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Hydrogels are highly versatile, multi-phase materials with a wide variety of applications, due to their
complex structures and tuneable features at the micron and sub-micron scale. Physical and chemical
properties within the local environments contribute to the overall properties of a hydrogel. Current quan-
titative techniques used to characterise the properties of a hydrogel usually focus on bulk properties and
are limited to identifying macroscopic properties, providing little information about local variations and
heterogeneity, or fail to provide insight into real-time dynamic responses to external stimuli. These issues
are especially challenging when characterising soft hydrogels due to their high-water content, which
induces weak signals and noisy data. Here, we present a passive nanorheological tool that indirectly
enables the characterisation of soft hydrogels at the micro/nanoscale by tracking nanoprobes with a
label-free optical microscopy technique, making this an inexpensive, time-efficient, and user-friendly
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tool. This tool allows effective mapping of the properties in local micro/nano environments in hetero-
geneous soft materials thus permitting the identification of real-time sol—gel phase transition in thermo-
sensitive hydrogels. Hence, this novel nanorheological characterisation tool has great potential for use in
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Introduction

Hydrogels can be designed and engineered to present specific
desired features, such as stiffness or mesh size, thus making them
useful in a wide range of fields from biomaterials to electronics.
They have applications in tissue engineering, drug delivery, water
treatment, wearable technologies, and supercapacitors.'
Understanding a hydrogel’s properties is crucial for
meeting application-specific requirements, optimising per-
formance, and designing novel materials. Thus, numerous
methodologies have been developed to understand their
mechanical and structural features. However, the characteris-
ation of multi-phase hydrogels has posed several challenges
linked to the intrinsic features that make them so versatile.
The high water content and the low polymeric ratio have led to
noisy data and weak signals in morphological characterisation
techniques such as small-angle-scattering (SAXS) or scanning
electron microscopy (SEM). Even refined techniques such as
cryo-SEM, involving a fast freezing process of the sample, are
linked to a change in the original materials’ morphology.*”
Mechanical characterisation techniques usually rely on average
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soft material design, manufacturing and quality control processes.

values or bulk characterisation, such as rheology or tensile
testing. For instance, their heterogeneous rheological behav-
iour at the micro/nanoscale might significantly differ from the
single value provided by a bulk rheological measurement.®
More localised tools, such as atomic force microscopy (AFM)
or nanoindentation, are limited to surface indicators for the
sample and are inapplicable for soft hydrogels.””® Taking into
consideration that the properties of soft materials at the micro
and nanoscale are crucial for understanding and their use in
many biological and physical phenomena, such as cell differ-
entiation or electrical conductivity, their enhanced characteris-
ation in real-time is needed.>'®

Microrheology has emerged as a tool to provide viscoelastic
properties of soft materials with a high spatial resolution."*
This technique includes both active microrheology, based on
the application of an external force such as magnetic, centrifu-
gal, or gravitational, and passive microrheology. The funda-
mentals of passive microrheology were first described by
Mason and Weitz’s work in 1995 who employed probes, dis-
persed colloidal particles in this case at the micrometre scale
(1-100 pm), where temperature-induced molecular motion
causes particles to experience Brownian motion.'” The random
motion of a particle can be characterised by its mean-squared
displacement (MSD) from a reference position which is
directly proportional to the time interval over which
the MSD is measured and the diffusion constant, D. The
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Stokes-Einstein relationship defines the diffusion coefficient,
D of single particles of known radius, r in a fluid at a set temp-
erature, T as follows:"?

D= T (1)
6mnr

where k;, is the Boltzmann constant, and 7 is the fluid vis-
cosity. Hence, an experimental determination of the diffusion
constant based on the MSD of a particle allows the viscosity of
the fluid to be evaluated.

This concept has been extended to passive nanorheology
using probes at the nanometre scale (nanoprobes) monitored
with diffusing wave spectroscopy, laser deflection particle
tracking or other laser interoferometric methods to calculate
the viscoelastic properties of the media in which the probes
are diffusing, including both viscosity and the complex shear
modulus.**"® The smaller size of nanoprobes provides insights
into the mechanical properties of complex materials within a
more confined environment and at increasing resolution.
However, some inconsistencies have been observed in
different experimental setups, including entangled polymer
melts and molecularly-thin films, for which it has been
acknowledged that the classical Stokes-Einstein relationship is
not relevant."*'® These nanorheology techniques are based on
the generalised Stokes-Einstein (SE) equation, in which the
diffusion of particles is inversely proportional to the viscosity
of the media, as stated above in eqn (1)."” However, this
relationship is based upon several assumptions, including a
constant value of hydrodynamic diameter, the shape of the
particle being spherical, and the continuum hypothesis, which
states that the diffusing particle experiences the medium as a
continuum and assuming macroscopic hydrodynamics.*®

Previously reported data has demonstrated the decreasing
reliability of the classical Stokes-Einstein relationship when
the scale approaches the molecular level.'®* Measurements
have shown that there is a critical particle diameter below
which the classical Stokes-Einstein relationship is invalid and
overpredicted the diffusion coefficient.'®?° The critical particle
diameter was found to be in the range 150-300 nm depending
on the viscosity of the media and concentration of the nano-
particles.”” For that reason, the use of the classical Stokes-
Einstein relationship to obtain viscoelastic parameters from
experimental values of diffusion is not appropriate; and,
instead, the fractional Stokes-Einstein relationship should be
used. In the fractional Stokes-Einstein relationship, diffusion
is independent of particle size and inversely proportional to
viscosity in the logarithmic domain, ie., there is linear
relationship between log D and log 7, as shown previously.*’

Here, we present a novel passive nanorheological tool,
which indirectly characterises the localised rheological pro-
perties of phases of hydrogels through the correlation of nano-
particle motion and the environment they are diffusing in, at
the nanoscale and in real-time, using the fractional Stokes-
Einstein relationship. The nanoparticle motion is assessed
with a label-free microscopy platform based on the optical
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phenomena of caustics, a natural phenomenon generated by
the refraction of the light when it encounters a curved surface,
creating envelopes of light and shadows. When this is applied
in an optical inverted microscope, by increasing the coherence
of the light, the nanoparticles are visualised as black and
white concentric circles (caustics), permitting their visualisa-
tion and tracking over time in a label-free manner as shown in
the schematic in Fig. 1.2

First, we experimentally validate nanoprobes’ diffusive
values in simple Newtonian fluids with their empirical vis-
cosity to create a standard tool using this microscopy platform.
This tool was then used to help understand the viscous
properties of localised environments within heterogeneous
agar-hyaluronic acid hydrogels through the motion of nano-
particles. Second, to assess the dynamic response to stimuli of
hydrogels in real-time, we expanded the capabilities of this
tool to characterise the volume phase transition temperature
in a well-characterised, thermosensitive hydrogel.

Results and discussion

To overcome current limitations in the characterisation of soft-
materials properties at the micro/nanoscale in real time, a
non-destructive passive nanorheological platform has been
developed, as an inexpensive and user-friendly solution, and
tested it in a range of hydrogels that have been extensively
used in biological applications.

Firstly, the validation of the passive nanorheological plat-
form was performed with the use of simple and Newtonian
fluids. For that, different glycerol solutions in deionized water
DIW (v/v) and silicone oil were used to obtain a wide range of
viscosity values, ranging from 0.001 to 5 Pa s, as shown in
Table 1. 100 nm citrate-capped gold nanoparticles were
selected as nanoprobes due to their well-established character-
isation and their near-neutral surface charge, which was
important to avoid interactions with charged hydrogels.**
Their motion was tracked using the label-free nanoparticle
tracking technique in the optical inverted microscope (Fig. 1).
The bulk values of viscosity for each media, measured using
the compact rheometer, were correlated with the measured
values of the diffusion coefficient of the 100 nm nanoprobes
in each environment.

A strong linear negative relationship was obtained between
the logarithm of the experimental values of diffusion coeffi-
cient (D190 nm) and the logarithm of the viscosity of the media
(7) with a correlation coefficient of 0.99, shown in Fig. 2. This
validates the relationship between these two quantities and
enables the motion of the gold nanoprobes to be used as a com-
parable rheological dynamic analysis model for the viscosity of
the medium. Mathematically, this relationship can be
expressed, using the fractional Stokes-Einstein relationship, as:

log(D1go nm) = —0.87log(n) — 14.35 (2)

Secondly, to map the intrinsic heterogeneity of hydrogels,
100 nm nanoprobes were dispersed, at low concentrations, in
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d) Nanoparticle 3D refraction

€) 2D Nanoparticle visualisation

Fig. 1 Schematic diagram of the nanoparticle label-free tracking technique based on optical microscopy. (a) A small aliquot of the sample (~50 pL)
is introduced in the microscope slide cavity; (b) the sample is visualised under an inverted optical microscope (Axio Observer Z1.m); (c) the coher-
ence of the light is increased by the addition of a green filter in the light pathway, by closing the condenser to the minimum and by setting the
microscope to Kohler illumination; (d) when the light hits the nanoparticles this creates a diffraction pattern in 3D; (e) in 2D this is shown as black
and white (light and shadows) concentric circles, bigger than the actual nanoparticle making it visible and trackable over time. Figure created with

BioRender.

heterogeneous agar-hyaluronic acid hydrogels: low viscous
(LV), medium viscous (MV) and high viscous (HV). Preliminary
qualitative evaluations showed that there was a correlation
between the characterised movement of the nanoparticles in a
local area and the material properties/phase associated with
that area. This can be seen in Fig. 3, where nanoparticles
associated with a more aqueous-based phase were found to
move further away from their starting point (Fig. 3a), others
were found to be ‘dancing on the spot’ (Fig. 3¢c) in a more poly-
meric phase, and some presented an intermediate behaviour
corresponding to a transition phase (Fig. 3b).

Table 1 Simple Newtonian fluids used to validate the passive nanor-
heological platform. The specified media was used at different tempera-
tures to obtain the set range of viscosity values

MEDIA Temperature (°C) Viscosity (Pa s)
Deionised water (DIW) 20 0.001

55% glycerol in DIW (v/v) 37 0.005

75% glycerol in DIW (v/v) 20 0.05

90% glycerol in DIW (v/v) 34 0.1

100% glycerol 30 0.42

100% glycerol 20 1

Silicone oil (Siluron® 5000) 25 5
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Fig. 2 Diffusion coefficient of nanoprobes (100 nm gold nanoparticles)
plotted as a logarithmic function of viscosity of the simple-homo-
geneous media (glycerol solutions and silicone oil) they are diffusing in.
The black dots represent the mean values of 10 nanoprobes’ diffusion
coefficients, and the error bars state the standard deviation. The high
value of R? = 0.99 shows the usefulness of the set equation to extrap-
olate viscosity values to define the environment where the nanoprobes
are diffusing.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Path of motion, or tracks over a 100 frames (2.5 seconds) of 100 nm nanoprobes diffusing in the medium viscous agar hyaluronic acid hydro-
gel revealing the heterogeneity of this hydrogel where (a) some nanoparticles diffused in an aqueous environment with longer paths; (b) some nano-
particles were found to have a more restricted movement in an intermediate/transition phase; and (c) some nanoparticles moved around a spot and

were believed to be interacting with the gel phase.

To assess the viscosity values of each localised environ-
ment, thirty random nanoprobes were analysed in each hydro-
gel, maximising the dispersion of the nanoprobes across the
different localised environments, while maintaining a good
time efficiency ratio. The experimental values of diffusion
coefficients of these tracked nanoparticles are presented in
Fig. 4 as a function of the bulk viscosity of the hydrogels fitted
to the Carreau-Yasuda model.>*

The presence of multiple diffusion values for a sole hydro-
gel shows the inaccuracy of a single bulk value in describing
the mechanical properties of these hydrogels and characterises
localised environments that can be associated with distinct
phases. Diffusion values above 107'* m® s™' align with an
aqueous-base phase, under 107" m> s™" will characterise a
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Fig. 4 Distribution of diffusion coefficient values of 100 nm gold nano-
probes in the three agar—hyaluronic acid hydrogels (AHA) with low (LV-
blue), medium (MV-orange), and high (HV-red) viscosity. The wide distri-
bution of diffusion coefficients for single bulk values of viscosity shows
the limitations of macrorheology and the distribution of localised
environments within the hydrogels at the micro/nano scale. Where
values of diffusion above 107* m? s7* characterise an aqueous phase,
values under 107** m? s7* a gel phase, and those in between are cate-
gorised to be in an intermediate/transition phase.?®

This journal is © The Royal Society of Chemistry 2025

gel-phase, and between both we can find nanoprobes in a tran-
sition phase; in agreement with previously reported data.>
Using eqn (2), specific viscosity values can be extracted for the
different localised environments in which each nanoprobe
diffuses. The low viscous (LV) and medium viscous (MV)
hydrogels showed a wide range of viscosity values ranging
from near water with 0.001 and 0.002 Pa s for LV and MV,
respectively, to values in the range of high viscous silicone oils
~5 Pa s. The high viscous hydrogel (HV) presented a wide
range of high viscosities, with values ranging from 2 Pa s to
~40 Pa s, which is consistent with the higher polymer (agar)

Fig. 5 Pluronic® F127 20% with 100 nm gold nanoprobes during the
heterogeneous transition from soluble to gel phases induced by a temp-
erature ramp from 20 °C to 40 °C, visualised under an inverted optical
microscope adjusted for caustics. The label-free visualisation enables
the characterisation of the different environments that are created
during the sol-gel transition. Some nanoprobes are found in the sol
phase and others in the gel phase; moreover, the limit of these two
phases can be determined through the visualisation of nanoprobes in
the interface between phases (yellow arrows). This image was taken at
mid-sample, ~100 pm from the bottom of the sample.

Nanoscale, 2025, 17, 15338-15347 | 15341
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concentration and probably characterising different levels of
crosslinking in different regions of the gel.

Finally, to assess the hydrogel’s dynamic response to an
external stimulus in real time, we used Pluronic® F127, a
widely studied thermosensitive hydrogel.?® Pluronic® F127 is a
tri-block copolymer that has become a promising hydrogel
facilitating the encapsulation and release of water-insoluble
and water-soluble drugs through the formation of polymeric
micelles. Its formulation at 20% (w/v) has been reported to
exhibit this behaviour and transition to gel at near body
temperatures (37 °C), making it a good fit for different drug
delivery applications, such as ophthalmic formulations and
wound healing therapy, by facilitating their injection in the
sol state.””*® Experiments were conducted in the inverted
optical microscope set-up for viewing caustics and with a
temperature-controlled stage. The Pluronic® F127 was seeded
with gold nanoprobes and the stage temperature raised from

View Article Online
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20 °C to 40 °C inducing a sol-to-gel transition. The experi-
ments uncovered, on one hand, the near-homogenous nature
of Pluronic® in both the sol and the gel state when these
were temperature-stabilised; and, on the other hand, an het-
erogenous complexion when the polymer was in the phase
transition state (Fig. 5). Moreover, we found that this
dynamic process can be characterised through the presence
of nanoprobes, where their distribution throughout the
sample permits the characterisation not only of the sol and
gel phases but the interface between them through the pres-
ence of nanoprobes at the sol-gel boundaries (seen by yellow
arrows in Fig. 5).

The sol-to-gel transition creates a difference in viscosity
within the sample in response to the temperature increase;
making this a heterogeneous state where both phases (sol and
gel) coexist, shown in Fig. 5 and 6. The difference in heat dis-
tribution creates difference in the gel-forming patterns where,

Fig. 6 Microscope images of Pluronic® F127 20% with gold nanoparticles at 28 °C during the sol—gel transition. The top image shows the transition
with the microscope set to normal bright field conditions, and the bottom image shows the high level of detail that is created when the microscope
is set-up for the optical phenomena of caustics. These images were taken at ~25 pm from the bottom of the sample.
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Fig. 7 Rheological characterisation of Pluronic® F127 20%, values
shown are a mean of one test from 3 different formulations and error
bars represent the standard deviation; for (a) frequency sweep showing
a linear viscoelastic region from 0.1 to 1 rad s~ and (b) temperature
ramp from 10 °C to 40 °C, with a steep phase transition from sol-to-gel
occurring at 28 °C, beyond which more stable values of G’ and G” show
a clear viscoelastic behaviour where elastic properties dominate, indicat-
ing a gel-like state.

at mid sample height (~100 pum) the patterns were more con-
sistent in shape and size (Fig. 5) and closer to the bottom of
the sample (~25 pm) these were found to resemble Rayleigh—
Bénard convection cells, shown in Fig. 6.>°

The specific bulk phase transition temperature was assessed
through a rheology temperature ramp (10 °C to 40 °C). In the
compact rheometer, a first frequency sweep identified the linear
viscoelastic range of Pluronic® to be from 0.1 to 1 rad s™*
(Fig. 7a). The optimised frequency at 0.3 rad s~* was selected for
the temperature ramp, which showed a steep phase transition
at 28 °C (Fig. 7b), after which a viscoelastic behaviour domi-
nated by the elastic domain (G’) characterises the stable gel for-
mation, in agreement with previous Pluronic® bulk rheological
characterisation.*°

The potential of the nanorheological tool to precisely
characterise the phase transition temperature was assessed by

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Phase transition temperature of Pluronic® F127 20% shown
using the storage modulus, G' (turquoise squares) and the diffusion
coefficient, D for 100 nm nanoprobes (black circles) showing that both
methods indicate the same transition temperature of 28 °C. (a) Low
values of G' correlate with high values of diffusion, characterising an
aqueous phase, and high values of G’ correlate with low values of nano-
particles’ diffusion, characterising the gel phase. Moreover, at 28 °C, the
nanoparticles showed a dual behaviour, with both fast and slow
diffusing particles, characterising this transition as heterogeneous,
where both phases coexist. (b) The representation of nanoprobes’
inverse diffusion coefficient values shows clearer the inverse relationship
between nanoprobes motion and the rheological properties of the
media they are in.

quantifying the diffusion of 100 nm nanoprobes at different
specified temperatures from 20 °C to 40 °C. At low tempera-
tures (<28 °C) low values of G’ (turquoise squares in Fig. 8a),
showing a sol state of the Pluronic® F127, correspond with
high values of diffusion (>2 x 107" m® s™") (black circles in
Fig. 8a) of the nanoprobes. At the same time, high tempera-
tures (>28 °C) show high values of G’ corresponding with a gel
state of the Pluronic® where the nanoprobes were found
stranded in the matrix, presenting low values of diffusion (in
the range of 10"
agreement with the bulk rheological characterisation of the

m” s7'). More interestingly, at 28 °C in

phase transition temperature, nanoprobes were found to

Nanoscale, 2025,17,15338-15347 | 15343
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present a dual behaviour, where some were still diffusing in
the sol phase (~107'* m? s7'), and others were already
diffusing in the gel phase, presenting values of diffusion in
the other of 107> m” s7*, as shown in Fig. 8. This also agrees
with the qualitative characterisation of this phase transition
point as an heterogenous state where both phases coexist, as
shown in Fig. 5 and 6. The inverse representation of the nano-
probe’s diffusion values, in Fig. 8b, shows the phase transition
in the same format as the bulk characterisation using the
storage modulus (G').

Overall, the data presented demonstrates that the character-
isation of nanoprobes’ motion provides an accurate reflection
of the local time dependent features at a micro/nanoscale of
low-viscous hydrogels, including the localised viscosity values
in heterogeneous soft materials and the real-time sol-to-gel
phase transition for thermosensitive hydrogels.

This mechanical characterisation of hydrogels is essential,
for instance, in biomaterials, where their main applications
are as biomimetics, scaffolds for tissue regeneration and drug
delivery.>**"*?> Complementary to macrorheological analysis,
the understanding of these properties at the micro/nanoscale
is of especial importance in these mentioned applications as
the micro/nano environment will define cell fate, toxicity, and
injectability.>*** Thus, passive micro/nanorheology tools can
enhance the understanding and the ability to replicate such
desired biological features.*> Moreover, passive nanorheologi-
cal analysis are also better suited for the characterisation of
soft hydrogels with low moduli values, usually used in bioma-
terials, when compared to active nanorheological tools.'*

This non-destructive passive nanorheological tool holds the
potential to eliminate some of the challenges to characterising
hydrogels (shown in Table 2) by its incorporation in the design
and manufacturing processes for soft materials. This tool
enables the mapping of the spatial-rheological heterogeneity
in the material’s native state using a standard inverted micro-
scope with a small volume sample (~50 puL) and minimal to no
sample preparation. Moreover, this measurement technique
shows promise for use in product quality control processes,
including degradability and stability assays of many hydrogels
through the characterisation of their phase transition or ana-
lysis of their microstructure stability in real time.

In addition, this platform holds the potential to be used for
many not opaque materials including other soft materials
such as colloidal suspensions or microgels, and epoxy-based
polymers. The technique may allow the characterisation of
their phase transition at the micro/nano-level in response to
different external factors such as magnetic, thermal, or electric
stimuli.**® However, additional experiments would be
necessary to verify these potential applications.

Experimental
Glycerol solutions

99% pure glycerol was purchased from Fisher Scientific (UK)
and used to increase the viscosity of the diffusive media

15344 | Nanoscale, 2025, 17,15338-15347

Atomic Force Microscopy)

Table 2 Comparison of different hydrogel mechanical characterisation techniques. (AFM

Required
expertise

Depth of

Ref.

Limitations Advantages

characterisation

Sample preparation

Resolution

Technique

41

Fast and requires small

sample sizes (~1 g)

Characterises bulk properties

of the material.

Bulk properties Moderate

Minimal

Macroscale
Macroscale

Bulk rheology
Compression

42

Moderate

Bulk properties

Cylindrical/disc
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through different solutions in deionised water (DIW) of 0, 55,
75, 90 and 100% glycerol (v/v).

Silicone oil

Highly purified silicone oil (Siluron® 5000) was donated by
Fluoron GmbH (DE) and used as received.

Agar-hyaluronic acid hydrogel synthesis

Agar-hyaluronic acid (AHA) hydrogels were synthesised follow-
ing the protocol described by Thakur et al.®>® Three hydrogels
with different viscosities were synthesised by adding different
concentrations of agar (Sigma-Aldrich, UK) and hyaluronic
acid (high molecular weight) (cosmetic grade, Amazon, UK) to
1x boiling phosphate buffered saline (PBS) (Gibco, UK). To
create a high viscous (HV) hydrogel, hyaluronic acid was used
at a concentration of 5 mg mL™" and agar at 4 mg mL™"; for a
medium viscous (MV) hydrogel, the concentrations of hyaluro-
nic acid and agar were 2.21 mg mL™" 1.8 mg mL ™" respectively;
and for a low viscous (LV) hydrogel, the corresponding concen-
trations were 0.7 mg mL~" and 0.95 mg mL™". The solutions
were magnetically stirred at 100 °C for 1 hour, after which the
gels were cooled down to room temperature overnight before
being used in characterisation experiments.

Pluronic® F127 hydrogel synthesis

20% (w/v) Pluronic® F127 (Sigma-Aldrich) was prepared by dis-
solving the polymer in a solid state in DIW through magnetic
stirring at a temperature below 6 °C. Solutions were left over-
night in the fridge (<6 °C) before rheological characterisation.

Standard bulk rheology

An Anton Paar Modular Compact Rheometer (MCR 302) with a
stationary lower plate was used to make rheological measure-
ments. A viscosity shear rate sweep was performed to obtain
experimental viscosity values of the glycerol solutions and sili-
cone oil. This was performed with a parallel plate 40 mm in
diameter and a shear rate range of 0.1 to 300 s_*. The rheologi-
cal characterisation of the hydrogels was done using a parallel
measuring geometry 40 mm in diameter with a rough surface
to avoid wall slip and ensure adhesion of the sample to the
geometry. A solvent trap was used to eliminate solvent loss
during the analysis of the samples by creating a thermally
stable vapour barrier.

To characterise the static bulk viscosity values of the agar-
hyaluronic acid hydrogels, a viscosity shear sweep at 34 °C was
performed, ranging from 0.01 to 100 s~'. The results were
fitted to the Carreau-Yasuda model.>*

Pluronic® F127 was first analysed with a frequency sweep
as a mean of three tests. These sweeps were performed to
identify the linear viscoelastic region at a constant strain of
0.5% for 0.01 to 100 rad s~". The optimised strain (0.5%) and
frequency (0.3 rad s~ ') values were used to perform a tempera-
ture ramp from 10 °C to 40 °C, with a constant heating rate of
0.5 °C min~", to characterise its phase transition temperature.

This journal is © The Royal Society of Chemistry 2025
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Gold nanoparticles of 100 nm in diameter (spherical citrate
capped from BBI Solutions, UK) were added to the glycerol
solutions and to the hydrogels to reach a concentration of 10™*
mg mL~". It should be noted that for the suspension of nano-
particles in the hydrophobic silicone oil, the buffer was evapor-
ated to leave dry nanoparticles. The 10 pL of the citrate-capped
nanoparticles stock solution was added into a 5 mL bottle;
this was left to evaporate in a cell culture hood overnight.
Once evaporated, 1000 pL of silicone oil (to reach a concen-
tration of 10™* mg mL™") was added and the solution was let
to stir for 72 hours. Prior to nanoparticle tracking, the silicone
oil suspension was left to stabilise for 24 hours.

The samples were vortexed and sonicated for 1 minute
before being aliquoted (50 pL) into a single cavity microscope
slide (76 x 26 mm and 150 pm cavity depth). The label-free
visualization and tracking of nanoparticles was done in an
Axio Observer.Z1 m (Carl Zeiss, DE) inverted optical micro-
scope. The incorporation of a green interference filter
(Olympus, JP, centred on 550 nm, 45 nm bandwidth), the
closure of the condenser to the minimum (1 mm) and the
setting to Kohler illumination increases the coherence of the
light (source: halogen lamp) resulting in the nanoparticles
creating caustic signatures (Fig. 1). The microscope was
equipped with a stage-top incubation system (Incubator PM
S1, Heating Insert P S1, Temp and CO, module S1, Carl Zeiss,
DE), which was used to maintain the samples at the desired
temperatures. Videos of randomly selected single nano-
particles were recorded for each media. In the simple
Newtonian fluids (glycerol solutions and silicone oil) 10 par-
ticles were tracked; for the non-Newtonian hydrogels the
number of particles was increased to ensure accuracy, 15
nanoparticles in the thermosensitive hydrogel (Pluronic®
F127 20%) and the number were doubled (30) in the hetero-
geneous (agar-hyaluronic acid) hydrogels, to better under-
stand their micro-nano environment. The tracking was per-
formed from videos recorded using a x40 objective and a
monochromatic camera (Axiocam305, Carl Zeiss, DE) with a
spatial resolution of 0.086 um” for one pixel and a temporal
resolution of 48 fps.

Phase temperature transition assay

100 nm gold nanoparticles were added to 20% (w/v) Pluronic®
F127. The solution was vortexed for 30 seconds and sonicated
for 1 minute prior to aliquoting 50 pL into a single cavity micro-
scope slide. The sample was incubated in the temperature-con-
trolled microscope stage for 10 minutes for each temperature of
the following series of temperatures 20 °C, 24 °C, 25 °C, 26 °C,
27 °C, 28 °C, 29 °C, 30 °C, 37 °C, 40 °C to enable thermal stabi-
lity in each condition. Videos of 15 randomly selected nano-
particles were recorded for each temperature condition.

Data analysis

The videos were processed using Image] software through the
TrackMate plugin,’® from where the X and Y positions of the

Nanoscale, 2025,17,15338-15347 | 15345
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nanoparticles were obtained over time. Experimental values of
diffusion coefficient were extracted from the mean squared
displacement (MSD) relation (3), following the same procedure
reported by Lorenzo et al.>®

_ MSD

= 2dA: (3)

where D is the experimental value of diffusion coefficient,
MSD is the mean squared displacement, d is the number of
dimensions of the system (in this case, 2), and At is the time lag.

Conclusion

A novel passive nanorheological measurement technique has
been described and demonstrated to be useful in the charac-
terisation of hydrogel properties, specifically localised vis-
cosity, and of features, such as heterogeneity and phase tran-
sition at the micro-nano scale. Thus, significant challenges of
current techniques, such as weak signals due to the high-water
content and the dynamism of hydrogels, were overcome.
The new technique is a time-efficient, user-friendly, and in-
expensive way to empirically identify soft materials’ features at
the micro/nanoscale and has the capability to provide quanti-
tative information in real-time on dynamic events. Hence, it
has the potential to be useful in the design, synthesis, and
quality control of hydrogels and potentially other soft
materials such as microgels and epoxy-base polymers.
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