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In tissue, cells are obliged to confine and adapt to a specific geometric shape

due to the surrounding environmental constraints. Under healthy conditions,

fibroblasts present an elongated shape; however, changes in biochemical and

physical properties of the extracellular matrix could distort the cell shape,

inducing a pathological state. We have studied fibroblasts’ mechanical

behavior under circular geometrical constraints. Circular micropatterns force

fibroblasts to acquire a different shape from that of a healthy tissue, inducing a

possible pathological condition. In total, three different fibroblast types from

Dupuytren’s disorder, all obtained from the same patient, were confined in

circular-shaped micropatterns of three different diameters (25, 35, and 45 µm),

and mechanical properties were evaluated using an atomic force microscope

(AFM). We found that control fibroblast mechanics (apparent Young’s modulus)

increases with the increasing pattern diameter and comes together with a

decrease in cell height and in loss tangent, translated into a more solid-like

behavior. We hypothesize that these results resemble the transition toward the

myofibroblast phenotype, ameliorating cytoskeleton formation and

organization and enhancing cell contraction. Scar and Dupuytren fibroblasts

did not display major changes in cell mechanics and cell height when changing

the pattern diameter, suggesting that they are less affected by physical changes

in the environment as they can adapt their shape to the geometrical dimensions.

Therefore, our findings demonstrate that combining micropatterning and AFM

measurements provides a powerful tool to study cell mechanics inducing

constraints onto the cell, thus mimicking certain aspects of the tissue

environment in both healthy and pathological states.
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1 Introduction

Dupuytren’s disease (DD) is a fibroproliferative disease that

affects the palmar hand, causing progressive and permanent

bending of the digits. The disease may cause hand

contraction, hampering hand normal function and

diminishing the patient’s quality of life. The palm of patients

who suffer from the disease shows high numbers of fibroblasts,

increased deposition of collagen, and the presence of

myofibroblasts (differentiated fibroblasts that present α-
smooth muscle actin (SMA)), which are involved in wound

healing. In wound healing, fibroblasts from the surrounding

area migrate to the damage area and experience a

transdifferentiation into myofibroblasts that increase

mechanical stress on the extracellular matrix (ECM) and help

in tissue remodeling. The differentiation into the myofibroblast

phenotype depends on the activation of transforming growth

factor β-1 (TGFβ-1) that lives in the ECM and stimulates α-SMA

expression that leads to an increase in cell contraction.

Myofibroblast contraction is transmitted to the ECM, also

provoking changes in ECM stiffness due to fiber

rearrangements and protein deposition, such as collagen.

Non-invasive treatments, such as needle fasciotomy and

collagenase injection, have been used to treat the disease;

however, in the vast majority of the cases, it recurs. Open

surgery for removing the affected area is normally used in

later stages of the disease.

Cell mechanics is a useful approach to study cell viscoelastic

behavior at a single-cell level and is mainly governed by a

cytoskeletal network, especially by actin fibers that are also

responsible for cell contractility. The cytoskeleton network is

important to maintain cell shape andmechanics, playing a role in

many cellular processes, such as migration and contraction [1,2].

The cell–cell interplay, cell–ECM as well as matrix stiffness, and

composition have been shown to modify cell mechanics dictating

cell cytoskeletal network organization, cell shape, and polarity

[3]. Many techniques have been used to assess cell mechanical

behavior, like optical and magnetic tweezers, micropipette

aspiration, and atomic force microscopy (AFM), among

others. Atomic force microscopy (AFM) is one of the most

established and leading techniques to measure cell mechanics

under physiological conditions. It allows applying a well-defined

force and provides both topographical and mechanical

characterization of living cells [4].

In the last decade, the interest in studying mechanical

properties of cancer cells in comparison to healthy

counterparts using AFM has grown due to its ability to

discriminate one from the other [5]. The majority of these

studies were performed in hard cell culture dishes, whose

stiffness is far from the natural tissue mechanics. Recently,

soft artificial hydrogels, such as polyacrylamide (PA) and

hydrogels employing abundant ECM proteins, like collagen,

have been used to mimic cell’s environment stiffness. For

example, changes in thyroid cells when plated in PA gels of

different stiffness have been reported [6]. Lately, experiments

trying to resemble cell’s environment are gaining importance,

either biochemically or biophysically. The biochemical and

biophysical composition of this environment governs many

cellular processes, such as cell differentiation, growth, division,

and even cell death [7,8]. In general, it is not easy to get access to

tissue samples, especially from humans, which is the closest

biological organization to cell’s natural conditions; therefore,

different strategies have been devised to resemble cell’s natural

environment. In tissue, cells are not isolated; instead, they are

surrounded by a large number of neighboring cells and the

extracellular matrix (ECM). This natural environment

provides cells with geometrical constraints that not only

influence cell morphology and mechanics but also polarity

and function. In research, photolithography techniques

generating reusable masks with specific geometries, as well as

protein micropatterning, are considered a good compromise to

resemble cell constraints in tissue. AFM experiments using cell

culture dishes lead to continuous cell structural and

morphological rearrangement; however, the use of

micropatterns of different geometries and dimensions is an

interesting approach to limit cell spreading in a defined space

[9]. Regular pattern shapes mimicking tissue constraints drive

cells to adapt their morphology and cytoskeletal architecture.

One of the main advantages of systematizing a regular shape is

the reduction in heterogeneity and variation due to constant and

reproducible cell features. Many studies used PDMS-based

lithography to confine cells in limited spaces, creating

different geometries in which cells could adapt [10,11]. The

ECM environment has a strong influence on actin

cytoskeleton localization inside the cells that contributes to

cell polarity establishment; hence, it was shown that convex

micropattern features promoted the assembly of lamellipodia

and concave features promoted the assembly of stress filaments

[12,13]. Cell’s spreading direction—lamellipodia

protrusions—differs depending on micropattern geometry

[14,15]. Patterned cells in square or triangular shapes

preferentially extended the lamellipodia at the corner;

however, cells adherent to circular shapes formed lamellipodia

at all regions of the perimeter. Several studies evaluated the

directionality and speed of cell migration using switchable

surfaces, whose adhesiveness can be turned on and off when

desired ([16–18]). In addition, micropatterning can be used to

study cell’s focal adhesion points using different geometries that

provide similar cell morphology but different cytoskeleton

distributions [9]. Therefore, the use of micropatterns could

help resemble cell’s constraints under healthy tissue

conditions, but it could also serve to study cell adaptability to

new environments, forcing them to acquire a different

geometrical constraint to healthy conditions.

In this study, we prepared circular micropatterns on glass

coverslips using UV photolithography with a chrome
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photomask. The micropatterned surfaces were used to culture

three different fibroblasts from Dupuytren’s disorder (control

and pathological fibroblasts) on circular areas of different

diameters (25, 35, and 45 µm in diameter), and cell

mechanics was assessed employing AFM. Under healthy

tissue conditions, fibroblasts possess an elongated shape;

however, in the pathological state, physical and biochemical

changes in the environment can modify fibroblast

morphology; therefore, we employed circular-shaped

patterns to force cells to develop in a non-natural state.

Circular-shaped fibronectin micropatterns could enable us

to induce or simulate a disorder typical of a pathological

state and therefore compare the behavior of fibroblasts

presenting different pathological states. Moreover, using the

AFM sweep modulation scheme and analyzing the data using

the structural damping model, we could extract viscous and

elastic properties of the cells.

2 Materials and methods

2.1 Cell culture

Primary fibroblasts were isolated from three surgically

removed skin tissues of left-hand palmar fascia regions of a

55-year-old female patient. Scar fibroblasts were derived from

cutaneous scar excision and control from adjacent skin tissue.

Dupuytren fibroblasts were isolated from the nodules in the

palmar fascia. Cells were incubated in Dulbecco’s modified

Eagle medium (DMEM, containing 3.7 g/L NaHCO3 and

4.5 g/L D-glucose, FG0435, Sigma) supplemented with 10%

fetal bovine serum (F7524, Sigma) and 2%

streptomycin–penicillin (P0781, Sigma). Approximately

30,000 cells were added onto patterned coverslips and

incubated for 5–6 h at 37 °C and 5% CO2. Then, the

patterned coverslips were washed with a complete medium

twice to remove non-adherent cells. Fibroblasts between

passages 8–10 were used, where cells proliferate consistently.

2.2 Micropattern formation

Here, 22-mm-diameter round glass coverslips were sonicated

with acetone for 2 min followed by water sonication for 2 min.

The coverslips were then washed with ethanol for 1 minute and

dried. Once the coverslips were completely dried, they were

incubated in a UV ozone chamber (UVO Cleaner 30–220,

Jelight Company Inc., USA) for 5 minutes to activate the

surface. The surface of the coverslips must be coated with an

antifouling polymer that prevents adhesion of molecules and

cells. The activated surface of the coverslip was incubated with

the antifouling PLL (20)-g [3.5]-PEG (2) solution (SuSoS AG,

Switzerland) at a concentration of 0.1 mg/ml for 1 hour at room

temperature in a wet chamber. After 1 hour of incubation, the

coverslips were rinsed with PBS once and milli-Q water four

times. To generate patterns, we used a chromate synthetic quartz

mask that has the circles drawn on it (Delta Mask B.V.,

Netherlands) (circular-shaped micropatterns used have

dimensions of 25, 35, and 45 µm diameter and illuminating a

ring of 7 μm width). The coverslips were attached onto the mask

with a small water drop and exposed to UV for 5 minutes. The

UV oxidizes the PLL-PEG layer generating a chemically

structured surface on the coverslip. After that step, the

coverslips can be stored at 4°C for 1 month. Before usage, the

coverslips need to be hydrated for 30 min with PBS and

incubated with 25 μg/ml fibronectin—5 μg/ml fibrinogen

(Sigma) for 1 hour at room temperature. The

fibronectin–fibrinogen solution is prepared in 100 mM

NaHCO3 (pH = 8.6), and the fibrinogen is labeled using an

Alexa Flour 488 dye to allow checking pattern formation. The

fibronectin should attach to the bare glass, that is, the areas where

the PLL-PEG was removed by UV irradiation [19].

2.3 AFM experiments

Approximately 10 cells of each type of fibroblasts were

measured in 25-µm-diameter circles, 20 cells in 35-µm-

diameter circles, and 15 cells of each fibroblast type in 45-

µm-diameter circles. AFM measurements were performed

using an MFP3D AFM (Asylum Research, Santa Barbara,

California, USA) combined with an optical microscope

(Zeiss Axiovert 135, Zeiss, Oberkochen) to control tip and

sample positioning. Coverslips were glued onto cell culture

dishes with superglue (UHU) to avoid detachment, and the

medium was just added over the coverslip to avoid

contamination with the glue. Cell culture dishes, containing

samples, were fixed to an aluminum holder with vacuum

grease (Merck, silicone high-vacuum grease) and mounted

on the AFM stage with two magnets. The entire setup was

enclosed in a home-built polymethylmethacrylate (PMMA)

box in order to inject and maintain 5% CO2 during

experiments. Patterned fibroblasts were probed on the

nuclear region. PFQNM-LC-A-CAL cantilevers were used

(Bruker, pre-calibrated spring constant around 100 pN/nm

and resonance frequency of 45 kHz in air), which are three-

sided pyramid cantilevers (opening angle 15–25°) with a

sausage-like protrusion at the very end that has a length of

0.8–1 µm and a radius of curvature of 75 nm. Apparent

Young’s modulus values were extracted from regular force

curves, and the sweep frequency method was used to obtain

cell rheological properties ([20]; Malvern Instruments, 2016).

The force map scan size was 5 μm and composed of 16 or

256 force curves (4 × 4 or 16 × 16 lines per frame). Typically,

the force curves were recorded at a scan rate of 2 Hz,

corresponding to a maximum velocity of 20 μm/s.
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2.4 AFM data analysis

Data analysis software IGOR (WaveMetrics, Lake Oswego,

OR, USA) was used to evaluate the mechanical properties of

cells in terms of apparent Young’s modulus (E). The Hertzian

model for parabolic tips was used to calculate apparent

Young’s modulus for each force curve within a force map

[21]. The median and 25/75 percentiles and logarithmic

histogram of apparent Young’s modulus were considered

representative modulus of each force map. Sweep frequency

data were fitted with the power law structural damping model

[22,23] and corrected for the hydrodynamic viscous drag [24].

E* data are separated into real (in phase) and imaginary (out of

phase) parts. The real part represents the storage modulus, and

it is a measure of the elastic energy stored and recovered per

cycle of oscillation. The imaginary part depicts the loss

modulus, and it accounts for the energy dissipated per cycle

of sinusoidal deformation. We also calculate the power law

exponent and loss tangent, which is an index of the solid-like

(<1) or the liquid-like (>1) behavior of the cell. This model

assumes a storage modulus that increases with frequency

following a power law with the exponent α and a loss

modulus that includes a term that is a fraction η of the

storage modulus and a Newtonian viscous term, μ [25,26].

2.5 Immunostaining

After 5 to 6 hours of cell seeding on coverslips, cells were

fixed with 4% paraformaldehyde for 10 min and permeabilized

with 0.2% Triton X-100 for 5 min. The samples were washed

with PBS after each step and then incubated with 10% FBS

along with the primary antibody against vimentin (rabbit anti-

vimentin 1:200) (Abcam, ab92547) for 30 min at room

temperature. The secondary antibody (goat anti-rabbit 1:

200, Atto647N) and Alexa Flour 488 phalloidin for actin

fibers (1:200) (Thermo Fisher Scientific, A12379) were then

incubated for 45 min at room temperature. DAPI (1:5,000)

was added for 10 min, while the incubation of the secondary

antibody was still running. Finally, cells were stored in PBS at

4 °C prior to image acquisition. An inverted spinning-disk

microscope equipped with a Live SR module (LNSB2, Nikon

TI-2, Yokogawa CSU-W1-T2, Gataca Systems) with

the ×63 objective lens (Plan Apo, NA 1.4 Oil) was used to

observe cells and collect fluorescent images (Photometrics

Prime95B Scientific CMOS Camera) through appropriate

filters (emission: 450/50; 525/50; 595/50; and 700/75).

Three-dimensional-view representation videos were created

using IMARIS software (Bitplane, Oxford Instruments).

The super-resolution images were taken using a stimulated

emission depletion (STED) microscope (Abberior Instruments

GmbH, Germany) with the ×100 objective lens (Plan Apo, NA

1.4 Oil), with an excitation at 640 nm followed by a depletion at

775 nm. SiR-actin (Cytoskeleton, Inc., 1:1,000) was used to label

F-actin in live cells. The cell culture medium was replaced, and

SiR-actin was directly added to the cells. The cells were then

placed in the incubator at 37°C and 5% CO2 for 1–2 h prior to

image acquisition.

2.6 Cell height and volume

Cell height and volume were calculated using Fiji software.

From the orthogonal projections of the cell, the cell height was

obtained, and the cell volume was estimated from the area of the

orthogonal projections.

2.7 Statistical analysis

Differences between the apparent Young’s modulus of

different cells or different patterns were determined using the

FIGURE 1
Dupuytren fibroblasts plated on the three circular
micropatterns of different diameters. Adhesive proteins (A)
fibronectin and (B) collagen I. Fibroblast labeling: actin in green,
vimentin in red, and nuclei in blue. Supplementary Figures S9,
S10: control and scar fibroblasts plated on the three circular
micropatterns of different diameters (fibronectin coating).
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Wilcoxon signed-rank test and Cohen’s d-test using IGOR. For

each force volume, E’s median was calculated. The effect size

(Cohen’s d) between the mean of E and the significance of

difference (Wilcoxon signed-rank) between the E for each

type of patterned fibroblasts was tested. p-values were

obtained using the Wilcoxon signed-rank test, where *

indicates p < 0.01, and Cohen’s d-test, where # indicates 0.2 <
d < 0.5 and ## indicates d > 0.5.

FIGURE 2
Examples of individual fibroblasts plated on 25-, 35-, and 45-μm-diameter circular micropatterns (left to right). The first row represents
fibronectin circular-shaped micropatterns in black. The following rows represent fluorescence microscopy images of each type of fibroblasts in
which the actin fibers are labeled in green, vimentin in red, and nuclei in blue. Three-dimensional view videos are available in the Supplementary
Material.
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3 Results

3.1 Adhesive protein selection

Two different ECM proteins were tested in order to optimize

the highest efficiency in cell patterning.We compared fibronectin

versus collagen I as adhesive proteins, both present in fibroblast’s

natural environment. The fibronectin-coated micropatterns

provided much higher cell patterning and attachment success

than collagen (Figure 1). The number of patterned cells in

circular patterns with respect to the number of attached cells

is similar in both cases, reaching around 50–60%. The rate of

success, referring to the number of patterned cells with respect to

the number of circular patterns, in the case of collagen

micropatterns was around 20%; however, the fibronectin

covering reached around 50% cell patterning.

3.2 Cell confinement

We plated all fibroblast types in circular micropatterns, and

Figure 2 shows an example of each fibroblast under all

conditions. We could observe how actin filament distribution

was significantly influenced by the pattern diameter. Thanks to

the z-stack images taken along the entire cell height, from the

bottom to the top layer, we could generate 3D view

representation of the cells under all conditions

(Supplementary Videos, Supplementary Material). This 3D

view allowed us to assess if there was any correlation between

cell height, pattern diameter, and fibroblast type (Table 1). Three-

dimensional videos showed cells in which actin, vimentin, and

nucleus were stained, giving interesting information about cell

cytoskeleton organization. As actin fibers are one of the main

cytoskeleton components that dictate the cell mechanical

behavior, z- and orthogonal projections of scar

fibroblasts—showing just actin fibers—patterned in the three

circular-shaped patterns were generated (Figure 3). The

z-projection accumulates all images taken alongside the cell

body, from the bottom to the upper layer, and it shows how

actin fibers organize within the cell when patterned on the circles

of different diameters. In particular, in Figures 3B,C, the actin

fibers follow the circular pattern that corresponds to the

lamellipodia (concentric fibers) and in the cell body, which is

sitting in the non-adherent area, filaments are less concentrated

TABLE 1 Cell height when patterned in the different circular-shaped diameters.

Heighta 25 (µm) diameter 35 (µm) diameter 45 (µm) diameter

Control fibroblasts 11 9 6

Scar fibroblasts 6 5 5

Dupuytren’s fibroblasts 9 10 8

aThree–five cells for each condition from confocal images were analyzed to obtain cell height.

FIGURE 3
Z and orthogonal projections of scar fibroblasts patterned in (A) 25-µm circle, (B) 35-µm circle, and (C) 45-µm circle. Actin fibers labeled in
green. (Supplementary Figures S11, S12: control and Dupuytren fibroblasts projections).
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and organized. In the case of control fibroblasts, there is a

decrease in cell height when the pattern diameter increases;

however, scar and Dupuytren’s fibroblasts did not present the

same behavior, showing a more constant cell height regardless of

the pattern dimension (Figure 4 and Table 1). Moreover, from

the xz projections, we estimated a relative volume of the cells; in

all cases, fibroblasts increase their volume with the increasing

pattern diameter (Supplementary Figure S13). Control

fibroblasts appear to present less actin filaments than the

pathological counterparts (Figure 2). A similar cell behavior

was shown in flat rigid cell culture dishes. Control fibroblasts

presented less and randomly distributed actin fibers in contrast to

scar and Dupuytren fibroblasts, which displayed aligned and

thick actin fibers [27,28] (Figure 5).

3.3 AFM measurements

Mechanical and rheological properties of patterned cells were

evaluated using AFM. The number of cells scanned in each

circular-shaped pattern was arbitrary, since the pattern size at

which the cells were adhered was analyzed after AFM

measurements. Measurements were performed on the nuclear

region to avoid artifacts of feeling the underlying support; but in

some cases, the elasticity of the whole cell could be scanned

(Figure 6A). We found that the softest area of the cell correlates

with the tallest part that corresponds to the cell body (Figure 6B).

The cell lamellipodia is thinner and stiffer due to the bottom

effect and accumulation of actin filaments, as shown in the

fluorescent images (Figure 2). Our AFM results corroborate

FIGURE 4
Mean and standard deviation representation of the cell height obtained from the xz projections (N = 4). The circles next to each mean value
correspond to the individual measurements.

FIGURE 5
STED images of live single cells plated on cell culture dishes. (A) Control fibroblasts, (B) scar fibroblasts, and (C) Dupuytren fibroblasts. Actin
fibers were labeled in red. Scale bar: 20 µm.
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the different behaviors of the three fibroblast types. The apparent

Young’s modulus was extracted from the approach part of the

force curves using the Hertzian model for parabolic tips. The

apparent Young’s modulus of control fibroblasts increases with

increasing pattern diameter (1.02, 1.39, and 2.12 kPa for 25-, 35-,

and 45-µm-diameter circular constraints, respectively); however,

this behavior is not followed by the other two cell types

(Figure 7). Interestingly, Dupuytren fibroblasts maintain their

mechanical properties regardless of the circle diameter (1.61,

1.58, and 1.59 kPa for 25-, 35-, and 45-µm-diameter circle

constraints, respectively). In addition, scar fibroblasts appear

to mix both behaviors, similar to control fibroblasts at a lower

pattern diameter and closer to the pathological fibroblasts when

the constraint diameter increases (1.02, 1.78, and 1.71 kPa for 25-

, 35-, and 45-µm-diameter circle constraints, respectively). The

Wilcoxon signed-rank test and Cohen’s d statistical analysis were

used to evaluate statistical significance of apparent Young’s

modulus between different cell types and pattern dimensions.

Highly significant differences were found within control

fibroblasts patterned on 25-μm and 45-µm-diameter circles.

Cohen’s d-test suggested a medium size effect between control

fibroblasts patterned on 25 and 35 µm circles; and also, between

35- and 45-µm-diameter circles. Moreover, a medium size effect

was seen between scar fibroblasts patterned on 25-µm circles and

the two larger patterns (scar fibroblasts on 35- and 45-µm-

diameter circles). A large effect of the pattern size was also

seen in control fibroblasts patterned between 25- and 45-µm-

diameter circles (Figure 7). As it has been mentioned in previous

studies [6], Young’s modulus is a parameter that describes the

elastic response of an object when deformed by an external force.

However, cells are complex and heterogeneous materials that

present elastic and viscous responses. According to that, apparent

Young’s modulus parameter (which is the Young’s modulus

determined from the approach curve) gathers both elastic and

viscous contributions and it is not able to distinguish between

them. To overcome this issue, there are few AFM strategies that

allow describing cells’ mechanical properties separating both

elastic and viscous contributions. In this work, we employed

the so-called sweep frequency, already described in previous

studies [29,30]. Briefly, after approaching the tip to the

sample as in a regular force curve, a sinusoidal modulation

with increasing frequency (1 Hz–1 kHz) is applied, while the

tip is still in contact with the cell. When this step is finished, the

tip is fully retracted out of contact (Supplementary Figures S2,

S3). The cantilever is oscillated applying a low amplitude of

50 nm. To analyze the data, the power law structural damping

model is used, and viscous drag of the cantilever has been

corrected (Supplementary Figure S5). This model provides

information about the elasticity and viscosity of the cells

separately. Frequency dependence of the storage and loss

modulus measured on the different fibroblasts in all circular

patterns can be seen in Supplementary Figure S4. Both moduli

displayed a similar trend up to 10 Hz; however, the loss modulus

showed increased frequency dependence at higher frequencies.

We observed that control fibroblasts displayed a decrease in the

loss tangent at 1 Hz with increasing pattern diameter, whereas

Dupuytren and scar fibroblasts did not show major changes

(Dupuytren: 0.24 in all cases; scar: 0.36, 0.27, and 0.32 from 25- to

45-µm-diameter circles) (Figure 8). Statistical analysis suggests a

significant difference between control fibroblasts patterned on

25- and 45-µm-diameter circles and a medium size effect

between Dupuytren fibroblasts patterned on 25 µm and the

other two bigger circular patterns, as well as a medium size

effect between control fibroblasts on 25 µm versus 35 µm and 35-

versus 45-µm-diameter circles. Finally, a large size effect is

observed between control fibroblasts patterned on 25- and 45-

FIGURE 6
(A) Apparent Young’s modulus of a Dupuytren fibroblast patterned in a 35-µm-diameter circle and (B) cell height.
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µm-diameter circle. Therefore, in the case of control fibroblasts,

we saw that an increase in the Young’s modulus with increasing

the pattern diameter comes together with a decrease in loss

tangent, which can be related with an increase in the elastic over

the viscous properties, corresponding to a more solid-like

behavior. The power law exponent is associated with cell’s

dynamic structural elements at the mesoscale and present

similar values for all cases, presenting values around 0.15 and

0.2 for Dupuytren and scar fibroblasts, respectively, except for

control fibroblasts, which decreases with increasing pattern

diameter (going from 0.23 to 0.13, from 25 to 45 µm

diameter) (Figure 8). Statistical analysis for power-law

exponent results displays same significant differences and size

effect as the loss tangent. E0, which is the scale factor of storage

and loss modulus, varies depending on the cell type and pattern

diameter. Dupuytren and scar fibroblasts seem to be independent

on the pattern diameter (Dupuytren: 1,500 to 1,400 Pa, from

25 μm to 45 µm diameter; and scar: 900–1,000 Pa, from 25 μm to

45 µm diameter). Nevertheless, control fibroblasts show an

increase going from 500 to 2,300 Pa (Supplementary Figure

S6). The statistical analysis showed significant differences

between control fibroblasts patterned on 25- and 45-µm-

diameter circles; Cohen’s d size effect displayed a medium size

effect between control fibroblasts on 25 µm and the bigger circles;

also, all patterned scar fibroblasts within each other and

Dupuytren fibroblasts patterned on the 45-µm-diameter circle

and the two smaller circles. The Newtonian viscous term (μ) is

rather small and constant for Dupuytren and scar fibroblasts

regardless of the pattern diameter (10 Pa · s), and it increases for

control fibroblasts with increasing pattern diameter (6–10 Pa · s)
(Supplementary Figure S7).

4 Discussion

In this study, we plated fibroblasts in circular-shaped

patterns of different diameters. Fibronectin and collagen I

used for surface coating differently affect the efficiency of cell

patterning. Both proteins are commonly used to ameliorate cell

adhesion in cell culture dishes, and they are both abundant in the

fibroblast environment; however, the suitability of one over the

other may vary on the cell type ([31,32]). Fibroblasts are a cell

type that synthesizes ECM and collagen; therefore, it would have

been expected to have a better affinity to collagen coating. In

addition, collagen deposition by fibroblasts takes place with the

help of fibronectin. Fibronectin was also observed to be

associated with the deposition of new collagen fibrils.

Therefore, it appears that fibronectin promotes cell

attachment to collagen filaments, supporting the idea that

fibroblasts have a higher affinity for fibronectin than for

collagen coatings. Accordingly, if we compare the pattern

efficiency between both proteins, fibroblasts presented better

predilection to adhere to fibronectin than collagen. Another

possible explanation could be that animal origin of the

proteins may also influence cell attachment. We used bovine

fibronectin and rat collagen I; therefore, the animal origin of the

proteins may decant and influence the adherence of the

fibroblasts, in our case preferring bovine fibronectin to

collagen. Mechanical and rheological properties of cells under

the different conditions were correlated with fluorescent images,

in which actin fibers, vimentin, and nucleus were stained.

Control fibroblasts displayed an increase in elasticity with

increasing circle diameter. This behavior was linked to an

FIGURE 7
(A) Box plot of the apparent Young’s modulus with the
median and the 25/75 percentiles and (B) histogram distribution.
Data shows information about different cells. Each color
represents one type of fibroblast, Dupuytren, scar, and
control were labeled in black, red, and blue, respectively. In
addition, within each group, the color gradient shows the cells
patterned in each circular size, from the lightest to the darkest,
goes from 25 to 45 µm ø circular sizes, respectively. Statistical
analysis: Wilcoxon signed-rank test significant difference: *
indicating p < 0.01 and Cohen’s d test with # indicating an effect
size of 0.2 < d < 0.5 and ## indicating d >0.5. ø = diameter (N = 15).
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increase in actin filament formation and a change in

organization, since they presented better-developed actin

filaments at the maximum circle diameter (45 µm) (Figure 2).

It is visible how actin filaments accumulate in the outer circle that

is the fibronectin-coated area, which seems to stimulate actin

fiber formation. Interestingly, control fibroblasts showed a

branching actin meshwork, randomly distributed alongside the

cell body without any orientation at the smallest circular-shaped

pattern. Nevertheless, actin filaments in both radial and

concentric directions started to appear at the intermediate and

larger patterns (35 and 45 µm in diameter). These filaments

mimic the circumference of the pattern, and radial filaments

connect the cell periphery with the cell body cytoskeleton. Song

et al. reported similar results in mesenchymal stem cells (MSCs),

suggesting that cell spreading is a significant parameter in

cytoskeleton development and therefore in a cell mechanical

state [33,34]. Variations in mechanical properties and

cytoskeleton organization and distribution were followed with

changes in cell height. We observed a decrease in cell height with

increasing pattern diameter. In flat cell culture dishes, control

fibroblasts were seen to be smaller in spreading than pathological

fibroblasts; therefore, the decrease in height with the increase in

the circle diameter may suggest an attempt to cover the entire

area but sacrificing cell thickness. This behavior of control

fibroblasts might simulate a transition toward a myofibroblast

phenotype, similar to the wound closure process. Cell spreading

FIGURE 8
(A) Box blot with the median and the 25/75 percentiles and (B) histogram distribution of the loss tangent at 1 Hz and power law exponent for
each fibroblast, left and right graphs, respectively. Data shows information about different cells. Each color represents one type of fibroblast,
Dupuytren, scar, and control in black, red, and blue, respectively. In addition, within each group, the color gradient shows the cells patterned in each
circular size, from the lightest to the darkest, goes from the 25 to the 45 µm ø circular sizes, respectively (E0, µ, and storage and loss moduli
graphs are given in Supplementary Figures S6–S8) (N = 15).
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increases cytoskeletal contractility that may activate fibroblast to

myofibroblast differentiation due to the changes in force/tension

in the cell interior. Additionally, the crowding of thicker actin

filaments at the edge is a phenomenon that occurs when cells are

maximizing their spreading. Myofibroblasts are differentiated

fibroblasts that help in wound closure. When a wound appears,

fibroblasts from the vicinity move to the affected area and acquire

bundles of microfilaments formed by β- and γ-cytoplasmic actin;

these cells are named proto-myofibroblasts. The latter evolve into

α-smooth muscle actin (SMA)-positive fibroblasts called

differentiated myofibroblasts that are responsible for wound

contraction. The activation of the myofibroblast phenotype is

diverse, but one of the most common mechanisms is through the

activation of latent transforming growth factor (TGF) β-1. The
force exerted by this extra actin fibers can be transmitted to the

ECM via integrins that activates TGFβ-1 leading to an ECM

straining that produces a feedback mechanism, preserving

cell–ECM contraction [35,36]. We suggest that a similar

mechanism may be occurring to control fibroblasts when

decreasing cell constraint. Fibroblasts try to adapt their shape

to the geometric size, developing extra cytoskeletal fibers to reach

the new spreading area, leading to an increasing cell contraction.

Control fibroblasts may feel a similar situation to that in wound

closure. There is a gap that they need to fill and close—increased

circle dimensions—thus they might need to ameliorate their

cytoskeleton, increasing cell contraction. Hence, not only

biochemical changes regulate cell fate, but also physical

changes modulate cell behavior. Similar results were found in

MSC patterned on different circular-shaped patterns. An

increase in the spreading area—circle diameter—favored

osteogenic differentiation due to an increase in cytoskeletal

contractility [37]. Scar and Dupuytren cells did not experience

the same behavior as control fibroblasts when increasing the

pattern diameter. Dupuytren fibroblasts did not change either

their stiffness or height, which may denote that they are less

affected by physical changes in the surrounding environment

than control counterparts. They expressed a bunch of thick actin

fibers regardless of the circular-shaped constraints, showing an

accumulation of actin filaments at the lowest spreading area that

they dispersed, reorganized, and even developed at a higher circle

diameter. Scar fibroblasts presented an intermediate behavior

between the other two cell types. Low accumulation and

organization of actin filaments can be seen in the cell body

when plated in the smallest circular pattern (25 µm in diameter),

which is close in relation to control fibroblast behavior. These

observations bring together values of apparent Young’s modulus

similar to control fibroblasts seeded in 25-µm circles. Scar

fibroblasts are an interesting cell type having intermediate

characteristics between control and pathological fibroblasts

and can be a key point to understand fibroblast-to-

myofibroblast transition and Dupuytren’s disorder. However,

as the pattern diameter increases, scar fibroblast behavior

leans toward more pathological phenotype, displaying

constant mechanical properties at the intermediate and big

circle pattern. A huge bunch of actin filaments fills cell body,

accumulating more fibers in the lamellipodia and increasing

cytoskeleton fiber organization as the spreading area increases.

We have seen that control fibroblasts reduce their height with

increasing pattern diameter; however, scar and Dupuytren

fibroblasts conserve their height regardless of the circle

diameter. From the xz projection images, we estimated a

relative number for cell volume, leading to an increase in cell

volume with increasing circle diameter regardless of the cell type

(Supplementary Figure S13). The volume increase in scar and

Dupuytren fibroblasts could be understood as maintaining the

height with increasing spreading area, and this could lead to an

increase in cell volume. Nevertheless, control fibroblasts also

experienced an increase in volume. We attribute these findings to

a more homogeneous cell covering of the pattern, also reaching

constant height overall pattern (Supplementary Figure S14). An

increase in cell volume with an increase in the spreading area may

be linked to migration and invasion processes. Similar results

were found in single monitored glioma cells, in which changes in

cell volume were connected to invasiveness and migration

properties [38]. Rheological properties of the cells were

extracted from the sweep frequency data, and the power law

structural damping model was used to analyze it. We measured

the complex elastic modulus using AFM over three frequency

decades (1 Hz–1 kHz); however, the data were analyzed until

130 Hz due to piezo limitation of our instrument. The cell culture

medium exhibits a pure viscous behavior; therefore, the

hydrodynamic viscous drag force on the cantilever

overestimates the loss modulus. For that reason, viscous drag

was corrected calculating the b factor at a distance zero (b (0))

from the sample. The estimation of b (0) was performed

following the [24] procedure. The cantilever was oscillated at

low amplitude (50 nm) at different frequencies (1 Hz–1 kHz) and

at different tip-sample distances (0–5 µm). Frequency

dependence of storage and loss moduli showed an increase in

the storage modulus over frequency in all cases (Supplementary

Figure S4); the loss modulus also increased over frequency, even

after viscous drag correction; nonetheless, it increases with a

more marked frequency dependence at higher frequencies. This

loss modulus increase over frequency may be linked with micro-

and macromolecule friction differences with cell’s cytosol. The

exponent and loss tangent are related parameters; therefore,

similar values and distribution are expected. The decrease in

the exponent and loss tangent with increasing pattern diameter

in control fibroblasts is understood in terms of cytoskeleton

development, which provides the cell with more elastic

components (actin filaments), which is known as an increase

in the solid-like behavior. Experiments exposing cells upon

cytoskeleton disruption, like lantrunculin-A and blebbistatin,

showed an increase in the exponent and loss tangent, together

with a decrease in the storage modulus and increase in the loss

modulus, corroborating the cytoskeleton contribution to cell
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elasticity [39]. The exponent values of Dupuytren and scar

fibroblasts (0.15 and 0.2, respectively) are in agreement with

previous studies on human alveolar and bronchial epithelial cells,

as well as 3T3 fibroblasts [25,39]. Similar experiments using

oscillatory modulation schemes have reported the appearance of

two power law exponents instead of one. Those experiments used

a higher frequency range than that in our experimental setup,

ranging from 1 Hz to 100 kHz. Thanks to this frequency

widening, data suggested the existence of two regimes: one at

low frequencies with a weak power law and the second at high

frequencies with stronger power laws. This methodology may

provide extra information about cell’s dynamics and single

filament dynamics; however, we were limited by our piezo

response and cantilever resonance frequency, reaching

frequencies up to 100 Hz. In addition, there are many others

models, instead of the structural damping model, to analyze

viscoelastic behavior of samples. Those models consist of a

combination of springs and dashpots in such a way to

describe real viscoelastic behavior. A viscoelastic liquid can be

represented by Maxwell model, which consists of a spring and

dashpot connected in series. This model predicts that storage and

loss moduli vary with frequency and at higher frequencies the

storage modulus is larger than the loss modulus; therefore, solid-

like behavior predominates, while at lower frequencies the

situation is opposite. This model does not fit our data;

therefore, it is not a suitable model to describe our samples.

The Kelvin–Voigt model, suggested for viscoelastic solids, is a

combination of a spring and dashpot but connected in parallel. In

this case, the storage modulus is frequency-independent and

constant, and the loss modulus increases linearly with frequency.

None of these statements are followed in our samples, in which

both storage and loss moduli are frequency-dependent and the

loss modulus does not increase linearly with frequency. Single

power law fit to storage and loss moduli was used to validate

structural damping model employment (Supplementary Figure

S15). We obtained one different exponent for each modulus

(storage exponent: 0.115 and loss exponent: 0.224); nevertheless,

it is clearly visible that the loss modulus does not follow a single

power law; in any case, multiple power law fits may better

describe loss modulus behavior over frequency. However, we

have seen that the structural damping model fits our data

appropriately and suggests a storage modulus that increases

for all frequencies according to a power law exponent and a

loss modulus that includes a component of the storage modulus

(loss tangent) and scale with the same power law ([23,40]).

Another interesting model used to describe viscoelastic

behavior is the Burgers model, which is basically a Maxwell

and Kelvin–Voigt model connected in series. This model

provides a viscoelastic spectrum for an entangled polymer

system over a wide frequency range, but in some cases, it is

not possible to observe a part of the spectrum depending on the

instrumentation limitations. In our case, again AFM piezo and

cantilever response limit the employment of this model

([26,41,42]).

Previous studies, in which circular-shaped patterns were

utilized, all circle interior was covered with some adherent

protein favoring cell attachment [33]. In our work, we

discussed circular patterns; however, a better description

would be a ring-shaped pattern because only a ring profile

is filled with fibronectin and the center of the circle is coated

with the antifouling PLL-PEG. Thanks to this shape, we have

seen that cells tended to touch only the fibronectin area,

leading to an interesting actin filament distribution and

organization. In particular, in cells patterned in the 35- and

45-µm-diameter circles, concentric and radial actin filaments

are visible mimicking the ring-shaped, otherwise the cell body

seemed to be detached or not interacting with the centric area,

leading to a weak distribution of actin filaments with no

specific orientation and organization. Accordingly, pattern

coating with an optimal selection of an ECM protein

appears to be indispensable for optimizing cell patterning

as well as for driving cell cytoskeleton organization and

thus cell mechanical properties.

5 Conclusion

In this work, fibroblasts from the Dupuytren’s disorder were

confined in circular-shaped patterns of three different sizes (25,

35 and 45 µm diameter). We compared mechanical properties

of control fibroblasts, scar fibroblasts from a wounded area and

pathological fibroblasts, and Dupuytren fibroblasts, using the

AFM. PFQNM cantilevers probed the cells over the nucleus

area, and the apparent Young’s modulus from the approach

curve showed that control fibroblasts stiffen when increasing

the pattern diameter. This behavior may simulate a fibroblast

transition toward the myofibroblast phenotype, owing to an

increase in cortical tension inside the cell body. Rheological

properties, represented as the loss tangent and power law

exponent parameters, corroborated an increase in solid-like

behavior as the pattern dimension increases. Scar and

Dupuytren fibroblasts maintain their stiffness regardless of

the pattern diameter, suggesting that they appear to be less

affected in cell rheological properties by changes in adhesive

contact areas in the environment, adapting their body to the

patterns’ geometry. The fibronectin-coated area supported cell

adhesion to the substrate and cytoskeleton formation; however,

the central area of the circle, which was covered with PLL-PEG,

forbade cell attachment and cytoskeleton development. These

experiments suggest that micropatterning is a valuable

approach to study cell mechanics, as it diminishes cell

morphology variability and limits cells’ free spreading as well

as allows combination with other methodologies, such as AFM

measurements.
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