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Kelvin probe force microscopy (KPFM) allows the detection of single binding events between
immunoglobulins (IgM, IgG) and their cognate antibodies (anti-IgM, anti-IgG). Here an insight into the
reliability and robustness of the methodology is provided. Our method is based on imaging the surface
potential shift occurring on a dense layer of ~5 x 107 antibodies physisorbed on a 50 pm x 90 um area
when assayed with increasing concentrations of antigens in phosphate buffer saline (PBS) standard
solutions, in air and at a fixed scanning location. A comprehensive investigation of the influence of the
main experimental parameters that may interfere with the outcomes of KPFM immune-assay is provided,
showing the robustness and reliability of our approach. The data are supported also by a thorough
polarization modulation (PM-IRRAS) analysis of the
physisorbed biolayer, in the spectral region of the amide |, amide Il and amide A bands. Our findings
demonstrate that a 10 min incubation in 500 pL PBS encompassing & 30 antigens (100 zM) triggers an
extended surface potential shift that involves the whole investigated area. Such a shift quickly saturates

infrared reflection—absorption spectroscopy
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Accepted 18th November 2023 at increasing ligand concentration, showing that the developed sensing platform works as an OFF/ON
DOI: 10.1039/d3tc03110a detector, capable of assessing the presence of a few specific biomarkers in a given assay volume. The

reliability of the developed methodology KPFM is an important asset in single molecule detections at a
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Introduction

Kelvin probe force microscopy (KPFM) is a powerful analytical
technique that allows surface potential (SP) mapping with high
spatial resolution by measuring the contact potential difference
(CPD) between the metal coated tip of an atomic force micro-
scope (AFM) operated in tapping mode and the sample
surface.! It allows the simultaneous high-resolution morpholo-
gical imaging of the sample surface and the mapping of the
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electrostatic configuration, originating from the local distribu-
tion of surface dipoles. While KPFM is inherently a non-
invasive technique, it is extremely sensitive to changes occur-
ring in the top-most atomic layer structures, as caused by
terminal group modifications, molecular bindings or deposi-
tion of adlayers.>™

Several reports have shown the possibility to use KPFM to
study biorecognition processes on biofunctionalized surfaces.
For example, DNA either immobilized or physisorbed on Au
coated Si substrates has been detected after exposure to dilu-
tions in the uM range.>>”” ATP-binding on protein kinase has
been detected with sensitivity of 10 pM and DNA-bound Hg"
ions with sensitivity in the fM range.®® KRAS and EGFR
oncogene mutant DNA, bonded to Au nanoparticles, have been
revealed with sensitivity in the pM range."® Recently, we have
demonstrated that KPFM can be used to assess the surface
potential shift'" triggered by affinity binding on the biofunc-
tionalized gate of a single molecule with a large transistor
(SiMoT) sensor'*'? incubated with ligand concentrations as
low as 10~'° mole L™ ' =10’ zM, corresponding to the ultimate
limit of single molecule detection.
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This work is focused on the development and optimization
of a KPFM based sensing platform for the detection of immu-
noglobulin biomarkers on large-area biofunctionalized sur-
faces. Specifically, we demonstrate the detection of a few
immunoglobulins (IgM, I1gG) by mapping the surface potential
of Au/anti-immunoglobulin M or G (anti-IgM, anti-IgG) inter-
faces with unprecedented sensitivity in the zeptomole range.
Our method is based on the comparison of KPFM images taken
in air at a fixed scanning location across the Au/biolayer inter-
face, after 10 minute long sequential incubations at increasing
concentrations of analyte in phosphate buffer saline (PBS)
standard solutions followed by a drying procedure. This proce-
dure inherently causes reproducibility issues, mainly due to
surface contamination by adventitious carbon.'*'*> Hence, we
have carried out a comprehensive investigation of the influence
of the main experimental parameters that may interfere with
the outcome of a conventional KPFM analysis, showing the
efficacy and reliability of a method based on the simultaneous
SP mapping of both the bare and the bio-functionalized Au
areas. Our findings reveal that the formation of the immune-
complex reliably triggers an extended SP shift due to a surface
amplification effect. This approach paves the way for a fast,
reliable, and qualitative analysis of biomolecular interactions.

Materials and methods
Materials

HPLC-grade water, hydrogen peroxide 30%, VLSI grade, and
sulfuric acid 96% VLSI Selectipur grade were purchased from
Avantor. Polyclonal antibodies: anti-human immunoglobulin
M (anti-IgM), anti-human immunoglobulin G (anti-IgG),
human IgM (~950 kDa), human IgG (~150 kDa) (Sigma-
Aldrich), were wused without additional purifications.
Phosphate-buffered saline (PBS, Sigma-Aldrich) solution had
ionic strength of 162 mM, pH 7.4, at room temperature.

Biofunctionalization protocol

The biofunctionalized surfaces were prepared starting from
10 mm x 5 mm substrates cut from As-doped silicon wafers
with a 300 nm SiO, layer on top. The substrates were prelimin-
ary cleaned by ultrasonic baths in acetone and 2-propanol for
10 min and dried with nitrogen. Afterwards, a 5 nm thick layer
of Ti and a 50 nm Au layer were deposited by electron-beam
evaporation. Before the biofunctionalization, each substrate
was cleaned in a piranha solution (3 : 1 mixture of sulfuric acid
and hydrogen peroxide), rinsed with HPLC water, and dried
with nitrogen. The flowchart of the gold biofunctionalization
protocol is sketched in Fig. S1 (ESIT). A suitable polymeric mask
shadowed one half of the gold substrate. Subsequently, the
sample was submerged in a PBS solution containing 0.1 mg
mL ™" of anti-IgM or anti-IgG for 150 minutes at room tempera-
ture. The substrates were then extensively rinsed sequentially in
PBS and in HPLC water and dried by spinning at 3000 rpm
for 60 s before any characterization. The surface coverage is
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1.2 x 10" cm™? antibodies as measured by surface plasmon
resonance experiments.""

Kelvin probe force microscopy

KPFM measurements were performed using an AFM system
(mod. NTEGRA Spectra, NT-MDT, Moscow, Russia) equipped
with a platinum-iridium coated tip FMGO1/Pt (TipsNano) with
an apex size of 35 nm, a resonance frequency f=77.7 kHz, and a
quality factor Q = 242. The sample was grounded using a
metallic clamp. Morphology, phase, and surface potential
images have been acquired simultaneously using the two-pass
mode in which each line is sequentially scanned 2 times. In the
first pass, the morphology is recorded in semi-contact mode,
while the AFM cantilever is mechanically excited at frequency f.
In the second pass, the tip is retraced at a set lift height (Ayg)
from the sample surface to measure the surface potential.
During the second pass the cantilever is no longer excited
mechanically but electrically by applying Vi,. During this
phase, the tip and the sample behave like the opposing plates
of a capacitor. Because of their different work functions, a force
between the plates exists, which can be modulated by applying
a voltage Vy;p, to the tip.! In the vibrating capacitor model, Vi
consists of a constant (V) and an alternated (V) component
with a frequency matching the cantilever resonant one. The
force felt by the vibrating capacitor is:

dc .
F= —E(VDC — CPDﬁp-S) Vac Sln(ZTCfl) (1)

where C is the capacitance, Z is the separation, and CPDy;p, s is
the contact potential difference between the tip and the sample
surface. Vpc is constantly adjusted by the AFM feedback elec-
tronics to nullify the force, and thus it corresponds to CPDyjp.
The latter follows the same spatial variation of the sample
surface potential and hence, in the rest of the paper, whenever
we mention experimental SP values, we refer to the relative
surface potential with respect to the tip. All images have been
processed with the Image Analysis software. A scheme of the
KPFM is reported in Fig. 1a.

Fig. 1 shows the morphology (b) of a representative 90 pm x
90 pm KPFM substrate, along with the corresponding surface
potential image (c). Notably, the morphology image and the SP
map exhibit a sharp nanometric boundary, demarcating the
bio-functionalized region (leftmost side) and the gold region
(rightmost side). The anti-IgM biofunctionalized area consists
of a uniform coating with a significant different contrast with
respect to the adjacent gold region, with a SP value 150 + 11 mV
higher, as shown in Fig. 1d. The histograms of the SP distribu-
tions are given in Fig. 1e. We chose as an analytical parameter
the surface potential difference (SPD) calculated between the
peaks of the SP distributions corresponding to the anti-IgM
and the Au areas, respectively. The immunological assays were
performed by sequentially recording the SP images, at a fixed
scanning location, after incubation for 10 min, in 0.5 mL
of phosphate buffer saline (PBS) standard solutions of immu-
noglobulins (IgM and IgG) with concentrations ranging from
10> zM to 10° zM. After incubation in each of the PBS standard-

This journal is © The Royal Society of Chemistry 2024
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(a) Schematics of two pass-mode Kelvin probe force microscopy. Each line is sequentially scanned two times. In the first pass the morphology is

recorded via semi-contact AFM mode, in the second pass the tip is re-traced at a set lift-height (h;q) from the sample surface to detect the surface
potential. (b) Representative morphology (90 um x 90 um area) of a patterned anti-IgM layer at the edge between the gold area and the protein region. A
sharp edge between the bio-functionalized (leftmost side) area and gold (rightmost side) region is visible, highlighted by the dashed blue line.
(c) Representative surface potential (SP) image. (d) Average surface potential profile. (e) Histogram of the surface potential distribution.

solutions, the substrates were washed thoroughly with HPLC
water to remove the unreacted ligands, dried by spinning and
measured by KPFM.

Polarization modulation infrared reflection-absorption
spectroscopy

Polarization modulation infrared reflection-absorption spectro-
scopy (PM-IRRAS) measurements were performed using a Nico-
let iS50 Fourier transform spectrometer equipped with a
research module containing a wire-grid polarizer, a photo-
elastic polarization modulator (PEM) operating at 50 kHz, a
variable angle sample holder and a liquid-nitrogen-cooled
mercury-cadmium-telluride (MCT) detector. An air purging
system kept the relative humidity below 17% and a low level
of carbon dioxide in the system compartments.

The incident and reflected IR beams propagate at angles of
82° with respect to the sample surface normal. The PEM phase
was set to have a maximum PM-IRRAS signal in the spectral
regions (1000-1800 cm ') and (2600-3500 cm ). Each spec-
trum was the average of 1000 scans with a resolution of 4 cm™".
Two PM-IRRAS reflective substrates were prepared depositing
over a glass slide a 5 nm-thick Ti adhesion promoter layer and a
50 nm-thick Au layer, via electron beam evaporation. They were
cleaned with a sequential ultrasonic bath in water, acetone, and
2-propanol for 10 minutes and dried under nitrogen flux. One
substrate was further treated for 10 minutes in an ozone
cleaner before submerging it into 0.1 mg mL ™" anti-IgM PBS
(pH = 7.4, ionic strength = 162 mM) solution for 2 hours at 25 °C
to allow the formation of a stable layer of physisorbed anti-
bodies. Then, it was thoroughly rinsed with HPLC water, and

This journal is © The Royal Society of Chemistry 2024

dried using a spinner (1500 rpm, 3 minutes) before PM-IRRAS
analysis. The PM-IRRAS spectra of the two bare substrates were
first measured to check for the same starting chemical compo-
sition of their surface. A layer of anti-IgM was prepared on one
substrate, as described above. Then, it was thoroughly rinsed
with deionized water, dried by spinning and the PM-IRRAS
spectrum recorded. Afterwards, both substrates were stored at
4 °C, submerged in PBS solution for 24 h. The day after they
were rinsed with water and dried, the PM-IRRAS spectra were
measured, and they were stored again in buffer solution at 4 °C.
This protocol was repeated to measure the spectra of both the
bare gold substrate and that of the protein layer after 48 h, 72 h,
and 144 h. The baseline correction on the original PM-IRRAS
signal was calculated in the ranges 950-1780 cm ' and 2700-
3500 cm ™" using a least-square third-order polynomial fitting
method."®

Results and discussion

Experimental data and method optimization

The SP values extracted by KPFM are inherently affected by the
surface conditions or experimental parameters. In particular,
the strongest influence is due to the chosen tip-sample distance
hyire during the second pass, or the surface contamination by
adventitious carbon in ambient air."*'®> On the other hand,
while the SP values may vary as a function of extrinsic para-
meters, the average value of the relative contact potential
differences (SPD) between the bio-functionalized and the Au
areas is less sensitive to the external conditions and can be

J. Mater. Chem. C, 2024,12,73-79 | 75
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(a) Measured SP of Au (black square symbols) and anti-IgM areas (red circles) and SPD (b) as a function of the tip-sample distance in the 2nd pass

of KPFM. The tip oscillation amplitude has been kept constant at 70 nm. The error bars have been calculated from the standard deviation of SP
distributions. Increasing the tip-sample distance affects the SP values, however the SPD becomes approximately constant for hy, >200 nm.

reliably used as a suitable analytical quantity to assess the
surface transformation induced by affinity binding events.

To confirm this claim, we first consider the effect of
varying Aje. Controlling the tip-sample distance involves care-
fully calibrating the AFM setup, minimizing thermal drift,
and accounting for any vibration-induced perturbations.
Fig. 2 shows the peak values in the SP histograms and the
corresponding surface potential differences of a representative
anti-IgM/Au substrate, as a function of the tip-sample distance.
While for small distances SP and SPD vary substantially, for
hiige > 200 nm they reach a constant value. Accordingly, all KPFM
measurements have been performed setting 7 = 250 nm.

Surface contamination by hydrocarbons and carbo-oxides"”
typically increases with storage time and becomes noticeable in
a matter of minutes. With the aim of investigating the role of
contaminants on the Au/anti-IgM substrates, we have plotted in
Fig. 3 the measured SP and the corresponding SPD values as a
function of time over several days. While the SP of both regions
varies with time, probably due to the increased surface con-
tamination by airborne adventitious carbon, it is worth noting
that the SPD values remain approximately constant. Fig. 4b
shows the time evolution of the PM-IRRAS spectra over a 6 day
period. The largest modification occurs for the infrared spec-
trum of the bare gold substrate in which three bands centred at
1540 cm™ ', 1660 cm ™' and 1740 cm ™!, ascribed to the C-N, C-C
and C=O stretching vibrations of carbonaceous molecules
appear, respectively.'®'® The intensities of these bands mono-
tonically increase with time. Also, the Amide I and Amide II
bands measured on anti-IgM coated samples change with time,
though to a lesser extent. These findings demonstrate the
progressive contamination of substrates due to the procedure
of storage, drying and exposure to ambient air, as described in
the method paragraph. On the other hand, the contamination
effects can be effectively tackled by considering the relative
surface potential shift SPD, so that we can use KPFM

76 | J Mater. Chem. C, 2024,12,73-79
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Fig. 3 Time variation of the surface potential measured on the Au (black
squares) and the anti-IgM (red circles) areas of an Au/anti-IgM patterned
substrate. The SPD values are plotted as blue triangles. The tip-sample
distance has been set at 250 nm. The error bars have been calculated from
the standard deviation of the distributions.

measurements as a reliable analytical platform, as demon-
strated in the following.

Method validation

Two antigen/antibody couples were used to validate our sensing
approach, as well as to test its performance, along with levels of
noise and limit of detections (LOD). The selected systems were
the IgM/anti-IgM and IgG/anti-IgG couples. We have used
KPFM to assess the occurrence of affinity binding interactions
occurring at the biofunctionalized substrate after the incuba-
tion with increasing concentration of antigens in PBS standard
solutions. The SP images were iteratively recorded at the same
90 um x 90 pm area, across the interface between the Au region
and the antibody one. Fig. 5 shows the SPD variation (ASPD)

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) PM-IRRAS spectra of the anti-IgM layer physisorbed on the Au substrate (solid red line) and bare gold sample (dashed blue line). Background
subtraction was accomplished by dividing the recorded PM-IRRAS signal with a third-order polynomial curve. It has been obtained using a modified least
square minimization algorithm implemented in MATLAB. The spectrum of the anti-IgM sample shows characteristic features of a protein layer, including:
(i) Amide | (1600-1710 cm™Y), (ii) Amide Il (1500-1570 cm™), and (iii) Amide A (3200-3400 cm™3). (b) PM-IRRAS spectra of the anti-IgM layer (solid lines)
and Au substrate (dashed lines) over a span of 6 days. The initial spectra of both pristine samples are shown as blue lines. Subsequent spectra were
recorded after 24 hours (represented by solid and dashed violet lines), 48 hours (solid and dashed green lines), 72 hours (solid and dashed black lines), and
144 hours (solid and dashed red lines). Throughout the 6-day period, the samples were stored in a buffer solution of HEPES with a pH of 7.4 and an ionic
strength of 150 mM, in a refrigerated environment, between successive measurements. As the measurement time progressed, new spectral features
emerged on both the bare gold and protein spectra, centered at approximately 1540 cm™, 1660 cm™, and 1740 cm™. These spectral changes are
attributed to the adsorption of adventitious layers on the sample surfaces.
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Fig. 5 The SPD shift (ASPD) measured on the Au biofunctionalized substrate, as a function of the ligand concentration as compared to the SPD
measured on pristine Au/biolayer substrates (reference). (a) Assay of IgM. Black squares: incubations with standard solutions of IgMs. Red circles:
1gG incubations (negative control). The proteins are assayed from standard solutions in phosphate saline buffer solution (PBS, pH= 7.4, ionic strength:
162 mM), starting from the more diluted solution. The analytical parameter is the SPD shift (ASPD) at different analyte concentrations as compared to the
SPD measured on the pristine sample exposed to a PBS solution (baseline). The values have been calculated from the peak values of the SP distributions.
The binding and the negative control experiments have been performed on different anti-IgM/Au samples. The formation of the anti-IgM/IgM complex
triggers an overall decrease by —74 mV of the investigated anti-IgM surface potential area. (b) Assay of IgG. Black squares: incubations with standard
solutions of IgGs. Red circle: IgM 1 fM in PBS (negative control). The affinity binding and the negative control experiments have been performed on the
same anti-lgG/Au sample. Upon binding, an overall decrease by —90 mV of the investigated anti-IgG surface potential was found. The error bars are
taken as one standard deviation.
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when a pristine Au/biolayer substrate is exposed to increasing
concentrations of specific antigens (recognition experiments) or
un-binding ligands (negative controls). The IgM/anti-IgM findings
are given in Fig. 5a, and the corresponding KPFM images and
histograms of the SP distributions are shown in Fig. S2 (ESIT).
Taking the average value (ASPD = —15 mV) and the standard
deviation (SDyc = 21.5 mV) of the negative control data as a
reference, we note that the recognition events cause an average
ASPD shift of —74 + 9 mV, which is significantly larger than the
shift at the limit of detection, taken as 3 SDyc. Hence, with 99.7%
confidence, we ascribe the observed ASPD shift to the extended
modification of the surface dipole distribution in the anti-IgM
recognition layer, which is triggered by a relatively small number
of affinity binding events. Notably, the surface potential change
occurs in the entire scanned surface, which is encompassed by
~6 x 10” molecules, whereas the number of IgM ligands within
the 500 pL incubation volume varies in the range of 3 x 10'-3 x
10°. The nominal numbers of ligands hosted at each concen-
tration are estimated as C-V-N,, where C is the analyte concen-
tration, V is the volume of the standard PBS solution in which the
sample is incubated, and N, is the Avogadro number. The error
associated with the sampling procedure can be estimated accord-
ing to the Poisson’s distribution. The KPFM assay performance
was tested also in the recognition process between human-IgG
and its cognate antibody anti-IgG. To this end, a patterned anti-
IgG/Au sample was used. The representative morphology and the
corresponding average profile are reported in Fig. S4 (ESIT).

Fig. 5b shows the ASPD induced by the exposure of a
pristine Au/anti-IgG substrate to increasing concentrations of
IgG (affinity binding) ligands. A negative control experiment
was performed by incubating the substrate with 1 fM IgM in
PBS. No significant SPD change was found with respect to the
baseline, confirming the high selectivity of the sensing plat-
form. The same probe was sequentially incubated with increas-
ing concentrations of IgG. A mean surface potential shift
of —94 + 10 mV was found, due to the immunorecognition
events. The corresponding KPFM images and surface potential
distributions are shown in Fig. S6 (ESIt). A qualitative agree-
ment with the data of Fig. 5a is evident, confirming that KPFM
imaging is a reliable and ultrasensitive platform for biomarker
detection on large-area biofunctionalized surfaces.

It is worth noting that increasing the ligand concentration does
not produce a further increase of the ASPD shift. This confirms the
notion that the surface potential transition, locally triggered by a few
affinity binding events, propagates over large areas, probably fun-
nelled by the hydrogen bonding network."® Accordingly, our sensing
platform has the tendency to operate as an OFF/ON detector, capable
of assessing the presence of a single specific biomarker in a given
assay volume. This is analogous to similar findings obtained by us
using a transistor-like detecting platform.”*>®

Conclusion

We have developed and optimized an ultrasensitive detec-
tion platform based on KPFM and patterned surfaces
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biofunctionalized with dense physisorbed antibody layers, sui-
table for assessing the presence of a few ligands in an OFF/ON
mode. We estimate that a small number of affinity binding
events (30 = 10 molecules) cause extended surface potential
shifts over areas larger than hundreds of squared micrometres,
hosting >10" highly packed capturing sites. This implies the
existence of a propagation phenomenon of the electrostatic
change occurring on a few capturing antibody sites. We postu-
lated a domino-like surface phenomenon, ultimately affecting
the densely packed neighbouring antibodies, and thus a
single antibody-antigen binding occurrence could induce an
extended electrostatic reorientation involving millions of anti-
body dipoles. While the detailed modelling of the observed
amplification effect needs further studies, we have addressed
here some reproducibility issues. PM-IRRAS analysis shows that
adventitious contaminants actually affect the spectral features
and chemical composition of both the biolayer and bare gold
sample. Changes in the SP extracted by KPFM due to tip-sample
distance, aging and storage effects cannot be neglected, never-
theless the simultaneous SP mapping of the bare and the bio-
functionalized Au areas is a reliable tool to investigate the SP
variation induced by antigen/antibody complex formation.

Our findings show that a change of ~—70 mV (~—90 mV) is
induced by the interaction of anti-IgM (anti-IgG) with the
cognate IgM (IgG) ligands. The process is also proved to be
irreversible, and thus no significant further surface potential
change has been measured, if other affinity events occur. The
presented data demonstrate a proof of concept and are relevant
for future applications in the selective detection at the physical
limit of immunoglobulin traces in real fluids.
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