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We report mapping the mechanical properties of human red blood
cells at submicron scales. Mapping is achieved via a new approach to scanning ion
conductance microscopy correlated with optical microscopy. A three-point
calibration and affine transformation are utilized to correlate pixel locations
registered in optical images with pipette position, which facilitates initial targeting
and subsequent tracking and analysis of red blood cells. By recording the response of
pipette approach curves and sample compliance at each approach, maps of the
Young’s modulus of samples and pipette indentation are recorded at subcellular
spatial resolution. Comparison of normal and diamide-treated red blood cells shows
a significant increase in cell stiffness and a concomitant decrease in deformability,
clearly demonstrating the quantitative abilities of the correlative approach taken here
for stiffness measurements of intact cellular samples.

red blood cell mechanical properties, scanning ion conductance microscopy, mechanical imaging, single-cell imaging,
noninvasive biological imaging, optical correlation

ments where membrane properties have been assessed, RBCs
were air-dried or chemically fixed, which drives the cells away
from a normal physiological state and inherently alters
membrane stiffness.'”*"** Further, AFM measurements tend
to overestimate the magnitude of Young’s modulus due to the
extreme softness of the RBC and inconsistencies in
determining the ?oint of contact between the AFM tip and
the cell surface.”> To address these limitations, alternate
approaches to better probe the relatively soft RBC membrane
by decreasing the force on the sample have been developed. A
highly promising approach has centered on use of scanning ion
conductance microscopy (SICM) to apply localized hydro-
static pressure from the probe tip in a noncontact fashion.”* In
2008, Sanchez et al. applied SICM to the mechanical
measurement of various types of living cells by ramping the
hydrostatic pressure applied to samples through the tip of a
storage, could potentially result in significant changes in RBC nanc})lplpet‘lce and hlghl;ghzengs 25 tll_lllty for :ﬁggle-pt(})lm;
membrane mechanics, which may, in turn, impair normal mefzfc a1C111cfa mel:_asqreanen o ‘ S oweverl, 18 Meto

function. 6~ 1° suffered from limite spatlal information and ong measure-

ment times (seconds per single point) due to the modulation
A variety of techniques have been developed to investigate ( P gle point)

mechanical changes in individual RBCs, with the goal of gih;i}ilfzr Iéle%eetlf I()ire.ssure. iubsequently, Rh cinlaender gnd
; . . ped improved protocols to image deformation
developing a deeper understanding of membrane stiffness and
RBC functionality."' ™' Among these techniques, atomic force
microscopy (AFM) has been widely adopted for mapping the
local mechanical properties of single RBCs.'*™"” However, in
many AFM-based imaging experiments on biological samples,
the force exerted by the cantilever tip can exceed the
mechanical threshold of the lipid bilayer, causing cells to
collapse or rupture.'*~*° Additionally, in many AFM measure-

The mechanical properties of red blood cells (RBCs) have long
attracted significant interest due to the essential roles of
hemorheology and hemodynamics in cell and organism
function, including blood shear rates and viscosity, properties
especially relevant to microcirculation.”” The RBC membrane
is supported by a spectrin network, a quasi-hexagonal lattice of
protein filaments linked by actin and anchored to the cell
bilayer through protein complexes, such as ankyrin and band 3,
which are crucial for maintaining mechanical stability and
deformability.” > Disturbances or disruptions in the spectrin
network are commonly associated with genetic defects,
autoimmune disorders, and general RBC health. Membrane
stiffness is a phenotype that can report on compositional
changes in the membrane or oxidative stress. Additionally,
environmental changes in ex vivo processes, such as blood
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and calculate the stiffness of single living fibroblast cells and
human platelets using SICM.”**” These advances demon-
strated the practical utility of SICM in high-speed, high-
resolution imaging scenarios for imaging and quantifying the
properties of cell cytoskeletons, even for thin sam}ales where
overestimations of stiffness could be corrected.”””” Rhein-
laender and Schiffer clearly demonstrated that SICM provides
a reliable approach for rapid and accurate quantitative
mechanical measurements of living cells at subcellular spatial
resolution. However, challenges remain in achieving precise
stiffness mapping of RBCs and accounting for localized
indentation effects caused by the scanning pipette. Optical
microscopy has long been utilized in conjunction with SICM,
in various automated forms, to determine the scanning region
of interest, most predominantly by manual correlation, which
is tedious and complicates runtime image processing.zg_30 The
existence of multiple RBCs within the SICM scanning area
requires an efficient sequential imaging technique to facilitate
targeting of multiple cells before and after experimental
condition changes.

Herein, we present the design of an optically correlated
pressurized-SICM system for imaging the stiffness of human
erythrocytes and topographic changes induced by pipette
indentation. The scanning protocol employs a three-point
calibration and affine transformation to correlate pixel
locations from an optical image of RBCs with XY scanner
movement, enabling the selection of a targeted region by
nanopipette through a simple software user interface without
complicated runtime processing, such as image segmentation.
Comparative analysis of 10 data sets from single, fresh RBCs
and the same RBCs subjected to diamide stiffening was
performed to validate the performance of the method. Results
indicate that the average cell stiffness increased to approx-
imately 4.9-fold (43.5—257.0 Pa), and the averaged vertical
indentation caused by the pipette decreased by roughly 20%
after diamide treatment. Moreover, the approach developed for
optically correlated SICM measurements is generally tractable
for any sample on a transparent substrate, which is likely to
find significant utility in many applications of electrochemical
microscopy, including SICM, scanning electrochemical mi-
croscopy, and scanning electrochemical cell microscopy.

Solutions were prepared with deionized water (18.20 MQ-cm
resistivity) from a filtration system (GenPure Pro UV-TOC, Thermo
Scientific). Chemicals were used without further purification: sodium
chloride (NaCl, VWR BDH Chemicals), potassium chloride (KClI,
Sigma-Aldrich), sodium phosphate dibasic anhydrous (Na,HPO,,
Macron Chemicals), potassium phosphate monobasic (KH,PO,, J.T.
Baker), tetramethylazodicarboxamide (C4H,N,O,, diamide, Sigma-
Aldrich), and agar (BD Bacto). SYLGARD 184 silicone elastomer
base and curing agent (polydimethylsiloxane (PDMS), Dow) were
also used. Phosphate-buffered saline (PBS) used in experiments
contained 137.0 mM NaCl, 2.7 mM KCl, 10.0 mM Na,HPO,, and 1.8
mM KH,PO,. The pH was adjusted to 7.4 before use. The salt bridge
was prepared by melting agar into heated PBS buffer with a 1:100
mass ratio and was pipetted into 10 uL graduated tips (TipOne, USA
Scientific Inc.). The salt bridge was ready to use after it cooled to
room temperature.

Pipettes with an inner tip diameter of ~220 nm were fabricated using
a pipette puller (P-1000, Sutter Instruments) and a single-barrel
capillary (1.0 mm outer diameter, 0.7 mm inner diameter, 10 cm in
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length, Sutter Instruments) under the following parameters: HEAT =
505, PULL = 65, VEL = 78, DELAY = 167, PRESSURE = 500, and
RAMP = 505 in Delay Mode. Typical top-down and side-view images
of the pipette geometry are shown in Figure S1.

Blood samples were collected from lab volunteers using a lancing
device and lancets (CVS Pharmacy) and were transferred to plastic
test tubes using a hematocrit tube (Hemato-Clad Mylar 75 MM
Wrapped Hematocrit Tubes, Drummond Scientific Company). The
original blood sample was diluted to a hematocrit of ~0.7% and
centrifuged at 5000 rpm for 3 min. The supernatant containing blood
plasma and the buffy coat was then aspirated and removed, and fresh
buffer was pipetted into the sample, followed by mixing with a vortex
device for 6 s. This cleaning procedure was repeated 4 times. Blood
samples were then pipetted onto a poly L-lysine coated glass slide
(Poly-Prep Slides, Sigma-Aldrich) inside a regular culturing Petri dish,
and the sample was left to rest for 30 min to allow RBCs to settle and
promote adhesion to the lysine-coated slide. To mitigate substrate
drift, polydimethylsiloxane (PDMS) was applied between the glass
slide and the sample dish 1 day prior to blood preparation, and the
assembly was enclosed in aluminum foil and cured on a hot plate at
80 °C overnight. An additional ~4 mL of fresh buffer was then
transferred into the Petri dish, and the sample was measured by
SICM. For diamide stiffening, the sample solution was replaced with a
PBS solution containing 100 yM diamide, and the RBC sample was
allowed to incubate for 30 min. The buffer was then exchanged with
normal, fresh PBS prior to imaging.

To develop the correlated optical-SICM approach, the SICM was set
up over an inverted optical microscope (Eclipse TE2000-U, Nikon,
with DMK 37BUR0234 CMOS sensor, The Imaging Source; Figure
1). The optical microscope was placed on an antivibration stage (AVI-
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Figure 1. Instrumental architecture of optically correlated SICM.
Pressurized pipette approaches a targeted cell with 2 kPa back
pressure, with a potential difference applied between a pipette
electrode and a bath electrode inserted in a phosphate-buffered salt
bridge. Ion current is measured via an SICM potentiostat and sampled
through analog-to-digital converters (ADCs) on an FPGA board. A
host-PC communicates with the FPGA and the camera. The SICM
controller sends requests to and obtains optical images from the
camera controller to correlate the optical image to the piezo
movement coordinates.

200S/LP, Herzan). Pipette movement was achieved using a Z-axis
stepper motor (M-112.1DGI, Physik Instrumente), a Z-axis piezo-
electric actuator (P-753.21C, Physik Instrumente), and an XY-axis
piezoelectric actuator (P-621.2CL, Physik Instrumente). Nano-
pipettes were pressurized through a high-pressure nitrogen gas line
controlled by a pressure valve (TM-200, Narishige) with a custom-
designed pipette holder. The SICM potentiostat (Axopatch 200B,
Axon Instruments) was connected to the pipette to apply voltage and
measure ion current. A multichannel interface (Axon Digidata 15508,
Axon Instruments) was connected to a computer for monitoring the
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Figure 2. Procedure for three-point calibration/correlation of pipette tip position for optical image coordinates and piezo movement coordinates.
(a) A differential optical image is generated from images with the pipette in retracted and extended states. A red dashed circle indicates the region
magnified in the top left of each image. (b) Optical coordinates for the pipette position are determined by thresholding the differential map. (c)
Steps a and b are repeated three times in total to obtain three XY piezo positions relative to the optical coordinate. A linear transformation matrix A
is obtained by calculating the matrix product PO™". Green arrows represent the piezo movement coordinate, and the cyan arrows refer to the

optical image coordinate.

signal channels. An FPGA board (NI-7845R OEM, National
Instruments) was programmed to communicate with a home-built
LabVIEW (2024, National Instruments) + Python (3.9.5) hybrid-
designed software on the computer.

The pipette was back-pressurized with 2 kPa (P,) of nitrogen gas and
then brought to a position ~12.5 um away from the sample surface
using an automated approach protocol (Figure S2). A potential of
+100 mV was applied to the pipette to generate an ion current, which
was filtered with a 1 kHz analog low-pass 4-pole Bessel filter. Prior to
imaging, the probe was repeatedly approached and retracted (or
“hopped”) 200 times at an XY position of the substrate that was cell-
free to obtain 200 ion current approach curves. These approach
curves were then used to calculate the substrate reference. The region
of the sample to be imaged was selected via optical correlation, as
described in the following results section. The pipette was raster-
scanned over RBCs in this region of interest, with a set of approach
curves collected at each pixel. In the first approach curve, the pipette
approached the surface at a rate of 8 yum-s™" until a threshold of 0.5%
current reduction was reached. This data was used to calculate the
topography of the sample at a set point of 0.5%, where minimal tip—
sample 1nteract10n is exhibited, and is taken as a noninteracting region
of measurement *! The pipette was then retracted for 1 um at a rate of
1S um-s™". In the second approach curve at this same pixel, the
pipette was approached to the surface at a smaller approach rate (1
um-s~') until a set point of 2.0% current threshold reduction was
reached. A complete current-displacement response for this second
approach curve was recorded by the FPGA and used to calculate the
local mechanical response of the cell, as described below. Ion current
and z-piezo position measurements were synchronized with the
FPGA, and a 4-point averaging filter was applied to both ion current
and z-piezo position in real time to improve the signal-to-noise ratio.
Then, the pipette was retracted S ym from the surface at a rate of 15
um-s! and advanced to the next pixel, where this process was
repeated. A detailed procedure of the scanning protocol and the
approach curve recording timing is demonstrated in Figure S3. Ion
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currents and piezo positions were extracted at runtime and saved as
data files. All codes based on LabVIEW and Python for the automated
pressurized-SICM scanning protocol are available at https://github.
com/KLDistance/oc_pressurized sicm.

Approach curves were extracted and analyzed using custom-built
Python scripts. Two separate topographic images of the same RBC
were obtained by extracting the z-piezo position at 0.5% and 2.0%
current reduction (as described above) of a scanned area. A reference
response for the mechanical properties of the substrate alone was
obtained by analyzing 200 approach curves recorded over the cell-free
substrate. For analysis, the region between 1% and 2% current
reduction thresholds was extracted, and linear regression was
performed on this dataset to generate approach curve slopes. The
slope in this more extreme region of the approach curve effectively
represents the compliance of the surface under the applied pressure.
The reference response of the substrate, generated from these slopes,
Seor Was determined from the median value of the set of slopes. The
response of the RBC sample at each XY pixel was determined in a
similar fashion (e.g., linear regression of the 1% to 2% region of
approach curves) to generate a sample slope map, s. The Young’s
modulus at each pixel could then be calculated from the values, s,

and s, in eq 1 reported by Rheinlaender et al.*®

-1
Boanf - 1)
To isolate the location of the red blood cells, pixels indicative of
cell regions were extracted by applying the Watershed imaging
segmentation (skimage.segmentation library, Python) to topography
images at a 2.0% ion current reduction threshold. The finite element
method (FEM, COMSOL Multiphysics v6.1) was used to determine
the geometry-dependent empirical parameter, A (eq 1), as described
by Rhinelander et al., with details in SI.*® Histograms of the Young’s
modulus for both normal and diamide-treated RBC samples were
determined by analyzing the data at all pixels in each sample type.
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Figure 3. Pressure mapping of a single human RBC. Topography obtained at ion current thresholds (a) 0.5% and (b) 2.0%. (c) Line cut across the
two topographic maps in (a) and (b) at Y = 5.5 ym indicating the height changes under different threshold. (d) Indentation map of the RBC. (e)
The Young’s Modulus map of the RBC. (f) Normalized ion current approach curves extracted from the pixel in (b) over the (A) center of the RBC,

and (B) the glass substrate.

Hardware used to develop the SICM portion of the pressurized
optically correlated SICM illustrated in Figure 1 was based on
the platform we reported previously.”” A nanopipette was filled
with phosphate-buffered saline. An Ag/AgCl quasi-reference
counter electrode (QRCE) was back-inserted into this pipette,
and the assembly was mounted on an XYZ piezo stage. A
stepper motor was then used to submerge the distal end of the
pipette into a PBS bath solution. To prevent contamination of
the bath solution with Ag*, which has been shown to be
deleterious to the lipid bilayer structure of RBCs, the reference
electrode was inserted inside a phosphate-buffered salt
bridge.”** Application of a potential difference between the
two Ag/AgCl electrodes was used to generate a steady-state
ion current through the pipette tip. A constant pressure of 2
kPa was applied at the back of the pipette through a custom-
built pipette holder, creating a pressurized nanofluidic flow. An
FPGA was used to control the piezo movement and to sample
the ion current, asynchronously transferring z-piezo positions
and ion current signals to the host PC.

On the host PC, two programs were developed: a camera
controller and a hopping-mode SICM controller (Figure 1), to
correlate the optical microscope images with the SICM XY
piezo movement and facilitate real-time optical image viewing.
The camera controller manages the camera sensor and
continuously captures optical images, while the hopping-
mode SICM controller interfaces with hardware via the FPGA.
When operating independently, the camera controller serves
solely as a live-mode viewer for the optical microscope,
monitoring the pipette position and sample conditions. During
SICM scanning, however, the SICM controller communicates
with the camera controller via localhost transmission control
protocol (TCP). Upon receiving a request notification from
the SICM controller, the camera controller immediately
suspends the live-mode imaging function and responds to
the SICM controller with the latest optical image frame. To
achieve image correlation, we implemented a three-point
calibration technique, associating the optical image coordinates
and piezo movement coordinates using affine transformation,
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as depicted in Figure 2. To efliciently identify the pipette tip
location in the optical image while minimizing runtime
computational complexity, a differential optical image is
obtained by subtracting the images of the pipette in the
extended state and the retracted state, when the pipette is at
the same XY pixel. A threshold map is then obtained by
applying 95% brightness threshold to the differential image,
and the center of the white cluster (which represents the
pipette position) is determined by averaging the X and Y
indices of white pixels (Figure 2b). Repeating this step three
times in total determines three different XY locations and
yields three pairs of optical image and piezo movement
coordinates, which are subsequently used to compute the affine
transformation matrix. This matrix bridges the optical image
locations and piezo movement locations. Details of the
algorithm and a computational instance are described and
demonstrated, respectively, in the SI, where a full calibration
process was recorded and is shown as a movie in Movie S1.
This approach leverages the brightness variation caused by the
pipette’s shadow and avoids analyzing complicated sample
morphology at runtime. Nevertheless, this technique is highly
sensitive to sample movement and substrate drift during the
calibration process and is well-suited for sample types with
minimal lateral movement.

Pressurized-SICM imaging was performed on immobilized
single healthy RBCs, generating two types of SICM topo-
graphic images. One image at a set point of 0.5% and a second
at a set point of 2.0%, as described in the methods section. The
two topographic images were denoted separately as hg sy
(height at 0.5%) and h, o (height at 2.0%). During imaging,
the pipette approached the surface at 8 ym-s~' until a 0.5%
current reduction threshold was reached. Since the local
indentation of the RBC caused by the pipette pressure was
minimal at this set point, the RBC displayed normal discocyte
(biconcave-disk) morphology (Figure 3a). After this initial
approach, the pipette was retracted 1 ym from the surface and
then reapproached at 1 ym-s™" until a 2.0% current reduction
threshold was reached. At this elevated set point, the local
indentation of the RBC is significant and produced an apparent
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change in morphology that is directly related to the
susceptibility of the RBC to mechanical deformation (Figure
3b), where the apparent change may be a convolution of the
stiffness of the RBC with the true physical shape of the cell.
The adoption of a smaller approach rate during the second
approach was utilized to minimize bulk convection and
overshoot of the z-piezo from rapid pipette translation. The
deformability of RBCs is exhibited in the cross-section (shown
at Y = 5.5 ym) in Figure 3c. A pronounced indentation with
nominal decrease in height (at the center of the RBC, blue
arrow A in Figure 3b) from 1.85 ym (measured at Ay, red
trace) to 1.05 yum (measured at h, o, blue trace) is observed, a
result of the increased pressure as the tip-to-sample distance
decreases at higher set points of current threshold. Of note, the
decrease in height and volume visually represented in the 2.0%
threshold topographic map does not reflect actual cell
shrinkage but rather a transient local deformation, reflective
of the cell response at each individual pixel, as all pixels were
not sampled at the same time. To readily visualize the
magnitude of indentation over cells, an indentation map was
developed as shown in Figure 3d, by subtracting the h, o, from
the hysy. The lower values at center compared to the
surrounding region of the RBC in the indentation map (Figure
3d) indicate a smaller deformation in the central region. The
approach curves from all pixels were extracted. At each pixel, a
linear regression was applied between 1.0% and 2.0% current
reduction to determine a slope at that XY coordinate. The local
Young’s modulus at each pixel was evaluated using this slope,
as described in eq 1. This can be used to generate a map of the
local Young’s modulus, as shown in Figure 3e. For clarification,
approach curves at the limits measured here over the relatively
“soft” center of a single RBC (point A in Figure 3b) and over a
relatively “stiff” glass substrate (point B in Figure 3b) are
shown in Figure 3f. The center of the cell shown in the
example image displayed a stiffness of 87.1 Pa compared to the
relatively softer edges of 24.8 Pa in the pressure map. These
findings corroborate previous fluorescence imaging studies by
Nowak et al., which demonstrated a denser spectrin-F-actin
network distribution in the RBC’s central concave regions.”
For statistical purposes, pixels of the RBC were isolated from
the entire image by the application of the Watershed image
segmentation algorithm to the h,4y topography. The
segmentation process generated a binary mask, which is
subsequently used to localize the sample pixel locations and
exclude the substrate pixels from further statistical analysis.
This process is demonstrated in Figure S4. The cyan color in
the pressure map background indicates the excluded substrate.
This isolation step is particularly necessary. First, because
pixels measured at the substrate are so stiff relative to the cell
sample (stiffness values in excess of 10 kPa) that it can
inundate “softer” response of RBCs, where stiffness values in
the range of 100 Pa are relevant. Further, at the edges of the
RBC, the approach of the pipette to the surface is complex,
where the three-dimensional geometry of the pipette
approaching the edge of the cell with a high radius of
curvature deviates significantly from the ideal approach
generated at a flat surface (Figure S5). This effect is manifested
as high-indentation rings surrounding the cells in the
indentation maps. This complex current—distance relationship
created by the geometry of the RBC edges generates deviations
that cannot be accounted for in the analysis conducted here.
For these reasons, the edges of the RBCs are intentionally
excluded.

349

To validate the quantification for the pressurized-SICM
method employed here, comparative experiments were
conducted on normal and chemically stiffened RBCs. The
same scanning routine was used to generate a topography and
pressure map of a single red blood cell. The same RBC was
treated with 100 M diamide in PBS buffer for 30 min, a recipe
routinely used in RBC stiffening experiments.***” The same
RBC was imaged again. As shown in Figure 4a,b, comparing

Z (um) m Z (um)
2 10 2

£ €
2 2
> > 1
510 0
X (um)
m)
15
% 1.0
05
5 10 -0.0
E XEm) - ppa) XUm) - ppa)
200 200
10 . 1150 10 150
£ £
1 100 3 100
> 5 > 5
50 50
% 5 10 0 % 510 0
X (um) X (um)
g 1.000 —— substrate
g —— RBC/diamide
30995 oo
5
= 0.990
©
@
N
© 0.985
£
2 0.980

-0.5 0.0
Distance (um)

0.5

Figure 4. RBC images taken (a,c,e) before and (b,d,f) after the 100
UM tetramethylazodicarboxamide (diamide) treatment for 30 min.
Topography of (a) normal and (b) same RBC treated with diamide at
set point of 2.0%, (c,d) corresponding indentation maps and (e,f) the
background-removed Young’s modulus maps of the same RBC. (g)
The approach curves extracted over the glass substrate, the center of
the RBC without diamide treatment, and the center of the diamide-
treated RBC.

the normal RBC to the diamide-treated RBC, the topography
exhibited a minimal change in center height (~1.68 um).
However, pixels near the edges changed from ~0.79 to ~1.61
pum. Indentation maps (Figure 4c,d) also revealed the same
trend of change in height, where the diamide-treated cell
showed a very small overall indentation depth. Corresponding
Young’s modulus maps (Figure 4ef) showed increased
stiffness at the cell center from 62.1 to 244.1 Pa, whereas
pixels near the edges increased from 36.2 to 80.8 Pa. Notably, a
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few single pixels in the images have high stiffness values >150
Pa, but surrounding pixels have relatively normal stiffness,
which suggests these pixels are imaging artifacts caused by
deviations in approach curve slopes from increased noise after
buffer exchange and from vibration. In an effort to provide
unadulterated data, we have left these pixels in the images
shown. The pixel count of these high-stiffness artifacts can be
visualized in Figure 5 and does not influence the overall trends
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Figure 5. (a) Pixelwise normalized distribution and (b) ratio of
average indentation of 10 normal and 10 diamide-treated RBCs.

observed. The fact that there was a greater increase in stiffness
at the cell center relative to the pixels near the edges, also
suggests diamide cross-linking was more effective at the center
due to a denser spectrin network near the concave region of
the RBC.

This procedure was applied across multiple experiments to
measure a total of 10 RBCs before and after the diamide
treatment. Stiffness changes from diamide treatment, displayed
as histograms of Young’s modulus values for 10 normal RBCs
and the same cells post-diamide treatment are compared in
Figure Sa. Non-diamide and diamide-treated RBCs showed
different average stiffness values of 43.5 and 257.0 Pa,
respectively, as confirmed by an independent t-test (t = 6.64
> 196, p < 335 X 107'"). This statistically validates a
significant change in Young’s modulus before and after
diamide treatment. Changes in deformability of RBCs, in
terms of the indentation observed, were evaluated by averaging
the hy gy and h, gy over all the RBC pixels in each sample to
generate 10 pairs of Ky and h, . The ratio of average

indentation is defined as (lg 5o — F13.05)/Hg 506 Which indicates
indentation relative to the original sample height. The average
indentation ratio of normal RBCs was 0.60, whereas the
diamide-treated RBCs exhibited 0.48. The two distributions
showed a significant difference according to a Student’s t-test (¢
= 2.84 > 2.26, p < 0.01). Notably, the subcellular approach
taken here allows for statistical consideration that may
overestimate the stiffness for diamide-treated RBCs, since
extremely high Young’s modulus values in the central region of
RBCs (>S kPa) and possible image artifacts may exist, as
shown in Figure 4f, as described above.

We described the design and application of optically correlated
SICM for mechanical mapping of single human red blood cells
and the quantification of stiffness changes following diamide
treatment. The optical correlation technique was implemented
using three-point calibration and affine transformation, which
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enabled the precise localization of regions of interest. Through
Young’s modulus mapping, double-threshold topography, and
indentation mapping of single RBCs, optical correlation was
combined with pressurized SICM to reveal the spatial
distribution of local cell stiffness and the magnitude of cell
deformation at subcellular resolution. Pressurized SICM was
used to quantify spatial variations in RBC stiffness, as
demonstrated by the effects of diamide-induced stiffening.

As developed here, optically correlated SICM holds
significant promise for diverse applications in electrochemical
microscopy. Particularly, the biological behavior or electro-
chemical activity of micron- or submicron-sized single entities
on optically transparent substrates can be localized and
monitored using an inverted optical microscope in conjunction
with scanning probes, as we have demonstrated previously in
different applications of SICM.**~* Additionally, digitization
and automated control of the correlation afford the
opportunity to integrate advanced computer vision algorithms,
which can further enhance SICM in terms of the selection of
sample areas and dynamic on-the-fly data analysis.

Data reported and used to generate results and other findings
of this study are available from the corresponding author upon
reasonable request.
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