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Abstract

We report measurements of the linear viscoelastic modulus of collagen gels. Collagen gels are cross-linked networks of bundles formed from

the association of single filaments. Their structure is heterogeneous at microscopic length scales, and measurements of their viscoelasticity at

a larger scale are required. We use a technique that we recently developed based on the measurement of surface thermal fluctuations and

called surface fluctuation specular reflection [Pottier et al., Soft Matter 7, 7843–7850 (2011)] to characterize the linear viscoelastic properties

of collagen gels for frequencies ranging from 1 Hz to 30 kHz. These properties are determined at a mesoscopic scale (�100 lm) at which the

gels are homogeneous. We further study the influence of both collagen origin and concentration in the light of previous findings on these

systems. VC 2016 The Society of Rheology. [http://dx.doi.org/10.1122/1.4965039]

I. INTRODUCTION

Networks of biopolymers exhibit remarkable mechanical

properties, and a large theoretical effort has been devoted to

their understanding in the past decades [1,2]. Those proper-

ties are key parameters of several biological processes, and

they make biopolymer networks constitute a new class of

materials with seemingly universal features. Unlike flexible

polymers and owing to their large persistence length, the

dynamics of single chains of biopolymers is governed by

bending fluctuations. In addition, the chains can form assem-

blies, which consist of hundreds of nanometers thick fibrils

resulting from the aggregation of several chains, which can

themselves bundle into larger structures called fibers. Within

the multiscale complex network that is formed, cross links of

different natures, permanent or not, originate from the inter-

actions between chains or added linkers. As a result, the net-

works in particular exhibit strain stiffening which, in vivo,

prevents damaging at large strains, and has been recently

thoroughly investigated [3,4]. The properties in a linear

regime are also of interest since they differ from the ones

exhibited by networks of flexible polymers. Different theo-

retical pictures have been suggested [1,2] some of which

account for the nonequilibrium nature of networks of bun-

dles with transient linkers.

Among biopolymer networks, cross-linked gels of F-actin,

which is an essential component of cell cytoskeleton, have

been widely studied. In contrast, less attention has been paid

to the networks formed from collagen. Collagen I—a type of

collagen on which we focus herein—is the major component

of mammals’ extracellular matrix (ECM) [5]. Collagen I

molecules spontaneously organize into triple helical structures

which further assemble into banded fibrils [6,7]. The organi-

zation of banded fibrils networks—i.e., fibrils density,
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alignment, and cross linking—is specific to each tissue in the

body [6]. Although collagen I polymerized in vitro does not

recapitulate the diversity of living ECM, it successfully repli-

cates the banded fibrils architecture which is the keystone of

these matrices [8]. In fact, reproducing in vivo features of

matrix ECM is one of the major challenges of tissue engineer-

ing as ECM biochemical composition, stiffness as well as its

fiber structure, orientation and density can modulate cell adhe-

sion, invasion, migration, proliferation, differentiation, or sur-

vival [9]. In this regard, collagen gels are excellent candidates

for tissue engineering and it is crucial to better characterize

their mechanical properties and, specifically, the link with

their microstructure.

However, the determination of the linear viscoelastic prop-

erties of collagen gels in a large frequency range is an experi-

mental challenge owing, in particular, to their substantial

plasticity resulting from weak cross links [10]. Lately, much

effort has been devoted to characterize linear viscoelasticity

of collagen gels by non- or only weakly invasive techniques

such as optical microscopy [11,12] or microrheology

[13–17]. The former techniques are based on the analysis of

images of the microscopic structure of collagen networks,

and comparison to both rheometer measurements and theoret-

ical predictions for semiflexible polymer networks. Empirical

correlations between structure and mechanical properties

have been obtained; however, they only provide estimates of

the elastic modulus and give no clue on the frequency varia-

tions of the complex viscoelastic modulus. Alternatively, sev-

eral groups have conducted microrheological measurements

on collagen gels. Microrheology is based on the motion—

either spontaneous or induced—of colloidal probes [18] and

provides a quantitative and large bandwidth characterization

of linear viscoelasticity with very small strains. However, as

other hydrogels [19], collagen gels are networks that are

highly heterogeneous at the micrometer scale. It was recently

demonstrated that the elastic modulus of collagen gels mea-

sured by microrheology could vary by up to one order of

magnitude in the same sample according to the location of

the micron-sized tracer [16]. One point microrheology is

therefore unsuited for those highly heterogeneous gels. In

consequence, a technique that is large bandwidth, fully nonin-

vasive, and that probes the material at a length scale larger

than its heterogeneities is needed.

In the present work, we characterize the linear viscoelas-

ticity of collagen gels using a noninvasive technique we

recently developed, which is based on the measurement of

the spontaneous thermal fluctuations of the free surface and

called surface fluctuation specular reflection (SFSR) [20].

We analyze experiments conducted at two different length

scales, which allows for the determination of the viscoelas-

ticity of materials of unknown surface tension. We first dem-

onstrate the accuracy of the method with two controlled

polymeric materials whose moduli are in the same range as

collagen gels. We further give evidence for large spatial het-

erogeneities of collagen gels, confirming previous results

[16]. We have performed measurements of the thermal fluc-

tuations of the surface of collagen gels at larger scales at

which the gel is homogeneous. We report variations of the

viscoelastic modulus of collagen gels over four decades in

frequency and discuss them in the light of previous findings.

In addition, we emphasize the significant variability of the

mechanical properties according to the origin of collagen

molecules.

The technique consists of an optical measurement of the

spontaneous thermal fluctuations of the free surface, from

which bulk viscoelastic properties can be obtained [20]. It is

fully noninvasive, and the length scale of the measurement

can be tuned from about 1 to 100 lm. Herein, we show

that the fluctuation spectrum of collagen gels is location

dependent at smaller scales but not at larger scales, and thus

that the linear viscoelastic properties of collagen gels can be

determined for frequencies ranging from below 1 Hz to

30 kHz. We have measured the mechanical properties for dif-

ferent concentrations in collagen and analyzed them in the

light of the predictions for semiflexible polymers. Section II

is devoted to the description of sample preparation, and to

the description of the surface fluctuation measurements. The

results are presented and discussed in Sec. III.

II. MATERIALS AND METHODS

A. Collagen extraction and preparation
of solutions

Collagen samples made from home-extracted collagen and

commercial collagen (nonpepsinized rat tail type I collagen,

Corning) were used. Unless commercial collagen is specified,

we refer to home-extracted collagen in the whole paper.

Extraction protocol was adapted from existing protocol [21].

Tendons were pulled out from rat tails and placed in 70% eth-

anol to sterilize them. Tendons were separated into thinner

strands and transferred to sterile acetic acid 0.2% (v/v) at 4 �C
for 5 days. The collagen extract was first centrifuged at 8800g

at 4 �C for 30 min to discard the nondissolved bundles. The

supernatant was again centrifuged for 90 min at 4 �C at 8800g.

The top clear collagen solution was lyophilized, and dried

collagen was stored at �20 �C. To prepare collagen stock

solutions, dried collagen was weighted and resuspended in

0.2% (v/v) acetic acid at a concentration of 20 mg ml�1. To

ensure its homogeneity, a collagen stock solution was manu-

ally vigorously shaken for 30 s per day during 5 days. After

5 days, the whole collagen was completely dissolved, and

the obtained solution was translucent attesting of its homoge-

neity. Stock solution was then kept at 4 �C. To observe the

fibrillar structure of collagen gels with confocal microscopy,

we labeled collagen in a solution with Tetramethylrhodamine

(TAMRA, Invitrogen), as detailed elsewhere [22,23]. Briefly,

collagen I from stock solution was dialyzed overnight against

labeling buffer (0.25M NaHCO3, 0.4 NaCl, pH 9.5) at 4 �C.

Tetramethyl-rhodamine (TAMRA, Invitrogen) was dissolved

in dimethylsulfoxyde (DMSO) according to supplier’s instruc-

tions. TAMRA in DMSO was then diluted to 10% (v/v) in

labeling buffer and mixed with dialyzed collagen (1:1 in

ratio). TAMRA-collagen solution was incubated overnight

under constant agitation. TAMRA-collagen solution was then

dialyzed overnight against labeling buffer to remove free dye.

A final overnight dialysis in acetic acid 0.2% (v/v) of labeled

collagen solution was performed.
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Investigated final collagen concentrations were 2, 4, 6, and

10 mg ml�1. Soft collagen gels (2–4 mg ml�1), easily remod-

eled by cells, are preferentially used to study cell invasion and

migration while highly concentrated collagen gels appear as a

great model to question phenotypic changes in the context of

fibrosis [24]. The volume of collagen needed was placed in an

eppendorf tube kept on ice using a pipette dedicated to vis-

cous liquids (Transferpettor, 500 ll, BrandTech). The neutral-

izing collagen solution which allows collagen polymerization

was prepared in another tube also kept on ice. Neutralizing

reagents consist of 10X phosphate buffered saline (PBS)

(Gibco), cell culture medium (DMEM glutamax, Gibco), and

1N NaOH. The relative amount of each constituent was calcu-

lated as follows:

VPBS ¼ 0:1Vf inal:

VNaOH ¼ 0:022VCollagen for commercial collagen (nonpepsi-

nized, Corning) and 0.04VCollagen for home-made collagen

and TAMRA labeled collagen

VDMEM ¼ VFinal � VPBS � VCollagen � VNaOH:

The neutralizing solution was mixed on ice and pipetted

on the top of collagen before injection and polymerization in

the polydimethylsiloxane (PDMS) holder. Special care was

taken to avoid bubbles in the gel. The pH of the solution was

controlled to be at 7.4 which is consistent with cell culture.

Fluorescent collagen gels were obtained by mixing 10% w/

w TAMRA labeled collagen to nonlabeled collagen. Images

of fluorescent gels were collected after collagen polymeriza-

tion using an inverted laser scanning confocal microscope

(LSM710NLO Zeiss, x40/1,3 OIL DICII PL APO (UV) VIS-

IR (4020762-9800)). Pictures were taken 60 lm above

coverslips.

B. Fabrication of flat collagen gels

PDMS (Sylgard 184, Dow Corning) was mixed with

10% w/w curing agent and cured at 60 �C for 4 h to obtain a

flat layer. PDMS washers of 1 cm inner diameter and 2 cm

outer diameter and 0.5 cm height were punched out of this

PDMS. Two holes (one injection and one outlet, 3 mm diam-

eter) were punched in the walls of PDMS washers. Washers

were then placed between two glass slides to form an

enclosed chamber. The liquid collagen solution was injected

in the enclosed chamber using a 2 ml syringe with a 1 ml

cut cone placed at its tip. Once the chamber was filled, colla-

gen solution was left to polymerize at room temperature for

30 min. Collagen polymerization in an enclosed chamber

ensured the flatness of the surface of the gel and avoided any

dehydration of the gel while polymerizing.

C. Other cross-linked polymeric materials

In order to validate the linear viscoelastic measurements con-

ducted with the SFSR technique, two cross-linked polymeric

materials were used: a permanently cross-linked PDMS (Sylgard

186, Dow Corning) and gels formed from solutions of associating

polymers (terpyridine-functionalized methacryl-succinimidyl

(MASI) modified supramolecular poly(N-isopropylacrylamide

(pNIPAAm) in Dimethylformamide (DMF)) [25,26]. The poly-

mer concentration was 20 wt. % and addition of Mn(NO3)2 ions

at a stoichiometric ratio of 2.0 allowed for formation of transient

cross links between chains. Both SFSR and rheometry experi-

ments were conducted on those materials.

D. Rheometric experiments

Oscillatory measurements were conducted with both

pNIPAAM gel and cross-linked PDMS. For the pNIPAAM

gel, a TA Instruments advanced rheometric expansion sys-

tem (ARES) equipped with a cone-plate fixture of 25 mm

was used. The sample was equilibrated at 25 �C for approxi-

mately 30 min prior to the frequency sweep measurement.

Measurements with PDMS were conducted on an Anton

Paar MCR 501 rheometer in a simple shear strain, with plate

geometry. The temperature was varied from �30 to þ30 �C
every 3 �C. A frequency sweep between 0.01 and 50 Hz was

performed at each temperature, and the elastic and loss mod-

uli were further deduced in the range of 0.1–104 Hz using

time-temperature superposition.

E. Surface fluctuation measurements

The collagen samples were unmolded and placed into a

cell filled with PBS such that only the upper surface of the

collagen gel was not covered with PBS. After an equilibra-

tion time of about one hour, surface fluctuation measure-

ments were performed. No evolution of the sample was

monitored during the experiments, and a test measurement

carried out 24 h after placing the sample in the cell showed

no significant modification of the sample at all investigated

scales, ensuring dehydration is negligible during an experi-

ment. In addition, the result evidences that the gel does not

age over the timescale of an experiment, unlike other bio-

polymer networks [27].

No specific care was taken with the polymeric materials

used for validation of the new development of SFSR with

two beam sizes (detailed in Sec. III): a parallelepipedic piece

of centimetric dimensions was cut in the cured PDMS sam-

ple, and 1.5 ml of the pNIPAAm solution was placed in a

cell of diameter 2.5 cm.

As schematized in Fig. 1, SFSR uses the reflection of a

low power (1 mW) laser at the free surface of the sample.

Spontaneous thermal fluctuations of the surface result in

fluctuations of the position of the reflected laser beam. The

latter fluctuations are measured with a two quadrant photodi-

ode on which the reflected beam is centered. The light inten-

sity difference between the two quadrants results in a current

difference which is converted into voltage, amplified, antiali-

asing filtered and further digitized. The laser is focused at

the surface with a converging lens or a microscope objective

according to the desired beam radius R at the surface. Three

different optics yielding three different beam sizes were

used: a microscope objective (�20) yielding 2R¼ 7 lm, a

6 cm focal length lens yielding 2R¼ 55 lm, and a 9 cm focal

length lens yielding 2R¼ 83 lm. The radii were determined

from preliminary measurements performed with liquids of

known viscosities and surface tensions (silicon oils).
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The power spectrum density SðxÞ of the time signal is

computed in order to analyze the frequency content of the

measured noise. More experimental details can be found

elsewhere [28]. SðxÞ depends on both the probed material

properties and laser beam characteristics. More precisely,

we have shown that for a viscoelastic material of complex

viscoelastic modulus G�ðxÞ, SðxÞ could be expressed as a

function of the material properties, namely, the modulus

G�ðxÞ, the density q, and the surface tension with air r. In

addition, SðxÞ depends on the laser beam properties, namely,

its divergence and its radius at the surface, the latter setting

the length scale of the measurement, i.e., the characteristic

wavelength of the spatial modes that contribute most to the

signal. The beam wavelength k and radius R are therefore

additional parameters in the expression for SðxÞ[20]

S xð Þ ¼ B
kBT

k2p3x

ð1
0

Im v x; kð Þð Þexp � k2R2

c

� �
k3R2dk; (1)

where Im denotes the imaginary part, kBT is the thermal

energy, and B and c are numerical constants that result from

a numerical approximation [28]. The mechanical suscepti-

bility vðx; kÞ is a function of the material properties such

that [28]

1

v x; kð Þ ¼ r k2 þ G�2 xð Þ k3

x2q

� 4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� x2q

k2G� xð Þ

s
� 2� x2q

k2G� xð Þ

 !2
2
4

3
5: (2)

Provided all other parameters are known, the frequency

dependent elastic and loss moduli of the material can be

inferred from the measured SðxÞ. In practice, a fit to the

experimental values of SðxÞ is performed in order to deter-

mine both the real and imaginary parts G0ðxÞ and G00ðxÞ. A

Kramer-Kronig relation is implicitly used by writing the

complex viscoelastic modulus in the frame of a Kramers-

Kronig compliant model, for instance, a generalized

Maxwell model which is written as

G� xð Þ ¼
XN

k¼1

Hkixsk

1þ ixsk
; (3)

where i2 ¼ �1, and sk and Hk, respectively, denote the relax-

ation time and amplitude of the kth Maxwell mode.

We have found that a viscoelastic modulus can generally

be described using three relaxation times per time decade

[20]. Therefore, in the fitting procedure of the fluctuation

spectra, the relaxation time basis is set and the fitting param-

eters are the amplitudes Hk of the Maxwell modes. Once the

amplitudes Hk are determined, the real and imaginary part of

the right term of Eq. (3) are computed in order to obtain,

respectively, the frequency dependent elastic modulus G0ðxÞ
and loss modulus G00ðxÞ. We emphasize that the obtained

moduli do not depend on the model chosen to describe their

frequency variations in the fitting process: any rheological

model satisfying the Kramers-Kronig relations would yield

the same moduli. The fitting process is an alternative to the

direct use of the Kramers-Kronig relations, which requires

computations of Hilbert transforms that are numerically deli-

cate. We have shown in the past works [20,29] that SFSR

provides a useful tool to characterize the linear viscoelastic-

ity of soft materials provided their surface tension is known.

In the following, we show that, by performing measurements

with two laser beam sizes, it is possible to determine the lin-

ear viscoelasticity of soft materials without conducting inde-

pendent measurements of their surface tension.

III. RESULTS AND DISCUSSION

A. Spatial heterogeneities

Measurements of surface fluctuations at different length

scales were performed on collagen gels. As mentioned earlier,

the laser beam size determines the characteristic wavelength

of the spatial modes that mostly contribute to the signal, and

thus gives the length scale of the measurement. At smallest

beam size (2R¼ 7 lm), we have found that the fluctuation

spectra of a collagen gel of concentration 4 mg ml�1 depend

on the location of the beam at its free surface [Fig. 2(a)]. That

dependence reveals spatial heterogeneities at that scale, result-

ing in heterogeneous properties. Although they appear rather

small in the logarithmic scale of Fig. 2(a), the differences

between the spectra are significant and correspond to the dif-

ferences in elastic or loss modulus larger than 30%, as shown

in Fig. 2(c).

In contrast, spectra measured at the surface of the same

collagen sample with a larger beam size (2R¼ 55 lm) coin-

cide whatever the beam location at the surface: in Fig. 2(b),

the spectra obtained at three different locations superimpose.

At that scale, the gel is homogeneous and its linear viscoelas-

tic properties can be derived from the fluctuation spectra.

We emphasize that the measured mechanical properties cor-

respond to bulk properties of the material. They are actually

FIG. 1. Principle of the SFSR measurement of linear viscoelastic properties.

A laser beam is focused at the free surface of a viscoelastic material, and the

reflected beam is centered on the two quadrants of a photodiode. Thermal

fluctuations of the free surface result in light intensity fluctuations on the

two quadrants, which are converted into a voltage difference recorded as a

function of time. The power spectrum density of that noise is computed for

further analysis in order to obtain the frequency dependent linear viscoelas-

tic modulus of the material. The beam size at the surface, 2R, sets the char-

acteristic length scale of the measurement.
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the average properties of a volume scaling as R3 with vertical

extent scaling as R, since the radius beam determines the

length scale of the measurement.

Confocal microscopy images (Fig. 3) confirm the

highly heterogeneous structure of the gels at the micron

scale. Collagen is known to form branched network

structures with pore size scaling as c�0:5 [12], and the

less concentrated samples are therefore expected to be

more heterogeneous, consistently with our observations.

We have found that gels made from commercial collagen

exhibit heterogeneous structures at a scale larger than gels

prepared from home-made collagen at the same concentration.

For the less concentrated commercial collagen samples (2 and

4 mg ml�1), spatial heterogeneities were measured with a

beam size 2R¼ 55 lm, whereas the home-made collagen gels

are homogeneous at that scale. Consistently, qualitative differ-

ences in the structure of those gels can be observed in confo-

cal microscopy images (Fig. 3). Observations of the spatial

heterogeneities of collagen gels have been reported in the lit-

erature [16].

In particular, microrheological measurements performed

with micron-sized tracers have revealed highly heteroge-

neous gels [16]. More generally, hydrogels are heteroge-

neous materials.

For instance, micron-sized heterogeneities were measured

in polyethylene glycol hydrogels from indentation experi-

ments with colloidal probes [19]. As a result, a careful exam-

ination of sample heterogeneities is needed before any

measurement of the linear viscoelastic properties of collagen

gels. Our data furthermore confirm that the use of colloidal

probes (in either microrheology or indentation) is not suited

for characterizing the mechanical properties of collagen gels,

whereas the more mesoscopic and tunable length scale of

SFSR makes it well adapted for those media. Among other

available techniques, two point-microrheology [30] could

also be used to characterize the linear viscoelasticity of col-

lagen gels, although no reports of such measurements are

found in the literature. The technique uses the cross correla-

tion of the Brownian motions of two colloidal tracers and

thus probes the properties at length scales given by the dis-

tance between tracers and not by their size. However, it

requires the addition of tracers and, therefore, it is not fully

noninvasive as the SFSR technique.

B. Measurement of linear viscoelastic properties

We show in what follows that the linear viscoelastic modu-

lus of collagen gels can be obtained from homogeneous SFSR

measurements, over a large frequency range. For soft visco-

elastic materials, the dynamics of surface fluctuations, in par-

ticular, depends on both surface tension and elasticity, which

are the restoring effects at stake when the free surface is

deformed. For a spatial mode of wavelength R, the critical

value of the viscoelastic modulus is given by r=R that sets the

low-frequency limit between regimes dominated by surface

tension effects (below that value) and elasticity (above that

value) [20]. For collagen gels and a beam size 2R¼ 55 lm,

r=R is of a few kPa, which is precisely the expected order of

magnitude of the elastic modulus. An accurate determination

of the viscoelastic modulus from fluctuation spectra may

therefore require the value of surface tension with air of the

gel. More precisely, the elastic modulus determined from the

fluctuation spectra may strongly depend on the chosen values

of surface tension. In contrast, the loss modulus is expected to

only weakly depend on that value [29]. The surface tensions

of collagen gels are not known a priori. Recently, evidence

has been given that the surface tension of gels of hydrosoluble

polymers may be significantly smaller than the surface tension

FIG. 2. Fluctuation spectra measured at different locations of the same

collagen gel (concentration 4 mg ml�1) with beam size 2R ¼ 7 lm (a) and

2R ¼ 55 lm (b). In (a), the differences in the spectra result from spatial

heterogeneities of the gel at the probed scale, whereas the location inde-

pendent spectra in (b) reveal homogeneous properties at the larger scale.

In (c), the relative differences between spectra at two different locations

are shown for the same probed scales as in, respectively, (a) and (b). They

correspond to the ratio of the difference of spectra at two locations and

the average spectrum, which have been further interpolated for the sake of

clarity.
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of water with air, with values down to about 50 mN m�1 [31].

That effect is likely to result from adsorption of polymers at

the air/gel interface, combined to air exposure of the more

hydrophobic parts of the polymers, as observed, for instance,

in wetting experiments of polymeric substrates [32].

Consequently, surface tension is expected to depend on poly-

mer concentration. The determination of surface tension of

gels with air is not straightforward, and there are only a few

existing techniques [31].

Instead of conducting independent measurements of

surface tension, we have determined both the viscoelastic

modulus and the surface tension of each sample from surface

fluctuation spectra. We have thus performed successive

experiments with two different laser beam radii at the surface

of the same sample. As mentioned earlier, the beam radius

determines the wavelengths of the spatial modes that are

mainly probed. As a result, the spectra obtained with differ-

ent radii on the same sample have different amplitudes and

shapes and contain the necessary information to fully deter-

mine both surface tension and viscoelastic modulus.

In order to validate that new development of SFSR tech-

nique, we have first performed experiments with the polymeric

systems described in the experimental section, namely, a

permanently cross-linked PDMS and a modified associative

pNIPAAM in solution with transient cross links. Those sys-

tems were chosen because their elastic moduli are, respec-

tively, of the order of 10 and 1 kPa, which corresponds to the

modulus range of collagen gels at the concentrations we probe.

Figure 4 displays the spectra, respectively, obtained with beam

size 2R¼ 55 lm and 2R¼ 83 lm with the pNIPAAM solution.

Surface tension r and the complex viscoelastic modulus were

concomitantly determined by performing a single fit to both

experimental spectra. As detailed above, the viscoelastic mod-

ulus is written in the frame of a generalized Maxwell model

following Eq. (3). The fitting parameters are the amplitudes Hk

of the Maxwell modes together with surface tension, on which

values the spectra depend following Eqs. (1) and (2). All other

parameters appearing in Eqs. (1) and (2) are known and kept

constant during the fitting process.

The value found for surface tension of the pNIPAAM solu-

tion is the one of its solvent (37 N m�1 for DMF), which is

expected if the polymers do not absorb at the interface with

air. The viscoelastic moduli of the solution determined by the

same fitting procedure as surface tension are shown in Fig.

4(b); they are in good agreement with the rheometric data

within the common frequency range of rheometry and SFSR.

A similar agreement was found with cross-linked PDMS for

which time-temperature superposition allows for the measure-

ments of rheometric data in a wider frequency range.

We have found that an accurate value for surface tension

is needed to correctly determine the viscoelastic properties

of the pNIPAAM solution, as expected when the magnitudes

of capillary and elastic effects are of the same order. In con-

trast, elastic effects dominate at the surface of the more rigid

cross-linked PDMS, and it is rather the value of the zero fre-

quency elastic modulus that is needed to unambiguously

determine the viscoelastic properties for that material, in

agreement with previous findings [20]. That value is pro-

vided by the fitting process to the data obtained with two

beam sizes. We therefore claim that the new development of

SFSR we present allows for the full determination of the vis-

coelastic properties of soft materials from about 1 Hz to

10 kHz, without prior determination of the surface tension

nor the zero frequency modulus.

SFSR measurements were conducted with the collagen

samples. SFSR measurements were made at scales at which

the gels are homogeneous: beam sizes 2R¼ 55 lm and 2R
¼ 83 lm were used. Homogeneity was first checked on each

sample by comparing the fluctuation spectra obtained at dif-

ferent locations. Spectra at a given location were further

obtained for the two beam sizes. Two-spectra fitting processes

were successfully performed on the experimental data. The

FIG. 3. Fluorescent images of commercial and home-made collagen gels at different concentrations. Same scale in all images.
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found values for surface tension are, respectively, 60, 52, 48,

and 44 mN m�1 for concentrations of 2, 4, 6, and 10 mg/ml. In

agreement with results from the literature obtained on other

hydrogels [26], they are significantly smaller than the surface

tension of water with air and decrease with increasing colla-

gen concentration.

C. Frequency dependent viscoelastic modulus of
collagen gels

The fluctuation spectra measured with two beam radii and

the elastic and loss moduli inferred from their fitting are shown

respectively in Figs. 5 and 6 for a home-made collagen sample

FIG. 4. (a) Fluctuation spectra of the same modified pNIPAAm solution,

with two different laser beam radii: 2R¼ 83 lm (left axis) and 2R¼ 55 lm

(right axis). The beam size sets the wavelength of the spatial modes that

mostly contribute to the signal, leading to different spectra for the same sam-

ple. The dotted lines are the best fitting curves obtained from the simulta-

neous two-spectra fitting procedure described in the text. The large peaks

at high frequency result from parasitic noise of the experimental setup. (b)

Frequency-dependent elastic (full lines) and loss moduli (dotted lines)

obtained from the SFSR measurements with the pNIPAAm solution (green/

lighter lines) and the cross-linked PDMS (blue/darker lines). Rheometry

measurements were also conducted for each sample (circles) at room tem-

perature for the pNIPAAm solution, and at temperatures ranging from

�30 �C to 30 �C for the PDMS. For the latter, time-temperature superposi-

tion was used to cover a wider frequency range for the master curve at the

reference temperature (20 �C).

FIG. 5. Fluctuation spectra of the same sample (collagen concentration

6 mg.mL�1), with two different laser beam radii. The beam size sets the

length scale of the measurement (i.e., the wavelength of the spatial modes

that mainly contribute to the signal), and as a result, the spectra differ

although they correspond to the same sample, which is homogeneous at the

probed scale. The dotted black lines are the best fitting curves obtained from

the simultaneous fitting procedure described in the text. The large peaks at

high frequency result from parasitic noise of the experimental setup.

FIG. 6. Elastic (full line) and loss (dotted line) moduli of a home-made

collagen gel of concentration 4 mg ml�1. The data were obtained from two

beam fitting of fluctuation spectra. The corresponding value of surface ten-

sion is 52 mN m�1. The solid blue line represents a power law with an

exponent 3
4
.
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of concentration c¼ 4 mg ml�1. Over more than four decades

in frequency are covered, from about 1 Hz to 30 kHz. At lower

frequencies, the moduli increase weakly with increasing fre-

quency. At larger frequencies, the slope becomes steeper for

both moduli. Similar variations have been reported in other

biopolymer networks. In particular, measurements made on

the actin networks of the cytoskeleton exhibit striking similari-

ties [33].

The high frequency moduli of single semiflexible filaments

have been shown to increase with frequency to the power 3
4

[34,35]. In the networks we consider, one expects to recover

the single filament dynamics at high frequency, which was

previously reported in different biopolymer networks or solu-

tions [33,36]. At smaller frequencies, the elastic modulus is

predicted to plateau for permanently cross-linked networks of

single filaments. In contrast, a slow increase of the elastic

modulus with increasing frequency is observed in bundle

networks; the increase is generally described by a power law

with an exponent close to 0.1 [33]. Consistently, we report a

weak increase of the modulus of collagen gels at small fre-

quencies, followed by a stronger increase at large frequencies.

At small frequencies, a power law with an exponent close

to 0.2 successfully describes the variations of the elastic

modulus. In networks of bundles such as collagen gels, the

high concentration and transitory nature of cross links mod-

ify the rheological properties and, in particular, the elastic

plateau. Evidence has been given that those networks are in

a nonequilibrium state, meaning that cross links slow down

the relaxations of the filaments such that the equilibrium

state is never reached [37].

A qualitative agreement with the latter behavior was

recently reported from finite element simulations of transient

bundle networks [27]. Semiflexible filaments could link via

chemical reactions with fixed rate constants that were chosen

close to the ones of F-actin protein linkers. The same slow

increase with frequency of the elastic modulus was observed

in the intermediate frequency range. It was attributed to the

destructive effect of strain on bonds between filaments, even

though the probed regime was linear, because the overall net-

work remained intact. In contrast, the expected x3=4 power

law at high frequency was not recovered in the simulations.

Instead, different exponents were found at those frequencies

for the elastic and loss modulus (of values close to, respec-

tively, 0.5 and 1). The high frequency behavior was attributed

to a length scale-dependent bending modulus for bundle, in

contrast to the constant bending modulus of single filaments.

Statements on the frequency behavior are however diffi-

cult to make from our experimental data. Although they

span more than four decades in frequency, both very low

and high frequency data would be needed to ascertain the

existence of a true elastic plateau and the exponent charac-

terizing the increase at high frequency. At low frequency,

parasitic noise mainly resulting from vibrations hinders sur-

face thermal fluctuations and renders measurements diffi-

cult. Measurements at frequencies larger than 30 kHz are

also challenging. In that range, SFSR is limited by the noise

of the experimental setup mainly originating from the cur-

rent to voltage converter of the photodiode. Experiments

conducted with smaller beam size would increase the signal

to noise ratio at large frequencies but are not suited for the

heterogeneous collagen gels. We can nevertheless infer

from the obtained variations that cross links modify the

dynamics down to very small scales, since their effect is

observed at frequencies as large as a few kHz.

In summary, we report, for the first time to our knowl-

edge, a determination of the frequency variations of collagen

gels over a very large frequency range. The viscoelastic

modulus was found to behave similarly as in other networks

formed by bundles of biopolymers. In particular, we have

observed a slow increase at small frequencies of the moduli

of collagen gels. In Sec. III D, we study how the viscoelastic

modulus varies with collagen origin and concentration.

D. Dependence of the viscoelastic properties
on the origin of collagen and concentration

In Fig. 7, we report the variation with concentration of the

elastic modulus of home-extracted collagen gels for frequen-

cies of 10 and 100 Hz. The values show a quantitative agree-

ment with recent values obtained by rheometry for smaller

concentrations [4]. A power law increase with frequency of

the elastic modulus was found for concentrations ranging from

0.5 to 3.5 mg ml�1, with an exponent close to 2. Consistently,

the SFSR data is well described by a power law with an expo-

nent of very similar value. Our data confirm the previous

results and furthermore provide new information on highly

concentrated collagen gels, which have been poorly studied up

to date.

A power law with an exponent of 11/5 is predicted for the

concentration dependence of the plateau modulus of perma-

nently cross-linked networks of semiflexible filaments; the

same power law was found in numerical simulations of bun-

dle networks with transient cross linking from [27]. In

FIG. 7. Elastic modulus of collagen gels as a function of collagen concentra-

tion measured at two frequencies. All data correspond to home-made collagen

except the triangles that correspond to commercial collagen. All samples were

found to be homogeneous with the two beam sizes used (2R¼ 55 lm and

2R¼ 83 lm). The full lines represent power laws with exponent 2. The error

bars indicate the variability on the modulus for different collagen samples pre-

pared at the same concentration.
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contrast, for athermal networks such as the ones formed by

collagen fibers, an exponent of 2 has been predicted [2]. Our

data are consistent with the last results although experimen-

tal data do not allow discrimination between models.

Finally, we have found the mechanical properties of gels

formed from either home-extracted or commercial collagen

molecules significantly differ. As mentioned earlier, the gels

prepared with commercial collagen form structures that are het-

erogeneous at a larger scale than the gels prepared from home-

made collagen. However, at a concentration of 6 mg ml�1, the

samples were found to be homogeneous and the viscoelastic

properties of commercial collagen gels could be measured. The

moduli of those samples are smaller by a factor ranging from

1.5 to 2 than the ones of home-extracted samples, as shown in

Fig. 7. That result evidences the difficulty to quantitatively

compare collagen gels of different origins. In addition, it could

provide an explanation for the very different values found in the

literature for the elastic modulus of collagen gels. In the case of

the two collagens we consider herein, the differences could

result from small differences in their chemical nature [38].

IV. CONCLUSION

In conclusion, we have successfully used the thermal fluctu-

ations of the free surface of collagen gels to characterize their

linear viscoelasticity. The versatile length scale of the measure-

ment allows for characterization at a scale at which the gels

are homogeneous, which we have shown to be mesoscopic.

The fluctuation spectra depend on both the gel surface tension

with air and viscoelastic modulus; using well controlled cross-

linked materials, we have shown that these parameters can be

unambiguously determined by analyzing measurements con-

ducted at two different length scales. In particular, the obtained

viscoelastic modulus is in excellent agreement with rheometric

data. We have thus measured the frequency dependent elastic

and loss moduli of gels whose collagen concentration ranges

from 2 to 10 mg ml�1, and spanning over four decades in fre-

quency. The found variations are qualitatively similar to the

ones for other biopolymer networks with transient cross link-

ing. A slow increase of the moduli is observed, with a slope

increase at larger frequencies. The scaling with concentration

of the elastic modulus at smaller frequencies is in good agree-

ment with the predictions for cross-linked networks of bundles,

according to the previous reports in the literature. We also

demonstrate that samples made from commercial and home-

extracted collagen can present significant differences in sample

homogeneity and viscoelastic properties. We emphasize that

the SFSR technique provides a new fully noninvasive method

to characterize the linear viscoelasticity of highly heteroge-

neous soft materials.
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