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ABSTRACT 

Astrocyte cell differentiation to their characteristic starlike morphology with the expression of proteins in microdomains, critical 
for normal brain function, occurs naturally in-vivo but can be affected in pathological condition or in cell culture in-vitro. 
Analyzing the molecular composition and functional properties of astrocytes in a label-free manner with sub-micron spatial 
resolution can enable detailed insights into their role in brain physio-pathology. However, simultaneous insights into any 
structural, molecular, and functional features in unlabelled differentiated astrocytes, without perturbing their natural environment 
with exogenous tags, has been limited. Using mid-infrared photothermal imaging, an accumulation of α-helical signatures 
for the extended astrocyte processes is observed in differentiated astrocytes on a nanomaterials interface. At the same time, 
non-differentiated astrocytes feature a more diverse protein content, rich in β-sheets. Time-resolved photothermal diffusion 
measurements indicate a higher interfacial thermal resistance at the astrocyte processes, connecting protein structure with 
thermal relaxation dynamics experimentally within the same measurement, critical for energy transport and homeostasis. This 
photothermal multi-parameter characterization offers unique insights into what chemically and functionally determines healthy 
astrocytes, paving the way towards a deeper understanding of their differentiation mechanisms. This method allows for the 
detection of molecular, morphological, and functional signatures associated with pathological state of astrocytes ex-vivo. 

 

 

 

 

 

 

 

 

 

1 Introduction 

Physiological processes in the brain involve the movement of
ions and molecules inside and outside cells within the central
nervous system (CNS). The osmotic balance of the extracellular
fluid and the maintenance of cell volume are influenced by
the generation of transient osmotic micro-gradients of ions and
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molecules, generated by neural cell activity [ 1 ]. Astrocytes, a type
of glial cell, play a crucial role in regulating brain homeostasis
through membrane proteins forming ion and water channels, 
which are assembled in micro-domains expressed in the endfeet
of astrocytes. Aquaporin-4 (AQP4), calcium channels belonging 
to Transient Receptor Potential Vanilloid 4 Superfamily (TRPV4),
and chloride channels called Volume-Regulated Anion Chan- 
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nels (VRAC) are key membrane protein channels involved in
astrocytic brain volume homeostasis [ 2 ]. AQP4 is selectively
expressed in astrocytic endfeet that face blood vessels and primar-
ily facilitates faster, hydrostatically and osmotically driven water
transport in the brain [ 3 ]. 

Alterations in the structural and functional properties of these
membrane proteins can disrupt cellular function and con-
tribute to the development of various chronic diseases, such as
Alzheimer’s, multiple sclerosis, epilepsy, glioma, and ischemia.
These disruptions occur through the accumulation of protein
aggregates, dysfunction of cellular membranes, and abnormal
immune responses [ 4–7 ]. 

A major issue in studying astrocytic mechanisms beyond their
function and associated changes, in vitro, is that the above-
mentioned membrane protein specialized microdomains in clas-
sical cell culture model systems do not resemble those observed
in vivo. In our previous study, we demonstrated that rat pri-
mary astrocytes grown on nanostructured interfaces based on
hydrotalcite-like compounds (HTlc) in vitro are differentiated
and display molecular and functional properties of astrocytes
in vivo, such as the functional expression of inwardly rectifying
K+ channel (Kir 4.1) and AQP4, TRPV4 and VRAC at the
astrocytic elongations, as well as and improved capability in water
diffusion, cell volume regulation and potassium buffering [ 8, 9 ].
Nonetheless, we showed that the same in vitro model, which
displayed actin microdomains at the astrocyte’s boundaries,
responds more efficiently to homeostatic challenges, such as
changes in extracellular osmolarity or in potassium concentration
[ 10 ]. However, information is lacking to correlate the structure
and the functional properties of these proteins. 

Current tools for correlating the structure and function of these
proteins include X-ray crystallography, transmission electron
microscopy (TEM), and Nuclear Magnetic Resonance (NMR)
spectroscopy. While these methods are invaluable for structural
determination, they do not provide a complete picture of the
relationship between protein structure and function. The integra-
tion of additional methodologies is essential for advancing our
understanding of these complex biological macromolecules [ 11 ].
Limited in vitro imaging has been performed on glia cells for
molecular composition analysis and tracking of morphological
changes. Super-resolution fluorescence microscopy by stimulated
emission depletion (STED) revealed stronger actin dynamics in
the boundary region of non-differentiated cells [ 10 ]. In a label-free
approach with optical diffraction tomography, in vitro astrocyte
studies over 7 days allowed capturing their transition to flattened,
larger area shapes [ 12 ]. Thus, label-free imaging methodologies
that can resolve molecular secondary structure can significantly
advance our insight into biological morphology. 

Mid-infrared (mid-IR) photothermal imaging provides a powerful
label-free modality that can extract rich chemical and structural
information present in the molecular fingerprint region (3–12 µm)
with submicron spatial resolution [ 13–25 ]. This has enabled the
study of protein secondary structure in biological specimens
since the peak of mid-IR vibrational resonances depends on the
backbone conformation, e.g. as is the case for the Amide I band
[ 26 ]. Hence, β-sheet protein clusters in the perinuclear region
of fibroblast cells [ 27 ] were identified, β-sheets in tau fibrils
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[ 18 ] were visualized in three-dimensions and amyloid- β-proteins
were detected in neurons [ 28 ]. With live-cell imaging, cellular
dynamics associated with brain cells were monitored in real-
time, e.g. the cell division processes of oligodendrocytes [ 29 ],
while in neurons, intercellular protein-rich vesicle transport was 
visualized along the axon [ 29 ]. 

However, while structural information has been previously local- 
ized with this technique, no direct correlation with the functional
properties of such cell domains, including thermal diffusion
dynamics has been demonstrated. With time-resolved photother- 
mal microscopy, one of the most recent advancements in this
method, complementary information to absorption properties 
is provided by measuring the heating and diffusion transient
dynamics of the photothermal signal. This has found applications
in resonant background signal subtraction [ 14, 22, 30 ] and spatial
mapping of thermal diffusion in neurological axon bundles [ 14 ],
brain cancer cells [ 31 ], as well as polymer nanoparticles [ 22,
30 ]. While currently mid-IR photothermal imaging of glia cells
has been fairly selective [ 32 ], the capabilities of imaging cell
differentiation in vitro with sub-micron spatial resolution in real-
time can offer new insights into brain communication, memory
formation, or aging. 

In this work, we use time-resolved and multi-spectral pho-
tothermal imaging to simultaneously extract thermal diffusion 
as well as molecular properties of micro-domains in astrocytes.
To this end, we perform the analyses on primary rat neocortical
astrocytes grown on traditional poly-D-lysine (PDL) substrates, 
which typically retain an undifferentiated and polygonal shape, 
and on astrocytes grown on HTlc, which provides an effective
and biocompatible platform for driving astrocytic molecular and 
functional differentiation in vitro. 

We demonstrate that a diverse pool of protein secondary struc-
ture, rich in β-sheets, characterizes non-differentiated cells, while 
the processes of differentiated cells are dominated by α-helical
protein signatures. This change is accompanied by increased 
levels of interfacial thermal resistance in the processes of differ-
entiated cells compared to the cytoplasm of non-differentiated
cells. This study advances insights into how structural changes
of astrocytic microdomains are linked to their functional roles,
including the regulation of ion, water balance, and thermal diffu-
sion dynamics in vitro, that can be compared to those occurring
in astrocytes in vivo. The presented molecular, structural, and
functional differences between polygonal and differentiated cells 
serve as a blueprint for astrocyte cell imaging in healthy and
pathological states. 

2 Results 

2.1 Multi-Modular Mid-Infrared Photothermal 
Microscope 

The photothermal microscope system is based on VIPPS (Vibra-
tional Infrared Photothermal and Phase Signal) imaging [ 27 ],
shown in Figure 1A , and consists of a shorter wavelength probe
laser combined with a pulsed quantum cascade laser (QCL) as a
pump, with a tunable emission in the mid-IR region that targets
characteristic vibrational resonances. Using thermal lensing, 
Advanced Science, 2025
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FIGURE 1 Multi-modular mid-infrared photothermal microscope for biomedical imaging. (A) Experimental setup (LIA: lock-in amplifier, DM: 
dichroic mirror, BS: beam splitter, PD: photodiode).(B) Cross-registration of wide-field fluorescence microscopy with photothermal mid-IR imaging. 
(C) Hypertemporal image stack that maps thermal diffusion properties. (D) Multi-spectral imaging reveals different structural and chemical information 
when targeting protein resonances ( λ = 1660 cm− 1 ) versus nucleic acid resonances ( λ = 1080 cm− 1 ) in differentiated astrocyte cells grown on HTlc as 
well as non-differentiated astrocyte cells grown on PDL. 
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sub-diffraction-limited chemical imaging of mid-IR signatures
with a spatial resolution around 750 nm can be achieved (see
Methods). A direct cross-registration of fluorescence and pho-
tothermal amplitude signal (PTS) images can be performed (see
Figure 1B ). Time-resolved photothermal images are obtained with
a boxcar detection system in a single measurement so that in
hyper-temporal image stacks the heating and thermal diffusion
dynamics can be visualized, as shown in Figure 1C (see Methods).

Multi-spectral amplitude and thermal diffusion imaging is per-
formed by tuning the emission wavelength of the pump. To gain
insight into structural and functional differences between undif-
ferentiated and differentiated astrocytes, we analyze and compare
primary cortical astrocytes grown on standard glass coverslips
coated with PDL or with a drop-cast film of HTlc nanoparti-
cles [ 8 ]. Astrocyte processes setting allowed the comparison of
structure and function between undifferentiated astrocytes (here
reported as PDL cells) and differentiated ones (referred to as
HTlc cells in this paper). When grown on an HTlc substrate, PTS
cell imaging reveals unique chemical, structural, and functional
signatures in domains of differentiated cells that are not found in
PDL cells. In Figure 1D , the multispectral images of an astrocyte
HTlc cell and a PDL cell are presented. Analyzing the proteins
within the Amide I band (for a pump wavenumber λ targeting the
C ═ O bonds in carboxyl groups at 1660 cm− 1 ), the structural shape
of the cell cytoplasm reveals the star-like extensions characteristic
of differentiated astrocytes for the HTlc cell. For the PDL cell, a
circularly shaped cytoplasm is resolved. Alternatively, targeting
PO4 bonds in phosphate groups that are present in nucleic acids
Advanced Science, 2025

e

(for a pump wavenumber λ at 1080 cm− 1 ), a high signal associated
with nucleic acids concentrated in the cell nucleus region are
visible against a substrate residual background due to phosphate
buffer solution from the sample preparation. Hence, our hybrid
photothermal microscope system can map chemical content, as 
well as thermal diffusion properties, combined with fluorescence 
microscopy for cross-registration purposes. 

2.2 Multi-Spectral Photothermal Imaging of 
Differentiated Astrocyte Cells Grown on a HTlc 
Substrate Reveals α—Helical Composition of Their 
Processes 

The PTS image at the Amide I band peak (1660 cm− 1 ) of a
differentiated HTlc cell (from a primary rat astrocyte) is shown
in Figure 2A with processes extending from the main cell
body. By tuning the pump emission, we investigate the relative
signal contributions at wavenumbers associated with different 
secondary protein conformations present in the Amide I band,
specifically beta ( β) sheets (at λ = 1625 cm− 1 or λ = 1675 cm− 1 ) as
well as alpha ( α) helical proteins ( λ = 1660 cm− 1 ). In Figure 2B ,
the ratio of the image obtained at 1625 cm− 1 over 1660 cm− 1 ( β/ α
images) is shown (see Methods), with the false color bar upper
and lower limits set to the range of β/ α values present in the
cell region. The astrocyte processes grown on HTlc contain lower
β/ α ratio values < 0.9, while localized domains exist in the cell
body with β/ α values surpassing 1. Representative spectra from
the HTlc cell (see Methods) are shown in Figure 2C , collected at
3 of 11
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FIGURE 2 Secondary protein structure in astrocytes. (A) PTS image of differentiated HTlc cell at the Amide I protein band ( λ = 1660 cm− 1 ). 
(B) Ratio image β-sheet over α-helix proteins, highlighting a low β/ α ∼ 0.78 in the HTlc processes while the cell body contains regions with β/ α∼ 

1.5. (C) Characteristic spectrum at the HTlc cell processes (solid blue) and at clusters of β-sheets (dashed dotted dark yellow). (D) Deconvolved fitted 
spectra of HTlc cell process (dashed red), composed of 21% of α-helix content (cyan), 47% of β-sheet (yellow for low wavenumber β-sheet, orange for 
high wavenumber β-sheet), and 31% of random coil (magenta) content. (E) PTS image of non-differentiated pdl cell at the Amide I protein band. (F) 
Ratio imaging β/ α indicates a more homogenous distribution with β/ α ∼ 0.9. (G) Characteristic broad Amide I spectra at cell body (dark yellow). (H) 
Deconvolved fitted spectra of PDL cell cytoplasm (dashed red), demonstrates twice the amount of β-sheet content at 79% (yellow for low wavenumber β- 
sheet, orange for high wavenumber β-sheet). Box chart graphs of α-helix content (I) and β-sheet content (J) in HTlc cell processes and PDL cell cytoplasm. 
(K) Normalized mean Amide I band spectra from the HTlc cell processes (solid blue) and from cytoplasm of non-differentiated cells (solid yellow), with 
the latter being broader and with higher content in β-sheets. (L) Amide I band spectral area (from 1600 to 1730 cm− 1 ) measured at the HTlc cell processes 
(blue circles) and cytoplasm of PDL cells (yellow triangles). 
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the processes (solid blue- see arrow in Figure 2B ) with a peak at
1640 cm− 1 and β/ α value at 0.77. Spectra collected at the domains
of higher β/ α values, see Figure 2C (dashed dotted yellow – see
arrow in Figure 2B ) present a clear red shift of the Amide I peak to
1626 cm− 1 , resulting in β/ α ratio value of 1.5. Individual secondary
protein contributions are identified with a second derivative
analysis combined with spectral deconvolution (see Methods),
shown in Figure 2D for the spectra collected at the astrocyte
processes. The relative percentages of β-sheet (see yellow for low
wavenumber β-sheet, see orange for high wavenumber β-sheet)
and α-helix (shown in cyan) contributions are found to be 47%
and 21%, respectively, with an additional 31% contributions from
random coil (shown in magenta). Similar analysis for additional
HTlc cells is presented (see Figure S1 ). 

In contrast, cells grown on a PDL substrate rather feature a
polygonal shape. The PTS image at the Amide I band peak
(1660 cm− 1 ) of a PDL cell is shown in Figure 2E . The β/ α ratio,
shown in Figure 2F , is characterized by a more spatially homoge-
neous distribution with values close to and even exceeding 0.9.
4 of 11
The Amide I spectra collected at the cell body, cf. Figure 2G ,
is fairly broadband with high peaks at wavenumbers associated
with α-helical and β-sheet structures and β/ α ≈ 0.9. Likewise, the
deconvolution analysis shown in Figure 2H , reveals almost twice
the contributions from β-sheets for non-differentiated cells, up 
to 79% (see yellow for low wavenumber β-sheet, see orange for
high wavenumber β-sheet). Similar analysis for additional PDL 
cells is presented (see Figure S2 ). Overall, the mean β/ α value
was determined to be around 0.96 ± 0.07 (number of cells N = 6,
associated area for evaluation A = 25 949 µm2 ) for the cell body of
PDL cells compared to 0.78 ± 0.09 (N = 6, A = 11,606 µm2 ) for the
processes of HTlc cells (see Figure S3 ). This increase was found
to be statistically significant ( p -value at 0.0003). In addition, the
spectral deconvolution reveals a mean value of α-helical content
at the HTlc cell processes of around 40% (N = 6), which is 2.6-
fold larger than the content found in the cytoplasm of the PDL
cells with a mean value of 15% (N = 6) (see Figure 2I - with box
boundaries corresponding to values one standard deviation away 
from mean value denoted by a line). Similarly, a 1.8 -fold increase
in β-sheet content is reported with the mean increasing from
Advanced Science, 2025
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45% for HTlc cell processes up to 85% for the PDL cell cytoplasm
(see Figure 2J - with box boundaries corresponding to values one
standard deviation away from the mean value denoted by a line).
It is also worth noting that a random coil secondary protein
structure was found uniquely in selective HTlc cell processes, but
which consistently had less than 3% contributions in the PDL cell
cytoplasm (see Figure S4 ). 

This increase in β-sheet content results in a broader Amide
I spectral band. In Figure 2K , the mean normalized spectra
from the cytoplasm of 7 PDL cells (see Figure 2G , solid dark
yellow) and 7 HTlc cell processes (N = 5) (see Figure 2C –
solid blue) are shown, with the corresponding error margins
in the shadowed area. The high contributions of non- α-helical
protein conformations, consisting mostly of β-sheets, result in the
broadening of the Amide I spectral peak. The area underneath
the Amide I spectrum (from 1600 to 1725 cm− 1 ) for each cell is
shown in the box chart graph in Figure 2L , with box boundaries
corresponding to values one standard deviation away from the
mean value denoted by a line. The mean spectral area from the
cytoplasm of PDL cells at 81.7 ± 5.3 V ⋅ cm− 1 (N = 7) is found to be
∼ 1.3-fold larger than the corresponding mean spectral area from
the HTlc cells processes at 66.9 ± 2.7 V ⋅cm− 1 (N = 5). 

2.3 Boxcar Time Resolved Photothermal 
Imaging Reveals Slower Thermal Diffusion Times at 
the Interface of Cell Processes in Differentiated 

Astrocytes Compared to Cytoplasm of 
Non-Differentiated Cells 

Aside from molecular morphology, the thermal diffusion dynam-
ics of the HTlc cell process interfaces can be characterized
with our photothermal imaging system with boxcar capabili-
ties (see Methods). Representative images (pump wavenumber
of 1660 cm− 1 ) during the diffusion window, are shown in
Figure 3A,B for an HTlc cell process interface of an HTlc cell
and for the cytoplasm interface of a PDL cell, respectively. The
2D mapping of the 1/e time decay constant τ, characterizing the
rate of thermal diffusion (cf. Figure 3C , see Methods) indicates a
spatial heterogeneity, in particular across the HTlc cell process
interface, where larger time decay constants are observed (see
blue dashed lines in HTlc cell process). The mean transient
curve from 10 points selected across the high signal region of
the HTlc cell process center (see dashed line across the green
dot) is plotted in Figure 3D alongside the mean transient curve
from 10 equally distant points collected from both sides of the
HTlc cell process interface (0.5 µm offset from process edge – see
dashed line across the blue dots). A clear difference in the time
decay constant is highlighted with a 1.5-fold slower decay at the
process interface, as shown in Figure 3D . Overall, for the 5 cell
processes studied from 4 HTlc cells, the decay constants for the
signal collected at the cell process center are generally smaller
compared to the cell process interface (see Figure S5 ), indicating
an increased thermal resistance at the cell process interface. For
the transient dynamics at the cytoplasm interface of PDL cells, a
homogeneous distribution of time decay constant τ is shown in
the equivalent time decay images (cf. Figure 3E , see Methods).
Similarly, the mean transient curve from 10 points selected at
high signal areas of the cytoplasm cell body (see dashed line
across the yellow dot) as well as the mean transient curve from
Advanced Science, 2025
10 points across the cytoplasm interface (see dashed line across
the brown dot), are shown in Figure 3F . The interface versus cell
body dynamics shows similar behavior, indicating the absence of
higher interfacial thermal resistance effects. The latter behavior 
is also presented for three additional PDL cells (see Figure S6 ). 

Investigating the diffusion properties sheds a new methodology 
for characterizing differentiated and non-differentiated astro- 
cytes. The mean time trace from 50 points collected from 5 HTlc
cell process interfaces of 4 different HTlc cells (N = 4) as well
as from cytoplasm interfaces of 4 different PDL cells (N = 4) are
shown in Figure 3G , with the corresponding error margins in the
shadowed regions. A 1.8-fold slower decay constant is confirmed
for the HTlc cell process interfaces with τd-HTlc-interface = 1.93 µs >
τd-PDL-interface = 1.03 µs. 

The overall τ values from the PDL cell cytoplasm, including
interface and center regions, fall within a range of τd-PDL = 1.2 ±
0.2 µs (N = 4, A = 210 µm2 ), as shown in the box chart graph in
Figure 3H (dark yellow dots). In Figure 3H , the box boundaries
correspond to the 16% and 84% percentile values, containing
the data points within one standard deviation of the mean. The
time decay constants for the HTlc cell processes (c.f. Figure 3C ;
Figure S5 – see Methods) are larger at the interface compared
to the process center regions. Thus, the time decay distribution
is broader and more inhomogeneous for the HTlc cell process,
as demonstrated in Figure 3C,D , with a 1.7-fold larger standard
deviation and an overall 1.3-fold larger mean at 1.6 ± 0.3 µs (N
= 4, A = 284 µm2 ) (cyan dots) (see Figure 3H ). The distribution
of τ along the astrocyte interfaces (distanced 0.5 µm from the
edge) is found to have a mean τd-HTIc-interface = 1.8 ± 0.5 µs (N =
4, A = 48 µm2 ) being 1.4-fold larger than the mean τ associated
with the cytoplasm of PDL cells. More than 50% of the data from
process interfaces falls in a range that is larger than one standard
deviation away from the mean time decay constant found in the
data set for PDL cells. 

3 Discussion 

In this study, chemical, structural, and functional properties of
astrocyte processes in differentiated cells are determined with 
time-resolved mid-IR multispectral photothermal microscopy. 
First, differences in secondary protein structure between astro-
cytic processes, and the soma of non-differentiated astrocytes 
can be linked to the presence of membrane protein aggregates
specifically found in microdomains formed at astrocyte endfeet. 
Such as AQP4, the main mammalian water channel membrane
protein found in astrocyte endfeet. Variations in intracellular 
water content can directly affect the concentration of ions and
signaling molecules within cells, leading to changes in cellular
activity and communication between cells [ 33 ]. To maintain
homeostasis, cells employ mechanisms such as Regulatory Vol- 
ume Decrease (RVD) and Regulatory Volume Increase (RVI),
including the movement of ions into and out of cells, which helps
restore a stable state [ 9 ]. Aquaporin proteins play a critical role
in cell volume regulation, neural excitation, signal transmission,
synaptic plasticity, and are involved in neurogenesis, cell migra-
tion, and energy metabolism within the brain [ 34 ]. Each AQP4
monomer consists of six membrane-spanning α-helical domains, 
essentially a barrel surrounded by six α-helixes (as determined by
5 of 11
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FIGURE 3 Thermal diffusion dynamics characterizing astrocyte cell processes. Boxcar photothermal images of (A) the cell process from a 
differentiated astrocyte and (B) the cytoplasm interface from a non-differentiated astrocyte cell during the diffusion window (1 µs time points). (C) 
Time decay constant ( τd ) image of the HTlc cell process, with the interfaces showing larger τd values than the cell process center. (D) Mean time curves 
from process interface and center regions denoted by dashed lines across blue and green dots respectively, with τd-interface = 2.21 µs > τd-center = 1.44 µs. 
(E) Time decay constant image of the PDL cell cytoplasm, with high signal cytoplasm areas having slightly longer τ values than the cytoplasm interface. 
(F) mean time curves from cytoplasm interface and center region denoted by dashed lines across brown and yellow dots respectively, with τd-interface = 

1.07 µs < τd-center = 1.29 µs. (G). Normalized mean transient curves at the interface of the HTlc cell processes (N = 4 – solid blue) and of the PDL cell 
cytoplasm (N = 4 – solid brown) with τd-HTlc -interface = 1.93 µs > τd-PDL-interface = 1.03 µs. (H) Box chart graph of τ values measured at the cytoplasm of 
PDL cells and at the HTlc cell processes with a mean τ at the cytoplasm of PDL cells of τd-PDL = 1.2 ± 0.2 µs (N = 4, A = 210 µm2 ), τd-HTlc = 1.6 ± 0.3 µs 
(N = 4, A = 284 µm2 ) and τd-HTlc-interface = 1.8 ± 0.5 µs (N = 4, A = 48 µm2 ) at the HTlc processes. 
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atomic force microscopy [ 35 ]), with very little β-sheet presence
[ 36 ]. AQP4 in astrocytes is physiologically expressed as aggregates
of tetramers, known as Orthogonal Arrays of Particles (OAPs)
[ 37 ]. The anchoring of these OAPs at the astrocyte’s endfeet
depends on the direct interaction of the AQP4 C terminus and α-
syntrophin, which connects AQP4 to the dystrophin-associated
protein complex and the underlying cytoskeleton [ 38, 39 ]. This
polarized localization is essential for AQP4 to effectively support
astrocytic functionality. 

Another important membrane protein is TRPV4, a polymodal
sensor activated by thermal stress, cell volume changes, and
anisotonic challenges across the plasma membrane [ 40 ]. In
the cortex, TRPV4 is predominantly expressed on astrocytic
membranes near blood vessels and mediates osmotically induced
calcium signaling [ 41 ]. The efflux of chloride (Cl− ) and organic
osmolytes through VRAC is essential for restoring physiological
cell volume during the RVD process [ 40 ]. The transmembrane
region of TRPV4 mainly consists of six helices with significantly
less β-sheet presence [ 42 ]. Considering the importance of astro-
cyte microdomains in transmembrane regions in vivo, methods
to study the structure and function of these clusters are foreseen.

Previous studies indicated that seeding astrocytes on HTlc nanos-
tructured films promotes the morphological differentiation in
vitro of astrocytes, which was accompanied by upregulation
6 of 11
in the expression and function of AQP4, Kir4.1, of calcium
signaling by TRPV4, and of osmosis-induced chloride currents by
VRAC [ 43 ]. Notably, the ability of the cell to respond to osmotic
challenges through RVD and RVI was also improved. However,
while these functional outcomes were observed, little insight into
the structural and conformational protein modifications induced 
by differentiation has been available so far. 

With the present work, we closed this gap by utilizing the
sensitivity of the Amide I band to backbone protein conformation.
It was found that astrocytic processes in differentiated cells have
a stronger accumulation of α-helical proteins, with β/ α ratio
values around 0.78 ± 0.09, and with spectral deconvolution
revealing mean values for α-helix and β-sheet content around
41% and 45%, respectively. Localized clusters of β-sheets are also
found in the main cell body interior (with β/ α ratio values from
0.9 up to 1.5). Non-differentiated cells have a larger diversity
in protein conformation, including high content in β-sheets in
the boundary as well as the bulk of the cell, with β/ α ratios
around 0.96 ± 0.07. Spectral deconvolution reveals additionally 
for non-differentiated cells close to 5.6-fold larger β-sheet content
( ∼ 85%) and a 2.7-fold lower mean α-helix content (15%) when
compared to astrocyte processes of differentiated cells. This was
also confirmed by their larger overall area of the Amide I spectral
band compared to astrocytic processes (88 V ⋅ cm− 1 

> 70 V ⋅

cm− 1 ). These results support the tenet of the presence of α-helical
Advanced Science, 2025
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protein aggregates in microdomains of astrocytic processes in
vitro. 

The coexistence of α-helical and random-coil conformations
observed exclusively in differentiated astrocytes suggests a
differentiation-dependent increase in structural heterogeneity.
This may reflect the upregulation of membrane channels (includ-
ing AQP4 isoforms), cytoskeletal reorganizers, and intrinsically
disordered regulatory proteins. This enrichment of random coil
regions in regions rich with α-helical content reflects likely a
class of hybrid scaffold or membrane-cytoskeletal linker proteins,
combining structural rigidity with flexible elements that allow
dynamic remodeling in astrocytic processes, with α-syntrophin
as one example to recruit other proteins [ 3 ]. In addition, predom-
inantly α-helical transmembrane proteins, including AQP4 [ 44 ]
and GFAP (glial fibrillary acidic protein) [ 45 ] contain disordered
regions as well. In contrast, the absence of this signature in PDL
cells likely reflects a more compact and stable proteome with
fewer partially folded or disordered domains. 

The broader Amide I signatures observed in non-differentiated
astrocyte cell bodies could be related to proteins with a non- α-
helical secondary structure, including growth factors like TGF-
β, which regulates glia cell differentiation. F-actin is another
prominent protein composing the cell cytoskeleton, consisting
of both α-helical and β-sheet structures in its subdomains [ 46 ].
However, the percentage of α-helical to β-sheet domains varies
from individual filaments to more bundled and crosslinked fila-
ments. 2D-IR spectroscopy studies found that strongly bounded
F-actin are characterized by a decreased content in β-sheets
[ 47 ], while mid-IR photoinduced force microscopy studies have
demonstrated broader Amide I signatures for individual non-
crosslinked f ilaments [ 48 ]. F-actin present in differentiated
astrocyte processes of rat and human cells is an example of
bundled actin stress fibers [ 10, 49 ] with high homogeneity in their
orientation, while F-actin present in non-differentiated PDL cells
is characterized by a higher diversity in orientation [ 10 ]. It should
be noted that the observed structural differences between the
differentiated and non-differentiated cells are likely influenced
by a localized reorganization of membrane microdomains and
hence do not necessarily reflect a global shift from α-helical to β-
sheet structures in the protein content of the whole proteome [ 50 ].
Thus, the combination of membrane proteins (that consist up to
25–30% of the total proteins [ 51, 52 ]) together with an additional
localized and partial structural rearrangement of membrane-
associated proteins into microdomains [ 53 ] can result in the
observed spectroscopic shifts. 

Differences in F-actin structure at cell boundaries naturally
result in differences in functional properties, including stronger
actin dynamics and higher mechanical plasticity found in PDL
cytoplasm interfaces compared to the stiffer processes of HTlc
cells [ 10 ]. This was also supported by the lower proliferation
rate found in HTlc cells [ 8 ]. When exposed to a temperature
gradient, actin filaments demonstrate a unidirectional sliding
across the filament orientation as a pathway for heat transfer
[ 54 ]. Thus, the higher diversity of filament orientation in PDL
interfaces can provide more pathways for heat transfer and could
explain the faster diffusion times observed compared to HTlc
cell processes. In addition, protein secondary structure can influ-
ence heat transfer dynamics [ 55 ], with molecular simulations
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highlighting differences in vibrational lifetime [ 56 ] and higher
thermal diffusivity values for beta barrels attributed to larger
mean free path during vibrational energy transfer [ 57 ]. The α-
helical membrane proteins, like the ones found in HTlc cell
processes, are also more hydrophobic in nature compared to
beta barrel proteins [ 58 ], a property that can reduce the thermal
conductance compared to more hydrophilic interfaces [ 59 ]. 

All the above suggest an increased interfacial thermal resistance
in HTlc cell processes compared to the cytoplasm of PDL cells,
which is demonstrated by the overall 2.5-fold slower decay
constant. 

The latter data might be in line with the improved ability of
astrocytes on HTlc to permeate water, potassium, and chloride [ 8,
9 ], and to react and balance anisotonic challenges [ 9 ] or to rise in
potassium concentrations [ 10 ]. 

We could in fact hypothesize that α-helical–rich membrane 
proteins, such as AQP4 and TRPV4, and their aggregation into
highly ordered micro-domains might occur via the dystrophin-
associated protein complex, which are directly relevant to home-
ostatic but also to metabolic function of astrocytes [ 3, 44 ]. In fact,
the polarized localization of AQP4, Kir4.1, and TRPV4 in perivas-
cular endfeet through syntrophyns in vivo supports water and ion
homeostasis, which is essential for neuronal metabolic support.
On the other hand, the absence of perivascular syntrophyns alters
potassium and water permeability of astrocytes in vivo, leading
to slower formation of brain edema in pathological conditions as
hyponatremia [ 60 ]. Similarly, the structural organization of mem-
brane protein complexes in differentiated astrocytes may reflect 
their readiness and capability to fulfill metabolic, signaling, and
supportive roles in the brain, during neural development [ 61, 62 ].

4 Conclusions 

Overall, we have demonstrated the unique capabilities of time-
resolved mid-IR multispectral photothermal microscopy to com- 
bine chemical protein structure identification with characteriza- 
tion of thermal dynamics. The application of this technology to
astrocyte cell imaging revealed the dominant protein secondary 
structure in their processes and their associated thermal diffu-
sion properties. This label-free imaging tool stands as a novel
approach for studying astrocyte differentiation mechanisms and 
the role of astrocytic microdomains protein assembly in healthy
or pathological states, such as glioma or epilepsy, where the
structure and the function of astrocyte microdomains are known
to be compromised. Astrocytes are very plastic cells, and their
morphology changes in different stages of neural development, 
or as a cause of injury, as well as in response to synaptic
activity [ 63 ]. By linking structural rearrangements at the level
of protein complexes with the known functional capacities of
astrocytes, our approach provides a bridge between molecular 
architecture and physiological relevance, suggesting that the 
differentiation-associated reorganization of the proteome likely 
contributes to and accompanies the acquisition of multiple 
astrocytic functionalities. 

Immature astrocytes in the developing CNS support neuronal 
maturation and possess staminal like properties. Mature astro-
7 of 11
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cytes partially lose these functions but gain new functionalities
that are essential for adult CNS homeostasis. The latter function
is not restricted to ions and water homeostasis but also to the
metabolic support of neurons [ 63 ]. In pathological conditions,
astrocytes become “reactive,” which disrupts their mature home-
ostatic functions and reactivates some immature astrocyte-like
properties, suggesting a partial reversal of astrocyte maturation
[ 63–65 ]. 

In this respect, future in-depth analysis of the difference between
the bulk and the boundaries of astrocytes might reveal struc-
tural/functional correlations related to the well-known role of
astrocytes for trophic and metabolic support of brain function.
Nonetheless, given the heterogenicity of astrocytes belonging to
different brain regions, we expect that the results reported here
underline the feasibility of our approach to provide information
on fingerprints and signatures to classify and clarify the diversity
of these cells and their role in neural development, neuro-
pathological condition or in the cross-talk between astrocytes and
nanomaterial interfaces. 

5 Experimental Section/Methods 

5.1 Cell Culture Preparation 

Primary cortical astroglial cultures from rats were established.
Briefly, after the meninges were removed, the brains of 1-2-day-
old Sprague Dawley pups (P0–P2) were mechanically dissoci-
ated and transferred to cell culture flasks containing DMEM-
GlutaMAX medium supplemented with 15% fetal bovine serum,
100 U/ml penicillin, and 100 mg/ml streptomycin (all sourced
from Gibco-Invitrogen). The flasks were kept in a humidified
incubator at 37 ◦C with 5% CO2 for 3 to 4 weeks, with medium
changes every 3 days. Before each medium change, the flasks
were gently shaken to detach microglial cells from the astrocytic
monolayer. Once the cultures reached confluence, the astroglial
cells were enzymatically dissociated using trypsin-EDTA. The
cells were then seeded at a high density on HTlc substrates [15000
cells] and maintained in culture medium containing 10% fetal
bovine serum. After 5 days in vitro (DIV) following re-plating,
the samples were fixed with 4% paraformaldehyde, washed three
times with DPBS (Dulbecco’s Phosphate-Buffered Saline, Gibco),
and then mounted using 6 µl of DPBS. Protocols followed Italian
animal protection regulations, with approval from the bioethics
committees at the University of Bologna and the Ministry of
Health (ID 1138, code number 2DBFE.N.3CN, previous protocol
number 360/2017-PR), under the supervision of the veterinary
commission responsible for animal welfare at the University of
Bologna. Efforts were made to minimize both the number of
animals used and their suffering. 

5.2 Synthesis of HTLc Nanoparticles 

A colloidal aqueous dispersion of ZnAl-HTlc nanoparticles with
the formula [Zn0.72 Al0.28 (OH)2 ] Br0.28 0.69 H2 O was prepared
using the double-micro emulsion method. The chemical compo-
sition of the ZnAl-HTlc was determined through TG/DTA and
ICP-OES analysis. For film preparation, 200 µL of the ZnAl-HTlc
colloidal dispersion at a concentration of 1 mg/mL was dropped
8 of 11
onto a 25.4 mm diameter CaF2 substrate surface in order to
achieve a final concentration of 0.2 mg/mL for each substrate.
Then the HTlc were dried for 24 h in a sterile hood. 

5.3 Multi-Modular Mid-Infrared Photothermal 
Setup 

The pump source (QCL) has a broad tunable emission in the mid-
infrared from 1360 to 1800 cm− 1 , from 2665 to 2995 cm− 1 and from
900 to 1200 cm− 1 . The QCL output is pulsed at a repetition rate
of 100 kHz and a pulse duration of 500 ns. It is focused via a
0.25 numerical aperture (NA) infrared transparent ZnSe objective 
with an estimated pump focal spot size at 12 µm. The total
power incident on the sample amounts to 2 mW for the protein
absorption at the Amide I peak spectral band at a wavenumber
of 1660 cm− 1 . The 980 nm laser diode fills the back aperture of
a 0.65 NA glass objective, resulting in a probe diffraction-limited
focal spot size of 750 nm. The interaction of the focused probe
beam with the pump-induced thermal lens results in a modulated
backscattered probe field, which is collected via a 50:50 beam
splitter (BS) and focused via a 15 mm focal length lens on a silicon
photodiode (PD). The signal from the photodiode is electronically
demodulated via a lock-in amplifier (LIA) after being referenced
with the trigger signal from the pump source. The first harmonic
of the output signal corresponds to the fundamental modulation
frequency of the probe scatter induced by the pump and is
referred to as the photothermal amplitude signal (PTS). Imaging
is performed by raster scanning the sample stage alongside the
longitudinal and transverse directions of the sample plane with a
pixel dwell time of 28 ms. The sample is mounted on two stages
for courser and finer resolution imaging. Specifically, a motorized
stage is used for larger field of view images (larger than 20 by
20 µm), as for the data presented in Figure 2 , Figures S1 and S2 .
For such images a 1 µm step size is used. A piezoelectric stage is
mounted on the motorized stage for higher resolution imaging of
smaller field of view areas (e.g., in Figure 3 ; Figures S5 and S6 ),
where a 0.2 um step size is used. For simultaneous fluorescence
imaging, a short-pass dichroic mirror with a cutoff wavelength
at 750 nm is placed before the probe objective, for reflection of
the 980 nm probe and transmission of visible wavelengths lower
than 750 nm. The LED source used for fluorescence has three
channels covering altogether a spectral range from 400–700 nm.
The Stokes’ shifted fluorescent emission is transmitted through
the dichroic mirror and separated from the excitation via the
appropriate filter cubes. 

5.4 Image Processing 

For ratio imaging between two distinct wavenumbers, normal-
ization according to the gain curve and the incident power was
performed. The power output incident on the sample used for
imaging at 1660 cm− 1 was set at 2 mW, while the power output for
wavenumbers at 1625 and 1675 cm− 1 for the same current setting
were measured to be at 1.7 and 1.4 mW, respectively. Pixels that
were smaller than 3 µV in value, corresponding to two times the
upper limit of the system’s noise (1.5 µV) were removed and set to
0. In addition, each amplitude image was smoothed by a factor
of 0.5 pixels corresponding to a physical dimension of 500 nm
(smaller than diffraction limited spot size). 
Advanced Science, 2025
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TABLE 1 Secondary protein structure peak assignment [ 26 ]. 

β sheets < 1636 cm− 1 ( ± 2) 
Random coils 1640–1648 cm− 1 ( ± 2) 
α-helix 1652–1660 cm− 1 ( ± 2) 
β turns 1664–1670 cm− 1 ( ± 2) 
β sheets > 1674 cm− 1 ( ± 2) 
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5.5 Statistical Data 

Statistical collection of data for the β/ α ratio as well as τ values
at different cell regions, was performed by freehand selection
of respective areas in ImageJ from the corresponding images.
The data are represented by the mean ± standard deviation,
accompanied by the number of cells (N) and the total area (A) of
the cell regions of interest (i.e., process or cell body), representing
the number of data points in the set. 

5.6 Spectral Acquisition and Processing 

For the spectra presented, the acquisition speed per data point
was set to 200 ms with a spectral resolution of 1 cm− 1 . A 2-
point Adjacent Averaging filtering was applied to the raw data
for noise reduction in combination with a 1-point upper envelope
analysis to remove spectral dips associated with the presence
of water vapor. Lastly, each spectrum was normalized by the
appropriate gain curve collected at the same QCL current setting.
For Amide I band area calculations, each individual spectrum
was normalized, and the integral between 1600–1724 cm− 1 is
calculated. 

5.7 Spectral Deconvolution 

To identify individual secondary components within the Amide
I band, a 10 pt window second derivative was applied to the
collected spectra. Negative peaks of the second derivative within
the spectral range from 1600–1700 cm− 1 were identified and set as
initial parameters in the Multiple Peak Fit tool in Origin software,
assuming Lorentzian profiles. The number of iteration points
was chosen to be 20,000 to ensure convergence. Each Lorentzian
curve was assigned a secondary protein structure based on the
following Table 1 . 

The relative contribution of each component was calculated by
adding all the areas sharing the same family of protein structure
and dividing it by the total area of all peaks that are between 1600
and 1700 cm− 1 . 

5.8 Hyper-Temporal Image Stack Acquisition 

and Processing 

Alongside the first harmonic PTS signal, the local transient
photothermal signal can be acquired, capturing the heating and
diffusion dynamics within the pump period of 10 µs. For the
acquisition of hyper-temporal image stacks, a pixel dwell time
of 100 ms was used to provide enough time for the storage of
Advanced Science, 2025
the entire trace per pixel. The temporal resolution of the time
traces was at 9.8 ns for a demodulation frequency at 100 kHz. The
3D matrix was processed to extract images with 250 ns temporal
spacing after the baseline signal (first 100 data points before
the pump pulse trigger) was subtracted from each image. After
subtracting the baseline value, the 1/e time decay constant was
calculated by the timestamp difference between the peak signal
and the first data point that was smaller in value than 1/e of
the peak signal. To spatially map the 1/e time decay constant
during the diffusion window, each trace was smoothed by 25
points corresponding to a 250 ns time window. For each pixel
for which the mean photothermal trace over one period was
equal or less than 3 µV, the time decay constant was set to 0.
Statistical collection of data for τ values at different cell interfaces
was performed by freehand selection of respective areas in ImageJ
from the equivalent time decay constant images. 
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