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1. Introduction

Retina microrheology via oscillatory atomic
force microscopy

Connor D Amelung, ‘2 Colter E Oroke, Lucas Ramirez and Sharon Gerecht*
Viscoelastic properties of tissues, including elasticity and viscosity, are crucial for understanding development and
disease progression. However, traditional atomic force microscopy (AFM) indentation methods provide limited
insight into these complex tissue properties. This study establishes microrheology via oscillatory AFM to assess
both the elastic and viscous components of tissue mechanics. We first compared indentation AFM to oscillatory
AFM on mouse retinal tissue and found that the Young's modulus of indentation AFM (956.8 Pa) was statistically
similar to the elastic component (storage modulus, E’) of oscillatory AFM (920.2 Pa), while also providing the
viscous component (loss modulus, E” = 218.3 Pa), and the loss factor (tan(d) = 0.238) across a wide range of
biologically relevant frequencies (1-100 Hz). We also found that optimization of input probe parameters, such as
approach length, approach speed, applied force, and oscillation amplitude, is key for accurate measurements.
To examine whether this approach can detect differences between healthy and diseased tissues, we applied it
to murine retinas from healthy control mice and diabetic retinopathy mice, using the oxygen-induced
retinopathy (OIR) mouse model. OIR retinas exhibited increased stiffness (£ = 3564.0 Pa) and a higher loss
factor (tan(d) = 0.478) compared to healthy retinas (E' = 920.7, tan(d) = 0.263), suggesting changes in the
extracellular matrix and highlighting how retinopathy may alter matrix properties. Finally, to assess the feasibility
of using microrheology AFM on banked tissues biospecimens, we examined how tissue fixation affects the
measurements. We found that formaldehyde fixation increased stiffness and elasticity, with OIR tissues
consistently stiffer than WT tissues in both fixed and unfixed tissues, enabling valid cross-treatment comparisons.
Our findings establish the benefits of microrheology in capturing tissue mechanical behavior, which is important
for studying disease impact on tissue mechanics. This approach offers new insights into tissue viscoelasticity
with implications for studying the dynamics of tissue mechanics in diseases and regeneration.

(AFM) fall short in providing detailed viscous measurements,
limiting their usefulness in viscoelastic applications.
AFM indentations measure the interaction forces between a

Tissue mechanics are an important regulator of development,
homeostasis, and disease. In healthy tissues, the dynamic inter-
play of mechanical signals regulates cell function, growth, and
tissue remodeling.' Alterations in these tissue mechanics can
disrupt these processes, contributing to the onset and progres-
sion of disease.*® In particular, the viscoelastic properties of
tissues are critical, as they determine how tissues respond to
mechanical stress and strain."” This includes the balance
between elastic and viscous components, where stress relaxation
and the viscous behavior of tissues are key to understanding their
response to mechanical forces.® For example, in diseases such as
diabetic retinopathy, altered tissue mechanics can contribute to
disease progression,”'® making it essential to study these proper-
ties in depth. However, current bulk rheological methods lack the
granularity needed to fully capture the complexity of tissue
mechanics, while techniques like atomic force microscopy
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probe and a sample surface, offering high spatial resolution and
sensitivity to mechanical properties such as stiffness, elasticity,
and damping.'™® While this technique has been successfully
applied to various tissues to investigate changes in surface
topography and mechanical stiffness associated with disease
states,"* indentations alone cannot quantify the complex, time-
dependent mechanical properties inherently present in water-
swollen tissues.

To address these limitations, microrheology has emerged as
a promising approach, allowing for the study of local mechanical
properties at the microscale. By employing oscillatory measure-
ments of the AFM probe while in contact with the sample,
microrheology measures the phase angle between stress and
strain to quantify the relative contributions of elasticity and
viscosity, providing a more detailed and nuanced understanding
of tissue mechanical behavior. Early studies have utilized AFM to
probe the viscoelastic properties of tissues, demonstrating the
frequency dependency of hydrated matrices."'® Additionally,
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variations of AFM mapped the viscoelastic properties of cells,” >
protein condensates,”” and cartilage and breast tissues,>>** but has
not been utilized to compare viscoelastic profiles between disease
states in tissues via multi-frequency oscillatory methodology.
While fresh tissues are generally ideal for rheological mea-
surements, practical workflows often necessitate tissue fixation to
preserve sample integrity over time. Fixation stabilizes tissues by
halting enzymatic and structural changes, but it also introduces
chemical and molecular alterations that can impact the tissue’s
mechanical properties. Existing literature comparing the effects of
fixation on tissue mechanics is limited,>*® especially in relation to
microrheology. In this study, we use microrheology AFM in both
control and diabetic retinas, to explore how viscoelastic properties
differ across varying retinal phenotypes and provide a tool to
evaluate tissue mechanics. We provide a comprehensive compar-
ison of tissue mechanics across different levels of fixation using
both formaldehyde and methanol, offering new insights into how
fixation procedures may alter tissue viscoelasticity and how these
changes impact microrheological measurements. By integrating
fixation studies with oscillatory AFM microrheology, we establish a
reproducible framework for quantifying both elastic and viscous
tissue mechanics in banked specimens, enabling rigorous cross-
treatment and cross-phenotype comparisons. This advances bio-
mechanical phenotyping beyond the constraints of fresh tissue
analysis, opening new possibilities for leveraging archived clinical
and research samples to investigate disease-related changes in
tissue mechanics.

2. Experimental methods

2.1. Oxygen induced retinopathy mouse model

We followed a well-established OIR mouse model protocol. C57BL/
6] (Jackson Laboratory) were used for the experiments.>” In brief,
mice were subjected to 75% oxygen from P7 to P12 (BioSpherix
ProOx 360). On P12, mice were returned to room air. All studies
were conducted under the Duke University Institutional Animal
Care and Use Committee-approved animal protocol A070-22-04-25.

2.2. Retina fixation and flat mount

Eyes from P17 mice were enucleated and placed immediately in
fixative solution or transport medium. For fixed tissues, eyes were
submerged in 4% PFA or ice-cold methanol at timed durations of 5
or 30 minutes. For fresh tissues, eyes were submerged in PBS
containing protease and phosphatase inhibitor cocktail (Thermo
Fisher Scientific 78442) diluted to working concentration. The
cornea, lens, and retina, were removed from the eye cup using
dissection forceps and micro-scissors under a dissecting scope.
Extracted retina tissues were adhered to positively charged glass
slides (Fisherbrand 1255015) with the outer retina facing upward
and submerged in 1x protease and phosphatase inhibitor
(Thermo Fisher Scientific 78442) in PBS to prevent degradation.

2.3. Oscillatory atomic force microscopy

2.3.1. Cantilever alignment and calibration. Before each
experiment, the AFM laser was aligned to the back of the
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cantilever using the Bruker Nanowizard V BioScience optical
positioning system to maximize the photodiode sum signal.
Alignment was adjusted in both X and Y until the signal reached
the manufacturer-recommended range, and the position-sensitive
photodetector was centered by adjusting detector offset controls
until the vertical and horizontal difference signals were near zero
in the free (non-contact) state. Optical lever sensitivity was con-
firmed during deflection sensitivity calibration on a clean glass
substrate. Cantilever spring constants (0.15-0.21 N m™" for SAA-
SPH-1UM probes) were determined for each experiment using the
built-in thermal tune method prior to sample measurements.

We used spherical AFM probes (SAA-SPH-1UM; nominal radius
R ~ 1 um), and accordingly applied a spherical Hertz contact
model. Spherical probes are widely recommended for soft,
hydrated tissues because they generate a larger, smoothly varying
contact area that reduces localized stress concentrations and
minimizes tip-induced nonlinearities.”®*° Prior AFM analyses have
shown that the inferred modulus is sensitive to indenter shape
because contact-area evolution, and thus the force-indentation
relationship, differs between spherical and sharp geometries.>*>*
In contrast, conical or pyramidal tips produce highly concentrated
stresses and follow different scaling laws (e.g., Sneddon-type),
which can lead to higher apparent moduli and stronger depth
dependence in soft biological materials.**° For these reasons, a
spherical geometry provides a more stable and physiologically
appropriate contact for probing retinal tissue mechanics.

2.3.2. Measurement location and indentation regime. AFM
measurements were performed while submerged using a Nano-
wizard V BioScience (Bruker) equipped with SAA-SPH-1UM
probes (spring constant 0.15-0.21 N m™ ') with a setpoint of 3
nN, velocity of 2 pm s~ ', and retraction length of 4 pm. AFM
measurements were performed in the mid-peripheral retina,
approximately 25% of the retinal radius from the optic nerve
head. With the outer retina facing upward and indentation
depths of ~1 pm, the measurement primarily probes the outer
retinal surface layers, including the photoreceptor outer seg-
ment-associated extracellular matrix (ECM) and adjacent outer
limiting membrane region. Deeper layers (>10-20 pm beneath
the surface) are not mechanically engaged at these indentation
depths. Mid-peripheral sampling was chosen to avoid the
mechanical heterogeneity near the optic nerve head and per-
ipheral edge and was applied consistently across all specimens.
A 25 x 25 um scan area was defined, and 16 measurements
were acquired within the region at room temperature on a
vibration isolation table (TMC CleanBench).

2.3.3. Oscillatory measurement parameters and hydrody-
namic considerations. The probe oscillated in a frequency
shuffle of 1, 2.2, 4.5, 10, 22, 45, and 100 Hz for at least five
cycles with an amplitude of 20 nm. Oscillatory measurements
were conducted with the cantilever in steady contact with the
tissue at the 3 nN setpoint, a regime in which the tip-sample
interaction dominates the measured response. Given the small
oscillation amplitude (20 nm) and the low-frequency range (1-
100 Hz), the hydrodynamic drag on the cantilever in liquid is
expected to contribute only a weak, slowly varying background
relative to the contact force.'”>*** This background remains

This journal is © The Royal Society of Chemistry 2026
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well below the phase resolution of the measurement and does not
measurably affect the extraction of E'(w) or E”(w). For this reason,
and because a meaningful numerical decomposition of drag versus
contact contributions cannot be obtained in this in-contact
regime, no separate hydrodynamic correction was applied.

2.3.4. Contact mechanics framework and tip geometry. A
spherical Hertzian contact model was used to convert the
complex contact stiffness K*(w) to the complex Young’s mod-
ulus E*(w). For an elastic half-space indented by a rigid sphere
of radius R, the static contact relations are:

4 A .
F = EE,R1/203/2,a =R,

where E, = E/(1 — 1?) is the reduced modulus and a is the
contact radius. Differentiation yields the small-signal contact
stiffness

Extending this relation to the oscillatory (complex) domain
gives:

. 2aE* (w
K (o) = 212

and therefore

In practice we evaluate the contact radius a at the static
indentation depth J, (i.e., @ = v/R3,) because our oscillation
amplitude satisfies 0,/09 « 1 (see below).

SAA-SPH-1UM probes were used (manufacturer nominal
spherical radius R,om = 1 pm). We measured tip radius using
the integrated imaging and report the measured radius Ryeas =
0.981 + 0.131 um), as analyzed by Image].

A Poisson’s ratio of ¥ = 0.5 was used, consistent with the
incompressible behavior of hydrated soft tissues such as retina;*®>®
the factor (1 — +7) was therefore evaluated using this value.

Because 94/0, ~ 0.02 (see below), contact-area changes
during the sinusoidal oscillation are negligible; accordingly, a
was taken from the static indentation 6, and treated as
frequency-independent. If contact-area changes were non-
negligible (large 6,/d,), more advanced contact models account-
ing for dynamic contact radius would be required.

The Hertzian framework assumes a smoothly increasing con-
tact area during indentation and is widely used for soft biological
tissues. In our measurements, the static indentation depth was on
the order of the nominal tip radius; under these conditions, the
Hertz model provides an approximate mapping between contact
stiffness and modulus, suitable for describing overall trends in the
elastic and viscous response. All samples were measured using
identical probes, setpoints, and oscillation amplitudes, ensuring
consistent application of the model across conditions. We there-
fore interpret the extracted moduli as reflecting relative mechan-
ical behavior under a common geometric framework.

This journal is © The Royal Society of Chemistry 2026
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2.3.5.
inal tissue is approximately 150 um thick at P17,%° whereas the static
indentation depth in our measurements was ~1 pm with a 20 nm
oscillation amplitude. As the indentation depth was thus <1% of
the sample thickness, the stress field remains fully contained within

Finite-thickness and adhesion considerations. Ret-

the tissue and does not interact with the underlying glass substrate.
Under these conditions, finite-thickness or substrate corrections
(e.z, Dimitriadis-type models) are not required, as the assumptions
of a semi-infinite elastic half-space are well satisfied for both
indentation and oscillatory microrheology.

Approach-retract curves showed no significant adhesive
pull-off under submerged conditions, indicating that adhesion
does not materially affect modulus extraction.

2.3.6. Signal processing and extraction of viscoelastic para-
meters. Analysis of the generated force curves was conducted
with a custom Python script, running off of the AFMforce
library.*® Forces and displacement data were converted into
readable arrays. Prior to FFT analysis, force and indentation
signals were smoothed using a symmetric Gaussian filter (win-
dow size: 3, radius: 150). The filter was applied in a forward-
reverse (bidirectional) manner, resulting in a zero-phase opera-
tion that does not introduce temporal or phase lag.

To further confirm robustness, a sensitivity analysis was
performed (Tables S1 and S2), evaluating E'(w) and E’(w) as a
function of filter window size (3-5) and radius (50-200), com-
pared to no filter. Across all window sizes, changes in E’' were
<5% and changes in E” were <7%, demonstrating that
modulus estimates were not sensitive to filter strength. We
therefore conclude that the smoothing procedure does not
distort phase or bias viscoelastic parameter estimation.

The contact point was calculated for force curves similar to
methods used in NANOWIZARDS5, and force curves were nor-
malized to zero at that point.

The sinusoidal portion of the force and indentation signals
was isolated and analyzed by Fast Fourier Transform (FFT).
This yielded the oscillation amplitudes F;(w) and d,(w), as well
as the phase difference A¢(w) between the force and displace-
ment. The complex contact stiffness was defined as:

K*( ) _ gll ((z))em(p(u))

A spherical indenter geometry was assumed for the SAA-
SPH-1UM probes (nominal radius R = 1 pm). Under Hertzian
contact, the complex contact stiffness relates to the complex
modulus through:

K*(®) = 2aE*(w),
where the contact radius is

a = \/R(S()7

and J, is the static indentation depth at the 3 nN setpoint
(approximately 1 um across samples). The complex modulus
was therefore computed as:**°
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The storage modulus E’ corresponds to the in-phase (elastic)
component of E*, the loss modulus E” corresponds to the out-
of-phase (viscous) component, and the loss factor was calcu-
lated as tan(o) = E"/E’.

Unless otherwise noted, oscillatory measurements used an
amplitude of J; = 20 nm, giving a small-signal ratio 6,/0, =
0.02, confirming linear viscoelastic probing. Only curves with
well-resolved sinusoidal oscillations were retained, requiring
FFT-derived sinusoidal fits with R* > 0.8 and an oscillatory
force signal-to-noise ratio (SNR) > 10. Additional filtering
based on storage modulus thresholds (maximum of 40 kPa),
loss tangent limits (minimum 0, maximum 8), and frequency-
wise Z-score outlier detection (Z-score = 3) was applied as
described above. Curve data was then packaged into a tab-
separated variable file for later statistical analysis.

2.4. Statistics

Details of replicates for each experiment can be found in the
figure legends. All bar graphs represent means + SD unless
otherwise denoted. The authors performed statistical analysis
using GraphPad Prism 10 (GraphPad Software Inc.). This software
was also used to perform t-tests and one-way ANOVA with multiple
comparisons to determine significance. Significance levels were set
at* p < 0.05,** p < 0.01, ** p < 0.001, and **** p < 0.0001.

3. Results and discussion

3.1. Oscillation provides additional mechanical context over
traditional indentation AFM

Traditionally, AFM force spectroscopy measures mechanical
properties like stiffness through contact mode, where the
AFM tip is brought into direct contact with the sample. This
technique provides precise measurements of surface roughness
and topography at the nanoscale, making it ideal for character-
izing hard and rigid materials. However, it provides limited
information about the viscoelastic properties of a sample, as it
is mainly focused on topography and basic force measure-
ments, making it less suitable for studying complex, soft
materials or biological samples where the viscoelastic behavior
is crucial. Oscillatory AFM, specifically used for microrheology,
involves oscillating the AFM tip at a defined frequency over the
sample, which allows for the measurement of both the elastic
component (storage modulus, E’) and the viscous component
(loss modulus, E”) of the material. This method is particularly
valuable for studying soft materials, biological tissues, or poly-
mers, as it provides insights into their viscoelastic properties
without causing significant damage to the sample. By analyzing
the phase shift and amplitude of the oscillations, oscillatory
AFM can provide detailed information about the material’s
response to mechanical stress, making it highly effective for
microrheological measurements.

The spatial resolution of oscillatory AFM microrheology is
set primarily by the lateral extent of the indentation footprint
and the spacing between measurement points. With a spherical
probe of ~1 pm radius, the contact radius is on the order of
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0.5-1 um, enabling sampling of mechanical properties at approxi-
mately micron-scale lateral resolution. In practice, our measure-
ments were acquired on a 25 x 25 um region using a 4 x 4 grid
(16 points), demonstrating that the technique can probe local
mechanical heterogeneity at cellular to subcellular length scales.
This spatial resolution is not achievable with bulk rheology or
indentation methods requiring larger footprints, underscoring
AFM’s suitability for microscale tissue characterization.

First, we aimed to directly compare measurements of murine
retinal tissues taken via traditional indentation to those obtained
by oscillatory microrheology. Following extraction, retinas were
placed on positively charged glass slides to allow adhesion. Once
adhered, the retinas were placed on the AFM stage and submerged
in PBS containing protease inhibitors to prevent protein degrada-
tion and preserve mechanical properties (Fig. 1A and B). Submer-
sion is also necessary for microrheology, as many commercially
available cantilevers perform optimally with increased resistance
from water submersion. Both indentation and microrheology were
performed on the same sample using the same cantilever (Fig. 1C
and D). Indentation measurements revealed that control mice had
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Fig.1 AFM Indentation and Microrheology Measurements on Retinas.
(A) Retinas were placed on slides and analyzed on the AFM. (B) Images
of the retina when placed on AFM stage. The AFM unit is combined with
brightfield microscopy to enable manual selection of measurement
regions based. (C) Schematic of cantilever movement in indentation
AFM. The cantilever enters the tissue and immediately retracts upon
reaching the specified normal force. (D) Schematic of cantilever move-
ment in microrheology AFM. Once reaching the desired normal force, the
cantilever oscillates at a known frequency and amplitude to measure the
time-dependent behavior within the sample. (E) AFM performed on con-
trol samples via indentation (Young's Modulus, E) and microrheology
(storage modulus [E’], loss modulus [E”], and loss factor). N = 25-29
measurements collected across 3 retina. (F) Microrheology sweep of
storage modulus between 1-100 Hertz, with error bars denoting SEM.
N = 33-63 measurements at each timepoint collected across 3 retina.

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sm01060h

Open Access Article. Published on 10 February 2026. Downloaded on 3/17/2026 5:30:28 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Soft Matter

an average Young’s Modulus (E) of 956 Pa (Fig. 1E). Microrheology
results showed similar trends, with an average storage modulus (E)
of 920 Pa (Fig. 1E). While there was no significant difference, we
expected the downward trend as the complex modulus is broken
into constituent components. In addition to measuring the elastic
component (E'), oscillatory measurements allowed comparison of
the viscous component (E”) and the loss factor (tan ), defined as
E'/E'. We further performed these measurements across a wide
range of frequencies (Fig. 1F), and found that all components
increased with frequency. This frequency-dependent increase in
modulus likely arises from the viscoelastic relaxation dynamics of
the retinal ECM, where applied deformations at higher frequencies
outpace the characteristic relaxation times of the collagen- and
proteoglycan-rich network.*"*> Under these conditions, fluid redis-
tribution and molecular rearrangements are kinetically suppressed,
forcing the load to be supported predominantly by the elastic fiber
network and resulting in higher apparent stiffness.****

Thus, microrheology using oscillatory AFM offers a more
detailed analysis of the mechanical properties of the retina by
measuring both the elastic and viscous components of the ECM.
Unlike traditional indentation, which only captures the elastic
response, microrheology allows for the assessment of the materi-
al’s frequency-dependent behavior, providing insights into the
viscoelastic nature of the tissue. This comprehensive approach is
particularly valuable for studying complex biological materials
like the retina, where changes in both elasticity and viscosity play
critical roles in tissue function and pathology.

3.2. AFM input parameters require optimization based on
sample type

In optimizing the measurement conditions, we observed that
the results were highly sensitive to the AFM input parameters,
such as cantilever movement, oscillation frequency, and force
applied. These systems offer the flexibility of custom movement of
the cantilever relative to the sample, allowing for precise control
over the interaction between the tip and the material being
measured. However, this customization also necessitates careful
optimization to ensure that the measurements reflect the true
elastic properties of the sample without introducing viscoelastic
deformation."*** If the cantilever moves too quickly or with
excessive force, it can induce strain on the sample, distorting the
measurement, particularly in soft materials where viscoelastic
effects are more pronounced. To avoid this, parameters such as
oscillation amplitude and frequency must be fine-tuned to achieve
an optimal balance between capturing the elastic response and
preventing significant deformation of the sample. Moreover, var-
iations in sample properties, such as roughness or heterogeneity,
may require adjustments to these parameters for accurate results.
Thus, optimizing AFM input parameters is crucial to obtaining
reliable and reproducible data, particularly when measuring the
mechanical properties of complex, viscoelastic materials.

The approach length refers to the resting distance between
the cantilever and the sample before measurement. Approach
length tested in the parameter sweep ranged from 1-10 pum,
with the standard experimental length set to 4 pm. We observed
that shorter approach lengths, where the cantilever remains
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closer to the sample, resulted in stiffer readings (Fig. 2A). This
suggests that shorter approach lengths may not provide enough
distance for some samples, especially those with high adherence
forces or rough surface topography, to fully unadhere or prevent
sample shifting. This can lead to compression and artifacts in
the measurements. The approach speed, or the velocity at which
the cantilever approaches the sample, was also taken into
consideration. Approach speed ranged from 1-10 pm s~ ', with
the standard experimental speed set to 2 um s~ '. We found that
E’ decreased with increasing approach speed (Fig. 2B), likely due
to less accurate detection of the true contact point at rapid
approach, which leads to a slight underestimation of indentation
depth and therefore a lower extracted modulus in the Hertz fit.
Additionally, applied force, or the amount of force the cantilever
exerts on the sample before measurements, was found to
increase E’ due to greater indentation depths (Fig. 2C), leading
to more tissue contact and higher resistance, varied from 1-10
nN with 3 nN as a standard force. Lastly, we examined oscillation
amplitude, which refers to the magnitude of displacement
between the highest and lowest oscillation positions. We varied
the amplitude from 2-50 nm, utilizing 20 nm as the experi-
mental standard. We found that lower amplitudes resulted in
both higher E’ values and significantly greater standard
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Fig. 2 Impact of microrheology input parameters on measurements.

Varying the input parameters of approach length (A), approach speed (B),
applied force (C), and oscillation amplitude (D) are key to accurately
characterizing sample tissues. Sample curves demonstrate the impact of
incorrect parameter selection on curve geometry, leading to unrepresen-
tative measurements. N = 18-36 measurements collected across three
retina. Significance levels were set at * p < 0.05, ** p < 0.01, *** p <
0.001, **** p < 0.0001.
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deviation of E’ (Fig. 2D), indicating that insufficient amplitude
may fail to create a strong enough signal-to-noise ratio, allowing
tissue shifts and other sources of error to influence the results.
Overall, optimizing input parameters, such as approach length,
speed, applied force, and oscillation amplitude, is crucial for
obtaining accurate and reliable measurements in AFM experi-
ments. Proper parameter selection minimizes artifacts caused by
sample shifts, stress-relaxation issues, and noise, ensuring precise
characterization of the material’s mechanical properties.

3.3. Microrheology quantifies increased stiffness and
elasticity in diabetic retinas

We next aimed to utilize microrheology to compare the impact of
retinal disease on mechanical properties. We used retinas from
mice with oxygen-induced retinopathy (OIR), a model for studying
diabetic retinopathy.*®"” OIR mice are valuable for investigating
retinal vascular dysfunction, endothelial instability, and abnormal
angiogenesis, as well as for testing potential therapies. Previous
studies in OIR mice have shown significantly reduced vascular
stability and abnormal ECM deposition.”*® Based on these
observations, we hypothesized that OIR retinas would exhibit
altered viscoelastic properties compared to control retinas.

In OIR, neonatal mice are exposed to high oxygen levels,
leading to abnormal blood vessel development. When returned
to normal oxygen levels, retinal ischemia and neovascularization
occur, mirroring the vascular changes seen in diabetic retinopathy
(Fig. 3A).>°""> Microrheology measurements revealed that OIR
retinas had increased stiffness compared to control mice, with
stiffness increasing from 920 Pa to 3563 Pa (Fig. 3B). In addition to
the increased elastic component (E’), oscillatory measurements
allowed comparison of the viscous component (E”) and the loss
factor, the ratio between the elastic and viscous components. We
found that the viscous components were similar, but OIR retinas
exhibited a more viscous loss factor, suggesting an increase in
ECM dissipation behaviour. These comparisons were consistent
across a wide range of frequencies (Fig. 3C-E), and found that all
components increased with frequency. This frequency-dependent
behaviour is likely caused by the increased rigidity of the ECM in
OIR retinas.

In summary, oscillatory AFM revealed that OIR retinas exhibit
increased stiffness compared to control retinas. The use of oscilla-
tory AFM allowed us to probe not only the elastic component of the
matrix but also the viscous properties, offering a comprehensive
understanding of the ECM’s mechanical behavior. The oscillatory
measurements highlighted an increase in the loss factor in OIR
retinas, suggesting increase ECM dissipation behaviour, which may
contribute to the altered vascular and cellular behaviour observed
in diabetic retinopathy. This approach highlights the value of
oscillatory AFM in studying dynamic mechanical properties, as it
offers deeper insights into the viscoelastic nature of the ECM and
its role in tissue remodeling and dysfunction.

3.4. Formaldehyde and methanol fixation increase retina
tissue stiffness and elasticity

Lastly, we aimed to explore the impact of fixation on micro-
rheology measurements. AFM force spectroscopy measurements
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Fig. 3 Microrheology measurements across control and OIR mice.
Experimental timeline from mouse birth to sacrifice, with retinas measured
via AFM on postnatal day 17 (P17) (A). Frequency sweep of control and
diabetic mice across 1-100 Hertz (B), with error bars representing SEM.
Comparisons were similar across the range of frequencies (C)—(E). N = 21—
98 measurements collected across three retina. Significance levels were
setat*p < 0.05 **p < 0.01, ** p < 0.001, **** p < 0.0001.

are often carried out on fixed human patient samples, as these
specimens are typically difficult to obtain in fresh form and are
more commonly accessible through biobanked collections.”
Using fixed samples not only overcomes the logistical chal-
lenges associated with sample availability but also enables
extensive and prolonged research, including detailed mechan-
obiological analyses that can be revisited over time without
compromising sample integrity.>* Fixation preserves the tissue’s
structural integrity and prevents degradation, making it easier
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to handle and prepare for analysis. A common fixation method
is using formaldehyde, which crosslinks proteins and stabilizes
tissue structure (Fig. 4A). Fixation using methanol, which
rapidly dehydrates and condensates samples, is also utilized
in research settings (Fig. 4D). However, it is important to note
that fixation can alter the mechanical properties of the tissue,
which may influence the interpretation of AFM data. While the
response to fixation is understood for traditional AFM,>>2° the
impact of fixation on viscoelastic measurements is unknown.
To characterize microrheology measurements following fixa-
tion, we fixed control and OIR retinas in both formaldehyde and
methanol for 5 or 30 minutes to examine how fixation time
influences mechanical properties. Microrheology sweeps
revealed that formaldehyde fixation time was consistently asso-
ciated with increased stiffness across all frequencies (Fig. 4B),
while exhibiting a substantial increase in elasticity (Fig. 4C),
representative of the increased degree of crosslinking. Notably,
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Fig. 4 Influence of formaldehyde and methanol fixation on control and

OIR retinas. (A) Paraformaldehyde fixes by crosslinking exposed lysine.
(B) Storage modulus of PFA fixed samples. (C) Loss factor of PFA fixed
samples. (D) Methanol preserves by dehydrating and condensing proteins.
(E) Storage modulus of MeOH fixed samples. (F) Loss factor of MeOH fixed
samples. N = 28-87 measurements collected across three retina. Sig-
nificance levels were set at * p < 0.05, ** p < 0.01, *** p < 0.001, ****p
< 0.0001.
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while control and OIR samples both increased proportionally in
stiffness, loss factor measurements were less consistent. It is
probable that the variable protein deposition and architecture
lead to more predictable trends in stiffnesses in response to
fixation, but are less predictable with loss factor due to differ-
ential crosslinking based on protein composition. Methanol
preservation, however, led to more variable results across both
stiffness (Fig. 4E) and loss factor (Fig. 4F). We attribute this
unpredictability to the nature of protein condensation, being
that protein aggregates form unstable, heterogeneous clusters
that lead to variability in mechanical analysis.

Fixation substantially altered the absolute values of the sto-
rage and loss moduli, as expected from chemical crosslinking, as
seen with formaldehyde, or protein condensation, as seen with
methanol. Nonetheless, in fully fixed samples, such as those
treated for 30 minutes, differences between control and OIR
retinas were still detectable, indicating that fixation preserves
certain relative mechanical contrasts even though it shifts abso-
lute modulus values. In contrast, very short fixation, as seen in
the 5 minute group, did not consistently maintain this separa-
tion, likely due to incomplete or heterogeneous crosslinking.

These findings suggest that when a uniform and complete
fixation protocol is applied, mechanically meaningful distinc-
tions between disease states can still be resolved, even though
fixed tissues cannot recapitulate the absolute mechanics of
fresh samples. This supports the feasibility of using appropri-
ately fixed or biobanked specimens for comparative microme-
chanical analyses, particularly in translational settings where
fresh tissue is not available.

4. Conclusions

This study highlights the power of oscillatory AFM-based micro-
rheology in assessing the viscoelastic properties of retinal tissue
and its changes in disease states, such as diabetic retinopathy.
Through comparisons between traditional indentation and
oscillatory microrheology, we demonstrated the importance of
measuring both elastic and viscous components of the tissue to
capture a more comprehensive view of its mechanical behavior.
The results from OIR mice, a model for retinal vascular dysfunc-
tion, showed increased tissue stiffness and a more viscous loss
factor, suggesting ECM dissipation behaviour, which may con-
tribute to the altered tissue behaviour seen in retinal diseases.
Importantly, these findings underscore the utility of microrheol-
ogy in detecting subtle changes in tissue mechanics that would
be missed by conventional techniques.

Furthermore, we explored the effects of tissue fixation on
microrheological measurements, revealing that fixation proce-
dures, especially formaldehyde, increase tissue stiffness and
elasticity, likely due to crosslinking and other chemical changes.
While fixation may alter mechanical properties, our results
show that relative comparisons between control and OIR tissues
were preserved when fully fixed with formaldehyde, indicating
that such measurements remain valid as long as samples are
treated similarly. This provides a foundation for utilizing fixed
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tissues in microrheology-based studies, particularly when
experimental constraints require the use of fixed samples.
Regarding future directions, further investigation into the long-
term stability of fixed tissue samples, as well as optimization of
AFM parameters for different tissue types, will be essential for
refining this technique. Additionally, exploring the molecular
mechanisms behind the observed changes in tissue mechanics
in diabetic retinopathy could reveal potential therapeutic targets
for improving retinal health. Microrheology-based AFM presents a
powerful tool for advancing our understanding of tissue
mechanics in health, disease, and aging tissue, offering promising
insights for both diagnostic and therapeutic applications.
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