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A non-contact electrochemical imaging method based on
hydrodynamic resistance is developed to image the apparent
Young’s modulus of living cells. This strategy realizes nanometer
cell deformation and high-resolution 3D modulus mapping with
minimal disturbance to living cells, and further reveals
cytoskeleton-associated modulus distribution in migrating cells.

Young’s modulus of single cells is a key parameter for
studying cellular mechanics and physiological states, being
closely linked to processes such as growth, division, migration
and adhesion4. Various techniques, such as atomic force
microscopy (AFM), micropipette aspiration (MA), optical
tweezers (OTs), and cell magnetic twisting cytometry (MTC),
have emerged in the field of Young’s modulus research of single
cells>8. AFM is widely used for its imaging capability®1!, but
requires nN level indentation that depresses the membrane by
microns, introducing mechanical distortion during live-cell
imaging> 12 13, To avoid puncture, probes are enlarged and
smoothed, reducing spatial resolution to hundreds of
nanometres®. Yet, since modulus is defined by stress-to-strain
response, applying force without contact poses a major
challenge.

Scanning ion conductance microscopy (SICM) is a non-
contact electrochemical imaging technique that uses ionic
current through a nanocapillary orifice as feedback'* 1. To
image rough cell membranes, a hopping mode is employed, in
which the capillary retracts above the surface before each
approach. The ionic current is highly distance-sensitive,
enabling ~10 nm resolution morphology of living cells® while

a State Key Laboratory of Analytical for Life Science, School of Chemistry and
Chemical Engineering, Nanjing University, Nanjing, 210023, China. E-mail:
dechenjiang@nju.edu.cn

b-School of Pharmacy, Nanjing Medical University, Nanjing, 211126, China. E-mail:
dif@njmu.edu.cn

< School of Chemistry and Chemical Engineering, Southeast University, Nanjing,
211189, China.

t Rong Jin and Yanyan Xu made equal contributions to this work.

Supplementary Information available: See DOI: 10.1039/x0xx00000x

Rong Jin,t2 Yanyan Xu, 2 Kang Wang,? Dechen Jiang*2 and Danjun Fang*®

preserving activity and near-real structurel’-21, Early attempts
to measure modulus with SICM introduced hydrostatic pressure
(0.1-150 kPa) into the capillary??, applying forces of 1-10 nN,
which is comparatively large for live-cell imaging?3 24, Besides,
the tip pressure is affected by capillary action (surface tension)
and flow dynamics, typically resulting in a lower pressure at the
tip. This will affect the calculation accuracy of the pressure
applied to the tip, as well as the precise quantification of
Young's modulus.

Herein, a novel strategy based on non-contact SICM
imaging is developed to achieve the highly spatial measurement
of Young’s modulus at the cellular membrane, which does not
need any additional hydrostatic pressure. It should be noted
that the reported values represent the apparent surface
modulus, reflecting membrane-level mechanics at nanometer
deformation depth, and are referred as Young’s modulus for
simplicity. As illustrated in Fig. 1, during the approaching
process in the hopping mode, the fast movement of the
capillary can induce friction with the surrounding solution. At
the same time, the counterforce works on a solution, which has
the same strength and opposite direction to the hydrodynamic
resistance. When the tip is close enough to the cellular
membrane, the hydrodynamic resistance of the solution near
the tip will be transmitted to the membrane. The force is so tiny
that it can only induce a small deformation of the cellular
membrane. Due to the sensitive response of the ionic current
to the tip-membrane distance, the membrane deformation
could be measured based on the alteration of the current.
Consequently, the Young’s modulus at the cellular membrane is
determined without contact with the membrane. The proposed
ionic current-based non-contact strategy is expected to have
the advantages of high imaging resolution (~ 20 nm) and tiny
force (fN level) at the cellular membrane, which decreases the
interruption on cellular activity and enables high-spatial
resolution investigation of the actual modulus distribution at
single living cells. Comparative studies between AFM and SICM
support this concern. In live-cell imaging, AFM, even in tapping
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Fig. 1 Schematic diagram of non-contact Young’s modulus measurement based on SICM.

mode, produces both normal and lateral forces that cause loss
of fine structures, reduced accuracy of height and volume
measurements, and distortion of fragile features such as
microvilli or thin cellular extensions during prolonged imaging.
In contrast, SICM maintains image fidelity without noticeable
morphological changes under similar conditions?# 2>,

The basic SICM setup for ionic current measurement is
shown in Fig. 1, with one electrode in bulk solution and another
inside the nanocapillary. A small tip provides high spatial
resolution but suffers reduced stability (ion current noise) and
lower stress (weaker hydrodynamic resistance, Eq. S1). To
balance resolution and stability, a capillary with 15 nm inner and
20 nm outer diameter was used. Applying a bias across the
electrodes, the ionic current was recorded. During the rapid
approach to the membrane, hydrodynamic resistance between
the nanocapillary and electrolyte arises and can be described by
fluid mechanics as:

f =8mmvd (Equation 1)

where n is the solution viscosity, vis the approaching speed, and
dis the outer diameter. This force is only about 25 fN under our
experimental conditions. Detailed derivation and COMSOL
simulations of force distribution and membrane deformation
are provided in the Supporting Information (Figs. S1-S3, SI). The
results also indicate that the hydrodynamic resistance is mainly
confined within the cross-sectional area of the nanocapillary,
which determines the spatial resolution of ~20 nm.

The relationship between Young’s modulus and the
minimum ion current (/min) is derived in Equation (2) (more
details in Sl) based on an empirical mathematical model:
(Equation 2)

Imin=1+ T

do+ 2m [

where T is related to the nanocapillary geometry (equation S9,
Sl), do is the capillary-membrane distance, E is the Young’s
modulus and «a is the half cone angle. Among all geometric
factors, the outer diameter of the pipette is the most critical, as
it governs both the confinement of the electrolyte and the
spatial resolution of the electrochemical signal. As all other
parameters are fixed during scanning, Imin is solely determined
by the local modulus. Further details of the derivation,
parameter definitions, and the procedure for separating
morphology and modulus imaging are described in the
Supporting Information (Fig. S5, SI).
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Fig. 2 Modulus imaging results of PDMS samples using SICM. (a) Approaching curves of
samples with modulus of 143.6 and 190.1 kPa. (b) SICM modulus images of these two
samples. (c) Schematic diagram of the deformation recovery during the hovering
process; approaching curves and Z-axis piezo traces. (d, e) Approaching curves of
samples without (d) and with (e) hovering process.

To validate the method, PDMS samples with different
moduli were prepared by adjusting the curing agent ratio. Their
Shore hardness (HA) values ranged from 140 to 440 kPa. Each
sample was positioned below a nanocapillary with 15/20 nm
inner/outer diameters (Fig. S6, Sl). For relatively hard (182.2
kPa) and soft (139.8 kPa) samples, initial approach curves were
similar, butionic current differences appeared below 15 nm tip—
sample distance (Fig. 2a). This reflects deformation-dependent
current changes, distinguishable by /min. From surface scans (32
x 16 pixels, Fig. 2b), average moduli were 182.2 £+ 10.9 and 139.8
+ 5.7 kPa (n = 512), consistent with HA results. The other three
PDMS samples also followed the theoretical curve (Fig. S7, SI).
Variation of viscosity (n) and approach velocity (v) altered /min
values (Fig. S8, Sl), matching theoretical predictions.

To further confirm deformation, a “hovering” step was
introduced (Fig. 2c). After impulsive displacement, the capillary
remained stationary, eliminating hydrodynamic resistance. The
gradual recovery of sample deformation caused a further
current decrease, in contrast to direct retraction (Fig. 2d). This
effect, seen as a smaller Inin (Fig. 2e), supports the recovery
process and confirms that hydrodynamic resistance is
transmitted to the sample. Finally, detection sensitivity
depends on the threshold and approach velocity. Lower
thresholds and faster approach speeds enhance sensitivity but
also increase noise levels. Thus, optimized conditions of 99%
threshold and 20 um/s velocity were chosen for cell imaging.
For small-area scans, 96% threshold and 35 um/s velocity were
applied to enhance recognition. Accordingly, the Young’s
modulus of the sample could be determined from our
established non-contact measurement strategy.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 Modulus imaging results of the tiny area on MCF7 cell. SICM morphology images

(a) before and (d) after fixation. SICM modulus images (b) before and (e) after fixation.
Overlay images of morphology and modulus (c) before and (f) after fixation. The yellow
regions refer to the high modulus at the fold, the green regions refer to the high
modulus at the groove, the red regions refer to the low modulus at the groove.

After validating the method with PDMS, we simultaneously
imaged the morphology and modulus of a single MCF7 cell. lonic
currents were recorded at two approach distances: at ~20 nm,
no hydrodynamic resistance was transmitted and morphology
was obtained (threshold 99%); at 10 nm, hydrodynamic
resistance induced membrane deformation, and /min Yyielded
local modulus values. Bright-field and SICM images confirmed
consistent cell morphology (Fig. 3a), and the calculated modulus
was 6.27 * 1.45 kPa (Fig. 3c), close to AFM results” 2>, Statistical
analysis revealed 23% relative standard deviation, indicating
heterogeneity. Continuous non-contact scanning preserved cell
shape (Fig. S10, SI), with modulus images remaining consistent
with morphology. Dynamic pseudopodia extension and
contraction confirmed good cellular vitality during the 7-hour
imaging process. Additional control experiments involving
direct tip—cell contact and membrane disruption confirmed the
non-contact nature of the measurement, as evidenced by
distinctly different current responses (Fig. S11).

Chemical fixation is widely used to preserve membrane
structure, but it induces protein aggregation and forms
spherical structures at the plasma membrane?® 27, Previous
studies have shown that most cells exhibit increased modulus
after fixation28-3°, although limited spatial resolution has
restricted detailed visualization. Here, morphology and
modulus images of the same cell after fixation are collected (Fig.
3b, d). The morphology reveals a rougher surface due to protein
aggregation, accompanied by a clear modulus increase.
Statistical analysis (Fig. S12, SI) shows an average modulus of
16.78 + 4.77 kPa, nearly three times higher than that of the
living cell, while the heterogeneous distribution remains,
consistent with literature reports?®.

To obtain high-resolution information on plasma
membrane morphology and modulus, a 2.56 x 2.56 um? region
at the pseudopodia was scanned with 20 nm steps. In the living
cell, numerous folds (200-500 nm) were observed (Fig. 4a),
likely arising from aggregated protein clusters. The modulus
image (Fig. 4b) showed high values at clusters and low values in
grooves. Overlapping morphology and modulus maps (Fig. 4c)
revealed good correspondence, with high modulus at folds
(yellow), elevated modulus at grooves (green), and low modulus

This journal is © The Royal Society of Chemistry 20xx
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at grooves (red). After fixation, morphology, medulus, and
overlap images of the same region (Fig?@d.¥}Hemerstraréd
increased modulus at both folds and grooves, reaching ~30 kPa
at spherical structures.

Further validation was performed on SKOV3 cells, where
fixation induced both larger partitioned surface structures (Fig.
S13) and a higher modulus than in live cells (Fig. S14). Control
experiments with a PDMS array (Figs. S15) showed that a ~100
nm topographical height difference produced no modulus
contrast, confirming the reliability and generality of the method.

Cell migration is closely linked to dynamic cytoskeletal
remodeling3% 32, with cells undergoing continuous stretching
and contraction, though many mechanisms remain unclear.
High-spatial modulus imaging offers insights into these
processes, particularly during membrane deformation. SICM
has previously been applied to study migrating platelets using
pressure-based methods33. Here, to validate our modulus
imaging approach, a scratch wound-healing assay was used to
induce SKOV3 migration (Fig. S16, SI). Within 2 h, cells at the
wound edge migrated toward the centre. A representative
migrating cell (Fig. 5a) was scanned. SICM topography (Fig. 5b)
revealed filaments tilted toward the migration direction, and
modulus mapping (Fig. 5c-d) displayed linear high-modulus
regions aligned with this trajectory.

As cytoskeletons beneath the plasma membrane sustain
cell structure and drive migration, the linear high-modulus
regions are likely associated with actin filaments. To verify this,
cells were phalloidin-stained. The bright-field image after
fixation (Fig. S17, Sl) resembled the live-cell morphology (Fig.
5a). Fluorescence images (Fig. 5e-f) showed actin filaments
aligned with the migration direction, matching high-modulus
regions in Fig. 5¢c-d. Correlation was highlighted by dashed lines,
indicating that cytoskeletons induce elevated membrane
modulus and explain heterogeneity. Some high-modulus
regions lacked cytoskeleton signals (circled in Fig. 5f), likely due
to protein aggregates or other factors. Overall, the non-contact
electrochemical method enables high-resolution modulus
cytoskeleton mapping at the plasma membrane.

In summary, we present a high-resolution modulus imaging
method that achieves ~20 nm spatial resolution in live cells

100 nm

Fig. 4 Modulus imaging results of the tiny area on MCF7 cell. SICM morphology images
(a) before and (d) after fixation. SICM modulus images (b) before and (e) after fixation.
Overlay images of morphology and modulus (c) before and (f) after fixation. The yellow
regions refer to the high modulus at the fold, the green regions refer to the high modulus
at the groove, the red regions refer to the low modulus at the groove.
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Fig. 5 Modulus imaging oftf:e living cells during migration process. (a) Bright field image
of the selected SKOV3 cell with obvious migration trend. (b) SICM morphology image of
the cell. (c) SICM modulus image of the cell. (d) 3D modulus image of the selected area
in 5(c). (e) Fluorescence image of the cells after fixation and permeation. (f) 3D
fluorescence image of the selected area in 5(e).

while remaining contact free and nearly nondestructive. The
resulting fN level forces induce only nanometre-scale
membrane deformation, minimizing perturbation and yielding
near-real informatio n on modulus distribution. 3D imaging
revealed that fixation-induced modulus increases mainly arise
from nanoscale protein aggregates, while strong correlations
between high-modulus regions and cytoskeletal extensions
provide new insights into the heterogeneous mechanics of the
plasma membrane.
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