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Abstract

Holotomography (HT) is a cutting-edge fast live-cell quantitative label-free imaging

technique. Based on the principle of quantitative phase imaging, it combines holog-

raphy and tomography to record a three-dimensional map of the refractive index,

used as intrinsic optical and quantitative imaging contrast parameter of biological

samples, at a sub-micrometer spatial resolution. In this study HT has been employed

for the first time to analyze the changes of fibroblasts differentiating towards

myofibroblasts – recognized as the main cell player of fibrosis – when cultured

in vitro with the pro-fibrotic factor, namely transforming growth factor-β1. In paral-

lel, F-actin, vinculin, α-smooth muscle actin, phospho-myosin light chain 2, type-1

collagen, peroxisome proliferator-activated receptor-gamma coactivator-1α expres-

sion and mitochondria were evaluated by confocal laser scanning microscopy. Plas-

mamembrane passive properties and transient receptor potential canonical

channels' currents were also recorded by whole-cell patch-clamp. The fluorescence

images and electrophysiological results have been compared to the data obtained

by HT and their congruence has been discussed. HT turned out to be a valid

approach to morphologically distinguish fibroblasts from well differentiated myofi-

broblasts while obtaining objective measures concerning volume, surface area, pro-

jection area, surface index and dry mass (i.e., the mass of the non-aqueous content

inside the cell including proteins and subcellular organelles) of the entire cell, nuclei

and nucleoli with the major advantage to monitor outer and inner features in living

cells in a non-invasive, rapid and label-free approach. HT might open up new

research opportunities in the field of fibrotic diseases.

Research Highlights

• Holotomography (HT) is a label-free laser interferometric imaging technology

exploiting the intrinsic optical property of cells namely refractive index (RI) to

enable a direct imaging and analysis of whole cells or intracellular organelles.
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• HT turned out a valid approach to distinguish morphological features of living

unlabeled fibroblasts from differentiated myofibroblasts.

• HT provided quantitative information concerning volume, surface area, projection

area, surface index and dry mass of the entire fibroblasts/myofibroblasts, nuclei

and nucleoli.
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1 | INTRODUCTION

Optical diffraction tomography (ODT), also known as holotomography

(HT), is a cutting-edge label-free laser interferometric imaging technol-

ogy. Analogous to X-ray computed tomography it combines hologra-

phy and tomography techniques to analyze in three-dimensions

(3D) different biological samples, including living individual cells, inter-

acting cells and tissue slices (Hugonnet et al., 2021; Kim et al., 2014;

Kim, Lee, Jung, et al., 2018; Park et al., 2018). Holography involves

recording the interference pattern of light scattered off a sample, cre-

ating a hologram. Tomography, on the other hand, involves acquiring

multiple holograms at multiple viewing angles to reconstruct a 3D rep-

resentation of the object. HT exploits the intrinsic optical properties of

biological samples namely refractive index (RI) to enable a direct imag-

ing and analysis of whole cells or intracellular organelles without the

need for a fixation step or the use of exogenous labeling agents or

dyes. Indeed, RI value is used as an intrinsic optical and quantitative

imaging contrast parameter linearly proportional to the concentration

of biomolecules. Therefore, changes in the RI of a biological sample are

directly related to sample density, thickness, morphology, cellular and

subcellular structures' features (Kim & Guck, 2020). When light

encounters such variations in RI it undergoes a phase delay. HT mea-

sures and quantifies both the amplitude and these phase shifts of the

light, and computationally reconstructs a 3D map of RI values distribu-

tion (RI tomograms) within the sample faithfully recalling the cellular

and subcellular structures' features. Since HT is able to reveal subtle

changes in RI, at a sub-micrometer spatial resolution it can provide a

wealth of details and thus high-resolution 3D images. Moreover, mor-

phological and biochemical parameters of living unlabeled biological

samples are quantitatively measured from the reconstructed 3D RI

maps including, among others, the surface, projection area, volume, dry

mass and lipid content (Kim, Lee, Shin, & Park, 2018; Park et al., 2018).

Given its rapid, non-invasive and label-free approach without exhaus-

tive sample preparation, HT has emerged as valid and powerful tool for

biological sample imaging, in various research fields, such as cancer

biology (Friedrich et al., 2020; Kim & Guck, 2020; Kim, Lee,

et al., 2016; Salucci et al., 2020) hematology and immunology (Kang

et al., 2022; Kim et al., 2014; Kim et al., 2019; Kim et al., 2022; Kim,

Yoon, et al., 2016; Koo et al., 2019; Lee et al., 2020; Park et al., 2016;

Yoon et al., 2017) neuroscience (Lee et al., 2023; Yang et al., 2017),

microbiology and marine biology (Choi et al., 2021; Costa et al., 2023;

Di Giannantonio et al., 2022; Jung et al., 2018; Oh et al., 2020).

Given that cellular and subcellular morpho-functional modifica-

tions occur during different cell processes such as growth, division,

differentiation, neoplastic transformation or death, HT may represent

a valid tool to monitor and study these biological events.

In this study, HT was applied for the first time to analyze living

proliferating and differentiating NIH/3T3 fibroblasts, at a single cell

level. In particular, the cells were cultured in standard growth condi-

tion and in differentiating condition in the presence of the transform-

ing growth factor (TGF)-β1 to induce fibroblast-to-myofibroblast

(Myof) transition (Squecco et al., 2020). Myofs display features of

both contractile smooth muscle cells and fibroblasts synthesizing com-

ponents of extracellular matrix (ECM), hence the name (Pakshir

et al., 2020). Among other progenitors, these cells come from the dif-

ferentiation of fibroblasts resident in the ECM. Upon a tissue damage,

an integrated action of different mechanical, chemical (including pro-

fibrotic factors, mainly TGF-β1) and cellular stimuli from the surround-

ing damaged microenvironment promotes the activation of fibroblasts

that differentiate into Myofs. Mature well-differentiated Myofs

exhibit a robust expression of α-smooth muscle actin (α-sma) and

other contractile proteins incorporated in extensively developed and

well-assembled stress fibers that are able to generate contractile

forces functional to wound contraction (Younesi et al., 2024). When

compared to fibroblasts, Myofs are larger and secrete higher amounts

of ECM components especially type-1 collagen (Col-I). Moreover,

even if Myofs are not regarded as electrically excitable cells, they

show distinctive biophysical properties and trans-membrane ion cur-

rents typical of smooth muscle cells (Chilton et al., 2005; Kaur

et al., 2013; Sassoli, Garella, et al., 2022; Squecco et al., 2020).

2 | MATERIALS AND METHODS

2.1 | Cell culture and treatments

Murine NIH/3T3 fibroblasts purchased from American Type Culture

Collection (ATCC, Manassas, VA, USA Cat# CRL-6361, RRID:

CVCL_6662) were grown in proliferation medium (PM), consisting of

Dulbecco's Modified Eagle's Medium (DMEM; Sigma, Milan, Italy)

containing 4.5 g/L glucose supplemented with 10% fetal bovine

serum (FBS) and 1% penicillin/streptomycin (Sigma), at 37�C in a

humidified atmosphere of 5% CO2. They were induced to differenti-

ate into Myofs by shifting them in differentiation medium
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(DM) consisting of DMEM supplemented with 2% FBS and 2 ng/mL

TGF-β1 (PeproTech, IncRocky Hill, NJ, USA) for 24, 48 and 72 h, as

previously reported (Chellini, Tani, Vallone, Nosi, Pavan, Bambi, Zec-

chi-Orlandini, & Sassoli, 2018).

2.2 | Morphological analyses

2.2.1 | Holotomography (HT) imaging and
quantitative cell analysis

NIH/3T3 cells were cultured on glass dish substrate (TomoDish,

Tomocube, Daejeon, Republic of Korea) in the different experimental

conditions (in PM or in DM for different times) and then observed and

quantitatively evaluated in vivo without any staining or pretreatment

by using a commercial optical diffraction tomography system (Tomo-

cube HT-2H; Tomocube Inc., Daejeon, Republic of Korea). The optical

system, based on Mach-Zehnder interferometry, is equipped with a

coherent monochromatic laser source (λ = 532 nm, 0.05 mW). The

laser beam is split into two beam paths: the first beam passes through

the sample and the second one is used as a reference beam. A digital

micromirror device (DMD) placed onto the sample plane of the sample

beam, is used to digitally manage the illumination of the sample at var-

ious angles rapidly and with high precise control. A high numerical

aperture water immersion objective lens (NA = 1.2, UPLSAPO 60XW;

Olympus, Tokyo, Japan) is used to illuminate the sample and a second

high NA objective lens (NA = 1.2, UPLSAPO 60XW; Olympus, Tokyo,

Japan) is used to collect the diffracted light from the sample. The spa-

tially modulated hologram obtained as results of the interference

between the diffracted light from the sample and the reference beam

is collected and recorded as an image by a CMOS image sensor (FL3-

U3-13Y3MC, FLIR Systems) (Figure 1). The images were acquired by

using an exposure shutter of 1 ms. The experiments were all per-

formed in triplicate (n = 40 cells for each experimental point).

Multiple 2D holograms, containing both the amplitude and phase

data, are rapidly acquired (0.4 s for frame) at various illumination

angles: from 49 illumination conditions, a normal incidence, and 48 azi-

muthally symmetric directions with a polar angle (64.5�). 3D RI

distribution tomogram of the live and unlabeled cells is calculated as a

matrix of RI voxel data by inversely solving the Helmholtz equation

with Rytov approximation of weak scattering (Devaney, 1981;

Wolf, 1969).

TomoStudio™ software (Tomocube Inc., Daejeon, Korea) has

been used to generate, visualize and quantitatively elaborate the voxel

data representing them: in 2D maximum intensity projection maps of

RI value (2D MIP-HT, shown in gray scale); Z slice sectioning images

(cross section along z axes, shown in gray scale) and in 3D RI based

rendering map (3D-RI HT). The selected bands of RI, represented in

pseudocolor scale, highlight cell morphology and intracellular compo-

nents that have distinct RI values. The theoretically calculated lateral

and axial spatial resolutions of the optical imaging system were

110 and 360 nm, respectively. The resolution of the RI values was less

than 0.001. More detailed information on the principle of holotomo-

graphy can be found elsewhere (Kim et al., 2013).

For the morphological and biochemical analysis of NIH/3T3 cells,

TomoAnalysis™ software (Tomocube Inc., Daejeon, Korea) was used.

This software employs a deep-learning-based 3D U-Net architecture

(Ryu et al., 2023) to automatically segment individual cells and subcel-

lular organelles from holotomography data. The segmentation process

differentiates cells and organelles, including the nucleus, nucleolus,

plasma membrane, by generating identifying masks. Quantitative anal-

ysis was automated within the software, calculating cellular volume by

voxel count and organelle-specific RIs, and surface area, projected

area, through triangular meshing of segmented masks. The dry mass

concentration (C) was determined using the following equation:

C¼
1
N

PN

i
ni�n0

RII

where N is the number of segmented masks, ni is the refractive index

of each voxel, n0 is the refractive index of the surrounding medium

(1.3370), and the RII is set to 0.193 fL pg�1 for other organelles

(Barer, 1953; Popescu et al., 2008; Zangle & Teitell, 2014; Zhao

et al., 2011). The dry mass was calculated by summation of the dry

mass values obtained at each voxel. The dry mass of each voxel was

calculated by multiplying the dry mass concentration by the voxel vol-

ume. The sphericity index (ψ), a dimensionless parameter, quantifies

the degree of cell roundness and is calculated by the ratio of the sur-

face area of a sphere that has the same volume of the object of inter-

est and the surface area of this object, according to ψ = π1/3(6 V)2/3/

F IGURE 1 Schematic representation of the holotomography
imaging system: Based on Mach-Zehnder interferometry, the laser
beam is divided into two paths (sample and reference), that interfere
with each other generating a hologram, collected by a camera. A
digital micromirror device (DMD) manages the rotation of the
illumination around the sample to generate a holotomogram.
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S, where V is the volume and S is the surface area. The sphericity

index ranges value from zero for a laminar disc to unity for a sphere

(Yang et al., 2017).

2.2.2 | Confocal laser scanning (CLS) microscopy

Indirect immunofluorescence analyses

Murine NIH/3T3 fibroblasts were grown on glass coverslips in PM or

in DM for different times, fixed with 0.5% buffered Paraformaldehyde

(PFA, Sigma) for 10 min at room temperature (RT) and processed as

previously reported (Squecco et al., 2020). Primary antibodies (over-

night at 4�C): mouse monoclonal anti-vinculin (7F9) (1:100; Santa

Cruz Biotechnology, Santa Cruz, CA, Cat# sc-73,614, RRID:

AB_1131294), mouse monoclonal anti-α-smooth muscle actin (sma)

(1:100; Abcam, Cat# ab7817, RRID AB_262054), rabbit polyclonal

anti-Phospho-Myosin Light Chain (p-MLC) 2 (Ser-19) (1:100; Cell Sig-

naling Technology, Danvers, MA, USA, Cat# 3671, RRID AB_330248),

rabbit polyclonal anti-type-1 collagen (Col-I, 1:500; Abcam, Cam-

bridge, UK, Cat# ab 34,710, RRID AB_731684) and mouse monoclo-

nal anti-peroxisome proliferator-activated receptor-gamma

coactivator (PGC)-1α (D-5) (1:100; Santa Cruz Biotechnology, Cat#

sc-518,025, RRID AB_2890187). Secondary antibodies (1 h at RT):

goat anti-mouse or anti-rabbit Alexa Fluor 488-conjugated IgG

(1:200; Molecular Probes-Thermo Fisher Scientific, Eugene, OR, USA,

anti-mouse: Cat# A11001, RRID AB_2534069, anti-rabbit: Cat#

A11034, RRID AB_2576217) or goat anti-mouse or anti-rabbit Alexa

Fluor 568-conjugated IgG (1:200; Molecular Probes-Thermo Fisher

Scientific, Eugene, OR, USA, anti-mouse: Cat# A11004, RRID

AB_2534072, anti-rabbit: Cat# A11036, RRID AB_10563566). Nega-

tive controls were carried on by replacing primary antibodies with

non-immune serum and the cross-reactivity of the secondary anti-

bodies was assessed by omitting the primary antibodies.

F-actin staining

To reveal F-actin filament assembly (stress fiber-like structures), fixed

cells were permeabilized with cold acetone for 3 min and incubated

before with a blocking solution (1% bovine serum albumin (BSA;

Sigma)) for 40 min and then with Alexa Fluor 488-labeled phalloidin

(1:40; Molecular Probes, Cat# A12379) for 20 min at RT.

Mitochondria staining

Living NIH/3T3 fibroblasts in the different experimental conditions

were incubated with MitoTracker Red CMXRos (100 nM; Molecular

Probes, Cat# M7512) before being fixed and processed for confocal

immunofluorescence analysis of PGC-1α.

Nuclei were counterstained with propidium iodide (PI, 1:100 for

30 s at RT; Molecular Probes, Cat# P3566) and the glass coverslips

with the immunolabeled cells were mounted with an antifade

mounting medium (Biomeda Gel mount; Electron Microscopy Sci-

ences, Foster City, CA, USA), or with 40,6-diamidino-2-phenylindole

(DAPI) contained in the Fluoroshield mounting medium (Sigma, Cat#

F6057). Observations were performed under a Leica Stellaris 5 confo-

cal microscope equipped with a white light source for fluorescence

measurements by using a Leica Plan Apo 63�/1.43NA oil immersion

objective. Series of optical sections (1024 � 1024 pixels each; pixel

size 204.3 nm) 0.4 μm in thickness were taken through the depth of

the cells at intervals of 0.4 μm and projected onto a single ‘extended
focus’ image. Densitometric analyses of the mean fluorescence inten-

sity of the different markers were performed on digitized images by

using ImageJ 1.49v software (https://imagej.nih.gov/ij/) in 10 regions

of interest (ROI; 100 μm2) selected in 5 cells for each confocal

stack (10 for each of the four experimental points performed in dupli-

cate). The experiments were performed in triplicate (n for each experi-

mental point = ROI = 100; number of examined cells for each

experimental point = 50).

2.3 | Electrophysiological analyses

Electrophysiological records were performed by using the whole-cell

patch clamp technique essentially as reported previously (Sassoli

et al., 2016). The coverslip with the adherent cells was located in the

proper chamber on the stage of the Nikon Eclipse TE200 inverted

microscope (Nikon Europe BV, 1076 ER Amsterdam, The Netherlands)

(Mannelli et al., 2022). Cells were bathed in physiological bath solution

(mM): 150 NaCl, 5 KCl, 2.5 CaCl2, 1 MgCl2, 10 D-glucose and

10 HEPES (pH = 7.4 with NaOH). Patch pipettes were prepared from

capillaries of borosilicate glass (GC150-7.5, Harvard apparatus LTD)

using a vertical puller (Narishige, Tokyo, Japan) and were filled with

the internal filling solution (mM): 130 KCl, 10 NaH2PO4, 0.2 CaCl2,

1 EGTA, 5 MgATP and 10 HEPES (pH = 7.2). The patch pipette was

put in a CV203BU head-stage (Axon Instruments, Foster City, CA)

connected to a micro-manipulator (Narishige, Tokyo, Japan) and to an

Axopatch 200 B amplifier (Axon Instruments, Foster City, CA) as

reported in previous papers (Squecco et al., 2016). The patch pipettes

tip resistance was around 1.5–2 MΩ when filled with the internal

solution. Voltage-clamp protocol generation, on-line currents monitor-

ing and data acquisition were achieved by the A/D-D/A interfaces

(Digidata 1200; Axon Instruments) and Pclamp 6 software (Axon

Instruments Foster City, CA). The resting membrane potential (RMP)

was recorded in current clamp mode using a current stimulus

I = 0 nA. To analyze the NIH/3T3 membrane passive properties, we

switched to the voltage clamp mode of our device: we applied a nega-

tive step voltage pulse to �80 mV and a positive pulse to �60 mV,

starting from a holding potential (HP) of �70 mV. In this way, we only

elicited the passive currents, namely an early capacitive transient fol-

lowed by a transmembrane leak current, Im (Martella et al., 2021). The

membrane linear capacitance, Cm, calculated by the capacitive tran-

sient, can be assumed as an index of the cell surface, since the mem-

brane-specific capacitance is a constant value (about 1 μF cm�2).

Transmembrane currents flowing through mechanically activated

channels were evoked by a voltage ramp protocol applied from 0 mV

ranging from �120 to +50 mV in 500 ms. (Combe et al., 2023; Sassoli

et al., 2016). In particular, to determine the current flowing through

transient receptor potential canonical (TRPC) channels we made a

point-by-point subtraction of the leak Im recorded after the adding of

the selective TRPC blocker gadolinium chloride (GdCl3, 50 μM;

4 SBRANA ET AL.
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Sigma–Aldrich) from the Im elicited at the beginning of the experi-

ment. To allow an appropriate comparison between cells of different

size, the current values measured at each membrane potential from

each cell were divided by their related Cm and plotted as current den-

sities (I/Cm). Electrophysiological records were conducted at room

temperature (22�C).

2.4 | Statistical analysis

Statistical analyses of 3D RI HT maps and CLS fluorescent signals

were performed by using one-way ANalysis Of VAriance (ANOVA)

with post-hoc Tukey HSD test calculator for comparing multiple treat-

ments (https://astatsa.com/OneWay_Anova_with_TukeyHSD/). For

the electrophysiological experiments, mathematical data processing

and statistical analysis were performed off-line by Clampfit 9 (Axon

Instruments) and Excel (Microsoft Office 2016, Microsoft corporation,

Redmond, WA, USA). The normal distribution of data values was

assessed by the Shapiro–Wilk test (https://www.statskingdom.com/

shapiro-wilk-test-calculator.html). Statistical analysis of electrophysio-

logical data was achieved by one-way ANOVA with Bonferroni's cor-

rection for multiple comparison.

The results of the experiments are reported as mean ± standard

deviation (SD) or mean ± standard error (SE) of at least three indepen-

dent experiments performed in triplicate and p < .05 has been

considered statistically significant. n indicates the number of cells

investigated.

3 | RESULTS

3.1 | HT imaging, CLS microscopy analyses and
electrophysiological recordings of fibroblasts
and Myofs

3.1.1 | HT imaging

Live NIH/3T3 cells grown in PM or in DM to promote fibroblast-to-

Myof transition, were analyzed by HT. 2D MIP-HT maps, z slice sec-

tioning images and 3D-RI HT maps are reported in Figures 2, 3 and 4,

respectively. These images enabled the observation of the morphol-

ogy of a whole cell, of its boundaries and intracellular components

and structures including, among the others, cytoplasm, nucleus and

nucleoli. NIH/3T3 cells grown in PM (Figure 2a) showed the typical

fusiform shape of fibroblasts with a centrally placed nucleus with cir-

cle or oval-like shaped boundaries and containing more nucleoli. In

these cells the cytoplasm content appeared uniformly distributed

throughout the cell. On the other hand, a growing broad polygonal

shape increasing over differentiation time was well appreciated for

NIH/3T3 cells cultured in DM for different times (Figure 2b–d).

F IGURE 2 Representative
2D MPI-HT maps of NIH/3T3
cells cultured in (a) proliferation
medium (PM: DMEM + 10% FBS)
for 24 h or in (b–d) differentiation
medium (DM: DMEM + 2% FBS
+ 2 ng/mL TGF-β1) for the
indicated times to promote
fibroblast-to-Myof transition.
Scale bar: 10 μm. The gray scale
indicates the refractive index
(RI) range values.
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Moreover, differentiating cells exhibited a slightly more elongated

nucleus with fewer nucleoli as compared to proliferating cells (mean

value of number of nucleoli: PM, 6.8 ± 0.1; DM 24 h, 4.2 ± 0.2; DM

48 h, 4.4 ± 0.2; DM 72 h, 3.7 ± 0.1; p vs. PM <0.01). They also dis-

played a different arrangement of the cytoplasm components that

appeared more aggregated in the perinuclear region, especially in the

cells cultured in DM for 72 h (Figure 2d). Of note, at the periphery of

cells cultured for 48 and 72 h in DM, filamentous structures running

through the cytoplasm and reaching the nucleus were also observable

as well as plaques placed in the membrane periphery. After 72 h of

culture in DM these filaments were more marked and bundled reach-

ing the nucleus.

Such filamentous structures were best appreciable in the Z slice

sectioning images reported in Figure 3 and in the Videos S1–S4.

Moreover, moving along the z-axis of the sectioning, a highly elabo-

rated network of membranous structures surrounding the nucleus can

be also well distinguished.

The 3D HT maps, created as 3D RI-based rendering images and

the relative cross section XY, YZ and XZ highlighted the features of

the intracellular structures (Figure 4 and Videos S5–S8). The different

pseudo-coloring represents different bands of RI values linked to:

plasmamembrane in black color (1.3405 ≤ RI ≤ 1.3412); cytoplasm in

brown color (1.3421 ≤ RI ≤ 1.3426); perinuclear cytoplasm in green

(1.3488 ≤ RI ≤ 1.3503) and nucleolus in blue color (1.3526 ≤ RI

≤ 1.3594). Cytoplasm exhibits a lower RI value than the perinuclear

cytoplasm; the nucleolus, identified as the clusters inside the nucleus,

clearly visualized through its boundaries in green, exhibited the high-

est RI values according to previous literature (Kim & Guck, 2020).

3.1.2 | CLS microscopy analysis

CLS microscopy analysis was performed to assess the assembly of dis-

tinctive structures and organelles and the expression of the main rec-

ognized markers of Myofs. In particular, first it was performed on cells

cultured in the different experimental conditions and fixed to evaluate

F-actin organization by labeling the cells with Alexa-488 conjugated

phalloidin. Moreover, the expression and localization of the focal

adhesion protein vinculin, α-sma (the most reliable marker of Myofs),

p-MLC2 (the activated form of MLC2 correlated with myosin ATPase

activity and muscle contraction) were evaluated by means indirect

immunofluorescence techniques.

Fibroblasts cultured in PM did not exhibit robust cytoskeletal F-

actin filaments (Figure 5a,i,m,q). These cells expressed low levels of

vinculin (Figure 5e,i,m,r) as well as of α-sma (Figure 6a,i,m,q) and of p-

MLC2 (Figure 6e,i,m,r) that appeared with a dot-like staining and

mainly dispersed throughout the cytoplasm.

By contrast, when cultured in DM for 24 h the cells showed

changes in their shape becoming more polygonal. In addition, they

started to display thin F-actin positive stress fiber-like structures

F IGURE 3 Representative Z
slice sectioning images of
NIH/3T3 cells cultured in
(a) proliferation medium (PM:
DMEM + 10% FBS) and in
differentiation medium (DM:
DMEM FBS 2% + 2 ng/mL TGF-
β1) for (b) 24 h, (c) 48 h and
(d) 72 h. Scale bar: 10 μm. The

gray scale on the right indicates
the refractive index (RI) range
values.
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typical of proto-Myofs (Tomasek et al., 2002) (Figure 5b,j,n,q) con-

comitantly to an increase of vinculin (Figure 5f,j,n,r) and α-sma

(Figure 6b,j,n,q) expression. In these cells undergoing differentiation,

although the expression levels of p-MLC2 appeared comparable to

those of cells cultured in PM, such a protein was detected into fila-

mentous structures (Figure 6f,j,n,r). After 48 h of culture in DM and,

even more after 72 h, as expected, the cells exhibited all the typical

features of well differentiated Myofs. Indeed they appeared larger,

with a more polygonal shape, a prominent F-actin stress fiber network

across cytoplasm (Figure 5c,d,k,l,o,p,q) and a strong immunoreactivity

for vinculin mainly clustered in plaques attached at the ends of the

actin filamentous structures (Figure 5g,h,k,l,o,p,r). Concomitantly,

these cells exhibited a robust expression of α-sma (Figure 6c,d,k,l,o,p,

q) and of p-MLC2 (Figure 6g,h,k,l,o,p,r) incorporated into the stress

fibers. In addition, CLS microscopy analysis of mitochondria by means

the staining with mitotracker and immunostaining with antibodies

against PGC-1α, a crucial regulator of mitochondrial biogenesis, unra-

veled an increase of the fluorescence signals intensity related to both

F IGURE 4 Representative
3D HT maps (a, e, i, m; scale in
μm) and XY (b, f, j, n), YZ (c, g, k,
o) and XZ (d, h, l, p) projections of
NIH/3T3 cells cultured in (a–d)
proliferation medium (PM:
DMEM + FBS 10%) and in
differentiation medium (DM:
DMEM + FBS 2% + 2 ng/mL

TGF-β1) for (e–h) 24 h, (i–l) 48 h
and (m–p) 72 h. Black color
1.3405 ≤ RI ≤ 1.312 plasma
membrane; brown color
1.3421 ≤ RI ≤ 1.3426 cytoplasm;
green color
1.3488 ≤ RI ≤ �1.3503
perinuclear cytoplasm; blue color
1.3526 ≤ RI ≤ �1.3594 nucleolus.
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markers in the more differentiated cells (Figure 7a–n). These results

suggested the occurrence of mitochondrial biogenesis during fibro-

blast-to-Myof transition, useful to sustain the energy demand

required for cell differentiation and Myof functionality according with

previous literature (Negmadjanov et al., 2015). Furthermore, the

immunocytochemical analysis for Col-I expression displayed a robust

increase of such protein in cells cultured in DM, especially for 72 h, as

compared to cells cultured in PM (Figure 7o–s). The cytoplasmic Col-I

staining appeared with a peculiar pattern of distribution consistent

with the protein localization in the cisternae of the endoplasmic

reticulum and Golgi vesicles, as expected for a mature Myof in an

active phase for ECM components' synthesis. This represents a dis-

tinctive feature, likely discriminating fibroblasts from Myofs.

3.1.3 | Electrophysiological recordings

The morphological observations enabling to distinguish fibroblasts

from differentiated Myofs were strongly supported by the electro-

physiological functional analysis of the plasmamembrane passive

F IGURE 5 CLS microscopy
analyses of F-actin filaments and
vinculin expression. NIH/3T3
cells were grown on glass
coverslips in proliferation medium
(PM: DMEM + 10% FBS) for 24 h
or in differentiation medium (DM:
DMEM + 2% FBS + 2 ng/mL
TGF-β1) for different times

(24, 48 and 72 h) to promote
fibroblast-to-Myof transition.
Representative images of fixed
cells (a–d) stained with Alexa
488-conjugated phalloidin to
reveal F-actin filaments (green)
and (e–h) immunostained for
vinculin expression (red). (i–l)
Nuclei are counterstained with
DAPI (blue). (m–p) Merged
images. Scale bar: 20 μm. (q, r)
Densitometric analyses of the
fluorescence intensity (F.I.) in
arbitrary units (a.u.) of F-actin and
vinculin respectively performed
as indicated in Materials and
Methods. Data are the mean
± SD. One-way ANOVA with
Tukey's post hoc test.
Significance of differences:
*p < .05, **p < .01 versus PM;��

p < .01 versus DM 24 h;
##p < .01 versus DM 48 h.
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properties. The analysis of RMP, which uses to be more depolarized

when fibroblasts acquire a more differentiated myofibroblastic pheno-

type, showed indeed more positive values when cells were grown in

DM compared to those in PM, at any time point tested (Table 1;

Figure 8a–c). This observed membrane depolarization in cells cultured

in DM is well related to the acquisition of a more activated pheno-

type, more prone to contractile activity, and therefore to a more dif-

ferentiated Myof. The evaluation of Cm (Table 1, Figure 8a,b,d),

elicited by the pulse protocol depicted in Figure 8d (inset), showed

significantly higher values for cells in DM compared to those in PM, at

any time point tested. Since Cm represents an index of cell surface,

this recorded increase is well related to the achievement of a more

extended cell surface as expected when the typically fusiform fibro-

blasts become larger and more polygonal Myofs, and as actually

observed by the morphological analyses.

To analyze in depth the functional features of cells undergoing

differentiation we also investigated the possible activation of Tran-

sient Receptor Potential Canonical 1 (TRPC1) channel which is

expected to improve, on the basis of previous investigations (Sassoli

et al., 2016). To this aim, we evoked the transmembrane currents by

F IGURE 6 CLS
immunofluorescence analyses of
α-smooth muscle actin (sma) and
phospho-myosin light chain (p-
MLC) 2 expression and
organization. NIH/3T3 cells were
grown on glass coverslips in
proliferation medium (PM:
DMEM + 10% FBS) for 24 h or in

differentiation medium (DM:
DMEM + 2% FBS + 2 ng/mL
TGF-β1) for different times
(24, 48 and 72 h). Representative
immunofluorescence images of
fixed cells immunostained for (a–
d) α-smooth muscle actin (sma)
(green) and (e–h) phospho-
Myosin Light Chain 2 (p-MLC2,
red) expression. (i–l) Nuclei are
counterstained with DAPI (blue).
(m–p) Merged images. Scale bar:
20 μm. (q, r) Densitometric
analyses of the fluorescence
intensity (F.I.) in arbitrary units
(a.u.) of α-sma (q) and p-MLC2
(r) performed as indicated in
Materials and Methods. Data are
the mean ± SD. One-way ANOVA
with Tukey's post hoc test.
Significance of differences:
*p < .05, **p < .01 versus PM;
�p < .05, ��p < .01 versus DM
24 h; #p < .05, ##p < .01 versus
DM 48 h.

SBRANA ET AL. 9

 10970029, 0, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/jem

t.24648 by U
niversita D

i Firenze Sistem
a, W

iley O
nline L

ibrary on [10/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



the voltage ramp protocol of stimulation (Figure 8e) in the cells cul-

tured in PM and in DM for 72 h. We isolated TRPC1 currents by the

mathematical procedure described in Methods. As shown by a repre-

sentative example reported in Figure 8g, the Gd3+-sensitive TRPC1

current amplitude normalized for Cm was bigger in cells cultured in

DM (slope = 0.13) than in PM (slope = 0.08) (Figure 8f) strongly sug-

gesting a more pronounced TRPC1 activation in differentiated Myofs.

This allows a greater Ca2+ influx that, in turn, can contribute to mem-

brane depolarization and can support cell contraction typical of

a Myof.

F IGURE 7 CLS microscopy analyses
of mitochondria, peroxisome proliferator-
activated receptor-gamma coactivator
(PGC)-1α and type-1 collagen (Col-I)
expression. NIH/3T3 cells were cultured
on glass coverslips in proliferation
medium (PM: DMEM + 10% FBS) for
24 h or in the differentiation medium
(DM: DMEM + 2% FBS + 2 ng/mL TGF-

β1) for different times (24, 48 and 72 h).
Representative fluorescence images of
cells (a–d) labeled with mitotracker to
mark mitochondria (red), and
immunostained for (e–h) PGC-1α and (o–
r) Col-I expression (green). (i–l) Merged
images. (o–r) Nuclei are counterstained
with propidium iodide (PI) (red). Scale bar:
20 μm. (m, n, s) Densitometric analyses of
the fluorescence intensity (F.I.) in arbitrary
units (a.u.) of mitochondria, PGC-1α and
Col-I respectively performed as indicated
in Materials and Methods. Data are the
mean ± SD. One-way ANOVA with
Tukey's post hoc test. Significance of
differences: *p < .05, **p < .01 versus PM;
�p < .05, ��p < .01 versus DM 24 h;
##p < .01 versus DM 48 h.
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3.2 | Quantification of morphological and
biochemical parameters using RI maps

A quantitative analysis was performed on 3D RI HT maps for NIH/

3T3 cells cultured in all experimental conditions (PM and in DM

24, 48 and 72 h). Morphological (volume, surface area, projection area,

sphericity index) and biochemical (dry mass) parameters were

extracted from the segmentation process of the map (Figure 9a) eval-

uated for the individual whole cells (Figure 9b) and nucleus (Figure 9c)

on the basis of RI values. Likewise, volume and dry mass were evalu-

ated for nucleolus (Figure 9d). Of note, the mean values of volume,

surface area and projection area of the whole cell in DM conditions

significantly increased with respect to PM condition; such values

increased also with the differentiation time, in perfect agreement with

TABLE 1 Plasmamembrane passive
properties.

PM DM 24 h DM 48 h DM 72 h

RMP (mV) �52.2 ± 11.7

n = 15

�42.4 ± 6.7*

n = 14

�41.7 ± 2.6**

n = 7

�35.3 ± 8.5*

n = 5

Cm (pF) 11.5 ± 5.0

n = 8

20.5 ± 5.3*

n = 4

22.3 ± 4.6**

n = 6

28.0 ± 11.8**

n = 7

Note: NIH/3T3 cells were cultured in the proliferation medium (PM: DMEM + 10% FBS) for 24 h or in

the differentiation medium (DM: DMEM + 2% FBS + 2 ng/mL TGF-β1) for the indicated times. Data are

expressed as mean ± SD. n = number of investigated cells, *p < .05, **p < .01 versus PM (One way

ANOVA, Bonferroni post hoc test).

Abbreviations: Cm, membrane capacitance; RMP, resting membrane potential.

F IGURE 8 Electrophysiological recordings. (a) Experimental set up for whole cell patch analysis records Nikon Eclipse TE200 inverted
microscope (detail). (b) Representative cell impaled by the patch pipette. Scale bar: 20 μm. (c) Resting membrane potential (RMP, in mV) measured
in current clamp from cells in proliferation medium (PM: DMEM + 10% FBS) for 24 h or in the differentiation medium (DM: DMEM + 2% FBS
+ 2 ng/mL TGF-β1) for different times (24, 48 and 72 h). (d) Analysis of membrane capacitance (Cm) from cells in PM, DM 24 h, DM 48 h and
DM 72 h (pulse protocol and representative current response in the inset). (e) Voltage ramp protocol applied from HP = 0 mV ranging from �120

to +50 mV in 500 ms. (f, g) Representative Gd3+ -sensitive transient receptor potential canonical channel (TRPC) 1 currents obtained by the ramp
protocol application. The normalized current amplitude is consistently bigger from cells cultured in DM 72 h (g) compared to that in PM (f). Data
are expressed as mean ± SD. n = number of investigated cells, *p < .05, **p < .01 versus PM (One way ANOVA, Bonferroni post hoc test).

SBRANA ET AL. 11

 10970029, 0, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/jem

t.24648 by U
niversita D

i Firenze Sistem
a, W

iley O
nline L

ibrary on [10/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



the observed morpho-functional changes occurring during the acquisi-

tion of a Myof phenotype (Figure 9b) coming from both HT and CLS

imaging and electrophysiological recordings.

The mean value of the sphericity index of the whole cell slightly

decreased in DM condition with respect to PM condition (0.59 ± 0.01

in PM and 0.46 ± 0.01, 0.44 ± 0.01, 0.42 ± 0.01 in DM). These mean

F IGURE 9 Quantitative analysis on 3D RI HT maps. (a) Plane projection of segmented mask of the cell (in DM) as visual output derived from
the segmentation process. (b, c) Quantitative analyses of volume, surface area, projected area, sphericity index and dry mass for whole NIH/3T3
cells and their nuclei in proliferation medium (PM: DMEM + 10% FBS) and in differentiation medium (DM: DMEM + 2% FBS + 2 ng/mL TGF-β1)
for 24, 48 and 72 h. (d) Quantitative analysis of volume and dry mass of nucleoli of the cells in the indicated experimental conditions. Data are
expressed as mean ± SE value; *p < .05, **p < .01 versus PM; �p < .05, ��p < .01 versus DM 24 h; #p < .05 versus DM 48 h (One-way ANOVA
with Tukey's post hoc test).

12 SBRANA ET AL.

 10970029, 0, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/jem

t.24648 by U
niversita D

i Firenze Sistem
a, W

iley O
nline L

ibrary on [10/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



values did not significantly change over differentiation time

(Figure 9b). The mean dry mass values of the whole cell over the dif-

ferentiation time significantly increased with respect to the PM condi-

tion, reaching the maximum values after 72 h of culture (Figure 9b).

Moreover, volume, surface area, projection area, sphericity and

dry mass of nuclei were extracted for each single cell. The mean

values of these parameters are reported in the graphs in Figure 9c.

The mean values of nuclear volume, surface area and projection area

significantly increased from PM to DM conditions and did not change

over differentiation time. The mean value of sphericity index slightly

but significantly decreased in DM as compared to PM, and did not

change over differentiation time. The mean value of the dry mass of

the nuclei remains unchanged from PM to DM condition. Finally, the

mean values of volume of nucleolus and of their dry mass did not

show statistically significant differences among the different experi-

mental conditions (Figure 9d).

4 | DISCUSSION

The present work is, to the best of our knowledge, the first application

of HT to analyze the changes of fibroblasts differentiating towards a

myofibroblastic phenotype when cultured in vitro in the presence of

the well-known profibrotic agent TGF-β1. We revealed a high congru-

ence between the results of HT imaging and quantitative analyses and

those obtained by CLS microscopy that, in addition, aligned with the

plasmamembrane electrophysiological functional features.

Fibroblast-to-Myof differentiation process is regarded as funda-

mental during both physiological and pathological aberrant response

to a tissue injury (Weiskirchen et al., 2019). In the case of tissue lesion

Myofs are recognized as the cells primarily responsible for producing

and depositing high amounts of ECM components. These form a tran-

sient scar enabling wound size reduction and closure. Although imper-

fect, this repair guarantees a rapid restoration of tissue integrity and

function at best. The physiological repair process proceeds with the

provisional scar degradation concomitantly to Myofs' disappearance

via apoptosis and/or senescence or the possible return to a quiescent

state. Conversely, in the case of a chronic or extended damage or in

the presence of a persevering inflammatory stimulus, Myofs persist

and remain in an activated functional state. This causes a maladaptive

reparative response with tissue fibrotic scarring that irreversibly

replaces the normal tissue structure and that eventually may lead to

organ impairment. Moreover, Myofs have been described in many

multifactorial disorders where fibrosis plays a main role (Sassoli, 2022;

Younesi et al., 2024; Zeisberg & Kalluri, 2013) and also as critical ele-

ments in the stroma reaction to epithelial tumors (Otranto

et al., 2012). To date, no effective antifibrotic therapies are available

(Miao et al., 2021; Sassoli, Nistri, et al., 2022). In this scenario a deeper

understanding of fibroblast-to-Myof transition and of Myofs' biology

appears fundamental for aiding in the identification of novel potential

therapeutic targets.

This study showed that HT can represent a valid approach to

morphologically distinguish fibroblasts from well differentiated Myofs.

Indeed, HT imaging unraveled the morphological features typical of a

Myof. Among them, HT uncovered an increased polygonal shape,

a more elongated nucleus, the presence of filamentous structures

across the cytoplasm, clustered structures at the membrane periphery

and a network of cytoplasmic membranous structures surrounding

the nucleus. In particular, the filamentous structures are referable to

actin containing stress fibers and the clustered structures may likely

correspond to focal adhesion plaques. On the other hand, the network

of membranous structures can represent membrane-bound organelles

such as mitochondria and cell synthesizing apparatus (endoplasmic

reticulum and Golgi apparatus).

Notably, such morphological details acquired by HT were per-

fectly accordant with the morphological features unraveled by CLS

microscopy analyses. Indeed CLS microscopy observations confirmed

in the more differentiated cells the formation of robust F-actin struc-

tures containing α-sma and p-MLC2, the presence of vinculin-

enriched focal adhesion plaques, numerous mitochondria associated

with an increased expression of PGC-1α and an augment of Col-I

expression indicative of a cell in an active phase of ECM synthesis.

The major advantage of HT relies on its ability to identify the

peculiar features of living cells by exploiting the intrinsic optical prop-

erties of the cells (RI) that cannot be achieved by the conventional

optical microscopy without using any kind of labeling. Therefore, HT

does not require time-consuming sample preparation and it does not

alter or damage the biological sample during imaging. The 3D RI tomo-

grams are not susceptible to ungovernable alterations such as the

photobleaching. Moreover, HT uses a very low-power light source

thus avoiding phototoxic effects. Noteworthy, HT RI maps-based

quantitative analysis provided objective measures concerning bio-

physical and biochemical parameters, corroborating the morphological

observations and strengthening the results. Indeed volume, surface

area and projection area of the individual whole cell induced to differ-

entiate by treatment with TGF-β1, increased as compared to prolifer-

ating fibroblasts and during the differentiation time. In particular, the

increase in cell surface is also supported by the electrophysiological

evaluation of membrane capacitance (Cm), which showed a parallel

increase with the differentiation time. At the same time, we found

that the sphericity index slightly decreased. Sphericity index is a

dimensionless parameter that quantifies the degree of cell roundness,

thus providing indications on the shape of the cell on the degree of

flattening or grade of adhesion of the cell to the substrate. All these

data reflect the progressive enlargement of the cells undergoing tran-

sition towards Myofs, their polygonal shaping and likely adhesion to

the substrate due to the actin filament polymerization and assembly

progression. Moreover, the change in cell sphericity may be associ-

ated with the contractile function of differentiated Myofs necessary

in vivo to exert traction forces on the tissue, the wound closure or

contracture in the scar tissue (Hinz et al., 2019; Pakshir et al., 2020).

Again, such data aligned with CSL analyses of F-actin and p-MLC2

expression.

Of interest, all these morphological data highlighting the features

of fibroblasts and Myofs, were substantiated by the functional elec-

trophysiological analyses that confirmed the acquisition of a more
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mature cell phenotype by the cells culture in DM. Apart from the

membrane capacitance values, which can be directly related to mor-

phological features, we observed a RMP depolarization in the differ-

entiated cells, which can facilitate Myof contractile activity, and an

increase in the TRPC1 currents which is in line with the acquisition of

a more functional phenotype (Sassoli et al., 2016). Furthermore, we

may also suppose a correlation between the rise of TRPC1 channels'

functionality and the stress fiber assembly observed in differentiated

cells. Indeed, TRPC1 channel, besides acting as a store-operated Ca2+

entry channel (SOC), has been demonstrated to represent an essential

component of stretch-activated channels (SACs) in different cell types

including fibroblasts and Myofs and to be an integral part of the adhe-

sion plaque linked to cytoskeleton (Formigli et al., 2009; Li

et al., 2024; Sassoli et al., 2016). In such a view TRPC1 opening may

be modulated by the action of cytoskeletal remodeling and stress fiber

formation capable to transmit forces to plasmamembrane (Formigli

et al., 2007; Sbrana et al., 2008).

As far the mean dry mass values of the whole cell is concerned,

we found that it significantly increased over the differentiation time

with respect to the proliferation condition, reaching the maximum

values at the time when the cell exhibits a well differentiated Myof

phenotype. The dry mass is the amount of non-aqueous constituents

of the cell such as carbohydrates, proteins, lipids and nucleic acids and

represents a valid indicator of the anabolic and catabolic processes

occurring within a cell. These data are in good agreement with the

maturation of the focal adhesion and the stress-fiber formation as

well as the increase of the ECM synthetizing activity of the differenti-

ated cells. These events occurring during fibroblast-to-Myof differen-

tiation were confirmed here and documented in the literature

(Cappitti et al., 2023; Chellini, Tani, Vallone, Nosi, Pavan, Bambi, &

Sassoli, 2018; Noom et al., 2024; Pakshir et al., 2020; Sassoli

et al., 2013; Sassoli et al., 2016; Sassoli, Garella, et al., 2022; Squecco

et al., 2015; Younesi et al., 2024). Moreover, quantification of volume,

surface area, projection area and sphericity index of nuclei unraveled

that the nuclei increased their size and acquired a more elongated

shape in the differentiating cells as compared to not differentiating

ones. Given the existence of a connection between cytoskeleton and

the nucleoskeleton through transmembrane complexes in the nuclear

envelope (Stancheva & Schirmer, 2014), the present results may be

dependent by the action of mechanical forces generated by contrac-

tile stress fibers on the nucleus able to deform it. In turn, this may

impact chromatin organization/remodeling and regulate gene expres-

sion (Adam, 2017; Miroshnikova & Wickström, 2022). By contrast, the

mean values of the dry mass of the nuclei were comparable between

proliferating and differentiating cells. This observation might be in line

with previous studies showing the stability of the nuclear compart-

ment against perturbation (Kim & Guck, 2020). As far as the quantita-

tive analysis of the volume and the dry mass of the nucleoli is

concerned, it did not reveal a significant difference in such values

among all the different experimental conditions. Of note, HT images

reveal a different number of nucleoli in proliferating and differentiat-

ing cells. In particular more differentiated cells exhibited a minor num-

ber of such sub-nuclear structures as observed for other cell types

undergoing differentiation (Flick Jaecker et al., 2022; Miyake &

McDermott, 2023; Potolitsyna et al., 2024; Rodrigues et al., 2023;

Smetana et al., 2020). The changes in the organization of nucleoli that

primarily function as a factory for rRNA transcription and ribosome

biogenesis (Goodfellow & Zomerdijk, 2013) might be correlable to the

changes in the protein translational capacity of the cells.

5 | CONCLUSION

Our study reveals the remarkable imaging capacity of HT to

distinguish proliferating fibroblasts from differentiated Myofs in a

non-invasive and rapid way without the use of specific labeling, quan-

titatively discriminating cell properties according to RI. We envision

that this imaging approach can improve our understanding of fibro-

blast-to-Myof transition and Myofs' biology and contribute to unlock-

ing new research opportunities in the field of fibrosis. The main

limitation of the present method is the lack of molecular specificity

that, however, can be overcome by combining HT with other imaging,

biochemical and biomolecular approaches. We emphasize that the HT

imaging technique exploited here is not limited to the cells targeted in

this study and that it may represent an advantage and an attractive

tool for studying for example delicate cells that could be affected by

traditional staining methods.
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