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A B S T R A C T

Cells in living organisms are constantly exposed to fluid flow, which fundamentally influences their adhesion 
behavior and mechanobiological properties. Despite the critical role of flow in physiological and pathological 
processes, there are only a few experimental platforms that enable label-free investigation of flow-induced 
adhesion responses in large populations of individual cells under well-defined and tunable fluidic conditions. 
Here, we present a prototype device that integrates a resonant waveguide grating–based label-free optical bio
sensing approach with a custom-designed plate holder capable of inducing controlled rotation of the supernatant 
within standard well formats. This configuration allows real-time, single-cell–resolved monitoring of adhesion 
kinetics while dynamically modulating the mechanical environment experienced by the cells. We systematically 
examined the effects of fluidic field rotation across a range of rotation frequencies, as well as the impact of partial 
enzymatic degradation of the cellular glycocalyx, on cellular adhesion dynamics. To quantitatively characterize 
the underlying mechanical stimuli, computational fluid dynamics (CFD) simulations were performed to estimate 
fluid velocity fields and shear stress distributions within the custom well geometry. Our results identify a distinct 
shear stress regime in which cellular adhesion is enhanced, followed by higher mechanical force levels that lead 
to a reduction in adhesion strength. These findings provide a new experimental framework for probing flow- 
dependent cellular biophysical responses at the single-cell level and contribute to a deeper understanding of 
adhesion regulation in physiologically relevant flow environments.

1. Introduction

To understand key biological processes – both physiological and 
pathological – such as vascular diseases, organ development, or immune 
responses, it is crucial to model the mechanical environment of cells. 
Cell adhesion is a key biological process in which cells bind to each other 
or to a substrate through a variety of receptor-ligand interactions [1–3]. 
During this fundamental change, the involved cells undergo significant 
morphological changes [4]. Different proteins, receptors, and ligands 
are involved, depending on whether the adhesion is cell-cell or 

cell-extracellular matrix (ECM), as they are generated through distinct 
cellular mechanisms. When a cell attaches to another cell, it does not 
necessarily flatten; instead, it maintains a more rounded structure due to 
the balance between adhesive forces, which pull the cell outward, and 
internal contractile forces trying to pull it inward [5]. The shape of the 
cell is dictated by the dynamic remodeling of these forces. However, 
when a cell attaches to the ECM, it typically flattens and expands hori
zontally because integrins and other focal adhesions firmly attach the 
cytoskeleton to the substrate. The spreading of the cell provides a more 
stable mechanical connection with the ECM [6]. This extended contact 

* Corresponding author.
** Corresponding author at: Nanobiosensorics Laboratory, Institute of Technical Physics and Materials Science, Centre for Energy Research, HUN-REN, Budapest, 

Hungary.
E-mail addresses: bonyar.attila@vik.bme.hu (A. Bonyár), horvath.robert@ek.hun-ren.hu (R. Horvath). 

1 Equal contribution as first author

Contents lists available at ScienceDirect

Sensors and Actuators: B. Chemical

journal homepage: www.elsevier.com/locate/snb

https://doi.org/10.1016/j.snb.2026.141027
Received 21 May 2026; Received in revised form 18 September 2026; Accepted 1 October 2026  

Sensors & Actuators: B. Chemical 472 (2027) 141027 

Available online 14 October 2026 
0925-4005/© 2026 Elsevier B.V. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

mailto:bonyar.attila@vik.bme.hu
mailto:horvath.robert@ek.hun-ren.hu
www.sciencedirect.com/science/journal/09254005
https://www.elsevier.com/locate/snb
https://doi.org/10.1016/j.snb.2026.141027
https://doi.org/10.1016/j.snb.2026.141027
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2026.141027&domain=pdf


area not only stabilizes the cell but also increases its resistance to shear 
forces, which are commonly encountered under physiological in vivo 
conditions. Shear stress is a mechanical force that arises when a fluid 
moves along a surface, exerting a tangential force per unit area. In the 
human cardiovascular system, this mechanical force is primarily 
generated by the blood flow acting on the vessel-forming endothelial 

cells. Generally, the magnitude of the shear stress τ 
(

dyne
cm2

)

is determined 

by the dynamic viscosity η of the blood and the velocity gradient du
dy near 

the vessel wall as given in Eq. 1. 

τ = η⋅
du
dy

(1) 

Where η 
(

dyne⋅s
cm2

)

is the dynamic viscosity of the blood, du
dy is the rate of the 

change of velocity perpendicular to the vessel wall, typically expressed 
in 1s.

However, it is important to note that the shear force does not only 
depend on the speed of the blood flow and the dynamic viscosity of the 
blood, but also on the elasticity and the smoothness of the vessel wall 
[7]. This is particularly relevant in biological systems because the 
luminal side of the endothelial cells lining the inner wall of blood vessels 
is covered by a carbohydrate-rich matrix called the endothelial glyco
calyx layer (EGL) [8]. The glycocalyx is a complex carbohydrate layer 
with a thickness ranging from 0.5 to 4.5 µm, present in a variable 
thickness on the surface of numerous cell types, including endothelial 
cells, as well as within the vascular system, the ducts of the respiratory 
tract, and certain leukocyte subpopulations [9–11]. It plays a pivotal 
role in antigen presentation, facilitating intercellular communication, 
mechanical defense, and immunological protection. It facilitates the 
so-called rolling adhesion of leukocytes to the vascular wall, and in 
tumor lesions, a thicker glycocalyx helps to protect cancer cells against 
immune responses [12]. In the nervous system, it appears at synaptic 
connections between individual neurons and enhances communication 
between cells. In contrast, its dysfunction can be related to neurological 
diseases, as well as Alzheimer’s disease [13]. Enzymatic hydrolysis of 
the glycocalyx can better model certain pathological conditions [14]. 
The EGL is composed of various negatively charged saccharides, such as 
sulfated glycosaminoglycans (e.g., heparan sulfate) and sialoglycopro
teins [15]. It plays a crucial role not only in endothelial barrier function 
but also acts as a mechanotransducer, transmitting signals that induce 
morphological changes in the cell [16,17]. Glycosaminoglycans exhibit 
kosmotropic behavior due to their negatively charged, highly polar 
nature because of the sulfate and carboxyl groups, which attract water 
molecules and promote the formation of an ordered water structure 
around them [18]. This ordered water phase contributes to the ability of 
glycocalyx to provide protection to the endothelial cells while reducing 
shear stress and aiding blood flow in blood vessels under physiological 
conditions.

To study both physiological and pathological conditions, in vitro 
cell culture is a widely used and indispensable tool in modern 
biology and medicine. By selecting appropriate experimental 
methods, cell and tissue types, we can obtain a satisfactory and cost- 
effective alternative to animal experimentation, but not a substitute. 
Regarding fluid flow, there are static and dynamic models of cell 
culture, which differ primarily in the transport of nutrients, oxygen, 
and the mechanical forces acting on the cell culture [19,20]. 
Although static models are versatile tools for monitoring cellular 
interactions, microbial pathogenesis, drug effects, or pathomechan
isms, as well as conducting pharmacological, physiological, or 
pathological studies, their major drawback is that, due to the lack of 
fluid flow, the acting mechanical force – shear stress – is not present 
in these systems and therefore they cannot adequately model the 
biomechanical effects that affect cells in their natural environment 
[21]. The absence of shear stress alters cell morphology, adhesion, 

signaling, and gene expression, which are all particularly important 
in immunological, cancer, and vascular research [22,23].

Therefore, dynamic systems that provide fluid flow and shear force 
may provide more accurate and physiologically relevant results. Dy
namic cell culture techniques, which have come to the fore in the last 
decade, have fundamental advantages but require longer and more 
careful field trials than their static counterparts [24]. A number of in 
vitro models are available to facilitate comprehension of physiological 
conditions. One such model involves culturing cells in a flow field, 
thereby enabling the modeling of different flow patterns (laminar, tur
bulent, oscillatory) [25]. In in vitro experiments, preconditioning of the 
cells under investigation is typically conducted following exposure to 
shear stresses ranging from 1 to 20 dynes/cm² [26].

One of the simplest models is the Parallel Plate Flow Chamber, in 
which cells are grown on a PDMS surface and a pump is used to generate 
specific flow velocities and shear stresses in the culture chamber [27]. 
This method provides a uniform flow field, but does not model the 
three-dimensional geometry of the blood vessels and the pulsatility of 
the vessel wall. Another obvious solution is a system based on the 
principle of generating a shaking, tilting fluid flow or the cone-and-plate 
system, which is relatively easy to implement but does not provide the 
user with enough control over the parameters and primarily provides 
only endpoint measurements [28,29]. The cone-and-plate flow chamber 
utilizes a cone that rotates within a static space to maintain uniform 
flow, thereby generating consistent shear stresses on the cells and thus 
offering a more accurate approximation to physiological conditions. 
However, this configuration presents the disadvantage of complicating 
the microscopic examination of cells within the system. The most 
advanced technology in this field is the so-called lab-on-a-chip micro
fluidic device, which enables precise control of flow rates through 
microchannels and has the capability to capture dynamic cellular re
sponses in real-time. However, the extreme advantages of this device 
have one major drawback: the complexity of the system itself [30]. 
These channels are capable of modeling the three-dimensional structure 
of the vessel walls with a high degree of accuracy, allowing for the study 
of individual cellular interactions. However, the precise control of shear 
forces remains challenging.

To address these limitations, we have attempted to combine the 
advantages of previous approaches with as little downside as possible, 
developing a customized commercial label-free biosensor system where 
fluid rotation within the well allows a precise shear stress application. 
This system offers high spatial and temporal resolution, as well as real- 
time imaging via evanescent wave-based detection for examining cell 
behavior under flow conditions, while still allowing the validation of cell 
morphology and position using conventional optical microscopy [31, 
32]. In addition, recent years have seen a growing emphasis on 
increasing the resolution of various cell kinetic studies to be able to 
observe single-cell kinetics [33,34]. This paradigm shift, which is 
moving the research world from the population-level cellular studies to 
the analysis of signals at the single-cell level, can only be achieved with 
the right tools. Technological advances and the application of new 
methods enable cells to be analyzed individually rather than as a group, 
revealing the complexity of biological systems in greater detail and 
precision [35]. Biosensors with extremely high spatial resolution, 
capable of measuring cells at the microscopic level, in real-time under 
various conditions, play a key role in this process [36]. It is essential to 
note that transitioning to single-cell resolution does not preclude the 
continuation of population-level studies. By averaging and aggregating 
single-cell data, traditional population analyses can be reinstated, 
thereby providing the opportunity to build consistent and detailed pic
tures for studies at various levels [37]. This development therefore 
complements, rather than precludes, population-level studies, allowing 
accurate single-cell analysis and wider use of aggregated data from these 
studies.
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1.1. Biosensors

The study of dynamic changes in biophysical parameters at the 
single-cell level often requires the application of biosensors with high 
spatial and temporal resolution [38]. Optical biosensors provide an 
optical field in which the processes occurring are investigated on the 
basis of light phenomena (e.g., diffraction, refraction, interference) 
[39]. Sensing is based on the interaction between the optical field and 
the bio-recognition component. Label-free technologies do not use any 
other signal-amplifying molecule; thus, the analyte can be processed in 
its intact form [40]. Optical biosensors, of which the resonant wave
guide grating (RWG) biosensor is an example, function based on the 
analytic components in the evanescent field, inducing a refractive index 
change in the local region of the sensor surface, thereby altering the 
resonance and converting the illuminating light into a different wave
length component with different resonance frequencies in the grating 
waveguide layer [41]. This phenomenon is known as near-surface dy
namic mass redistribution (DMR). The resonant wavelength component 
subsequently propagates for a brief period within the layer before 
exiting via reflection, and is then detected by a complementary metal 
oxide semiconductor (CMOS) camera.

In the present study, we used the Corning EPIC Cardio high spatial – 
single-cell level resolution – RWG biosensor, which provides a lateral 
spatial resolution of 25 µm on a 2 mm x 2 mm sensor surface, providing 
highly detailed data on cellular interactions and adhesion kinetics [42]. 
The EPIC Cardio biosensor is a tool based on resonant waveguide grating 
technology that enables real-time and label-free monitoring of cells. Its 
principle of operation is based on the evanescent field phenomenon, 
where light arriving at the sensor surface resonates at a specific wave
length, generating an evanescent wave that extends only a very short 
distance from the boundary [43]. This wave has rapidly decaying am
plitudes and does not transport energy, but it is highly sensitive to 
refractive index changes in the 150 nm vicinity of the sensor surface, 
making it ideal for non-invasively detecting molecular interactions and 
cellular processes [44].

A table comparing the key parameters of various fluidic systems used 
for laboratory and research purposes with those of fluidic systems 
incorporating the optical biosensor that yielded the results of this study 
is provided below (Table 1).

1.1.1. The hemodynamic forces in the cardiovascular and the lymphatic 
system

The fluids that fill the unique fluid spaces in the human body, as well 
as the cardiovascular and lymphatic systems, exhibit different flow 
characteristics in different regions of the body. The flow velocity of the 
fluid space and the mechanical forces exerted on each compartment, 
such as shear forces and surge forces, are influenced by both the solid 
and dissolved components present in the fluid being transported [55]. 
Adhesion interactions have been demonstrated to play a role in the 
development of certain diseases and in the health of the body. This has 
been evidenced by the precipitation of an altered intrinsic structure, for 
instance in the case of cancer cells along the vascular walls, or the 
phagocytotic activation of monocytes in the interstitial space [56]. Upon 
exit of phagocytes and some lymphocytes from the vasculature, adhe
sion molecular interactions between specific adhesion molecules, 
integrins, cadherins, selectins, and receptors on endothelial cells that 
form the vascular walls facilitate their passage into the interstitium [57]. 
It has been hypothesized that the aberrant expression of specific adhe
sion molecules may play a role in promoting cell proliferation within the 
vascular wall, instigating inflammation, and contributing to the onset of 
autoimmune diseases [58]. The flow rate of fluid spaces is primarily 
determined by their viscosity, which is also influenced by the presence 
of dissolved ions, antibodies, platelets, red blood cells, and leukocytes 
[59]. The elasticity of the cells and their dynamic morphological 
changes contribute, e.g., to their passage through capillaries, where only 
a single red blood cell can fit in some regions [60,61]. The tangential 
forces exerted on the vessel walls, i.e., the lymphatic vessels, are known 
as shear forces. The flow profile can be laminar, where the fluid flows at 
the fastest speed in the center of the blood vessels, and the speed de
creases as it approaches the vessel wall [62,63]. While the blood flow 
throughout the cardiovascular vessels is largely laminar, chaotic 
advection and transitional flows frequently arise due to the pulsatile 
nature of the cardiac cycle and are amplified at sites of vessel de
formations, including normal arterial bifurcations and pathological 
features like aneurysms or atherosclerotic lesions.

The endothelial cells come into direct contact with the blood flow. 
The flowing blood stimulates the endothelial cells, which in response 
secrete various substances, such as nitric oxide (NO) or prostacyclin 
[64]. It has been demonstrated that high shear forces influence the 

Table 1 
Summary Table of the Various Fluidic Platforms.

Platform Parallel-plate flow chamber (PPFC) Cone-and-plate Lab-on-chip / microfluidic system RWG biosensor with magnetic liquid- 
rotation

Dynamic 
shear range

~0.01 – 30 dyn/cm2 (physiological range) 
[45]

Broad range, 1 – 12 dyn/cm2, 
cone-and-plate rheometry strain 
rate 0.1 – 100000 s− 1 [46]

Very wide range – up to ~ 
1600 dyn/cm2, 929-fold tunable 
in a single chip [47]

Rotation 1000 – 3000 rpm; CFD- 
simulated fluid velocity 0 to ~1.16 m/s 
(shear not quoted in dyn/cm2) [48]

Spatial 
resolution

Monolayer field (~cm2), uniform region 
within ~ 5% if aspect ratio ≤ 20:1 [49]

Whole-plate field, radial gradient 
option, ~ 4% of cells in central, 
non-uniform zone [50]

Single-cell, sub-cellular via 
channel geometry, models 3D 
vessel wall

25 µm (high-resolution Epic) / 83 µm 
(Benchtop); 2 x 2 mm sensors, 150 nm 
evanescent sensing depth [51,52]

Temporal 
resolution

Real-time (limited by microscopy) Real-time possible but 
microscopy limited by rotating 
cone

Real-time, high (video 
microscopy)

3 s (Benchtop) / ~ 12 s (high-resolution 
BT) [48]

Throughput Low – one condition per chamber Moderate (multi-well variants) Variable: single-cell force 
methods, 5 – 10 cells/day, 
adhesion chambers reach 
hundreds [53]

High – 12 wells in parallel on 384-well 
plate; up to ~ 1200 individual cells per 
session [52]

Single-cell 
resolution

No (population/monolayer) No Yes (trapping/single-cell 
channels)

Yes (25 µm pixels resolve single cells)

Key 
advantages

Well-defined laminar shear, simple, 
reproducible, easy microscopy [54]

Uniform, well-defined shear, 
closer to physiological 
conditions, simple

Precise flow control, real-time, 3D 
geometry, single-cell, low reagent 
use

Label-free, real-time, single-cell and 
population from one dataset, combines 
shear application with biosensing, plate- 
compatible

Key 
limitations

2D only, no vessel geometry or pulsatility, 
> 80% stress variation from end effects 
without confinement, low parallelization 
[54]

Primarily endpoint, difficult in- 
situ microscopy, secondary/edge 
flows, central non-uniformity

Fabrication complexity, PDMS/ 
flow-control overhead, lower 
parallelization than plate formats

Requires CFD calibration; no 3D vessel 
geometry
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function of endothelial cells and the quality of the extracellular com
ponents of secreted substances, thereby contributing to the regulation of 
their function [65]. Prolonged exposure to high shear forces has been 
shown to induce NO production, which in turn relaxes blood vessels. 
Furthermore, prolonged high shear forces have been demonstrated to 
activate mechanotransduction pathways and induce increased expres
sion of certain genes [66]. Prolonged exposure to high shear forces has 
been shown to lead to endothelial cell degradation. The regions exhib
iting the lowest shear stresses are those along vascular bifurcations, 
where the development of atherosclerosis is more probable [67]. In the 
case of oscillations in shear force, proinflammatory responses may be 
induced, which may in turn trigger the adhesion of monocytes and some 
lymphocytes. Mechanosensory receptors with different functions are 
expressed on endothelial cells. Integrins sense through the extracellular 
matrix, PECAM-1 (Platelet Endothelial Cell Adhesion Molecule-1) 
transmits mechanical signals to the intracellular space, VE-cadherins 
enhance intercellular connections, quasi-stabilizing the vascular wall 
structure, while ion channels, such as Piezo-1 and TRPV4 receptors, 
regulate calcium ion uptake [68–70]. In the presence of oxidative stress, 
endothelial cells exert anti-inflammatory effects by producing NOX2 and 
NOX4 NADPH oxidases [71,72].

1.1.2. Insight into single-cell adhesion studies
The study of adhesion interactions at the single-cell level is an 

extremely complex undertaking, yet also of fundamental importance in 
many areas of life science research. The biomolecules involved in cell 
adhesion include cadherins, integrins, selectins, and immunoglobulins 
[73,74]. Adhesion molecules bind to cytoskeletal actin filaments 
through focal adhesion complexes (FAs) [75]. Cadherins are responsible 
for intercellular coupling, while integrins are responsible for adhesion to 
the extracellular matrix [76]. Selectins and immunoglobulins are 
involved in the immune response and the vascular network [77,78]. In 
tumor lesions, individual cells detach from their tissue, i.e., cell-cell 
cadherin junctions are reduced, and epithelial-mesenchymal transition 
is enhanced [79].

The functionality of the monitored surface can vary depending on the 
nature of the experiments. To mediate cellular adhesion, surface func
tionalization could be a possible approach. The arginine-glycine- 
aspartic acid (Arg-Gly-Asp or RGD) motif is an extracellular oligopep
tide that is capable of controlling the cellular adhesion mechanisms that 
are key to the activation and clustering of integrin proteins, which play a 
fundamental role in cell adhesion, spreading, and signaling during 
various biological processes [80–82].

2. Materials and methods

2.1. Cell culture

The HeLa cell line was used for the measurements (Fig. 1b). The cells 
were maintained in an incubator at 37 ◦C in a humidified environment 
with 5 V/V% CO2. Dulbecco's Modified Eagle's Medium (D-MEM) was 
used to maintain the cell line, supplemented with 10 w/V% fetal calf 
serum. In addition, 4 mM L-glutamine, 100 U/mL penicillin, and 
100 μg/mL streptomycin were used in the culture medium. The density 
of the HeLa cell suspension used for our measurements proved to be 
ideal when 2500 cells were used in a final volume of 600 μL (i.e., at a 
density of about 4100–4200 cells/mL); at this density, we achieved 
signals at the single-cell level but observed adhesion phenomena over 
most of the entire sensor surface.

2.1.1. The sensor surface functionalization
The biosensor (Fig. 1a) signal baseline was performed using a 10 mM 

HEPES/MQ water buffer solution, normally run for 20 min (Fig. 1c, e). 
Functionalization of the sensor surface was carried out using a graft 
copolymer of 100 μg/mL poly-L-lysine-polyethylene glycol and poly-L- 
lysine-polyethylene glycol-RGD (Arg-Gly-Asp) mixed at a 1:1 ratio, for 

40 min, with the sensor wobbled, and then the functionalization was 
examined for 30 min until saturation of the wavelength shift signal. The 
well was washed 3 times with 10 mM HEPES/MQ water buffer, and then 
a cellular baseline was recorded and assayed using cell culture medium, 
i.e., D-MEM, for 30 min.

2.1.2. Enzymatic hydrolysis
The chondroitin-6-sulfate, chondroitin-4-sulfate and dermatan sul

fate components of the glycocalyx layer of the HeLa cells were hydro
lyzed using chondroitinase ABC enzyme (Fig. 1d, e). Enzymatic 
hydrolysis was performed for 45 min by adding the enzyme to the cell 
suspension, adjusting the enzyme activity to 0.6 U/mL. Enzymatic hy
drolysis was terminated by removing the supernatant and washing the 
well with 10 mM HEPES/MilliQ buffer.

2.1.3. Rotation of cellular supernatant
After the enzymatic digestions (or without enzymatic hydrolysis), 

the suspension was rotated immediately after the cell adhesion phase 
(Fig. 1e). The short- and long-term effects of several rotation speeds 
between 1000 and 3000 rpm on cell behavior were investigated.

2.1.4. Plate-holder and rotating mechanism
The experimental setup utilized a customized plate holder and a 

rotation mechanism to generate fluid rotation over the biosensor array 
(Fig. 2a, b). The plate holder was designed so that the sensor plate was 
accessible in wells with the following dimensions: each well was 8.8 mm 
wide and 10.65 mm deep with two precisely positioned 2 mm x 2 mm 
sensors on the well centerline, equidistant from the center of the well 
with four additional sensor segments arranged in a matrix pattern, two 
above and two below the main sensors, partially extending beyond the 
well boundaries (Fig. 2c). To generate the required flow field, a rotating 
magnetic stirrer was placed over the closed wells, with a magnetic stirrer 
bar carefully positioned underneath the light barrier top coat. The di
mensions of the stirrer bar were 6 mm in length and 2.95 mm in width. 
Although static magnetic fields can influence cell behavior at moderate 
intensities (≥ 1 mT) or during prolonged exposure [83–85], in our 
experimental setup, the drive magnet and the stirring bar are located at 
the top of the ~10.65 mm liquid column. Consequently, the magnetic 
field at the sensor surface decreases to the level of the ambient weak 
field (< 1 mT), so direct magnetobiological effects are negligible during 
our short (~1 h) rotation phases [86].

2.1.5. Viability test, epifluorescent imaging, and image processing
Cellular viability was assessed using the Invitrogen ReadyProbes™ 

Cell Viability Imaging Kit (Blue/Green; Thermo Fisher Scientific). 
Briefly, 16 μL of the reagent was added to the culture supernatant prior 
to epifluorescence imaging.

Microscopy was performed using an Axio Observer Z1 inverted mi
croscope equipped with an LD Plan-Neofluar 20x/0.4 Corr Ph2 M27 
objective. For phase contrast imaging, a halogen light source was used 
(3.4 V) with an exposure time of 10 ms. Fluorescence imaging was 
carried out using Filter Set 02 (ex: 335–383 nm; em: > 420 nm) with a 
190 ms exposure time, and Filter Set 38 (ex: 450–490 nm; em: 
500–550 nm) with a 280 ms exposure time. Images were acquired using 
an Axiocam 705 monochrome camera coupled with a 0.63x adapter. 
Image processing, including single-cell segmentation and counting, was 
performed using the 'cyto3' model of the Cellpose algorithm on both 
phase-contrast and epifluorescence images.

2.1.6. Biosensor data evaluation
The biosensor features a 2 x 2 mm² active sensing area with a spatial 

resolution of 25 µm, resulting in an 80 x 80 pixel image per sensor scan. 
The measurement system simultaneously acquires data from 12 sensors 
arranged in a 3 x 4 array. During data acquisition, the system exports a 
video tensor with dimensions (T, 240, 320) for each experiment, where 
T denotes the total number of temporal measurements. This tensor is 
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Fig. 1. Schematic illustration of the key phases of our measurements. a) Operating principle of the high spatial resolution RWG biosensor. b) Schematic diagram of 
individual HeLa cell adhesion. c) The sensor surface was functionalized with a 1:1 dilution of poly-L-lysine and polyethylene glycol graft copolymer modified with an 
RGD (Arg-Gly-Asp) motif (PLL-g-PEG-RGD) and PLL-g-PEG. d) Digestion and structural representation of the cellular glycocalyx layer. e) Representative measure
ment showing the recorded wavelength shift dataset over time (undersampled). The kinetics summarize all possible phase transitions discussed in the article. 
Initially, the sensor was incubated with 10 mM HEPES/MQ buffer, followed by functionalization of the sensor surface with PLL-g-PEG-RGD solution, after which the 
cellular baseline was established using Dulbecco's Modified Eagle's Medium. This was followed by an adhesion assay with HeLa cells, during which they progressively 
adopted the spread morphology characteristic of final adhesion, while the adhesion kinetics exhibited a sigmoidal profile. The cells were subjected to mechanical 
stress by rotating the assay medium using a floating magnetic stirrer bar at 3000 rpm. This was followed by a resting phase (rest-1) and subsequent rotation at 
1000 rpm, after which the partial digestion of the cellular glycocalyx layer was examined using the enzyme chondroitinase ABC. We then applied rotation at 
1000 rpm, followed by a second resting phase (rest-2), and subsequently examined the cells at 3000 rpm. The measurement was concluded with a resting phase (rest- 
3). Each phase is highlighted with a different background color. Additionally, the average wavelength shift of the representative, undersampled curves, along with 
their 95% confidence interval, and standard deviation, are indicated with shaded bands. Created in BioRender. Sallai, I. (2026) https://BioRender.com/b9iow2p.
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Fig. 2. Diagram showing the investigated measurement platform. a) The custom-made well plate and the attachable sensor plate. We insert a sensor element into a 
metal holder, onto which we place the Teflon (PTFE) well plate, which we designed using O-rings and incorporating an overflow channel. The uniform rotation of the 
liquid is ensured by a magnetic rotating bar floating in the working medium, which is secured by a magnet positioned above the light-blocking layer. The magnet is 
attached to a fan, which ensures uniform rotation and causes the magnetic bar to rotate without direct mechanical connection, simultaneously rotating the liquid 
space. To hermetically seal the fluid chamber, an object plate is used under the light-blocking layer, which is also coated with a light-blocking layer to prevent 
unwanted external illumination. The system is stabilized with the help of an upper metal clamp and fixing screws. b) A total of 6 sensor elements can measure 
wavelength shift signals in the custom-made well. Two sensor elements hang completely into the custom-made well, while four sensor elements hang partially into it. 
The sensor elements have an area of 2 mm x 2 mm, with a distance of 2.5 mm between adjacent sensor elements in the x and y directions. Our custom-made well has a 
diameter of 8.8 mm. c) The wavelength shift (WS (pm)) heat map generated by the sensor elements located in the custom-made well, i.e., the lateral inhomogeneous 
wavelength shift heat map with an area of 80 x 80 pixels (1 pixel = 25 x 25 µm2) is displayed in pm resolution, with the individual sensor element pixels colored 
according to the maximum wavelength shift values recorded during the measurement.
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subsequently partitioned into individual well representations of size (T, 
80, 80).

Each well-specific time series is then truncated to align with the 
onset of the cell adhesion phase, which is determined from the biosensor 
timeline. Following this step, a three-stage signal correction procedure is 
applied. First, an offset correction is performed by subtracting the initial 
frame (t₀) from all subsequent frames. Pixels whose values exceed a 
maximum threshold of 5000 pm are then masked across the entire time 
series. Next, a manual background correction is applied by averaging the 
time series of user-defined background pixels and subtracting the 
resulting background signal from all pixel time series within the well.

After background correction, single cells are identified using a local- 
maximum–based peak detection approach. To enable this, each well 
tensor is collapsed into a single image by computing the per-pixel 
maximum across time. Standard local maxima detection is then 
applied, augmented with lower and upper absolute peak thresholds to 
suppress noise and outlier signals. For each detected peak, the corre
sponding time series is extracted from the preprocessed video tensor. 
These signals undergo a final manual filtering step to ensure that they 
represent valid single-cell responses and are then exported for subse
quent analysis.

2.1.7. CFD simulation method
Numerical computations were carried out using the commercially 

available finite volume solver, ANSYS CFX 2024 R2. The well was 
modeled according to the experimental specifications as an 8.8 mm 
diameter cylinder with a length of 10.65 mm. The magnetic stirrer bar 
was represented by a cylindrical capsule shape that is 6 mm long and 
2.95 mm wide. The numerical geometry was divided into a rotating fluid 
domain and a stationary domain to facilitate the simulation of the stir
rer's movement.

The numerical mesh contained approximately 5 million tetrahedral 
cells, enhanced with five prismatic layers adjacent to the walls for accurate 
resolution of the boundary layers. Critically, the mesh near the bottom of 
the well achieved a fine resolution of 10 µm to precisely capture the near- 
field fluid behavior around the HeLa cells. The fluid was modeled using 
the properties of water, and the Shear Stress Transport (SST) turbulence 
model was utilized. Both temporal and spatial discretization schemes were 
set to Second Order for high accuracy. No-Slip boundary conditions were 
assumed for all wall boundaries and the magnetic stirrer bar surface.

The simulation strategy involved two stages. It was initiated with a 
steady-state frozen rotor simulation, which ran for approximately 1000 
iterations until a periodically convergent solution was reached. This was 
followed by a transient simulation employing a sliding rotating body 
interface until a periodic flow solution was fully achieved. Simulations 
were conducted for stirrer speeds of 1000, 1500, and 3000 rpm, with 
corresponding total transient simulation times of 2.4, 1.6, and 0.8 s, 
respectively. For evaluation, twenty timesteps were exported from the 
last two complete rotations of each transient simulation to analyze the 
velocity field on a slice located 10 µm above the bottom of the well.

3. Results and discussion

3.1. Optimization of methodological principle based on parallel analysis 
of CFD simulation and cellular wavelength shift responses

We developed a complex framework for interpreting mechano
chemical responses. Our goal was to interpret single-cell responses and 
explore their biological significance. Using our fluidic rotation system, 
we analyzed the response signals of cells to mechanical influences at 
multiple rotation frequencies by adjusting the frequency of the rotation 
system, which was placed upon the RWG sensor. In the second phase of 
our experiments, we compared our unique cellular response signals 
obtained by partial digestion of the adhesive cells' glycocalyx layer with 
chondroitinase ABC enzyme, as well as the effect of simultaneous rota
tion and enzymatic digestion on cell behavior.

To classify single-cell responses, wavelength shift signals were 
analyzed by performing pairwise comparisons of adjacent measurement 
sections. Single-cell signals capture adhesion dynamics via real-time 
tracking of the resonant wavelength shift, providing a continuous and 
uniform temporal representation of cellular behavior. Fig. 3 shows the 
development and validation of the optimized wavelength shift signal 
evaluation framework. To distinguish viable cells from non-viable ones, 
we introduced a discrimination threshold of 50 pm, corresponding to 
the amplitude of background artifact signals. Signal variances for 
background (n = 20) and viable cell (n = 142) populations are pre
sented in Fig. 3b, utilizing undersampling to address sample size 
disparity. We compared specific time windows extracted from the 
experimental phases to establish response categories. This analysis relies 
on the recorded wavelength shift dataset illustrated in Fig. 3a, where 
cellular adhesion precedes a controlled, non-destructive magnetic 
rotation stage. We created six unique cellular response categories based 
on the percentage change in the median wavelength shift of the baseline 
interval compared to the median of the treatment interval. We compared 
the terminal 20 min of the adhesion phase with the initial 5 min of the 
rotation phase. In contrast, for enzymatic digestion, the analysis 
encompassed the entire duration of the enzymatic phase. Cells whose 
wavelength shift signal fell below 50 pm were classified as ’Detached’. 
In addition, we created the following cell response categories: High in
crease (>15%), Low increase (+3% to +15%), Stable (±3%), Low 
decrease (–15% to − 3%), and High decrease (< − 15%) based on the 
medians of the compared time windows.

To elucidate the biophysical relationship between the simulated 
velocity mesh and the measured single-cell responses, the velocity 
magnitudes were spatially aligned with the wavelength shift time series 
data. A four-member so-called fitness score (Sf) had to be defined in Eq. 2
for this purpose. The optimal relative orientation was determined by 
maximizing the Sf across a full 360◦ rotation. Preliminarily, the velocity 
field rotation was inspected with 1–2–5–10◦ step sizes. The fits exam
ined with finer increments (1–2–5◦) yielded negligible improvements in 
Sf. The smaller angle rotation steps also risked overfitting to stochastic 
experimental noise. Nevertheless, to balance the overfitting and the 
model robustness, a 10◦ rotation step size was applied. The fitness score 
integrates four weighted metrics. The correlation term (C) evaluates the 
dependence between flow velocity and cellular response. For the 
calculation, Pearson or Spearman coefficients were utilized based on an 
initial examination of the linearity and monotonicity between the ve
locity and the cellular response at 0◦ alignment. The hypothesis term (H) 
quantifies adherence to the biophysical expectation that high velocities 
drive cell detachment (negative wavelength shift signals), while low 
velocities favor adhesion (positive wavelength shift signals). Addition
ally, radial consistency (Rc) assesses signal coherence among cells at 
similar radial distance, while the radial effect (Re) accounts for distance- 
dependent response variations. Weight factors were assigned a priori to 
prioritize statistical strength and physical plausibility. The correlation 
term was dominant (wcorr = 0.5) to maximize the predictive power of 
mechanical stress. The hypothesis term (whyp = 0.3) ensured physical 
validity by rewarding regions where high shear correlates with 
detachment. Finally, radial metrics were assigned lower weights (wc

rad =

we
rad = 0.1) to penalize local variance and account for radial trends. 

Sf = (wcorr⋅C) + (whyp⋅H) + (wc
rad⋅Rc) + (we

rad⋅Re) (2) 

In Fig. 3c, we compare the two correlation methods, Pearson and 
Spearman, for all measurement settings where we always moved from 
an adhesion, resting, or enzymatic digestion phase to a rotation phase, 
both for concentric and offset simulations. The analysis shows that the 
points are closely aligned along the y = x line, indicating that we ob
tained similar results with both correlations, which confirms the 
robustness of the fitness score calculation. Based on the fitness score, we 
determined which simulation resulted in a more ideal fit between the 
concentric and offset simulations for a given phase transition. We also 
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Fig. 3. Presentation of the validation algorithm for the analysis process of the mechanobiological relationship and optimization of the analysis parameters. a) 
Examples of individual cellular response signals from the six types of cell categories identified. Comparison of the median of the 1200 s adhesion phase of the gray 
"Baseline interval" with the median of the first 300 s time window of the rotation phase indicated with a light blue band ("Treatment interval"). b) Diagram showing 
the definition of the 50 pm viability wavelength shift threshold. The blue curve is the curve averaged from the total cellular signal of the Adhesion –› 1500 rpm phase 
transition, with values consistently above 50 pm. Artifact signals are marked in black. c) Diagram showing the Pearson and Spearman correlation tests. The scoring 
metric shows robustness (R2 >0.9) for both correlation methods. d) Comparison of simulation types based on fitness score when examining different rotational phase 
transitions. e) Optimization of the test duration of the rotational measurement phase based on the average fitness score, comparing intervals of 30–180-300 s.

I. Sallai et al.                                                                                                                                                                                                                                    Sensors and Actuators: B. Chemical 472 (2027) 141027 

8 



used the average fitness score to determine the optimal rotation time 
window, which we calculated from the average of the fitness scores of all 
rotation experiments, as shown in Fig. 3d. The analysis was performed 
for time windows of 30–180–300 s as shown in Fig. 3e. The 300 s time 

window resulted in the highest average fitness score. This confirms that 
the most stable relationship between the biological response signal and 
physical stress develops within 5 min.

Fig. 4. CFD simulated velocity fields and properties of individual cell response signals for the Adhesion –› 1500 rpm and Adhesion –› 3000 rpm phase transitions. 
Diagrams a, b, e, f, i, j, m, n) are related to the Adhesion –› 1500 rpm phase transition, and diagrams c, d, g, h, k, l, o, p) are related to the Adhesion –› 3000 rpm phase 
transition. a, c) Velocity magnitudes of the CFD simulation at each point of the simulation mesh applied to the well. The cells are marked with independent white 
markers, and non-viable cells are marked with gray Xs. b, d) Cell positions, marked with colors corresponding to cell response categories, are shown on the flow 
velocity field rotated based on the fitness score and fitted to the cell response signals. e, g) The grid obtained after space division using Voronoi tessellation on the 
discrete simulation point set, with segments colored according to the 4 velocity cluster regions obtained after adaptive K-Means clustering. Cells marked with the 
color of the cell response category and the corresponding marker are also shown on the clustered velocity field. f, h) Delta wavelength shift normalized by the median 
wavelength shift of the last 20 min of the adhesion phase (the difference between the median wavelength shift for the first 5 min of the rotation phase and the median 
wavelength shift for the last 20 min of the adhesion phase, expressed as a percentage) along the velocity field clusters, indicating the p values determined by the χ2 

test. i-p) The individual cell wavelength shift curves located in each velocity cluster are plotted as a function of time, marked with the color corresponding to the cell 
response category. The borders of the two compared phases are marked with gray and blue dashed lines respectively, and the cell numbers belonging to the clusters 
are also indicated.
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3.2. The effect of different rotation frequencies

The effects of rotation frequencies of 1500 rpm and 3000 rpm 
applied after the adhesion phase were evaluated (Fig. 4). We present the 
original simulation without fitting the velocity field (Fig. 4a, c), where 
the spatial positions of the cells are marked and cells that are not alive at 
the boundary between the two phases are removed. In the rotated ve
locity field, we marked the cells with colors and markers corresponding 
to the cell response category type (Fig. 4b, d). The fitness score, ideal 
rotation angle from the original velocity magnitude map, and the cor
relation values applied are marked in the boxes above the figures. To 
map the discrete simulation points to the continuous physical reality, we 
employed Voronoi tessellation, generating a continuous flow field 
coverage. Crucially, as cells are spatially extended entities rather than 
point masses, mechanical load is distributed across their entire basal 
contact surface. To align this with our sensor resolution – where a 25 x 
25 µm2 pixel captures the signal of a representative cell – we calculated 
the effective velocity by averaging the field within a 25 x 25 µm2 area 
centered on each cell. However, the surface representing the cells may 
consist of several Voronoi regions at the same time, which in certain 
cases can be classified into different clusters. As a result, the physical 
position of the cells may differ from the statistical analysis presented in 
the boxplot diagram. Instead of imposing arbitrary geometric bound
aries (e.g., fixed rings or circular segments), we employed adaptive K- 
Means clustering to partition the velocity field based on data similarity. 
For each cell, we calculated the local velocity magnitude by averaging 
the simulation mesh values within the corresponding 25 x 25 µm2 pixel 
area. This data-driven approach classified the flow environment into 
four distinct regions: ’High’, ’Medium’, ’Low’ and ’Very Low’ velocity 
clusters. The scaling used is relative, since, e.g., at 1500 rpm, the mean 
value of the High velocity cluster is 0.053 m/s, while at 3000 rpm it is 
0.155 m/s (Fig. 4e, g). The clusters of the two phase transitions cannot 
be matched in absolute terms, but they clearly show the dynamics within 
the system.

The ratio of High- to Low-increase response categories was unex
pectedly elevated at 3000 rpm compared to 1500 rpm. This discrepancy 
arises from the differential survival of adherent cells. At 3000 rpm, cells 
in High and Medium velocity clusters undergo widespread detachment, 
restricting the remaining population to strongly adhering cells in the 
Very Low (0.007 m/s) and Low (0.056 m/s) zones. Conversely, at 
1500 rpm, shear forces are not always sufficient to overcome cellular 
adhesion, resulting in a diverse spatial distribution where even weakly 
adhering cells remain attached in High velocity regions. This indicates a 
transition from a region dominated by biological heterogeneity at 
1500 rpm to one driven by deterministic mechanical stress at 3000 rpm, 
characterized by sharp response differentiation. We analyzed differ
ences in cell category distributions across velocity clusters using a Chi- 
squared (χ2) test of independence, as both the velocity field cluster 
and cellular response category classification are categorical variables 
(Fig. 4f, h). Our null hypothesis (H0) assumed that cellular response 
categories are independent of the local velocity region, while the 
alternative hypothesis (H1) expected a significant correlation. P-values 
indicate a stronger category separation at 3000 rpm compared to 
1500 rpm. Outliers above +200 and − 200% normalized wavelength 
shift values were excluded. Control measurements were also performed; 
in these experiments, we did not use rotation, but only conducted a 
longer-term adhesion test (Figs. 4f-4h marked as Ctrl). For this analysis, 
cellular responses were evaluated within two specific time windows: the 
initial adhesion phase (T1, 70–90 min) and the intervention phase of the 
continued unperturbed adhesion (T3, 178.8–221.2 min). Normalization 
was performed using the median value of the T1 segment, and the delta 
wavelength shift was calculated from the difference between the median 
values of the two segments being compared. We compared the different 
time periods of adhesion and examined the cell category distribution, as 
well as whether the cell category distribution observed in the individual 
speed clusters of the control and rotation measurements showed a 

significant difference. At 1500 rpm, the cell category distribution in the 
Very Low and Low velocity clusters did not differ significantly from that 
of the control group, whereas the distribution of cells in the Medium and 
High velocity clusters showed a significant difference. In contrast, at 
3000 rpm, the control group showed a significant difference compared 
to the cell category distribution in all velocity clusters. A detailed 
explanation of the control group analysis can be found in Figure S1.

All single-cell traces are displayed in Fig. 4i-p. The ending times of 
the compared phases are marked with gray (adhesion) and blue (rota
tion) dashed lines, respectively. Notably, cells in the 'Low increase' and 
'Detached' categories frequently exhibit a transient, rapid surge in 
wavelength shift at the onset of rotation (spanning approximately 1 min 
or 4–5 data points). This initial positive excursion likely results from 
hydrodynamic compression, effectively pressing the cells against the 
sensor surface. Furthermore, the velocity field clustering algorithm 
successfully stratifies these distinct kinetic signatures, revealing clear 
phenotypic divergence between cells in the Low versus Medium velocity 
regions.

Local flow velocity-dependent cell status variation is detailed in 
Fig. 5. At 1500 rpm, the spatial distribution of detached cells exhibits 
high variability with significant overlap between 'Attached' and 'De
tached' populations in the velocity field (Fig. 5a, c). In contrast, 
3000 rpm induces a clear bimodal segregation (Fig. 5b, d), where 
attached cells are confined to low-velocity regions and detached cells 
correspond to high-velocity regions, indicating a strict physical depen
dence on local shear stress.

A Mann-Whitney U test (non-parametric, two-sample) confirmed a 
statistically significant difference in local average velocities between the 
two cell statuses. To characterize the cellular response, we plotted the 
normalized wavelength shift (normalized by the median of the last 
20 min of the adhesion phase) against average velocity (Fig. 5e, g). 
Furthermore, we analyzed detachment kinetics by partitioning the ve
locity space into 15 discrete iso-velocity intervals (Fig. 5f, h). Within 
each interval, we calculated the local detachment probability. This 
analysis allowed us to identify a critical hydrodynamic threshold, above 
which the local detachment rate significantly exceeds the global 
average. These findings confirm that detachment is systematic rather 
than random.

Analysis of individual detachment profiles reveals a distinct time- 
dependent adhesion fatigue at 1500 rpm, characterized by a slower 
initial decay (~3 min) compared to the rapid rupture observed at 
3000 rpm (Fig. 5i-p). These temporal traces directly underpin the 
Kaplan-Meier survival (Figure S3) estimates, which quantify the 
instantaneous probability of the 'Attached' versus 'Detached' states. 
Under low mechanical stress, the non-linear detachment kinetics suggest 
that cells engage in active mechanoadaptive reinforcement to coun
teract the shear force. Ultimately, our objective was to distill the com
plex biological heterogeneity into two distinct, binary mechanical 
phenotypes.

3.3. The effect of enzymatic digestion of chondroitin-6-sulfate, 
chondroitin-4-sulfate, and dermatan sulfate glycocalyx components on 
cellular behavior, based on RWG biosensor and phase contrast microscopy 
measurements

To investigate the interplay between mechanical history and glyco
calyx integrity, we compared cellular responses following enzymatic 
digestion either directly after adhesion or after high shear stress con
ditioning (3000 rpm) (Fig. 6). Our results reveal that prior mechanical 
stress significantly sensitizes cells to enzymatic degradation. In the 
group pre-exposed to rotational stress, the combined proportion of 
'Detached' and 'High decrease' categories reached 77%, compared to 
only 27% in the adhesion-only control (Fig. 6a). Conversely, mechani
cally naive cells primarily exhibited stable or increasing signals 
(aggregating to ~65%), whereas these resistant groups of cells were 
suppressed to < 25% following mechanical stress (Fig. 6b).
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Spatially, we observed no radial dependence in cell category distri
butions for either condition, confirming that – unlike shear stress – 
enzymatic activity exerts a spatially homogeneous effect (Fig. 6c). 
Analysis of normalized wavelength shifts revealed substantial intercel
lular variability, particularly within the 'High increase' category for 
direct digestion and the 'High decrease' category for the group pre- 
exposed to rotational stress (Fig. 6d-e).

Spatial density heatmaps have been created for visualizing the 
topography of the cellular responses according to the ’Attached’ and 
’Detached’ cell statuses (Fig. 6f-g). The analysis of the adhesion-only 
control (ChrABC after adhesion) indicated spatially independent distri
bution. The enzymatic digestion resulted in minimal detachment (n = 2) 

and the adhesion-strengthening effect was predominant. In contrast, 
applying partial digestion of the glycocalyx after 3000 rpm mechanical 
stress revealed a strong spatial dependence in the wavelength shift sig
nals in the case of cells with both Attached (n = 108) and Detached 
(n = 18) status. The heatmap reveals a distinct segregation. The 'red 
zones,' representing the highest density of enzymatically detached cells, 
were concentrated in specific regions, whereas 'blue zones,' corre
sponding to cells with increased adhesion, were preferentially localized 
in the radially peripheral zones. This indicates that while enzymatic 
digestion mediates an overall adhesive reinforcement, prior mechanical 
stress at 3000 rpm promotes detachment and creates a radially stratified 
response pattern.

Fig. 5. Results of cell status-based analysis. Diagrams a, b, e, f, i, j, m, n) are related to the Adhesion –› 1500 rpm phase transition, and diagrams c, d, g, h, k, l, o, p) 
are related to the Adhesion –› 3000 rpm phase transition. a, c) Representation of the flow field recorded with ideal rotation, showing the set of points with the same 
velocity by indicating "lines of force." The positions of individual cells are marked with blue spheres and red x markers, indicating their detached or attached status. 
Only the set of points classified as viable cells at the beginning of the given phase transition is presented. The detachment threshold force line is shown as a red closed 
shape. b, d) Average velocity (velocity magnitude averaged over a 25 µm x 25 µm area accepted as a cell) represented by violin plots based on cell status (Mann- 
Whitney U test, p values indicated). e, g) Delta wavelength shift normalized by the median wavelength shift of the last 20 min of the adhesion phase (percentage 
difference between the median wavelength shift of early rotation (first 5 min) and late adhesion (last 20 min)) plotted as a function of the average velocity. The 
detachment threshold velocity is indicated with a dashed red line. f, h) Depiction of detachment rate (%) for all 15 velocity ranges, indicating the average detachment 
and threshold values. i-p) The individual cellular wavelength shift curves are shown as a function of time, with colors corresponding to the cell status.
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To analyze the potential cytotoxicity of the applied enzyme, we 
performed brightfield phase contrast and epifluorescence imaging post- 
adhesion and post-digestion (Fig. 6i). Cellular viability was assessed 
using the Invitrogen ReadyProbes™ Cell Viability Imaging Kit (Blue/ 
Green). Total nuclei were visualized with the NucBlue® Live reagent 
(ex/em: 360/460 nm) using Carl Zeiss Filter Set 02, while membrane- 
compromised non-viable cells were identified via the NucGreen® 
Dead reagent using Filter Set 38 (ex: 450–490 nm; em: 500–550 nm). 
Quantitative analysis confirmed < 1% non-viable cells across all con
ditions, demonstrating that enzymatic digestion alters cellular me
chanics without compromising viability. Morphological analysis was 
conducted on brightfield images using the Cellpose3 algorithm (cyto3 
model), with manual curation of segmentation masks to ensure accuracy 
(Fig. 6h). We quantified the equivalent diameter and projected adhesion 
area for each cell, applying a size-exclusion filter (5–80 µm) to eliminate 
artifacts and aggregates. Consistent with our wavelength shift data, 
enzymatic treatment induced significant cell spreading. Statistical 
analysis (Mann-Whitney U test, p < 0.001) revealed a significant in
crease in both equivalent diameter and cell area following partial 
digestion of the glycocalyx, as illustrated by the shift toward larger 
phenotypes in the corresponding violin diagrams and histograms 
(Fig. 6l-o). Following segmentation of phase contrast microscopic im
ages, we aligned them with the sensor image of lateral inhomogeneous 
wavelength shift signals after both the adhesion phase and the enzy
matic hydrolysis phase, in which we identified unique wavelength shift 
signals assignable to segmented cells. Fig. 6h shows the images matched 
with the sensor image and the curves of three cells in Fig. 6j, which show 
that cell adhesion increased during enzymatic hydrolysis, as indicated 
by the increasing trend.

Finally, we analyzed survival kinetics to quantify the percentage 
change in cell retention under combined stress sequences. Comparing 
enzymatic digestion post-adhesion versus post-mechanical stress (3000 
rpm) revealed a sequence-dependent effect: cells subjected to mechan
ical preconditioning exhibited significantly lower survival rates than the 
adhesion-only control (p = 0.001, log-rank test) (Fig. 6k). This suggests 
that high-shear stress accelerates the kinetics of subsequent enzymatic 
degradation. Furthermore, we contrasted this with a reverse sequence, 
where enzymatic digestion preceded mechanical loading (at a lower 
intensity of 1000 rpm). The survival analysis demonstrated that chem
ical degradation prior to mechanical stress results in the most severe 
viability loss, significantly exceeding the detachment observed in the 
combined 'mechanical-then-chemical' scenarios (p < 0.001). This con
firms that intact glycocalyx is critical for resisting shear forces, and its 
prior removal renders cells highly vulnerable even to moderate me
chanical loads.

3.4. Investigation of single-cell level adhesion kinetics based on post- 
digestion mechanical stress of glycocalyx in cases previously exposed and 
not exposed to mechanical stress

To distinguish the synergistic effects of mechanical and chemical 
stress, we monitored adhesion metrics across two distinct experimental 
sequences using chondroitinase ABC. In the first protocol, to test for 
shear-induced sensitization, cells were subjected to high-intensity rota
tion (3000 rpm) prior to enzymatic digestion. In the second protocol, to 
assess glycocalyx-mediated structural integrity, enzymatic digestion was 
applied immediately post-adhesion (followed by a conditioning resting 
phase), after which the cells were exposed to a reduced rotational fre
quency of 1000 rpm. This lower frequency was selected based on the 
hypothesis that partial removal of the glycocalyx would render cells 
critically vulnerable even to moderate shear forces. Our primary 
objective was to determine whether prior high-shear conditioning 
(3000 rpm) accelerates the kinetics of subsequent enzymatic rupture, 
contrasting this with the scenario where enzymatic degradation pre
cedes rotational mechanical treatment.

Cells depicted in Fig. 7a, b, e, f retained viability following the 
sequential application of 3000 rpm shear stress and enzymatic diges
tion. Conversely, the cohort in Fig. 7c, d, g, h was subjected to glyco
calyx digestion immediately after adhesion. Our results demonstrate 
that without the digested components of the glycocalyx layer, the 
structural competence of the cells (previously sufficient to withstand 
high-shear transitions) collapses. Even at the reduced frequency of 
1000 rpm, we observed dramatic cell detachment. Crucially, this loss 
extended to low-velocity cluster regions, areas where detachment was 
negligible in intact controls even at 1500–3000 rpm (Fig. 7e, g). Boxplot 
diagrams reveal that the 'Detached' response category dominates across 
all velocity regions, effectively homogenizing the spatial distribution 
and erasing the cluster-specific differences observed in category distri
bution (Fig. 7f, h). With detachment velocities converging around vdet 
≈ 0.005 m/s, these data confirm that for partially glycocalyx-digested 
cells, 1000 rpm represents a supercritical shear condition, irrespective 
of prior mechanical history (Fig. 7b, d). Kinetically, the ChrABC to 
1000 rpm transition is characterized by an immediate drop in wave
length shift at the onset of rotation, particularly in Medium and High 
velocity clusters (Fig. 7i-p). While the total detachment rate is compa
rable to the static digestion control (chemical stress only), the kinetics 
differ fundamentally: mechanical removal at 1000 rpm is instantaneous, 
whereas purely chemical detachment proceeds more gradually.

We evaluated cellular retention under a terminal 1000 rpm load 
following two distinct stress histories: (i) sequential mechanical condi
tioning (3000 rpm) followed by enzymatic digestion (Fig. 8a, b, e, f, i, j, 

Fig. 6. Parallel analysis of enzymatic digestion based on cell response category distribution, and microscopic analysis. a) Evaluation of the effect of chondroitinase 
ABC enzyme applied after the adhesion phase and after the 3000 rpm rotation phase based on the ratio of Detached and High decrease cell categories. b) Distribution 
of individual cell categories in the case of enzymatic digestion after adhesion and after 3000 rpm rotation. c) Distribution of cell response categories marked with the 
colors of each cell category along the radial range in the case of enzymatic digestion after adhesion and after 3000 rpm (columns without fading and columns with 
fading). d-e) Relative delta wavelength shift response (%) for enzymatic digestion after adhesion and after 3000 rpm, plotted as a function of radial distance (mm) 
with cell categories color-coded. f-g) Diagrams representing the response signal density after adhesion and after enzymatic digestion at 3000 rpm. h) Results of 
segmentation performed with the Cyto3 model of the CellPose algorithm on cells appearing in the entire custom-made well after adhesion and enzymatic digestion 
(20x microscope objective, brightfield images, Zeiss Axio Observer Z1 phase contrast microscope), supplemented with wavelength shift heat maps aligned with phase 
contrast microscopic images of the sensor regions and three selected cells after adhesion and enzymatic digestion are segmented and aligned. i) Fluorescence, 
brightfield, and merged images of cells stained with Invitrogen ReadyProbes™ stains for viability testing. NucBlue® Live reagent (suitable for staining live cells, 
which stains the cell nucleus; excitation/emission maximum: 360/460 nm) was suitable for detecting live cells using a DAPI fluorescent filter set, while NucGreen® 
Dead was ideal for staining nuclei with damaged plasma membranes (excitation/emission maximum: 535/617 nm), which is suitable for emission spectrum detection 
with Filter Set 38 (ex: 450–490nm; em: 500–550nm). j) The wavelength shift characteristics observed during cell adhesion and enzymatic hydrolysis in the three 
segmented examples. k) Survival kinetics were plotted as a function of treatment time, both for enzymatic digestion and for enzymatic digestion followed by rotation 
at 1000 rpm. The log-rank test was applied for testing significance. l-m) Cell numbers plotted as a function of equivalent cell diameter and adhesion cell surface area, 
analyzed using brightfield microscopic images after adhesion and enzymatic digestion. n-o) Violin plots showing the equivalent diameter and adhesion cell surface 
area of segmentation masks analyzed after adhesion and after enzymatic digestion, with significance levels determined using the Mann-Whitney U test.
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m, n), and (ii) direct enzymatic digestion after adhesion (Fig. 8c, d, g, h, 
k, l, o, p). In the sequential measurements, the survivor cells formed a 
distinct, highly resistant subpopulation. Despite the harsh pre- 
treatment, these cells exhibited a remarkably low detachment rate 

(15.5%) during the final 1000 rpm rotation (Fig. 8f). Crucially, statis
tical analysis revealed no significant velocity dependence (p = 0.143) 
between attached and detached cells (Fig. 8b). This suggests that for this 
selected group, the prior high-shear history supersedes the spatial 

Fig. 7. CFD-simulated velocity fields and properties of individual cell response signals for the ChrABC –› 1000 rpm and Resting –› 1000 rpm phase transitions. 
Diagrams a, b, e, f, i, j, m, n) are related to the ChrABC –› 1000 rpm phase transition, and diagrams c, d, g, h, k, l, o, p) are related to the Resting –› 1000 rpm phase 
transition. a, c) Velocity magnitudes of the CFD simulation at each point of the simulation mesh applied to the well. The cells are marked with independent white 
markers, and non-viable cells are marked with gray Xs. b, d) Cell positions, marked with colors corresponding to cell response categories, are shown on the flow 
velocity field rotated based on the fitness score and fitted to the cell response signals. e, g) The grid obtained after space division using Voronoi tessellation on the 
discrete simulation point set, with segments colored according to the 4 velocity cluster regions obtained after adaptive K-Means clustering. Cells marked with the 
color of the cell response category and the corresponding marker are also shown on the clustered velocity field. f, h) Delta wavelength shift normalized by the median 
wavelength shift of the last 20 min of the enzymatic phase and the last 5 min of the resting phase (the difference between the median wavelength shift for the first 
5 min of the rotation phase and the median wavelength shift for the last 20 min of the enzymatic phase/the last 5 min of the resting phase, expressed as a percentage) 
along the velocity field clusters, indicating the p values determined by the χ2 test. i-p) The individual cell wavelength shift curves located in each velocity cluster are 
plotted as a function of time, marked with the color corresponding to the cell response category. The borders of the two compared phases are marked with gray and 
blue dashed lines, respectively, and the cell numbers belonging to the clusters are also indicated.
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variations of the lower-frequency test; the calculated threshold of vth 
= 0.013 m/s is thus statistically nominal (Fig. 8e). In sharp contrast, the 
direct digestion group displayed high vulnerability (67.6% detachment) 
and a rigorous spatial determinism (Fig. 8c, h). Here, detachment was 
strictly governed by local velocity (p < 0.001), characterized by a sharp, 
binary threshold at vth = 0.019 m/s (Fig. 8d, h). Below this critical ve
locity, adhesion retention was ~99.9%, whereas regions exceeding the 
threshold exhibited ~100% detachment. This confirms that without 
prior mechanical selection, enzymatic digestion renders adhesion 

physically compromised, resulting in an 'all-or-nothing' manner driven 
purely by local shear stress.

The rigor of the sequential selection process – comprising high- 
frequency rotation (3000 rpm) followed by enzymatic digestion – 
likely isolated a mechanically recalcitrant subpopulation. Consequently, 
the subsequent 1000 rpm rotational stress proved insufficient to drive 
velocity-dependent differentiation within these highly resistant cells. 
While the reduced sample size of the survivor pool (n = 110) admittedly 
limits the statistical power of the Mann-Whitney U test, rendering it 

Fig. 8. Results of cell status-based analysis. Diagrams a, b, e, f, i, j, m, n) are related to the ChrABC –› 1000 rpm phase transition, and diagrams c, d, g, h, k, l, o, p) are 
related to the Resting –› 1000 rpm phase transition. a, c) Representation of the flow field recorded with ideal rotation, showing the set of points with the same 
velocity by indicating "lines of force." The positions of individual cells are marked with blue spheres and red x markers, indicating their detached or attached status. 
Only the set of points classified as viable cells at the beginning of the given phase transition is presented. The detachment threshold force line is shown as a red closed 
shape. b, d) Average velocity (velocity magnitude averaged over a 25 µm x 25 µm area accepted as a cell) represented by violin plots based on cell status (Mann- 
Whitney U test, p values indicated). e, g) Delta wavelength shift normalized by the median wavelength shift of the last 20 min of the enzymatic phase and the last 
5 min of the resting phase (percentage difference between the median wavelength shift of early rotation (first 5 min) and the last 20 min of the enzymatic phase/the 
last 5 min of the resting phase) plotted as a function of the average velocity. The detachment threshold velocity is indicated with a dashed red line. f, h) Depiction of 
the detachment rate (%) for all 15 velocity ranges, indicating the average detachment and threshold values. i-p) The individual cellular wavelength shift curves are 
shown as a function of time, with colors corresponding to the cell status.
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underpowered to detect refined effects, this lack of statistical signifi
cance underscores a critical biological insight: the existence of a stress 
hierarchy. Whereas the initial adhesion-to-rotation transition was gov
erned strictly by hydrodynamic parameters (making fluid velocity the 
primary predictor), the final phase is dominated by structural history. 
The population had already been purged of vulnerable cells; thus, 
retention in this phase reflects the intrinsic robustness of the survivors 
rather than the nuances of the local velocity field.

4. Conclusions

As previously noted in the summary of Table 1, although established 
macroscopic and microfluidic platforms provide precise shear force control 
or complex 3D geometries, they inevitably require a compromise between 
manufacturing complexity, high-throughput parallelization, and real-time 
single-cell resolution. The RWG biosensor applied in this study, coupled 
with magnetic rotation, aims to bridge this methodological gap by enabling 
the analysis of mechanical properties at the single-cell level across regions 
with multiple flow velocities, so-called velocity clusters, even if this requires 
computational fluid dynamics (CFD) calibration.

A high-throughput hydrodynamic platform has been developed that 
generates a continuous radial velocity gradient, creating a diverse 
spectrum of shear stress conditions simultaneously. By coupling this 
rotational setup with a high lateral spatial resolution resonant wave
guide biosensor, we were able to precisely quantify single-cell responses 
elicited by the hydrodynamic treatment, bridging the gap between 
macroscopic fluid forces and microscopic cellular mechanics.

A unified analytical framework has been established for classifying 
cellular behaviors into six distinct response categories based on their 
kinetic signatures during sequential mechanical and enzymatic transi
tions. To spatially map these responses to physical forces, we employed 
Computational Fluid Dynamics (CFD) to model both concentric and 
offset flow scenarios. By maximizing a fitness score derived from the cell 
response distributions, we identified the optimal simulation model, 
thereby achieving a precise spatial registration between the theoretical 
velocity field and the empirical single-cell data.

At 3000 rpm, the average shear force in the rotational space imme
diately exceeds the tensile strength of the weaker binding forces. At the 
same time, the cells that withstood this intense physical impact and 
remained on the surface are likely to form a mechanically stable sub
population that continues to show stable surface adhesion throughout 
the rest of the measurement, as indicated by the rapid onset of the 
plateau phase. In contrast, at 1500 rpm, the average shear force does not 
sort with the same intensity as at 3000 rpm, and the plateau phase sets in 
at around 5 min. Individual cell curves showing a slow gradual decline 
may indicate the exhaustion of RGD binding of adhesion proteins, while 
curves showing a sudden, almost vertical drop may indicate the imme
diate rupture of bonds.

The differential impact of enzymatic digestion has been evaluated 
based on the cells' mechanical history, comparing digestion immediately 
post-adhesion versus digestion following high-shear conditioning 
(3000 rpm). While enzymatic treatment of mechanically naive cells 
resulted in adhesion reinforcement, prior exposure to rotational stress 
significantly sensitized the population, leading to extensive detachment 
and weakening of adhesion. Notably, this detachment response strictly 
followed the spatial heterogeneity established by the preceding 
3000 rpm velocity field. The persistent spatial pattern is consistent with 
a history-dependent effect, but the present design cannot distinguish 
active mechanomemory from enrichment of pre-existing shear/adhe
sion-resistant states; both mechanisms may contribute.

The comparative analysis highlighted the critical role of stress his
tory in determining cellular fate. Two protocols – direct enzymatic 
digestion versus digestion preceded by high-shear conditioning 
(3000 rpm) – have been contrasted. In the absence of prior mechanical 

loading, the monolayer proved highly vulnerable; subsequent exposure 
to even gentle rotation (1000 rpm) resulted in a massive shift toward 
'High Decrease' and 'Detached' categories. Conversely, the application of 
a preconditioning shear step (3000 rpm) isolated a mechanically recal
citrant subpopulation. Remarkably, this cohort – comprising cells that 
originally exhibited active adhesion reinforcement ('High/Low In
crease') – maintained surface attachment throughout the subsequent 
enzymatic challenge and secondary rotation (1000 rpm). While their 
signal characteristics transitioned from 'Increase' to 'Low/High Decrease' 
states – reflecting the loss of chondroitin-sulfate components of the 
glycocalyx layer – their persistence on the surface confirms that the 
initial mechanical selection favored a phenotype with superior intrinsic 
adhesion stability.

The persistent spatial differences observed after flow conditioning 
are consistent with a history-dependent phenotype, but the present 
single-cell level design does not uniquely identify active cellular 
mechanomemory. Flow may instead, or additionally, enrich a pre- 
existing subpopulation with greater adhesion or shear resistance. Such 
mechanical selection is plausible because single cancer-cell populations 
show broad adhesion-strength distributions, including cell-cycle- 
dependent heterogeneity in HeLa cells, and because flow, adhesion, 
matrix stiffness, and constriction-based challenges can enrich tumor 
subpopulations with distinct metastatic or survival phenotypes [87–89]. 
Conversely, mechanical cues can also induce persistent YAP/TAZ-, 
microRNA-, and chromatin-associated states [90–92]. Resolving these 
alternatives will require pre-state-to-fate linkage – e.g., lineage bar
coding or sister-cell transcriptomic profiling coupled to shear challenge– 
together with adhesion pre-sorting, washout, and rechallenge experi
ments [93,94].
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