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Pancreatic B-cells regulate glucose homeostasis through glucose-stimulated insulin secretion, which is
hindered in type-2 diabetes. Transport of the insulin vesicles is expected to be affected by changes in
the viscoelastic and transport properties of the cytoplasm. These are evaluated in situ through particle-
tracking measurements using a rat insulinoma B-cell line. The use of inert probes assists in decoupling

Received 28th August 2023, the material properties of the cytoplasm from the active transport through cellular processes. The effect

Accepted 21st March 2024 of glucose-stimulated insulin secretion is examined, and the subsequent remodeling of the cytoskeleton,
at constant effects of cell activity, is shown to result in reduced mobility of the tracer particles. Induction

of diabetic-like conditions is identified to alter the mean-squared displacement of the passive particles
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1 Introduction

Diabetes is a major non-communicable disease affecting about
10% of the world population, and it was responsible for 1.5
million deaths in 2019. There are two types of diabetes: type-1
diabetes (T1D), which is caused by genetic predisposition, and
type-2 diabetes (T2D), which is influenced by both genetic and
environmental factors."® T2D is the most prevalent form of
diabetes, accounting for about 95% of cases. Humans are
heterotrophic, meaning that they have developed a mechanism
to control nutrient uptake based on environmental conditions,
which allows them to switch between anabolic and catabolic
states. And while these conditions have shifted very fast, from a
high caloric demand with a low caloric supply situation to a low
caloric demand with a surplus of the caloric supply situation,
organisms have been unable to adapt to it resulting in the rise
of conditions such as insulin resistance and T2D. In short, it is
a pathological condition that arises from metabolic dysfunction
induced by insulin resistance and dysfunction of pancreatic
beta-cells (B-cells).”” T2D is regarded as a chronic disease
where a progressive decline in B-cell functions leads first to
B-cell exhaustion, and, eventually, B-cell apoptosis.
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in the cytoplasm and diminish its reaction to glucose stimulation.

Glucose-stimulated insulin secretion (GSIS) is a Ca** depen-
dent process, where cytoplasmic glucose concentrations in the
order of 20 mM result in increased electrical activity and Ca**
influx.*” "> In response to this electrical activity, insulin-
containing granules are secreted in a biphasic manner, con-
sisting of a rapid and brief burst and a sustained second wave
of secretion.”*™® The first wave lasts between five and ten
minutes after stimulation with glucose and involves the readily
releasable pool of granules that are in close proximity to the cell
membrane, while the second wave comprises of granules from
the reserve pool that need to be transported to the cell
membrane.'®'® In T2D, the biphasic mechanism of insulin
secretion is hindered, with mainly the first wave being
impaired.">"?">* T2D was regarded as a combination of insulin
resistance and B-cell dysfunction; however, in recent years, it is
more widely accepted that the reduced B-cell function is the
main cause.’”” While the exact aetiology of T2D is not fully
understood, it is recognized as a result of several pathways
acting in combination with each other.

An active area of research is in the role of the cytoskeletal
proteins, like actin and tubulin, in insulin secretion, with their
role not being completely understood.>*™*” Earlier reports sug-
gested that filamentous actin (F-actin) acts as a physical barrier
preventing granule mobility*” and the microtubule network as
tracks for granule transport towards the cell membrane.>**®
However, more recent studies have identified F-actin re-organi-
zation necessary for regulating insulin secretion,?*??*2%3° and
microtubules restricting granule availability for secretion.*®
These results suggest that fine tuning of the cytoskeleton is
necessary for physiological insulin secretion. A substantial

This journal is © The Royal Society of Chemistry 2024
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amount of the work attempting to correlate the effect of the
cytoskeletal proteins on insulin secretion and T2D has been
based on biological assays, involving pharmacological pertur-
bation of the cytoskeleton and its visualization on fixed
samples at discrete time points coupled with measurements
of glucose stimulation. A complementary approach, which has
been pursued by several groups, is through tracking of fluor-
escent tagged insulin granules and analyzing their trajectories
in response to glucose stimulation.*>*"** Tabei et al. report
anomalous diffusion when tracking GFP-tagged insulin gran-
ules in MIN6 cells upon stimulation with glucose.*” Further
analysis of the granule dynamics suggested that the insulin
granules exhibit both the passive transport behaviour due to
the viscoelastic nature of the cytoplasm and the active, directed
motion, through specific coupling to cytoskeletal proteins.
Similarly, Heaslip et al. tracked GFP-tagged insulin granules
in INS-1 cells before and after stimulation with glucose.*
A small amount of granules behave in a sub-diffusive (stationary)
manner, independent of the glucose levels, and the majority
shows diffusive motion with a small amount indicating super-
diffusive motion (directed). The ratio of super-diffusive to
diffusive motion increased upon glucose stimulation. In addi-
tion, the importance of microtubules for the long-distance
transport of the granules and the role of actin in insulin
secretion was highlighted. The cytoskeleton was disrupted by
various drugs and imaged, at discrete time points, on fixed
samples. In the aforementioned examples, fluorescent-tagged
insulin granules were used as tracer particles. Consequently,
the anomalous diffusion stems not only from the viscoelasticity
of the cytoplasm but also from the affinity of the insulin
granules to certain cytoskeletal proteins.

A way to gain insight into cytoskeletal changes is by evaluat-
ing the effect on the mechanics inside the cell, using passive
microrheological techniques. The network of the filamentous
proteins of the cytoskeleton is the main contributor to the
viscoelastic properties of the cytoplasm.**** The mechanics of
the cytoplasm regulates the physiological microenvironment
and intervenes in processes such as signal transduction, cell
division, nutrient diffusion, and cancer metastasis, amongst
others.*>™*” A powerful and non-destructive tool for probing the
mechanical properties of materials at such small scales is
optical microscopy-based microrheology. The experimental
observable is the motion of non-interacting probe particles
embedded within the cells.**”>*

Directly accessing the diffusion in the cytoplasm without
disrupting it can provide valuable insights into the interplay
between the viscoelastic properties, activity and intracellular
transport. The technique has been successfully employed in
measuring the viscoelastic properties of biological systems and
living cells.’*® While the aforementioned works***'** look
into the diffusive motion of insulin granules, analysis of their
trajectories is unable to capture the mechanics of the cells due
to their affinity to cytoplasmic proteins. Here, we focus on
insulin-secreting B-cells to investigate how control over cytos-
keletal proteins and diffusivity in the cytoplasm may modulate
the regulation of the secretory insulin granules.

This journal is © The Royal Society of Chemistry 2024
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We probe the effect of biological events, associated with
glucose-stimulated insulin secretion by studying the motion of
tracer beads in the cytoplasm in situ. In the present work, a
passive microrheological evaluation is carried out by following
tracer particles that are subjected to thermal and mechanical
noise. As the latter is a priori unknown, in contrast to systems at
equilibrium, for the present systems in which active noise is
also present, only apparent rheological properties are calcu-
lated, which can, however, be used for a comparative analysis.
A pancreatic cell line is evaluated using passive microrheology
at a single-cell level. The mechanics of the cytoplasm are
evaluated by analyzing the time- and ensemble-averaged
mean-squared displacement (MSD) of inert tracer particles. In
addition, structural changes of the cytoskeletal filamentous
proteins upon stimulation by glucose are examined. Finally,
the induction of diabetic-like conditions allows assessment of
the cell mechanics in different T2D-relevant conditions, in light
of the relevance of differences in mass transport for diseased
conditions.

2 Materials and methods
2.1 Cell culture

The rodent insulinoma INSI1E cell line was kindly provided by
Prof. Markus Stoffel (ETHZ) and cultured as described in a
previous work.>® In brief, complete culture media contained the
RPMI-1640 medium (Roswell Park Memorial Institute medium,
Thermo-Fisher, cat. nr. 11530586) supplemented with FBS
(10%), glucose (11.1 mM), HEPES (10 mM), sodium puryvate
(1 mM), B-mercaptoethanol (50 pM), penicillin (50 U mL™1),
streptomycin (50 pug mL™"), and neomycin (1000 pug mL™").
B-cell dysfunction was accomplished through palmitate (PA)
induction by exposing the cells to 0.25 mM PA for 72 h.°%¢!
All the reagents were obtained from Thermo-Fisher.

2.2 Bovine serum albumin conjugated palmitate

Bovine serum albumin (BSA)-conjugated palmitate (PA) was
prepared as follows. First, 6.8 g of BSA (>97% Sigma-Aldrich)
was dissolved in 100 mL of a 150 mM NacCl solution at 37 °C.
After complete dissolution of the BSA, the solution was sterile
filtered using a 0.2 pm filter. 44 mL of 150 mM Nacl solution
was heated to 70 °C and 91.8 mg of sodium palmitate was
added and stirred until the solution was clear. The solution was
then quickly transferred step-wise into the 50 mL preheated
BSA solution while during this process the temperature of the
BSA never exceeded 40 °C. Subsequently, the solution was
stirred for 1 h, followed by a pH adjustment using a 0.1 M
NaOH solution until the pH reached a final value of 7.4,
followed by an additional filtration step into 5 mL glass vials.

2.3 Insulin secretion assay

Cells were incubated for 1 h in a low glucose (2.8 mM)
concentration Krebs Ringer HEPES (KRBH) buffer solution at
37 °C, and studied first in their “fasting” state. Subsequent
stimulation was carried out by adding glucose to a final
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concentration of 20 mM in static incubation for 1 h. The
concentration (ng mL™") of insulin released in the medium
was measured through an ELISA kit (ALPCO) and normalized
against the total cellular protein amount (ng). The total protein
amount equaled 182 pg and 228 pg for the fasting conditions
and 225 pg and 251 pg for the glucose-stimulated conditions for
the control and the PA-treated cells, respectively.

2.4 Poly(ethylene glycol)-functionalized polystyrene beads

Carboxylated, fluorescent, polystyrene beads with a diameter of
200 nm (Fluoresbrite YG Microspheres, Polysciences) were
functionalized with poly(ethylene glycol) (PEG) by coupling
to 2 kDa PEG diamine. Beads were washed three times by
centrifuging at 10000 x g for 5 minutes with 50 mM (2-(N-
morpholino)ethanesulfonic acid) buffer (pH 6.0) at a concen-
tration of 2.6% v/v. 1-Ethyl-3-(3-dimethyloaminopropyl)-
carbodiimide hydrochloride and N-hydroxysulfosuccinimide
were added to final concentrations of 2 and 5 mM, respectively,
and mixed for 30 minutes at room temperature. An equal
volume of 2 mM poly(ethylene-glycol) diamine, dissolved in
100 mM sodium biocarbonate (pH 8.0), was added and mixed
for 30 minutes at room temperature. An equal volume of
glycine was added and mixed for 30 minutes at room tempera-
ture. Finally, the PEG-coated beads were washed five times
by centrifuging at 10000x for 5 minutes and resuspended in
ultrapure deionized water (Millipore). All reagents were
obtained from Sigma-Aldrich. The functionalization was veri-
fied by an increase of 8 nm in particle diameter, as measured
through an increase in hydrodynamic radius using dynamic
light scattering (ALV CGS-3).

2.5 Live cell imaging

For the live cell imaging, cells were plated in Nunc glass-bottom
microscopy dishes (Thermo-Fisher), coated with rat laminin
(Millipore) in complete RPMI media as described earlier. The
medium was exchanged with a fresh medium containing
208 nm diameter fluorescent beads, used as an inert fluores-
cent proxy for insulin granules, having similar size.®* These
particles were used at a concentration of 10~ relative to the
commercial solution and then incubated overnight in the
dishes. The surface of the tracer particles is coated with a
PEG brush, which is a common strategy to impede interactions
of the particles with the cytoskeleton.®* %

Prior to imaging, cells were washed twice with PBS to remove
beads that have not been incorporated into cells. Subsequently,
the cells were incubated in KRBH buffer containing a low
concentration of glucose (2.8 mM), to reach basal insulin
secretion conditions, for 1 h at 37 °C. Live cell microscopy
was then conducted using an inverted light microscope (Nikon
Ti-2 A) equipped with a Hamamatsu ImageEM-X2 CCD camera,
with a frame rate of 1 s~ ' and an exposure time of 100 ms in an
environmental chamber (Okolab) at 37 °C and 5% CO, atmo-
sphere. A 100x water CFI Plan objective NA 1.1 (Nikon) was
used and each imaged tracer particle comprised 12 pixels.
A control experiment was conducted with fluorescent beads
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in a Newtonian fluid (90% v/v glycerin, VWR Chemicals) under
identical conditions as described above.

Bright field images were recorded before and after every
fluorescent time-lapse acquisition to ensure that the analyzed
beads were inside the cells. The cells were attached to the
substrate in a way that makes them appear flat, which allows
for analysis in a single plane. Glucose stimulation (GSIS) was
carried out by the addition of glucose and palmitate at final
concentrations of 20 and 0.25 mM, respectively. For consistency
between each sample, imaging commenced 120 s after stimula-
tion. A minimum of 25 individual cells were examined for each
condition. The live-cell imaging of the cytoskeletal proteins was
accomplished by staining the tubulin and F-actin with a SiR-
tubulin and SiR-actin stain (Spirochrome), respectively.

2.6 Microrheological analysis

Image analysis was performed using the adapted open-access
Matlab (The Mathworks) particle tracking code written by Blair
and Dufresne,®® based on the works of Crocker and Grier’>®’
and Parthasarathy.®® The particle trajectories were extracted
from a time-lapse fluorescent acquisition with a frame rate of
2 s and tracks of 500 s. The cells were first imaged in their
fasting state. Subsequently, after glucose stimulation, imaging
commenced immediately for 900 s. The same procedure was
carried out for both healthy (control) cells and diabetic-like
(PA-treated) cells. For the image analysis, the region of interest
(ROI) for each video was selected based on the position of the
cells and the fluorescent beads confined inside the cells.
Trajectories that were smaller than 30 frames were eliminated.
Prior to analyzing the particle trajectory, a linear uniform
and time-segmented drift correction was performed using a
Gaussian fit of the velocity distribution. The mean value was
taken as the correction for each time segment point consisting
of multiple particles over 100 frames and as an initial start for
the following time step. Drift correction is required since the
cells can move around on the substrate and we are only
interested in the particle dynamics within the cells. Drift is
identified by a collective movement of the beads in one direc-
tion and manifested in a shift of the mean value of the
Gaussian distribution (Fig. 1A). To correct for the drift, a linear
uniform and time-segmented, as the drift might not be con-
stant in time, drift correction is performed.

From the de-drifted trajectories, the time-averaged MSD was
calculated, assuming a quasi-static condition:

(Ar*()) = (Ar|(to + ©) — 1(to)|*)n- 1)

Here, r(t) and r(¢ + 1) are the positions of a single particle at two
time points t apart, respectively. First, some assumptions on
the applicability of the Langevin-equation on the examined
system were evaluated and validated. Due to the long lag-times,
the sampling of independent events can be assumed, and since
the first moment of the velocity has to be zero, (Av(7)) = 0, the
generalized Stokes-Einstein equation might not be applicable
under the presented experimental conditions. The problem
might be two-fold:** the linear Stokes-drag relationship may
not be valid, as the particles do not experience a continuum.

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (A) Displacement per pixel of the tracer particles with (unfilled blue bars) and without (filled red bars) drift correction. (B) Distribution of the particle

displacements per time step between two frames (lag time, 1), obtained from the de-drifted trajectory data, showing a Gaussian distribution, and a
widening of the distribution as a function of lag time, 7. The distributions in both (A) and (B) are normalized by the total number of particle displacements.
(C) Examples of mean-squared displacements before and after glucose stimulation for the control condition.

However, based on typical values for the mesh size of mamma-
lian cells, this is not expected to be an issue.®>”° In Fig. 1B, the
occurrence of displacement of individual particles between two
frames for different lag times is displayed in a van Hove plot
showing a roughly Gaussian distribution which can be attrib-
uted to temporal or spatial heterogeneities naturally expected
in living cells. Secondly, the Einstein-Sutherland term
only applies to systems in equilibrium, without active forces.
Moreover, intracellular processes, such as active transport,
chemical reactions, and energy consumption, occur under
non-equilibrium thermodynamic conditions, and even when
particles are not actively transported, there could be mechan-
ical noise, in addition to thermal noise. These could lead to the
violation of the fluctuation-dissipation theorem, resulting in a
deviation of the calculated viscoelastic properties from the
material properties in equilibrium. This behavior has been
observed and detailed in studies that compare both the active
and passive microrheological methods on fibroblasts.”"”>
However, factors such as the metabolic rate, experimental
conditions, varying flow fields produced by different measuring
techniques, and the nature of the observed tracer particles can
influence the reported values of mean-squared displacement
and further limit the direct comparison of a stochastic system
like a living cell. Therefore, the velocity auto-correlation func-
tion for different lag times and the normalized velocity-step
histogram of each condition were evaluated (ESIT). The directly
measured ensemble-averaged mean-squared displacement
(MSD) is utilized to compute what we then refer to as an
apparent creep compliance (J,(¢)). In this context, the calculated
apparent creep compliance is linearly related to the MSD, but is
known only within an unknown factor accounting for the ratio
of mechanical noise to thermal noise. For these reasons, the
calculated compliance curves are labelled as apparent ones,
since they may not reflect solely the underlying material proper-
ties, but we operate under the assumption that this comparison
reflects predominantly changes in the mechanical properties
of the cytoplasm, rather than changes in the noise. This is

This journal is © The Royal Society of Chemistry 2024

confirmed by the observation of the comparable velocity auto-
correlation function (ACF) (ESIt), and it should be feasible to
make comparisons between each evaluated condition within
the experimental series.”

In equilibrium, the relationship between the MSD of a
microsphere in a viscoelastic medium and the shear creep
compliance, J(t), of the said fluid is given through a simple
linear relationship:

<Ar2(r)> = dkp T

J (1), (2)

3na
where kg denotes the Boltzmann constant, T is the absolute
temperature, d is the dimensionality and « is the radius of the
tracer particle. For the additional non-thermal noise present in
a cell, assuming that the noise term remains Gaussian in
its nature and the dissipation remains similar, an apparent
compliance can be defined, using a factor b accounting for
the non-thermal noise contribution compared to the thermal
noise:”

dkgT
J
3na (@),

(AP (1)) = (1+b) (3)
where b becomes 0 when purely thermal noise is present, which
means that the creep compliance value becomes overestimated
as soon as the non-thermal noise is present.

Another approach to analyze the trajectories is reported in
the work of Heaslip et al.*® The individual tracks are analyzed
and categorized according to their MSD scaling exponent m,
in such a way as the MSD data is:

m oc In{A7*(£)). 4)

For classical diffusion in a purely viscous medium, a scaling of
(Ar®) oc t is recovered. However, in practice, a scaling of (Ar?)
oc ¢, with m # 1 is often observed, due the statistical nature of
diffusion processes. In the present work, we distinguish
between three states, ie. sub-diffusive (m < 0.8), diffusive
(0.8 < m < 1.2) and super-diffusive (m > 1.2) regimes.

Soft Matter, 2024, 20, 3464-3472 | 3467
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The scaling exponent for every individual track was obtained
using a linear fit of the natural logarithm of the MSD of each
individual track. The first half of every MSD was taken into
consideration, since for this part there are multiple data points
available that can be used to average each MSD value. Fitting
the logarithm of the MSD can then be used to identify non-
linear relationships between the MSD and the time, such as the
above defined sub-diffusive or super-diffusive motion. Sorting
the experimental scaling exponent in diffusion categories is, to
some extent, arbitrary, as it is influenced by the choice of the
cut-off boundary value between the categories. In the present
work, the boundaries were selected so that the MSD-scaling
exponents fall in clusters, while accounting for experimental
errors in their calculations. Additionally, the true creep com-
pliance can be transformed into the frequency domain, but this
again relies on the applicability of the generalized Stokes—
Einstein equation, which would be valid only in equilibrium.
Yet akin to the apparent compliance, we can define that the
apparent G’ and G” values obtained in this way may be easier to
interpret, qualitatively, and for the comparative analysis pre-
sented here (ESIY).

3 Results and discussion
3.1 Glucose-stimulated insulin secretion

The glucose-stimulated insulin secretion (GSIS) levels were
measured for both the control and PA-exposed rodent insuli-
noma (INS1E) cells. In agreement with the literature, chronic
PA treatment resulted in decreased GSIS levels (Fig. 2).°%°
Consequently, in the scope of the present work, the control and
PA-exposed cells were used to represent the healthy and
diabetic-like conditions, respectively.

12‘_ *kKk

[
Hkkk

*kkk

10+

m Control
m Palmitate

Insulin [ng / mL / ug protein]
o
|

2 20
Glucose [mM]

o I

Fig. 2 Glucose-stimulated insulin secretion (GSIS) in the control and
exposed to 0.25 mM palmitate for 72 h INS1E cells. The statistical
significance was evaluated between several groups using one-way
ANOVA, where P < 0.005 was considered statistically significant.
*k* P < 0.001, ****: P < 0.0001.

3468 | Soft Matter, 2024, 20, 3464-3472

View Article Online

Paper

3.2 Scaling exponents

The scaling exponent of each trajectory of the particle displace-
ment was evaluated and sorted into sub-diffusive, diffusive and
super-diffusive categories, using the criteria indicated above.
Diffusive modes are of course the regular or normal modes of
transport by unhindered Brownian motion. Sub-diffusive
modes refer to the hindered diffusive motion of particles
due to the caging or confinement of particles (or granules) in
the filamentous network of the cytoskeleton (Fig. 3) on the
observed timescale.”” In contrast, the super-diffusive regime is
linked to the active transport of particles. In living cells, this
can be achieved through coupled transport along the cytoske-
letal filaments of molecules specifically bound to motor pro-
teins. For example, in the work of Heaslip et al.,** where the
motion of fluorescent-tagged insulin vesicles is tracked over-
time, a significant amount of the analyzed tracks is found to fall
in the super-diffusive category, due to the affinity of the vesicles
to molecular motor proteins.”® The binning of the scaling
exponents for the control condition is presented in Fig. 4A
and B, where it can be seen that most particles tracks fall
into the subdiffusive and diffusive regimes. In addition,
a Newtonian fluid was examined with the vast majority of
particle trajectories showing a diffusive behaviour, as expected
(Fig. 4C).

While the tracer particles used in the present study have a
similar size as the insulin granules, they are inert to their
surrounding and so should not have a specific binding inter-
action with the cytoskeletal network. Even though non-specific
interactions cannot be completely ruled out, the small amount
of super-diffusive motion supports this notion. The advantage
of this approach is that the MSDs mainly reflect the changes in
the viscoelastic properties of the matrix within the cell, which is
the focus of the present study. However, it should be pointed
out that errors in the drift correction can lead to artifacts that can
manifest as an increase of super-diffusive motion, for samples
where the drift takes place during the measurement.””

3.3 Effect of diabetic-like conditions on the mechanical
properties of the cytoplasm

The mechanical properties of the cytoplasm were probed
through microrheological measurements in live cells using
particle tracking of 208 nm fluorescent, PEG-functionalized,

Fig. 3 Cytoskeletal filamentous proteins, tubulin (A) and F-actin (B) in
fasting INS1E cells. Scale bar corresponds to 10 pm.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Scaling exponent distribution of individual tracks with a bin size of
0.1 between 0 and 2 for fasting (A) and stimulated (B) control cells, and a
Newtonian fluid (C). The roman numerals indicate the diffusion regime (I:
sub-diffusive, II: diffusive, and IlI: super-diffusive).

microbeads and analysis of their MSD.>**"*3°%57 Different
experimental conditions were evaluated, starting with the con-
trol and PA-exposed (0.25 mM) cells, both at low glucose levels
(fasting) and after GSIS (stimulated) conditions, as described
earlier. The calculated apparent creep compliance is presented
in Fig. 5. For the control cells, the apparent creep compliance,
Ja(t), of the fasting and stimulated cells follows a similar
characteristic evolution over the time window studied, with J,
increasing with ¢ (Fig. 5A). Upon GSIS, J,(t) increases by a factor
of almost two at short timescales compared to the fasting state.
In addition, GSIS is accompanied by a significant delay in the
retardation spectrum, resulting in the J,(¢) of stimulated cells
being about half, compared to that of fasting ones, at the larger
timescales. This suggests that the average movement of
the tracer particles is more restricted upon stimulation with
glucose and that the fasting cells are more compliant at longer
times. Glucose stimulation has a similar effect on the PA-
exposed cells, with J,(f) decreasing on average by half, but
without having a significant effect on the retardation spectrum
(Fig. 5B), which is not readily observed in neither the fasting
nor the stimulated state. Further comparing the compliance of
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control and PA-exposed cells, the J,(¢f) values for the two
different cell treatments are comparable at smaller timescales.
However, they strongly deviate at larger timescales, with the
PA-exposed cells being less compliant, in agreement with an
observation that the microtubulin network becomes more
dense in diabetic rat islets.*

The viscoelasticity of the cytoplasm stems principally from
the cytoskeleton that comprises filamentous proteins, mainly F-
actin, tubulin, and intermediate filaments forming a dyna-
mic entangled network.**>**%7%7° Wwirtz*® presented a rheo-
logical description, based on the classical scaling theory of de
Gennes.’* 8% In short, for short timescales, the filamentous
network is expected to relax through lateral fluctuations,
depicted in an increase in J,(£) scaling with ¢**. These short
timescales were not observable in our experimental window but
have been observed in previous works.>® For intermediate
timescales, J,(¢) exhibits a quasi-plateau, as seen in Fig. 5A for
the glucose-stimulated cells and lag time <10 s, as no net
filament motions takes place with the elastic modulus having
the major contribution. For timescales longer than the retarda-
tion time, at the end of the quasi-plateau, J,(¢) is observed to
increase linearly with time, and viscous behaviour dominates,
allowing filaments to diffuse out of their confining tubes.
We assume that the dominant changes in J,(¢) are mainly
caused by the underlying changes in the true mechanical
properties. For large timescales, the cytoplasm behaves as a
viscoelastic liquid with the proportionality indicating viscous
diffusion.”® The changes in apparent compliance and the
evolution of the retardation spectrum after glucose stimulation
are caused by cytoskeletal reorganization that has been known
to take place for the F-actin and microtubulin network upon
GSIS.2>27:32:33:38:40.83 A accurate control of the cytoskeletal
re-organization ensures the regulation of granule availability
for secretion under physiological conditions. In contrast to
other works that looked into images of fixed samples and the
activity of proteins involved in cytoskeletal reorganization at
discrete time points, here we qualitatively evaluate the effect
of the reorganization on the mechanical properties of the

B
10° : - -
t & Fasting
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= 10°} ]
e [
10_1 3
-2 .
10 ' ' '
10° 10’ 10°
At [s]

Fig. 5 Apparent creep compliance (J,(t)) from averaged particle tracks for INS1E cells under different experimental conditions as a function of time for

the (A) control and (B) PA-exposed cells.
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cytoplasm. This shows that this reorganization upon GSIS
results in a generally less compliant, stiffer, and slower relaxing
network. Interestingly, a time shift is observed for both condi-
tions upon glucose stimulation, which could reflect the for-
mation of longer actin filaments and microtubules or a
decrease in the re-organization rate of the cytoskeleton. More-
over, a vertical shift is observed between the two PA-treated
conditions, pointing towards an increase in crosslinking den-
sity upon glucose stimulation for this case. The exact function-
ality of the cytoskeletal network on insulin regulation is still an
area of active research with its role being more complex than
thought earlier.®* For example, the microtubule network is
understood to be acting both as a barrier preventing secretion
under basal glucose conditions, while at the same time serving
as tracks for vesicle transport and being responsible for their
accurate positioning prior to exocytosis.*>>****8%8¢ gimilarly,
F-actin remodeling removes steric hindrance between the insu-
lin granules and the plasma membrane, together with assisting
in short-distance granule transport and supplying mechanical
force for their secretion.**®”~%% In this context, the lowering of
the apparent compliance and slower relaxation kinetics of the
PA-exposed cells’ cytoplasm compared to that of the control at
basal glucose levels could be hypothesized to translate in a
denser network with limited re-organization that possesses a
decreased control fidelity, necessary for transport, accumula-
tion, and accurate positioning of insulin granules at the plasma
membrane prior to glucose stimulation. Moreover, the assess-
ment of an effectively stiffer and slower relaxing cytoplasm
could stem from lower ATP production, as similar behavior has
also been reported for ATP depleted bacteria and yeast.”>"*
In agreement with our results, reduced mitochondrial metabo-
lism and ATP synthesis have been found to result from chronic
hyperglycemia and were suggested as a contributing factor to
progressive failure of B-cells in T2D. Although unable to unveil
the exact mechanism, the differences in apparent compliance
between the healthy and diabetic-like cells suggest structural
changes in the cytoplasm, resulting in a loss of the precise
control of its mechanical properties and the fine tuning
required for the accurate regulation of insulin secretion and
in turn blood sugar levels in the latter. These observations
could facilitate further investigation of the effect of the
mechanical properties of the cytoplasm in T2D.

4 Conclusions

Pancreatic, insulin-secreting, p-cells are probed through micro-
rheology, with particles that mainly probe the mechanical
properties of the cytoplasm. The measurements are carried
out under different experimental conditions that resemble
healthy and diabetic-like cells, both before and after stimula-
tion with glucose. For the control case, the J,(¢) values have
similar progression and reflect the reorganization of the F-actin
and microtubulin filaments. The induction of diabetic-like
conditions results in structural changes of the network giving
rise to a less compliant and significantly slower relaxing

3470 | Soft Matter, 2024, 20, 3464-3472
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cytoplasm. In addition, it shows a less pronounced re-
organization upon GSIS, while remaining more compliant than
the control case. The results suggest that PA-treatment ham-
pers the precise control of the cytoskeletal reorganization and
could hinder its ability to accurately position insulin granules
in the proximity of the voltage-dependent Ca>" channels, whose
depolarization induces vesicle exocytosis. It has been suggested
that the location of the Ca®" channels relative to the ready-
releasable pool of insulin granules rather than the magnitude
of depolarization determines the capacity of the cell to induce
exocytosis.®" Thus, the lack of precise positioning of insulin
granules prior to GSIS could have an effect on the first wave of
insulin secretion, which is relevant to the timescale of our
experiments and mostly impaired in T2D.

Further analysis could include the evaluation of the mechan-
ical properties in primary cells at different stages of disease
progression to examine whether there is a correlation between
the two. An evaluation of the mesh size might be achieved by
conducting a microrheological examination using a series of
tracer beads with varying diameter.®” In addition, simultaneous
tracking of inert particles and tagged-insulin granules could
unveil the differences between the diffusion kinetics of the two
populations, depending on the mechanical properties of the
cytoskeleton and the changes in the active transport of the
granules, respectively. Moreover, such experiments can be
coupled with live imaging of cytoskeletal proteins, for a greater
understanding of their re-organization process. We provide an
insight into the compliance of B-cells and explore the structural
changes in conditions relevant to T2D. Our data suggest that
PA-exposed cells have an altered transport behavior and a less
adaptable cytoskeletal network, which could contribute to the
decreased ability of these cells to effectively control insulin
secretion.
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