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Abstract—The probes for atomic force microscopy (AFM) functionalized by bovine serum albumin (BSA)
were obtained; they can be used for molecular recognition studies. The procedure of modification and
functionalization of the AFM probe included three stages. First, amino probes were obtained by modifica-
tion in vapors of amino silane derivative. Then, a covalent bond was formed between the surface amino
groups of the probe and a homobifunctional amino reactive crosslinker. Finally, the probe with a covalently
attached crosslinker was functionalized by BSA molecules. The AFM probes were characterized by force
measurements at different stages of the modification; the adhesion force and the work of adhesion force
were determined. The modification process was confirmed by visualization of BSA and supercoiled
pGEMEX DNA molecules immobilized on the standard amino mica and on amino mica modified by a

crosslinker.
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INTRODUCTION

Atomic force microscopy (AFM) was used to
obtain high-resolution images of DNA, proteins, cells,
and cell organelles [1-5]. AFM was also successfully
applied for direct determination of the forces required
to separate the molecular complexes formed by the
molecules adsorbed on the surfaces of the AFM probe
and substrate. This field of AFM, which enables di-
rect measurement of the forces of interaction between
molecular pairs, was initially termed chemical force
microscopy; it is presently known as single molecule
recognition force microscopy and is a powerful tool
for research at the molecular level [6-10]. Immobili-

Abbreviations. AFM, atomic force microscopy; BSA, bovine se-
rum albumin; PEG, polyethylene glycol; APTES, 3-aminopropyl-
triethoxy silane; DSS, disuccinimidyl suberate; EGS, ethylene gly-
col-bis-(N-hydroxysuccinimide ester of succinic acid).
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zation of the molecules on the surface of an AFM
probe is the key moment in such research.

Functionalization of AFM probes by biomol-
ecules (primarily by proteins) makes it possible to
study the micromechanical characteristics of mole-
cules, macromolecules, and the cell—the forces that
keep proteins within cell membranes. In the case of
probes with immobilized antibodies or other specific
receptors, localization of various proteins, polysac-
charides, and messenger RNA within both the cell
and the cell nucleus can be achieved with nanometer
resolution. For example, since mRNA localization in
different zones of the cytoplasm is an important ele-
ment of posttranscriptional control, a method for in-
vestigating gene expression in single animal cells
without damaging them seriously was developed [11].
The mRNA molecules were extracted from the cell
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with a modified AFM probe pressed to the cell sur-
face; the fragments of specific mMRNA molecules were
then amplified using reverse transcription and, subse-
quently, the polymerase chain reaction.

A broad spectrum of options for modification
and subsequent functionalization of the probe exists;
they imply covalent binding, usually of biomolecules,
to the probe surface. The general scheme of probe
functionalization, performed in two or three stages,
depending on the reagents used, looks as follows:

probe 0 modified probe O
O functionalized probe.

In the present article, an amino probe was used
as the modified probe; an amino probe bound with
BSA macromolecules, as the functionalized probe.

The methods utilizing amino silane derivatives
with subsequent binding of macromolecules via a
flexible cross-linking agent (often polyethylene glycol
derivatives of different molecular mass) are the most
widespread. For example, in [12], an 8-nm linker
based on PEG 800 was used for biotin immobilization
to the probe surface. Each stage of modification a-
lows for several variations. Silanization is a com-
monly used method of probe modification; however,
its applications for long-term measurements are lim-
ited. Absorption of thiol groups on the thin layer of
gold covering the probe surface is used as an aterna-
tive to silanization; it results in formation of covalent
Au-S bonds. Modification by amino groups can be
performed either in the liquid phase, using such re-
agents as ethanolamine, APTES, aminosilatrane,
which yields self-associated monolayers, or in the gas
phase (using APTES) [13].

Functionalized probes must satisfy certain re-
quirements. First of all, to prevent protein removal in
the process of force measurement, a strong, usually
covaent bond must be formed between the probe and
the protein (or linker). Second, the nonspecific adhe-
sion between the probe and the substrate must be min-
imized. Third, protein molecules must retain their na-
tive state, i.e. the ability to bind to the complementary
molecules (ligands) after immobilization on the probe
surface. For the recognition events to be frequent, the
ligand concentration of the surface of the substrate
must be sufficiently high (at least 100 ligands/Cim?).
The possibility of regulating (i.e., decreasing) the
density of immobilized proteinsis also desirable. The
technology of fabricating amino modified micawith a
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regulated surface charge density (i.e, with an in-
creased or decreased surface density of amino
groups), which we developed earlier [14], seems
promising from this point of view.

In the present paper, functionalization of amino
probes was performed with the use of a homobi-
functional amine-reactive linker, with subsequent
BSA immohilization. The functionalized probes were
characterized by atomic force microscopy in the force
measurement mode. In order to verify the maximal
nativity of the functionalized probe, adhesion force,
and the work of the adhesion force, measurements
were performed either after each stage of probe modi-
fication and functionalization, or only after the last
stage of protein binding. The surfaces of unmodified
and functionalized probes are similar in characteris-
tics to the surfaces of freshly cleaved and modified
mica, respectively. Visualization of DNA and BSA
mol ecules immobilized on modified mica was used as
an additional control of functionalization.

EXPERIMENTAL

Probe maodification. The tips were made of sili-
con nitride and covered with gold. For premo-
dification cleaning, the probes were washed with sul-
furic/chromic acid, rinsed thoroughly with ultrapure
water (resistivity ~17 MUO/cm, obtained from a Milli
Q device, Millipore, United States), blown with ar-
gon, and irradiated with high-power short-wave UV
for 45 min. Amino probes (modified probes with the
surface uniformly coated with amino groups) were
manufactured according to [15] by modification with
amino groups in vapors of distilled APTES and
N,N-diisopropyl ethylamine. Immediately after
UV-ozone cleaning, the probes were transferred for 1
h to a 2.5-1 argon-filled glass desiccator containing
APTES and N,N-diisopropyl ethylamine solutions.
The modified probes were stored in the desiccator in
argon. The reagents were purchased from Aldrich
(United States) and Wakenyaku (Japan). APTES dis-
tillation was performed using a modified AB25B-1-2
distillation unit (Kiriyama, Japan) under decreased ar-
gon pressure.

Functionalization of amino modified probes.
Two homobifunctional crosslinkers with aminore-
active esteric groups (NHS-ester) at both ends were
used for the functionalization of amino probes: disuc-
cinimidyl suberate (DSS linker, Pierce, United States)
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and ethylene glycol-bis-(N-hydroxysuccinimide ester
of succinic acid) (EGS linker, Sigma, Japan). Bovine
serum albumin(BSA) was used for the subsequent im-
mobilization. The process of functionalization was
performed in a commercia fluid AFM cell and con-
sisted of the following stages. The amino probes were
mounted in a glass cell, the DSS linker solution
(27002 M in 0.5% triethylamine/chloroform) was
injected, and the probes were incubated for 15 min.
The cell was then washed thoroughly with 200 O of
PBS buffer, and the force plots were recorded for the
system consisting of the amino probe functionalized
with linker and mica (with which the DSS linker can
also interact). The substrate was then replaced with
freshly cleaved mica, and force measurements were
repeated. For BSA immobilization, BSA solution was
injected into the fluid cell and incubated for 5 min;
the cell was then washed with PBS buffer, the sub-
strate was changed with freshly cleaved mica and a
series of force curves was recorded for the probe with
immobilized BSA.

Preparation of DNA and BSA samples for
AFM. Supercoiled pPGEMEX1 DNA (3993 bp) from
Promega (United States) and bovine serum abumin
(the 5th fraction; Pierce, United States) were used in
experiments. Amino mica or linker-functionalized
amino mica were used as substrates. A 10-1 drop of
BSA solution (0.001-0.02 (g/ml in PBS buffer) or of
DNA solution (0.1-1.0 Og/ml in TE buffer) was
placed on a 1 cm? strip of amino mica and incubated
for 2 min. The strip was then washed with deionized
water, blown with argon, and incubated for 20 min
under a pressure of 100 mm Hg.

Force measurements. All the measurements
were performed using a Nanoscope 1V MultiMode
System atomic force microscope (Veeco Instruments
Inc., United States), equipped with a E-scanner and a
commercia fluid cell. The tip deflection-Z position
graphs (tip deflection depending on the distance be-
tween the tip and the mica surfaces, further termed the
force distance plots) were recorded at a vertical scan-
ning frequency of 1Hz and a Z amplitude of
50-200 nm. The force—distance plots were obtained
from the tip deflection—Z position dependence (i.e.,
the scanner position along the Z axis) by the Nano-
scope software package (version 5.12r3, Veeco In-
struments Inc., United States). Most of the force plots
were recorded at a 100-nm amplitude; for this ampli-
tude, the rate of approximation and removal of tip and
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mica surfaces was 200 nm/s. By multiplying this
value by the effective spring constant of the probe, the
loading rates of 2.6 and 5 nN/s were calculated for the
cantilevers with the length of 200 and 100 [m, re-
spectively.

The force plots were recorded in the conven-
tional force-calibration plot mode. The averages of
50-196 force plots for different variants of AFM
probe modification were used to obtain the values of
the adhesion force and the work of adhesion force. A
total of 855 force curves were recorded and analyzed
in this work. The data for 512 points were recorded
for every cycle of force measurements (probe extend-
ing to and retracting from the substrate). All force
measurements were performed with triangular
(V-shaped) OMCL-TR400PSA cantilevers made of
silicon nitride and covered with gold and a thin chro-
mium layer (Olympus Optical Co., Japan). Each chip
contained two long and two short cantilevers with dif-
ferent geometric sizes and, therefore, with different
spring constants. The resonant frequencies of the can-
tilevers were determined using the built-in option of
measuring the cantilever frequency in air (without
taking into account a possible shift in the resonant fre-
guency caused by air damping).

The spring constant for each cantilever was de-
termined by Cleveland's resonant frequency method.
The value of the rigidity constant is proportional to
the cube of the resonant frequency for an unloaded

cantilever [16]:
|:|3
K 020131¢] E[gs, (1)

where K is the spring constant; E, the modulus of
elasticity; [}, the measured resonant frequency; [] the
density of the composite material of the cantilever;
and 0 and I, the width and length of the cantilever, re-
spectively.

The modulus of elasticity and the density of the
cantilever should be known in order to determine K
by Cleveland's method. The modulus of elasticity of
the composite cantilever was determined from the
proportion [17]

Ecant Dhl ESiN DhZ EAu 0 h3 ECr , (2)

h, Oh,0 hy
where Egy =197 and 214 GPa for the 100 and
200 Om cantilevers, respectively; En, = 81 GPa; E¢, =
=288.1 GPa; h; + h, + hs isthe total thickness of the
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cantilever; and hy, h,, and h; are the thicknesses of
SisN,4, Au, and Cr, respectively. The calculated values
of the modulus of elasticity Egy were 197.2 and
182.5 GPa for the long and short cantilever, respec-
tively.

In order to obtain reliable parameters of surface
ionization from the results of AFM measurements, the
quality of material is essential, due to the zwitterionic
nature of silicon nitride surface.

Depending on the conditions of manufacturing
of cantilevers, their stoichiometry and density may
vary within a broad range. We used the value of sili-
con nitride density [y = 2.8 g/lcm?, corresponding to
the stoichiometry N : Si = 1.1 [17]; Ty, = 19.6 g/lcmd,
and [, = 7.2 g/cmq. The value of effective density of
the composite material of the Si;N,-Au-Cr cantilever
was calculated from the proportion [17]:

|:ISiNhl DD Auhzl:l]:I Crh3.
hy, Oh, 0 hs

O (3

cant

According to the manufacturer's information, for
the OMCL-TR400PSA cantilevers, the thickness of
SIN was hgy =400 040 nm, the thickness of the Cr
layer he, =3 nm, and the thickness of the gold layer
ha, = 60 Nnm.

The density of the V-shaped composite cantile-
vers used in this study was 0= 5.00 g/cm?.

The following buffer solutions were used for the
measurements: 10 mM  Tris-HCI, pH 7.6; 1 mM
EDTA (TE buffer); 137 mM NaCl; 2.7 mM KCI;
10 mM NaHPO,; 2mM KH,PO,; and PBS buffer
(pH 7.4).

For force measurements, 200-C0n cantilevers
with the resonant frequency in air f 09-10 kHz were
usually applied. For statistical analysis of the values
of adhesion force and the work of adhesion force, the
Origin software package (version 5, United States)
was used.

Atomic for ce microscopy. The AFM images of
DNA and BSA were captured at room temperature by
the tapping AFM in air in the height mode. The imag-
ing was performed with OMCL-AC 160 TS cantile-
vers (Olympus Optical Co., Japan) with atip resonant
frequency of 340-360 kHz and nominal spring con-
stant of 42 N/m, at a scan line frequency of 3 Hz. Si-
multaneously with the height and deflection signals,
512 1512 pixels images were acquired and processed
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Fig. 1. Force plots (AFM probe defl ection from the scan-
ner position) for (a) unmodified and (b, ) amino modi-
fied probes. Notations: (a, b), cantilever length 200 Om,
TE buffer; (c), cantilever length 100 Om; TE buffer, 1 M
NaCl.

by flattening using the Nanoscope software package
(version 5.12r3, Veeco Instruments Inc., USA).

RESULTS AND DISCUSSION

Individual calibration of the cantilevers that are
used for quantitative measurements is necessary due to
substantial variation of the rigidity constant values for
commercia cantilevers. The rigidity constants calcu-
lated from the proportion (1) were K = 0.025 N/m for
the long (I = 200 [0m) cantilever and K = 0.008 N/m for
the short one (I =200 [0m).

The information concerning the adhesive prop-
erties (elasticity, rigidity) and the total charge of the
interacting surfaces can be derived from the force
graphs (two graphs are obtained in a cycle, one for the
probe approximation to the surface and the other one
for the probe removal). Figure l1a presents the charac-
teristic force graphs for an unmodified probe recorded
in TE buffer. It can be seen that the graphs of probe
approximation and removal nearly coincide. Freshly
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Fig. 2. Functionalization of AFM probes. (a) Unmodified silicon nitride AFM probe and (b) AFM probe with amino groups cov-
eringitssurface. At thefirst stage, the probe surface becomes modified with coval ently bound amino groups after treatment with
the vapors of an amino silanederivative (APTES). (c) Probewith the DSSlinker attached; free amino reactive ends contain NHS
esters. During the second stage, the probe amino groups react with the NHS ester groups of the homobifunctional DSS linking
agent. (d) Probe with BSA molecules covalently attached. The amino reactive groups of the DSS linking agent interact with the

BSA lysine residues.

cleaved mica was used as the substrate. The charac-
teristic bend in the left part of the graph and the ab-
sence of the so-called "probe jump into contact” indi-
cate the same charge of the probe and substrate sur-
faces under these conditions. The total charge of the
unmodified probe is negative, since mica is known to
be negatively charged at neutral pH [18]. In spite of
the presence of endogenous amino groups on the
probe surface (according to the results of [13],
~640 0120 per [0m?), these results confirm the simi-
larity between the surface properties of mica and the
silicon nitride probe, as the oxidized surfaces of both
mica and the probe are covered with OH groups. This
is the reason for which visualization of BSA and

pPpGEMEX DNA immobilized on the modified mica
was used to develop the procedure of functionaliz-
ation and characterization of the modified surface.
The AFM images of protein and pPGEMEX DNA
served as additional controls of probe surface modifi-
cation and provided supplementary data for interpre-
tation of the force graphs.

The characteristic toothlike peak can be seen on
the graph of removal of the amino probe with the sur-
face coating of protonated amino groups. The adhe-
sion force can be determined from the maximal value
of the peak; the work of adhesion force, from its area.
The adhesion force and the work of adhesion force
characterize the quality of probe modification; they

BIOPHYSICS Vol.51 No.2 2006
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Fig. 3. AFM images of supercoiled pGEMEX DNA (3993 bp) immobilized on different substrates. (a) Amino mica. Picture
area, 2 02 Om. (b) Amino micatreated with 0.5% triethylaminein chloroform for 15 min. Picture area, 2 002 [m. Scale bar, 500
nm. (¢) Amino mica treated with 0.5% triethylamine in chloroform for 30 min. Picture area, 2 2 Om. Scale bar, 500 nm. (d)
Amino micafunctionalized by the EGS homabifunctional linking agent (treated with EGS solution in 0.5% triethylamine/chlo-

roform for 5 min). Picture area, 4 04 Om. Scale bar, 1 Tm.

show the force of breaking-off and the work of adhe-
sion force required to disrupt the contact between the
probe and substrate surfaces. The value of adhesion
force for the amino probe in TE buffer determined
from the force graph was F = 103 pN. Screening of
positively charged amino groups in a solution of high
ionic strength (Fig. 1c; | = 1M Na') resulted in a de-
crease of the adhesion force to 93 pN; the adhesive ef-
fect, however, persisted. This relationship between
the ionic strength and adhesion force isin good agree-
ment with the previously obtained results for gold-
covered V-shaped cantilevers with higher rigidity
constants [15].

The genera scheme of probe modification and
subsequent functionalization is shown in Fig. 2. The

BIOPHYSICS Vol.51 No.2 2006

density of molecules on the tip surface is an important
probe characteristic of single molecule recognition
force microscopy. A modified probe with a single re-
ceptor molecule for specific binding with the sub-
strate isthe ideal case. The fact that the APTES mole-
cule interacts with three OH groups on the probe sur-
face is a characteristic feature of probe amino modifi-
cation by APTES (Fig. 2b). Therefore, the number of
amino groups on the surface of the probe treated with
APTES must be significantly less than in the case of a
probe treated using some other procedure, e.g., with
ethanolamine and subsequent formation of self-asso-
ciated monolayers. The number of amino groups on
the surface of the ethanolamine-treated probe was
shown to be 1.5-fold higher than in the case of gas
phase modification by APTES [13]. Accepting that
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Fig. 4. AFM images of bovine serum albumin immobilized on amino mica treated with different reagents. (2) BSA on amino
mica obtained by treatment with APTES vapors. Picture area, 700 0700 nm. (b) BSA on amino mica treated with 0.5%
triethylaminein chloroform for 15 min. Picture area, 2 (012 [m. (c) BSA on amino micatreated with 0.5% triethylaminein chlo-
roform for 30 min. Picture area, 2 02 Om. (d) BSA on amino mica functionalized by EGS homobifunctional linking agent
(treated by EGS solution in 0.5% triethylamine/chloroform for 5 min). Picture area, 4 04 Om.

the number of amino groups on APTES-treated sur-
face is 1730 J200 per Om? [13], we get as many as
27 amino groups on the side surface (i.e, on the
hemispherical surface) for a tip with the radius
R=50nm. In the case of a sharpened tip with a ra-
dius of R=13nm [19, 20], only two amino groups
will be exposed on its side surface. The fact that only
50% of amino groups are active (protonated) should
be aso taken into account.

The application of homabifunctional amino-
reactive linking agents (e.g., DCC) is also intended to
decrease the number of receptor molecules on the
probe surface. Only one variant is shown in Fig. 2c,
namely, the variant with one end of the linker (NHS
ether) interacting with the amino group of the probe,

while the amino groups of lysine residuesin BSA can
interact with the other, free end of the linker. How-
ever, both NHS ends of the linker can bind to the
amino groups of the probe, thereby decreasing the
number of free amino groups on the probe surface.

The linker molecules must meet certain require-
ments. they must (i) have a certain length, (ii) be solu-
ble in solvents used for complex formation with
biomolecules, and (iii) their elasticity must be predict-
able [9].

In the course of preliminary experiments, 0.5%
triethylamine solution in chloroform (vol/vol) was
chosen as the solvent for both linking agents; the re-
sults obtained with the use of another solvent,
dimethyl sulfoxide, are not shown. The amino

BIOPHYSICS Vol.51 No.2 2006
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Fig. 5. Force plots for the amino modified probe (a) at
different stages of functionalization with a homobi-
functional DSS linking agent and (b, ¢) immobilization
of BSA. (a) Measurements were performed on freshly
cleaved mica. (b, c) Force plots after amino probe modi-
fication with the DSSlinker and BSA immobilization, re-
spectively. Freshly cleaved mica was used for the mea-
surements after BSA immobilization. Plots (a, ¢) werere-
corded in the course of modification of the same cantile-
ver. All measurements were performed in PBS buffer.

modified mica was treated with the EGS linking agent
dissolved in this solvent. The effect of the duration of
treatment on the adsorption characteristics of the
amino modified mica is shown in Fig. 3. The force
plots for the amino modified mica—probe pair of sur-
faces were previously shown to be both qualitatively
and quantitatively similar to the plots for the amino
probe-mica pair [22]. The results for the amino mica
can therefore be extrapolated to the amino probes. To-
gether with the shape of supercoiled pGEMEX DNA
molecules, their number per unit area reflects the
number of protonated amino groups involved in elec-
trostatic interaction with the phosphate groups in
DNA; i.e, it can be considered a specific criterion of
amino mica quality. Upon transition from the standard
amino modified mica (11-12 pGEMEX DNA
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Fig. 6. The histogram of adhesion force for an amino
modified probe with BSA covalently bound viathe DSS
linker. The adhesion force measured only after the last
stage of probe functionalization with BSA is F=
=26.9 7.2 pN; the line represents the normal distribu-
tion.

molecules per 4 Cm?, Fig. 3a), the number of DNA
molecules immobilized on the amino mica decreased
to 10-11 (15-min treatment with 0.5% triethylamine
in chloroform, Fig. 3b) and to 4 molecules (30 min
treatment, Fig. 5¢c). These results demonstrated that
the number of DNA molecules immobilized on the
amino mica surface did not decrease if the treatment
duration t did not exceed 15 min. Moreover, the
plectonomic configuration of pPGEMEX DNA mole-
cules was retained even at t = 30 min. Thus, the num-
ber of amino groups on the surface of amino mica af-
ter short-term exposure (t 015 min) in 0.5%
triethylamine/chloroform remained practically the
same as on the surface of untreated amino mica.

Functionalization of amino mica with the EGS
linking agent leads to a sharp decrease in the number
of amino groups on its surface. For instance, as seen
in Fig. 3d, only one pGEMEX DNA molecule was
immobilized on an area of 16 [0m?, i.e., on the area
that is greater by a factor of 4 than the picture areain
Figs. 3a-3c. DNA molecules are not adsorbed on the
functionalized mica after 15 or 30 min of treatment
with the EGS linking agent. Two types of interaction
between the amino mica and the EGS linker are possi-
ble. First, both the amine-reactive ends of the linking
agent can bind to the amino mica, thereby decreasing
the number of free amino groups on the mica surface.
Second, the linking agent can be bound to the amino
mica with one NHS ester end; the other
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Adhesion force and the work of adhesion force for the amino probeswith a cantilever length of | = 200 Cim, which were modi-
fied by the DSS linker with subsequent functionalization by bovine serum albumin in PBS buffer.

No. Modified probe Adhesion force, F, pN Work of adhesion force, W, pJ
1 |Amino probe (TE buffer) 103023 580 0190
2 |Amino probe (1 M NaCl) | = 100 Om 93015 251071
3 |Amino probe + DSS linker—mica + DSS linker 44115 107 043
4 | Amino probe + DSS linker—freshly cleaved mica 93021 450 01160
5 |Amino probe + DSSlinker + BSA 27 a7 62 017

amine-reactive end remains free and can subsequently
interact with the DNA substrate.

AFM images of bovine serum abumin immobi-
lized on different substrates were captured in order to
determine the mechanism of binding of the EGS link-
ing agent with the amino mica. It can be seen that
BSA binds equaly well with the amino mica
(Fig. 4a), with the amino mica treated with 0.5%
triethylamine in chloroform for 15 (Fig. 4b) or 30 min
(Fig. 4c) and, most importantly, with the mica
functionalized by the EGS linking agent (Fig. 4d).
The [-amino groups of the N-terminus of protein
molecules can interact with NHS esters; their number,
however, is insignificant. The reactions with the side
chains of amino acids are therefore important. Of the
five amino acids containing nitrogen in their side
chains, only the amino group of lysine interacts with
NHS esters to yield a stable product (owing to forma-
tion of the covalent amide bond), with the release of
N-hydroxysuccinimide.

The results of visualization of the supercoiled
pGEMEX DNA (Fig. 3) and bovine serum abumin
(Fig. 4) on the amino mica functionalized by an
aminoreactive EGS linking agent indicate: (i) the in-
teraction between the amino mica and the EGS linker
and (ii) the interaction between BSA and EGS linker
used to functionalize amino mica. These results pro-
vided a rationale for the functionalization of amino
probes by the DSS linker, another amine-reactive
agent.

The force plots for the interacting surfaces of the
probe and the substrate after probe modification and
functionalization with BSA are shows in Fig. 5. The
force plots for the probe modified with the DSS link-
ing agent are presented in Fig. 5a. Figures 5 b and 5¢
show the plots for the DSS-modified probe after BSA
immobilization, as recorded for two different

cantilevers. The adhesion force for the probe modified
with the DSS linker was calculated from the histo-
gram of the adhesion force distribution; it was
F =93 020 pN in PBS buffer. The shape of the force
plots and the decrease in the adhesion force compared
to the amino probes (F =103 023 pN in TE buffer)
indicated the interaction between the DSS linker and
the amino probe surface.

The values of adhesion force and the work of
adhesion force for the different variants of amino
probe modification and functionalization calculated
from the histograms (one of these histograms is
shown in Fig. 6) are summarized in the table. Freshly
cleaved mica was used as a substrate; in the case of
probe modification with the DSS linker, force plots
were taken both for the freshly cleaved mica and for
the mica modified with the DSS linker. Since amino
probe modification was performed in a fluid AFM
cell, force curves were recorded both for the substrate
used for modification (designated in the table as mica
+ DSS linker) and for the freshly cleaved mica as a
substrate. It can be seen from the comparison of the
adhesion force values and the work of adhesion force
for these two variants (rows 3 and 4 in the table) that
both mica and the amino probe were modified by the
DSS linker. Since the adhesion force was calculated
from the maximal force value on the plot and the
work of adhesion force was determined from the area
limited by the force plot, the value of the adhesion
force work provides more precise information on the
nature of interacting surfaces. For example, the adhe-
sion force values are equal for the amino probe (row 2
in the table) and for the amino probe modified by
DSSlinker (row 4 in the table). However, the work of
adhesion force is more than four times higher for the
amino probe modified by the DSS linker. This result
indicates the qualitative differences between the sur-
face of the amino probe and that of the amino probe +
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DSS linker; a considerably greater forceis required to
separate the surfaces of mica and amino probe + DSS
linker than for the mica—amino probe pair.

The decreased adhesion force for the BSA-mod-
ified probe (F =27 07 pN, Fig. 6) in comparison to
the probe modified by the DSS linker confirms quali-
tatively and quantitatively the results concerning BSA
interaction with mica functionalized with an amino-
reactive EGS linker (Fig. 4d).

Thus, in this work, the modification scheme was
presented and modification with subsequent funct-
ionalization by BSA was performed for the probes for
atomic force microscopy. The probes with a cova
lently bound amine-reactive homobifunctional linker
DSS and BSA were characterized by means of force
measurements; the adhesion force values and the
work of adhesion force were determined for each
stage of modification and for the probe with attached
BSA aone. Unlike the earlier modification schemes
with constant surface charge density [12, 13, 15, 23],
the technology of amino modification of probes in
APTES vapors developed in this work enables fabri-
cation of surfaces with a regulated amino group den-
sity. We suggest that the amino probes with a de-
creased surface charge density can be used to mini-
mize the number of interacting protonated amino
groups in the course of further probe modification and
functionalization. This, in turn, will make it possible
to decrease the number of protein molecules attached
to the probe surface.
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