to detect target marker molecules at low and ultra-low concentrations [21]. The latter
can be achieved by using biosensor systems based on molecular detectors—such as the atomic force
microscope (AFM), which allows for the detection of biomarkers at the single-molecule level [3,14].
The combination of biomolecular fishing with atomic force microscopy (AFM)-based detection was
called AFM-based fishing [14,22]. It has been recently demonstrated that AFM-based fishing allows one
to detect protein markers of viral hepatitis C in buffer solutions [23] and in human serum samples [3,16].
In the AFM-based fishing, AFM chips with modified (functional) surface are employed. In the case of
biospecific molecular fishing, the active surface of such chips is functionalized with immobilized probe
molecules (typically antibodies or aptamers), and target molecules are captured onto the chip surface
owing to the biospecific interaction with the chip-immobilized probe molecules. Molecular fishing can
also be used for the non-specific capturing of all biomolecules present in the sample. This approach was
called chemical fishing [22]. In this latter case, chips with crosslinker-activated surface are employed.
This approach is promising for the detection of proteins at ultra-low concentrations [22]. In the present
study, the capturing efficiency of crosslinkers, used for the activation of the AFM chip surface, has
been considered.

Unprecedented sensitivity of AFM imposes specific requirements to the materials used as substrates
for AFM sensor chip (AFM chip) fabrication—namely, their surface roughness. Since AFM provides
extremely high (0.1 nm) height resolution of the imaged surface [24], the surface roughness of the sensor
chip surface used in AFM-based biosensor system should generally not exceed 1 nm. In addition,
the surface of the AFM chip must be free of contaminants and easy to prepare [25]. For these reasons,
the list of materials suitable for the fabrication of AFM chips is very limited and includes muscovite
mica, silicon, highly oriented pyrolytic graphite (HOPG) and optically flat glass [24,26]. Among these
materials, muscovite mica (KAl2(OH)2AlSi3O10 [26]) is the most attractive, as its laminate structure
allows simple and fast obtaining of clean and, at the same time, atomically smooth surfaces without
the need for additional procedures [26]. The unique smoothness of the mica surface makes it excellent
material for fabrication of AFM chips intended for visualization of single biological macromolecules—in
particular, globular proteins. At the same time, glass can be employed for visualization of elongated
biomolecules, such as DNA [25].

It is known that both mica and glass pertain to silicates [26–28]. The surfaces of both mica and
glass, however, lack any chemically active groups that could be used for direct covalent attachment
of biological probe molecules. Moreover, another requirement to the AFM chip surface consists in
that a sufficiently strong interaction between the chip surface and the probe molecules should be
provided [25,26]. In some experimental techniques, such as AFM visualization of DNA molecules [29],
physical adsorption of biomolecules of interest onto bare mica surface is sufficient. At the same
time, immobilization of mica surface with probe molecules for its further use as sensor chip in
biomolecular AFM-based fishing requires additional functionalization of this surface to provide
chemical groups that can be linked with probe biomolecules-such as proteins (antibodies) or nucleic
acids (aptamers). In this respect, treatment with various silanes (silanization) has become a commonly
used approach to the functionalization of silicates, including mica and glass surfaces. For this
purpose, 3-aminopropyltriethoxysilane (APTES) is employed most frequently [29–35]. The approach
employing APTES was proposed by Lyubchenko et al. in one of the pioneer works considering
mica silanization [30]. A number of scientific groups have demonstrated excellent suitability
of APTES-modified mica for covalent or non-covalent immobilization of DNA [25,29,31–33] and
protein [14,16,18,34,35] macromolecules in AFM studies.

While for DNA macromolecules, the interaction with the amino mica surface was shown to
be sufficiently strong even in the case of non-covalent adsorption [25,29,31], attachment of protein
macromolecules (particularly if they are employed as molecular probes in chip-based AFM analysis)
often requires covalent immobilization onto this surface. For this purpose, various additional
crosslinking agents, which are capable of reacting with functional groups of both the protein to be
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immobilized and the chip surface, are commonly employed [36]. Below, we will consider the protein
immobilization approaches onto amino silane-modified surfaces of AFM substrates in some more detail.

For this purpose, one can use either bifunctional crosslinkers or two-component systems.
Regarding the latter, a system containing a mixture of N-hydroxysuccinimide, NHS (or its better soluble
analogue N-hydroxysulfosuccinimide sodium salt, sulfo-NHS) with 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide, EDC (commonly known as NHS/EDC chemistry) is widely employed. An advantage of
using NHS/EDC is its universality, as with this chemistry proteins can be immobilized onto a surface
with either carboxylic [37,38] or primary amine [15,39] functionality, depending on immobilization
conditions. Another advantage of using this chemistry is that preliminary activation of the substrate
surface is not mandatory. That is, a mixture of NHS/EDC solution with macromolecules to be
immobilized can be directly applied onto the substrate surface. However, since NHS/EDC chemistry
activates carboxylic groups of proteins directly in solution, this often leads to an undesired formation of
large covalently cross-linked aggregates of proteins, which are immobilized onto the substrate surface
instead of single protein molecules. If the substrate surface bears carboxylic functionality, this issue can
be simply avoided by preliminary activation of the surface with NHS/EDC [38]. Amino silane-modified
mica is not the case. This is a serious disadvantage of using NHS/EDC system for immobilization of
proteins intended for use as molecular probes in chip-based analysis, particularly so highly sensitive
one as AFM.

Bifunctional crosslinkers for protein immobilization can be divided into several types depending
on their chemical type. Glutaraldehyde is one of such crosslinkers, which is widely used for
protein immobilization onto sensor surfaces bearing primary amine groups [40]. However, action of
glutaraldehyde on amino silane surface leads to a significant increase in its roughness, as was clearly
demonstrated by AFM in the study by Carvalho et al. [41]. Moreover, it is to be noted that upon
using glutaraldehyde, protein attachment to an amino-functionalized surface occurs via formation
of Schiff bases. The Schiff bases are known to be unstable under acidic conditions, what leads to
their destruction and corresponding loss of the biological functionality of the surface [40]. The latter
issue can be avoided by using borohydrides as reducing agents [40,42]. Nevertheless, it should be
emphasized that borohydride may affect the functional activity of the immobilized protein due to the
undesired cleavage of disulfide bonds within the protein macromolecules [42]. This is particularly
important in the case when enzymes are to be immobilized [43,44].

Another type of bifunctional crosslinkers is represented by N-hydroxysuccinimide esters.
They are capable of reacting with primary amine groups, and can accordingly be well employed for
covalent attachment of biomacromolecules with available primary amine groups onto amino silane
surfaces [36]. Dithiobis(succinimidyl carbonate) (DSC), dithiobis(succinimidyl propionate) (DSP),
and dithiobis(sulfosuccinimidyl propionate) (DTSSP) are commonly used N-hydroxysuccinimide
crosslinkers [42]. In this way, we previously demonstrated successful use of DSC for covalent capturing
of horseradish peroxidase (HRP) protein from 10−17 M aqueous solution onto APTES-modified
mica. Application of chemical AFM-based fishing allowed us to detect HRP in solution at ultra-low
concentration [22].

Nevertheless, upon using (N-hydroxysuccinimide ester)-based crosslinkers, a competing reaction
of hydrolysis of active succinimide groups occurs [36], what causes their degradation and corresponding
decrease in surface density of immobilized probe molecules on the chip surface. Since the latter is
a critical point in chip-based AFM analysis, susceptibility of succinimide groups to hydrolysis is a
disadvantage of using (N-hydroxysuccinimide ester)-based crosslinkers.

Another type of crosslinkers is photocrosslinkers. These compounds bear a functional group that
can be activated by irradiation with light of a certain wavelength, and, in the activated state, is capable
to covalently bind proteins.

One type of photocrosslinkers is represented by aryl azides [36]. It is interesting to note that
a photocrosslinker with aryl azide functionality was employed in one of the very first techniques
of protein immobilization onto an amino silane surface; this technique was proposed in 1993 by
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Karrasch et al. [45]. These authors have developed a protocol of in situ treatment of APTES-modified
glass surface with a photoactivatable N-5-azido-2-nitrobenzoyloxysuccinimide crosslinker. After such
a treatment, photoreactive azide functional groups were exposed on the glass surface. Despite the
latter became hydrophobic after the treatment, the authors demonstrated successive immobilization of
proteins for their subsequent study by AFM. The main disadvantage of using crosslinkers with aryl
azide functionality is the irreversible photoactivation of azide groups, while the lifetime of azide group
in activated state (nitrene) is short (of the order of 10−13 s [46]). That is, if an activated azide group does
not interact with a macromolecule of protein to be immobilized, its functionality is lost irreversibly.
Another disadvantage of using aryl azides is that their maximum activation wavelength is often less
than 300 nm, which can result in damage of the biomolecules to be immobilized [47]. To minimize
damage to the biomolecules, light bandpass filters should be employed.

Benzophenone-type photocrosslinkers are devoid of the disadvantage regarding the irreversible
loss of functionality typical for aryl azides. 4-benzoylbenzoic acid N-succinimidyl ester (SuccBB) is
a typical representative of this type of photocrosslinkers. This crosslinker contains benzophenone
residue, which readily reacts with proteins upon irradiation [47,48]. Moreover, activated benzophenone
group does not degrade irreversibly, if it is not involved in bond formation; unreacted benzophenone
can be photolyzed again to form a covalent bond with a protein [42,49]. The photoactive groups are
excited at a wavelength of 350 to 370 nm. This is another significant advantage of benzophenone-type
photocrosslinkers, since irradiation at this wavelength does not damage biological macromolecules [47].
Moreover, another significant advantage of benzophenone-type crosslinkers over aryl azides is the
lifetime of their active group in excited state, which can reach 80 to 120 µs, what is 7 orders of
magnitude longer than that of nitrene group in case of aryl azides [48]. Application of benzophenones
for mapping the conformations of flexible chains in solution, micelles, and membranes [50], and for
mapping nucleotide binding sites in ATPases [51] was demonstrated. In [52], Prestwich et al. showed
that benzophenone-type crosslinkers have higher crosslinking yields in comparison with aryl azides.
Tsai et al. [53] demonstrated that use of APTES-modified glass chips, treated with SuccBB and BSA,
allows for covalent attachment of target proteins without breaking their structural conformation. In this
way, an immunoassay can be performed on the substrate surface. By AFM, Wu et al. [54] demonstrated
that the immobilization efficiency of bovine serum albumin onto APTES-modified quartz is much
higher upon using benzophenone crosslinker—in comparison with that upon using maleic anhydride.

Herein, AFM has been employed to perform a comparative study of the protein binding efficiency of
two different types of crosslinkers—succinimide crosslinker (DSP) and benzophenone photoactivatable
crosslinker (SuccBB). In our experiments, we have studied the efficiency of protein capturing onto
APTES-modified muscovite mica surface, activated with either DSP or SuccBB crosslinkers, from
low-concentration (nanomolar, 10−9 M) aqueous solutions of two model proteins with different
physicochemical properties: horseradish peroxidase (HRP) and human serum albumin (HSA).
The nanomolar protein concentration has been selected, since this concentration range is of interest for
analytical proteomics applications—such as highly sensitive AFM-based protein fishing [22].

Horseradish peroxidase (HRP) represents a heme-containing enzyme with a molecular weight of
40 to 44 kDa [55,56]; HRP macromolecule contains 18% to 27% of carbohydrate chains, which stabilize
its structure [56–58]. Despite several isoforms of this enzyme are known, C-isoforms are the most
abundant ones. The isoelectric points (pI) of C1 and C2 isoforms are 9.4 and 9.68, respectively [59].

Human serum albumin (HSA) is a globular protein with a molecular weight of ~66.4 kDa [60] and
isoelectric point pI = 4.7 to 5.1 (depending on the amount of bound fatty acids) [61].

In our previous study [22], with the example of HRP model protein, the preliminary chemical
activation of the AFM chip surface was demonstrated to be an efficient way to capture the protein from
its solution with ultra-low (subpicomolar) concentration. Herein, two different types of crosslinkers
have been employed for capturing the model proteins from their low-concentration (nanomolar)
solutions onto the crosslinker-activated surface of the AFM substrate. At that, we have intentionally
selected two proteins—HRP and HSA—whose properties are quite different. The sizes of HRP and
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HSA are comparable, and this has been expected to help us to clearly demonstrate how the difference
in their properties influences the capturing efficiency.

The elaboration of efficient protein immobilization strategies is a crucial step in the development of
novel biosensor systems employing a combination of chip-based analysis (involving chip-immobilized
probe molecules) with ultra-sensitive molecular detectors. Such highly sensitive chip-based biosensor
systems are in great demand for use in early diagnostics of diseases in human. The results obtained
herein can also find their application in other research areas in medicine and biotechnology employing
immobilized biomolecules.

2. Materials and Methods

2.1. Proteins

Peroxidase from horseradish (HRP) was purchased from Sigma (Cat.# 6782; St. Louis, MO,
USA). Human serum albumin (HSA Standard) was purchased from Agilent (Santa Clara, CA, USA).
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.

2.2. Chemicals

Dithiobis(succinimidyl propionate) was purchased from Pierce (Waltham, MA, USA);
4-benzoylbenzoic acid (N-succinimidyl ester) (SuccBB) was purchased from Invitrogen (Carlsbad, CA,
USA); 3-aminopropyltriethoxysilane (APTES) was purchased from Acros Organics (Fair Lawn, NJ,
USA). Dimethyl sulfoxide (DMSO) was purchased from Sigma (St. Louis, MO, USA). Emulgen 913
was purchased from Kao Atlas (Osaka, Japan). Acetonitrile was purchased from Merck (Darmstadt,
Germany). Ethanol (96%, v/v) was purchased from Reakhim (Moscow, Russia). Peptide calibration
standards, 3-fluoroacetic acid and ammonium bicarbonate were from Sigma (St. Louis, MO, USA);
α-cyano-4-hydroxycinnamic acid and was from Acros Organics (Fair Lawn, NJ, USA).

Ultrapure deionized water used throughout the study was obtained with a Millipore Simplicity
UV deionizer (Millipore, Molsheim, France).

2.3. Modification and Activation of AFM Substrate Surface

Muscovite mica sheets (SPI, West Chester, PA, USA) cut into 7 mm × 15 mm pieces were used
as a material for AFM substrates. The surface modification of the muscovite mica substrates with
APTES was carried out by the vapour deposition method developed by Yamada et al. [62]. Figure 1
schematically illustrates the main steps of activation of amino mica substrate surface with either DSP
or SuccBB crosslinker and subsequent immobilization of a protein under study (HRP or HSA).
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Figure 1. Schematic representation of activation of amino mica substrate surface with a crosslinker
and subsequent immobilization of a protein under study onto the activated surface. Panels (A) and
(B) show structural formulae of DSP and SuccBB, respectively. Panels (C) and (D) schematically
illustrate modification of the substrate surface with DSP and SuccBB, respectively, and subsequent
immobilization of protein onto the activated surface. 1—amino mica surface; 2—crosslinker-activated
substrate surface; 3—substrate surface with immobilized protein. Functional groups of compounds
directly involved into chemical reactions on the surface are shown in red. Blue circles indicate protein
macromolecules: horseradish peroxidase (HRP) or human serum albumin (HSA).

In case of activation of the substrate surface with DSP crosslinker (Figure 1A), 1.2 mM solution of
DSP in DMSO:EtOH (1:1) was mixed with Dulbecco’s modified phosphate buffered saline (PBS-D;
50 mM, pH 7.4) in 1:1 ratio (v/v), and then immediately dispensed onto the AFM substrate surface.
After a 10 min incubation of the crosslinker solution on the substrate surface, the substrate was washed
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in 1 mL of 50% (v/v) ethanol for 10 min and dried in nitrogen stream. The so-prepared AFM substrates
were immediately used for protein immobilization.

In case of SuccBB crosslinker (Figure 1B), 3.1 mM solution of SuccBB in DMSO was dispensed
onto the AFM substrate surface and incubated thereon for 30 min at room temperature. After the
incubation, the AFM substrate was washed once in 1 mL of DMSO:EtOH (1:1) at 50 ◦C for 30 min,
and then twice in 1 mL of 50% (v/v) ethanol for 30 min. After washing, the AFM substrate was dried in
nitrogen stream and was ready for protein immobilization.

2.4. Covalent Immobilization of Protein

In case of DSP-activated surface, the AFM substrate was incubated in 1 mL of 10−9 M aqueous
solution of either HRP or HSA in a rotating cuvette at 25 ◦C and 600 rpm for 60 min (Figure 1C).

In case of SuccBB-activated surface, the AFM substrate was incubated in 1 mL of 10−9 M aqueous
solution of either HRP or HSA in a rotating cuvette upon UV irradiation at 25 ◦C and 600 rpm for
60 min (Figure 1D). The irradiation was carried out with an array of eighteen U330A4V138Z2 UV LEDs
(Bytech Electronics CO., Zhongshan, China), and the UV light parameters were as follows: wavelength
360 to 370 nm, radiation power ~75 mW. The distance between the cuvette and the UV light source
was 2 cm.

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

Control experiments were carried out as described above, but with following differences:
(1) To estimate the amount of non-protein particles adsorbed onto the surface, crosslinker-activated

AFM substrates were incubated in protein-free solution (Control 1);
(2) To estimate the amount of non-specifically (i.e., non-covalently) adsorbed protein

macromolecules, the AFM substrates, whose surface was not activated with a crosslinker, were
incubated in either HRP or HSA solutions (Control 2).

2.5. AFM Scanning

AFM scanning was performed with a Dimension FastScan Bio atomic force microscope (which
pertains to the equipment of “Human Proteome” Core Facility of the Institute of Biomedical Chemistry,
Moscow, Russia, supported by Ministry of Education and Science of Russian Federation, agreement
14.621.21.0017, unique project ID RFMEFI62117X0017) (Bruker, Billerica, MA, USA) in ScanAssist mode
using AppNano cantilevers (AppNano, Mountain View, CA, USA). The scan size was 5 µm × 5 µm,
the number of scans was no less than n = 16, and the total scanned area was no less than Sscan = 400 µm2.
The results of the measurements are presented in the form of 2D images. In a 2D mode, the height of
visualized objects is indicated with a single colour of variable intensity. Height, expressed in nanometer
units, is the measured parameter of the visualized objects. The height measurement accuracy was
0.1 nm.

2.6. Processing of AFM Images

Processing of AFM images was performed using an AFM data processing software developed in
Institute of Biomedical Chemistry (Rospatent registration No. 2010613458) as described elsewhere [3].
The height of AFM-registered objects was the main criterion of determination of their size [24,63].

2.7. Preparation of the AFM Substrate for Mass Spectrometry Measurements

Previously, in our studies considering the protein detection at ultra-low (10−9 M and lower)
concentrations in solutions and in biological fluid samples (serum), we have selected optimal conditions
for the hydrolytic digestion of proteins on the surface of an AFM chip [18,64,65].

In both working and control experiments, the trypsinolysis of protein objects was performed
directly on the surface of AFM substrates, onto which 70 µL of incubation solution including 1%
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acetonitrile (0.7 µL), 0.1 µM of modified trypsin (1.75 µL) in 100 mM bicarbonate buffer (pH 7.4) were
added. This was followed by desalination of the so-obtained mixture containing peptide fragments
using ZipTip C18 tips (Millipore, Temecula, CA, USA) according to the manufacturer’s protocol
supplied to the time-of-flight (TOF) mass-spectrometer for measurements [64,66].

2.8. Mass Spectrometry Measurements

2.8.1. MALDI-TOF Measurements

Protein identification was carried out using Autoflex III TOF mass-spectrometer (Bruker Daltonik
GmbH, Bremen, Germany) equipped with nitrogen laser with an emission wavelength of 337 nm.
Calibration of the mass spectrometer was performed using a peptide calibration standard for positive
ions in the reflector mode with a voltage of 3.5 to 4.0 kV. The recorded mass spectrum was 750 to
3000 m/z with a pulse delay time of 200 ns. The peptide calibration standard included the following
peptides (the corresponding monoisotolic single-protonated ionic mass of each peptide is shown
in brackets): bradykinin (757.3992 Da), angiotensin II (1046.5420 Da), angiotensin I (1296.6853 Da),
R peptide (1347.7361 Da), bombesin (1619.8230 Da), renin (1758.9326 Da), ACTH fragment 1–17
(2093.0868 Da), ACTH fragment 18–39 (2465.1990 Da), and somatostatin (3147.4714 Da). The spectrum
analysis excluded the peaks of matrix and trypsin autolysis. The mass spectrum was accumulated in
auto mode until the sample spread onto the target was exhausted (typically 50,000 shots). To obtain
mass spectra of the samples, the hydrolyzed mixture was mixed with excessive matrix (HCCA in 50%
acetonitrile solution in 0.7% TFA) at a ratio ranging from 1:1000 to 1:10,000, and the resulting mixture
was spread onto a MTP AnchorChip 384 target [64,66].

The mass spectra were processed with flexAnalysis 2.0 software (Bruker Daltonik GmbH, Bremen,
Germany). The protein identification was performed with Mascot proteomic search engine (http:
//www.matrixscience.com) using the protein sequencing data library SwissProt_2012. The following
search options were selected: taxonomic group was human or eukaryotes; two missed hydrolysis sites;
the acceptable measurement accuracy of monoisotopic masses was less than 150 ppm; methionine
oxidation was indicated as a possible modification [64,66].

2.8.2. Selected Reaction Monitoring MS (SRM-MS) Measurements

The SRM experiments were performed with an Agilent 6495 Triple Quadrupole LC/MS system
(Agilent, Santa Clara, CA, USA) equipped with a nano-electrospray ionization source. Samples with
a volume of 1 µL were injected into the nano-chromatographic column of a Zorbax 40 chip system.
The column dimensions were 75 µm × 43 mm × 5 µm (NL SB-C18 column). The separation of peptides
was conducted using solution A (0.1% formic acid in deionized water) and solution B (0.1% formic acid
in 90:10 acetonitrile: deionized water, v/v). Elution of peptides from the chromatographic column was
carried out in a gradient of solution B from 0% to 80% for 80 min according to the following scheme:
0 min, 5% solution B; 45 min, 45% solution B; 60 min, 100% solution B; and 75 min, 5% solution B.

The flowrate through the capillary pump was constant (3 µL/min), and the flowrate through the
nanopump was 0.3 µL/min. The sample separation was conducted on a nanoLC column (Zorbax RRHD,
50 mm × 0.2 mm, 60 µm particles, 100 Å pore size; Agilent, Santa Clara, CA, USA). The ionization
voltage was 19 kV; Q1 and Q3 resolution was 0.7.

Each concentration point was measured in three technical replicates. The control was performed
before each measurement. The cut-off line between the signal and the noise was taken as 30 absolute units.

3. Results

On the first step of the study, control experiments have been performed. In the control experiments,
the AFM substrate, whose surface was preliminarily activated with either DSP crosslinker or SuccBB
photocrosslinker, was incubated in protein-free ultrapure water (Control 1). Figure 2 displays typical
AFM images obtained in these control experiments. As one can see from these images, the number of

http://www.matrixscience.com
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objects with >1 nm height, visualized after the incubation of either DSP-activated of SuccBB-activated
substrate in protein-free water, does not exceed the noise level (which makes up ~30 objects per
25 µm2 [22]).
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3.1. Immobilization of HRP

Figure 3 displays typical AFM images obtained in working experiments on the immobilization of
HRP onto DSP-activated amino mica surface (Figure 3A), and in control experiment with non-activated
amino mica (Figure 3B).
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(B) APTES-modified mica in 10−9 M HRP solution. Yellow arrow indicates the fragment of a layer-like
structure, and blue arrow indicates aggregate structures, which have been attributed to layers of
immobilized HRP molecules, since no such objects were observed in control experiments.

As seen from Figure 3A, both layer-like and extended aggregate structures are visualized after
immobilization of HRP onto the DSP-activated substrate surface. Extended objects of significant
lateral sizes, whose height exceeds 1 nm, have been attributed to layer-like structures. In Figure 3A,
an example of such layer-like structure is indicated with yellow arrow. The height of layer-like
structures makes up 1.6 to 5 nm. The objects of compact shape with heights greater than 5 nm have been
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attributed to aggregate structures. The lateral sizes of such aggregate structures were small, and their
heights reached ~10 nm. An example of such structure is indicated by blue arrow in Figure 3A.

At the same time, in the control experiment with non-activated substrate, neither layer-like nor
extended aggregate structures were observed on the substrate surface (Figure 3B; Control 2), and the
number of visualized objects with height >1 nm amounted to ~207 particles per 400 µm2—what is
comparable with the noise level determined for AFM-based fishing in [22]. Accordingly, layer-like and
extended aggregate structures, visualized in working experiments, can be attributed to HRP oligomers
covalently immobilized on the DSP-activated surface. By dynamic light scattering, Ignatenko et al.
demonstrated that native HRP can form dimeric and higher-order oligomeric aggregates, whose size
in solution is typically ~13 nm, but can reach ~170 nm [67]. In this connection, it is the HRP oligomers
that are visualized by AFM as ~10-nm-high compact aggregate structures. The formation of extended
layer-like structures on the AFM substrate surface can be explained by the influence of protein-surface
interactions. The layer-like structures are apparently formed by predominantly dimeric aggregates
of HRP.

To unambiguously identify the proteins, captured onto the AFM substrate surface, one can use
various methods (mass spectrometry, immunoassay-based ones, etc.). In our present study, mass
spectrometry has been employed.

MS analysis was performed for all samples obtained after AFM experiments with HRP. HRP protein
was revealed by MALDI-MS neither in working nor in control experiments. The decrease of MALDI-MS
analysis sensitivity in the case of HRP identification (as compared with HSA identification, see Section 3.2
below) is probably explained by the following factor. In theory, there are several (about 30) tryptic
fragments for HRP, while for HSA there are more than 90 fragments [68]. Thus, it was necessary to
employ a more sensitive triple quadrupole type mass spectrometer. This MS device allowed us to
identify HRP fragments in the samples obtained after AFM experiments with capturing of HRP from
10−9 M solution.

Selected reaction monitoring (SRM) MS approach allowed us to reliably identify HRP fragments
on the surface of DSP-activated amino mica incubated in 10−9 M HRP solution (Table 1).

Table 1. The list of transitions for selected reaction monitoring (SRM) analysis, obtained in experiments
with DSP-activated (working experiment) and non-activated (control experiment) AFM substrate
surface incubated in 10−9 M HRP solution.

Experiment Peptide Sequence Parent
Ion (m/z)

Fragment
Ion (m/z) RT* Height Width Area CE*

working

YYVNLEEQK 593.293 760.384 8.97 570 0.07 2601 23.3
TPTIFDNK 468.245 737.383 8.60 776 0.073 3833 19
DTIVNELR 480.261 630.357 9.57 7212 0.068 32205 16.5

DAFGNANSAR 511.736 689.333 4.93 2159 0.061 8683 22.1

control

YYVNLEEQK 593.293 859.452 0 0 0 0 23.3
TPTIFDNK 468.245 737.383 0 0 0 0 19
DTIVNELR 480.261 630.357 0 0 0 0 16.5

DAFGNANSAR 511.736 689.333 0 0 0 0 22.1

CE*, collision energy; RT*, retention time.

The obtained SRM MS data indicated that 10−9 M concentration was sufficient for the identification
of the target objects (HRP molecules) captured onto the DSP-activated substrate surface. MS analysis
of the samples obtained in control experiments indicated the absence of the target protein on the AFM
substrate surface.

Similar measurements were performed for the studied proteins using SuccBB photocrosslinker.
Figure 4 displays typical AFM images obtained in working experiments on immobilization of HRP
onto SuccBB-activated amino mica surface, and in control experiment with non-activated amino mica.
Both working and control experiments were carried out upon UV irradiation at a wavelength of 360 to
370 nm.
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Figure 4. Typical AFM images obtained after incubation of SuccBB -activated (A) and non-activated
(B) APTES-modified mica in 10−9 M HRP solution upon UV irradiation.

As seen from Figure 4A, a major amount of the visualized objects represents extended structures
with a height of ~1.4 ± 0.2 nm. At the same time, such structures were not observed in control
experiment with non-activated substrate (Figure 4B; Control 2), while the number of visualized objects
made up ~312 particles per 400 µm2—which is comparable with the noise level [22]. Accordingly,
extended structures visualized in working experiments can be attributed to HRP aggregates, which are
covalently immobilized on the SuccBB-activated surface.

To confirm the presence of HRP on the substrate surface, SRM-MS measurements were performed
analogously to the above-described case with DSP-activated substrates. This approach allowed us to
reliably identify HRP fragments on the surface of SuccBB-activated amino mica incubated in 10−9 M
HRP solution (Table 2).

Table 2. The list of transitions for SRM analysis, obtained in experiments with SuccBB-activated
(working experiment) and non-activated (control experiment) AFM substrate surface incubated in 10−9

M HRP solution.

Experiment Peptide Sequence Parent Ion
(m/z)

Fragment
Ion (m/z) RT* Width Area CE*

working

YYVNLEEQK 593.293 760.384 8.69 0.071 140 23.3
TPTIFDNK 468.245 737.383 8.339 0.071 230 19
DTIVNELR 480.261 630.357 9.364 0.079 3652 16.5

DAFGNANSAR 511.736 689.333 4.704 0.072 2308 22.1

control

YYVNLEEQK 593.293 859.452 0 0 0 23.3
TPTIFDNK 468.245 737.383 8.355 0.011 3 19
DTIVNELR 480.261 630.357 9.34 0.088 17 16.5

DAFGNANSAR 511.736 689.333 0 0 0 22.1

CE*, collision energy; RT*, retention time.

The obtained SRM MS data indicated that 10−9 M concentration was sufficient for the identification
of the target objects (HRP molecules) captured onto the SuccBB-activated substrate surface. MS analysis
of the samples obtained in control experiments indicated the absence of the target protein on the AFM
substrate surface.

As seen from Table 2, in the control experiments, mass spectrometric signals, whose m/z
characteristics and retention times correspond to those of the target peptides, were registered for
two of four peptides. However, their intensities, chromatographic peak areas and chromatographic
peak shapes (data not shown) are insufficient for their unambiguous identification and are at the
level of technical noise. Such insignificant background signal can be caused by possible presence of
impurities in the studied protein preparations and components of application and elution buffers in
chromatographic tubing fittings.
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3.2. Immobilization of HSA

Figure 5 displays typical AFM images obtained in working experiments on immobilization of
HSA onto DSP-activated amino mica surface. As seen from this Figure 5A, neither compact objects nor
layer-like or aggregate structures are virtually observed on the visualized surface—as opposed to the
case with HRP protein. The image obtained in control experiment with non-activated substrate has
similar appearance (Figure 5B; Control 2).
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Upon analysis of the obtained AFM images, the amount of the registered objects did not exceed
that corresponding to the noise level of 500 objects per 400 µm2 [22]. This indicates immobilization
inefficiency under the experimental conditions.

MS analysis of the samples obtained in the control experiments also confirmed the absence of
immobilized target protein on the AFM substrate surface. The results of the MS analysis did not allow
us to identify the target HSA protein on the surface of DSP-activated amino mica (data not shown).

Figure 6 displays typical AFM images obtained in working experiments on immobilization of HSA
onto SuccBB-activated amino mica surface, and in control experiments with non-activated substrates,
upon UV irradiation.
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As seen from Figure 6, an 1.4 nm-thick layer is visualized on the surface of SuccBB-activated
AFM substrate after its incubation in HSA solution (Figure 6A). Since no such layer was visualized in
control experiments (Figure 6B; Control 2), its formation in working experiments can be attributed
to immobilized HSA. Our data is in agreement with that obtained earlier by Kowalczyk et al. [69].
Kowalczyk et al. [69] reported the AFM-measured thickness of covalently immobilized HSA molecules
to be 3 ± 0.2 nm.

MS analysis of the samples obtained in control experiments showed that the target protein is not
adsorbed onto the AFM surface. Thus, the peptide region of the obtained spectra contained no signals
of HSA peptide fragments, while the peaks of trypsin autolysis were registered.

Next, the results of MS analysis have indicated that the target HSA protein could only be identified
on the substrates activated with SuccBB crosslinker. Peptide fragments of HSA were found in all
MS spectra related to these experimental series (Figure 7). Figure 7 displays representative MALDI
spectrum of the hydrolyzed objects captured onto the AFM substrate surface from 10−9 M HSA solution.
Analysis of these spectra allowed reliable identification of HSA protein by 11 peptides with an analysis
reliability of 95%.

Minerals 2020, 10, x FOR PEER REVIEW 13 of 19 

 

As seen from Figure 6, an 1.4 nm-thick layer is visualized on the surface of SuccBB-activated 
AFM substrate after its incubation in HSA solution (Figure 6A). Since no such layer was visualized 
in control experiments (Figure 6B; Control 2), its formation in working experiments can be attributed 
to immobilized HSA. Our data is in agreement with that obtained earlier by Kowalczyk et al. [69]. 
Kowalczyk et al. [69] reported the AFM-measured thickness of covalently immobilized HSA 
molecules to be 3 ± 0.2 nm. 

MS analysis of the samples obtained in control experiments showed that the target protein is not 
adsorbed onto the AFM surface. Thus, the peptide region of the obtained spectra contained no signals 
of HSA peptide fragments, while the peaks of trypsin autolysis were registered.  

Next, the results of MS analysis have indicated that the target HSA protein could only be 
identified on the substrates activated with SuccBB crosslinker. Peptide fragments of HSA were found 
in all MS spectra related to these experimental series (Figure 7). Figure 7 displays representative 
MALDI spectrum of the hydrolyzed objects captured onto the AFM substrate surface from 10−9 M 
HSA solution. Analysis of these spectra allowed reliable identification of HSA protein by 11 peptides 
with an analysis reliability of 95%.  

 
(A) 

 
(B) 

Figure 7. MALDI MS spectra of objects captured onto the SuccBB-activated AFM substrate surface. 
(A) CHSA = 10−9 M; ●, trypsin autolysis peaks; ▲, HSA peptides; S/N, signal-to-noise ratio. (B) Control 
solution without protein: ●, trypsin autolysis peaks. The average square deviation is <150 ppm. S/N, 
signal-to-noise ratio. 

Figure 7. MALDI MS spectra of objects captured onto the SuccBB-activated AFM substrate surface.
(A) CHSA = 10−9 M; •, trypsin autolysis peaks; N, HSA peptides; S/N, signal-to-noise ratio. (B) Control
solution without protein: •, trypsin autolysis peaks. The average square deviation is <150 ppm. S/N,
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4. Discussion

To study the protein capturing onto the surface of AFM substrates, activated with either succinimide
crosslinker (DSP) or benzophenone (SuccBB) photoactivatable crosslinker, we have selected two model
proteins with different physicochemical properties: horseradish peroxidase (HRP) and human serum
albumin (HSA).

Based on the AFM and MS data obtained herein, one can state that activation of amino mica surface
with DSP crosslinker provides efficient immobilization of only HRP enzyme protein—as opposed
to the case with HSA, whose immobilization onto the DSP-activated surface has not been observed.
That is, no objects, that could be attributed to HSA molecules, were observed on the substrate surface.

At the same time, in the case with SuccBB photocrosslinker, the immobilization of both HRP (in
the form of extended aggregate structures) and HSA (in the form of layer fragments) can be considered
to be efficient.

Quite low efficiency of immobilization of HSA onto the substrate bearing succinimide active
groups can be explained by electrostatic effects occurring upon the interaction of HSA molecules with
this surface. It is known that the net charge of a protein molecule depends on the pH of the medium,
and is equal to zero at a pH corresponding to the protein’s isoelectric point (pI). Accordingly, at pH < pI
the protein molecules bear positive net charge, while at pH > pI their net charge is negative. Since pH
of deionized water is slightly acidic (~5.8 [70]), in the absence of buffer salts in aqueous solution, HSA
molecules bear negative net charge. Furthermore, according to the studies reported by Carré et al. [71]
and Mori et al. [72], insignificant negative charge is present on the mica surface in the centers free
from succinimide groups owing to the presence of SiO− groups. Considering the possible influence of
amino silane layer on the substrate surface, it is to be emphasized that the zeta potential of quartz
surface (which also represents a silicate, similar to mica) is negative at pH>3 even in the presence
of amino silane layer on it [62]. Moreover, as was noted in the introduction, the desired reaction of
aminolysis of the captured protein is accompanied by the concurrent side reaction of hydrolysis of
succinimide active groups. The latter process becomes dominant when protein concentration is low
and pH is near the physiological one. In this way, a negative charge is also formed on the substrate
surface owing to the hydrolysis of succinimide groups on it [73]. Accordingly, the resulting electrostatic
repulsion between the negatively charged substrate surface and negatively charged HSA molecules can
hinder their approach to this surface, resulting in the absence of immobilized HSA on it. It should be
emphasized that the observed absence of immobilized HSA on the DSP-activated amino mica surface
is in agreement with the previously obtained data on the adsorption of HSA onto amino silane surface
at various pH studied by optical biosensor method [15]. In [15], only a very weak adsorption of HSA
onto amino silane surface was observed at pH 6.0 and 7.4, while the concentration of HSA was 10−8 M,
which is an order of magnitude higher than that used in the present study.

This limiting role of electrostatic interaction between the substrate surface and the protein to be
immobilized also explains high efficiency of HRP immobilization in the case of DSP-activated surface.
Since the pI of C-isoform of HRP is high (pI > 9 [59]), HRP molecules in solution are charged positively,
and are thus readily captured onto the negatively charged substrate surface.

High immobilization efficiency of HSA upon the use of SuccBB photocrosslinker is primarily
associated with the mechanism of the reaction between the protein and the crosslinker itself.
The excitation of the photoactive group of benzophenone is performed at a wavelength of 350
to 370 nm. Upon irradiation, benzophenone generates a triplet ketyl radical, which mainly reacts
with carbon-hydrogen (C–H) bonds in the protein, which are inactive when other crosslinkers are
employed [74]. Thus, the reaction with SuccBB does not require the presence of certain functional
groups in the protein, as was the case with amine groups upon the reaction with DSP. In this way,
this distinctive feature of benzophenone-type crosslinkers allows immobilization of highly glycosylated
proteins (and HRP is just the case [56–58]) and carbohydrates [75,76], when immobilization via primary
amine groups can be difficult or is impossible. This favourable circumstance significantly increases the
number of binding centers of the biomolecule with the active groups of the substrate surface. Of course,
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since such non-selective binding may affect the biological functionality of the immobilized proteins, it
should be monitored after the immobilization.

Moreover, the SuccBB-activated surface retains its binding properties for a long time owing to the
absence of degradation of active groups during a long-term storage. The undoubted advantage is the
reversibility of SuccBB photoactivation [74]. This allows for the multiple excitation with a long-wave
UV light, what can be used for long-continued incubation. The latter is in demand for protein capturing
from low-concentration solutions. Again, one more advantage of SuccBB photocrosslinker is that the
required wavelength of the excitation UV light (350 to 370 nm) allows one to avoid damage to the
protein structure [47,50].

The results obtained herein can be useful in the development of novel highly sensitive diagnostic
platforms employing immobilized proteins. The obtained data can also be of interest for other research
areas in medicine and biotechnology employing immobilized biomolecules.

5. Conclusions

Herein, the immobilization of two different proteins (HRP and HSA) onto the APTES-modified
muscovite mica surface with succinimide and benzophenone crosslinkers (DSP and SuccBB) has been
studied by AFM.

By using a combination of AFM with mass spectrometry analysis, both crosslinkers have been
shown to be efficient for immobilization of HRP. In the case with HSA, only SuccBB photocrosslinker
exhibited sufficient capturing efficiency. Inefficient immobilization of HSA upon using DSP can
be explained by electrostatic repulsion effects, which hinder the approach of HSA molecules to the
substrate surface.

Future studies will be aimed at determination of the sensitivity of photochemical protein fishing
using the SuccBB crosslinker for detection of proteins at ultra-low concentrations.

The results obtained herein can find their application in commonly employed bioanalytical
systems and in the development of novel highly sensitive chip-based diagnostic platforms employing
immobilized proteins. The obtained data can also be of interest for other research areas in medicine
and biotechnology employing immobilized biomolecules.
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