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Control of collagen gel mechanical properties
through manipulation of gelation conditions near
the sol—gel transition
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The ability to control the mechanical properties of cell culture environments is known to influence cell
morphology, motility, invasion and differentiation. The present work shows that it is possible to control the
mechanical properties of collagen gels by manipulating gelation conditions near the sol gel transition.
This manipulation is accomplished by performing gelation in two stages at different temperatures. The
mechanical properties of the gel are found to be strongly dependent on the duration and temperature
of the first stage. In the second stage the system is quickly depleted of free collagen which self
assembles into a highly branched network characteristic of gelation at the higher temperature (37 °C).
An important aspect of the present work is the use of advanced rheometric techniques to assess the
transition point between viscoelastic liquid and viscoelastic solid behaviour which occurs upon establishment
of a sample spanning network at the gel point. The gel time at the stage | temperature is found to indicate
the minimum time that the gelling collagen sample must spend under stage | conditions before the two
stage gelation procedure generates an enhancement of mechanical properties. Further, the Fractional
Maxwell Model is found to provide an excellent description of the time-dependent mechanical

rsc.li/soft-matter-journal

1 Introduction

Type I collagen is the most abundant of the collagen proteins
and is the primary structural biopolymer of bone and cartilage."
The material also has inherent biocompatibility which makes it
an attractive tissue engineering substrate. Upon neutralisation of
acid solubilised collagen a gelation process ensues involving the
formation of a branched fiber network, the morphology of which is
known to be dependent on (amongst other parameters) the gelation
temperature. Sub-physiological temperature (20 °C) gelation gen-
erates networks displaying a high degree of fiber bundling and
large pore spaces,” conversely, gelation at physiological temperature
generates networks with small pore sizes and minimal fiber
bundling (Fig. 1 shows SEM micrographs of network microstruc-
tures formed at 37 °C and 20 °C, respectively). Gel network
morphology and elasticity have been shown to influence cell
morphology, motility, invasion and differentiation®® and hence
the ability to control the microstructural and mechanical proper-
ties of collagen gel networks is of significant scientific value.
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properties of the mature collagen gels.

The mechanical properties are among the most sensitive
measures of developing gel network microstructures’” and hence
studies of microstructural changes associated with gelation are
often performed using rheological experiments. The development
of the gel network is a key event in gel formation and recent
studies of fibrin gelation (which also results in the formation of a
branched fiber network similar to that displayed by collagen gels)
have shown that the mechanical/morphological properties of an
incipient gel network (i.e. the first sample spanning network that
appears) are a predictor of mature gel structure.®

The rheometrical study of gelation phenomena, which
requires the frequency dependence of the rheological properties
of the material under investigation to be measured as a function
of time, can be achieved using a technique known as small
amplitude oscillatory shear (SAOS).° This technique involves
the application of a small amplitude sinusoidal deformation
(of angular frequency w) to a material. The response of the
material (i.e. a sinusoidal stress) is recorded and analysed to
determine the complex modulus, G*(w)(=G’ +iG"), where the real
and imaginary parts, G’ and G”, are termed the storage and loss
moduli, respectively.”'® The former indicates the magnitude of
energy storage during each complete cycle whilst the latter
indicates the magnitude of energy dissipation (i.e. viscous losses)
during each cycle. A fourth parameter, the loss tangent, tand,
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Fig. 1 Collagen gel SEM micrographs for gels set at 37 °C and 20 °C, scale
bars are 5 um.

defined as tand = G"/G’, denotes the ratio of elastic energy
storage and viscous energy dissipation occurring within each
cycle with ¢ = 90° (i.e. tand = o0) and J = 0° (ie. tand = 0)
indicating purely viscous and purely elastic behaviour, respec-
tively. For viscoelastic materials, i.e. materials that display a
combination of viscous and elastic behaviour; the phase angle
can take any value between these limits. However, classification
of a material as a viscoelastic liquid, VEL, or viscoelastic solid,
VES, (or a critical gel, CG, a distinct viscoelastic state inter-
mediate between VEL and VES states'' and which is associated
with the establishment of the incipient gel network) requires
that G* and/or tan é be determined over a range of frequency.

Fig. 2 illustrates the linear viscoelastic response of a material
undergoing gelation. Initially, the material behaves as a VEL with
tan 6 decreasing with increasing frequency, upon establishment
of a sample spanning network at the gel point, GP, where
the value of tand is momentarily independent of frequency
(characteristic of the CG state). Post-GP the material displays
VES behaviour with tan ¢ increasing with increasing frequency.
The concept of the GP is often exploited in industrial applica-
tions and has recently been used in healthcare technologies.'?
Previous attempts at characterising the GP of collagen gels
have resulted in contradictory results, however, the rheometric
methodologies employed in such studies relied on either data
at a single frequency'® (which provides insufficient data to
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Fig. 2 Profile of rheometric parameters during gelation. Before the Gel

Point, the material displays VEL behaviour whilst after the GP the material
displays VES behaviour.

accurately determine the GP) or the combination of data obtained
from duplicate samples probed at different frequencies."*

In the present work, advanced rheometric techniques which
adhere to the rheometrical constraints of the gelation process
(see Section 2) are employed to probe the evolving rheological
properties of gelling collagen samples. The techniques allow
this characterisation to be performed at multiple frequencies
simultaneously and permit accurate identification of the GP for
individual samples. It is hypothesised that informed manipulation
of the gelation conditions around the GP may afford enhanced
control over the mechanical and structural properties of the
collagen gel network thus providing an enhanced degree of
control over tissue engineering scaffold design.

2 Materials & methods

2.1 Collagen gel preparation

Acid solubilised Type I Rat Tail collagen (RTC) (First Link Ltd,
UK) was aliquoted under sterile conditions and stored at 4 °C
until required. A neutralisation solution was prepared using
appropriate volumes of 10x Dulbecco’s Modified Eagle’s Medium
(DMEM) (Gibco), 0.25 M NaOH (Fluka), sterile water, Feotal Bovine
Serum (Gibco) and 1x DMEM (Gibco) such that upon mixing the
required volumes of RTC and the neutralisation solution a pH 7.4
sample containing collagen (at the desired concentration) in «MEM
was obtained. All reagents were kept on ice during sample prepara-
tion and the rheometers temperature control system was set to 5 °C
before the appropriate amount of sample was loaded to the
rheometer plate; polymerisation was initiated by bringing the sample
to the desired temperature using the rheometers temperature con-
trol system. A minimal amount of 10 mPa s silicone oil (Brookfield)
was added to the free surface of the sample to prevent evaporation.

2.2 Frequency sweep based gel point measurement

A frequency sweep, FS, approach to GP determination was
employed. This technique requires that a repeating sequence
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of discrete frequency waveforms be applied to the material as it
undergoes gelation.'®> A TA Instruments AR-G2 rheometer fitted
with a 60 mm diameter aluminium parallel plate geometry
(with a gap of 380 um) was used to measure the GP of collagen gels
at 1.5 mg ml ™. The gelation process was studied at temperatures
between 16 °C and 24 °C with sample mutation artefacts (asso-
ciated with the rapidity of gelation'®) precluding GP acquisition at
temperatures exceeding 24 °C. A repeating sequence of sinusoidal
waveforms (with f = [0.4 Hz, 0.8 Hz, 1.6 Hz, 2.0 Hz| at a torque
amplitude of 6.5 pN m) was applied to the material throughout
gelation. The third harmonic content of the response waveforms
was monitored as a measure of linearity’® and was found to
remain less than 0.001 throughout. The absence of a third
harmonic contribution in the response waveforms also confirmed
that the measurements were free of slip artefacts."”

2.3 FTMS based gel point measurement

Whilst the FS approach does not require data obtained on
duplicate samples to be merged in order to determine the GP, it
does require that the sample microstructure be developing
sufficiently slowly for the material to be assumed quasi-stable
around the GP."> A more advanced rheometric technique, Fourier
Transform Mechanical Spectroscopy, FTMS, has also been used to
determine the gel time for collagen gels undergoing gelation where
the rate of gelation precludes the use of FS rheometry (ie. at
temperatures T > 24 °C). The FTMS technique utilises a multi-
frequency waveform, generated by summation of a sinusoidal
waveform at a base frequency and several of its harmonic
waveforms,'® to simultaneously probe the frequency dependent
linear viscoelastic properties of the sample at multiple frequencies.
A Fourier transform routine is then used to extract data at each of
the component frequencies thus allowing the viscoelastic state of a
sample to be determined at any given time.

A TA Instruments ARES-G2 rheometer fitted with a 50 mm
titanium parallel plate geometry was used to measure the GP of
collagen gels at 3 mg ml™'; instrument resolution limits pre-
vented the measurements being performed at lower concentra-
tions. The gelation process was studied at temperatures between
16 °C and 28 °C with sample mutation artefacts precluding GP
acquisition at temperatures exceeding 28 °C. A Fourier Trans-
form Mechanical Spectroscopy time sweep was performed using
a fundamental frequency of 0.5 Hz and harmonic components at
1 Hz, 1.5 Hz, 2.5 Hz and 5 Hz. It is not appropriate to use the 3rd
harmonics content of the FTMS waveform as a measure of
linearity (as for FS measurementsls), however, preliminary tests,
in which the 3rd harmonic contribution of a single frequency
(1 Hz) time sweep was monitored confirmed that the tests could
be maintained within the linear viscoelastic range during gela-
tion by decreasing the strain amplitude when a maximum torque
of 5 uN m was exceeded, as such the strain amplitude at the GP
was typically 8%, absence of the third harmonic component in
these results also confirmed the absence of slip artefacts."”

2.4 Mature gel rheological characterisation

Following identification of the GP using the FS approach,
gelation was allowed to proceed until the appearance of a

576 | Soft Matter, 2018, 14, 574-580

View Article Online

Paper

plateau in G’ (which was monitored at 1 Hz during maturation).
The temperature was then raised to 37 °C for 2 hours before a
creep experiment was undertaken. The creep experiment mon-
itored the evolution of the samples compliance (J = y(¢)/g,) for
3600 s following imposition of a step shear stress (o = 0.05 Pa). In
order to study the effect of a step change in gelation conditions
on the mechanical properties of collagen gels, in a second set
of experiments, samples were held at 20 °C (T;) for an interval
A4(0s < 4 < 1200 s) before the temperature was rapidly ramped
to 37 °C (Ty). The gel was then allowed to mature at 37 °C for
2 hours before the creep test was performed at 37 °C.

2.5 Scanning electron miscroscopy

Collagen gels were formed under the required temperature
profile in a rheometer geometry covered in polyethylene film
(to facilitate removal of the intact gel). Rheological measure-
ments were not performed during these runs (i.e. no stress or
deformation was applied to the material). After being carefully
removed from the plate, the collagen gel was washed 3 times with
50 mM sodium cacodylate-HCI buffer solution (pH 7.2-7.4, SPI
supplies) at 10 to 20 minute intervals. The collagen gel was then
fixed overnight using 2% glutaraldehyde before being dehydrated
using a series of ethanol concentrations (30% to 100%). The sample
was then rinsed once in 50% hexamethyldisilazone solution (HDMS)
in ethanol (10 minutes) and three times in 100% HDMS for
15 minutes in a fume hood before being left to dry overnight.
The sample was then sputter coated with approximately 15 nm
of gold before being imaged by SEM (Hitachi 4800).

3 Results & discussion

Fig. 3 and 4 show the evolution of tan é(w) for a typical collagen
sample undergoing gelation (at 20 °C) and the relationship
between gel time, t,, and gelation temperature, T, respectively
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Fig. 3 A typical gel point for a collagen gel forming at 20 °C, the gel point
(GP) is observed at approximately 280 s. The data was acquired using a FS
based gel point acquisition procedure (see Section 2.2).

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Gelation time as a function of temperature at ¢ = 1.5 mg ml™* as

measured using the FS rheometric approach, error bars represent standard
deviation (with N = 3).

(at a collagen concentration of 1.5 mg ml '). Increasing
temperature can be seen to progressively reduce gelation time
and at temperatures greater than 24 °C the acquisition of GP
data using the FS procedure was not possible; this limit marking
the onset of sample mutation effects'>'® associated with rapid
gelation at these temperatures. The use of the FTMS technique
allowed data acquisition to be extended as high as 28 °C (with
ty =53 + 6 s)at 3 mg ml~ " (the increase in concentration being
required to generate a resolvable torque signal for analysis).
A recent study of collagen gelation using an alternative multi-
frequency rheometric technique (Optimal Fourier Rheometery,
OFR) reported the same limiting temperature.”® Interestingly,
little difference was observed between ¢, at 1.5 mg ml~ " (acquired
using the FS technique) and 3 mg ml~* (acquired using the FTMS
technique) for samples gelled at 20 °C and 24 °C, however, at
lower temperatures the higher concentration gel formed more
rapidly. These results are summarised in Table 1 and suggest a
transition between two gelation mechanisms.

Following measurement of the GP, samples were allowed
to mature between the rheometer plates (until a plateau value
of G’ at 1 Hz was observed, denoted G, herein). Fig. 5A shows
Gp' of gels formed using single temperature gelation conditions
(note that all measurements of G,,’ were performed at 37 °C
regardless of gelation condition in order to negate the tempera-
ture dependence of the moduli). Fig. 5B shows the temperature

Table 1 Comparison of data acquired at collagen concentrations of
1.5 mg mi~*and 3 mg ml~*

. Gel time/s
Gelation
temperature c=1.5mg ml " (FS) c=3 mg ml " (FTMS)
28 °C NA 53+£6
24 °C 120 + 16 120 + 13
20 °C 223 + 46 219 + 17
16 °C 1306 £+ 95 675 + 129

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 (A) Mature gel G’ (measured at f = 1 Hz) as a function temperature
and (B) time required for the gel to reach maturity t,, (ie. G’ = G’
measured at f = 1 Hz), in both plots the error bars represent the standard
deviation (with N = 3).

dependence of the maturation time, ¢,,, under single tempera-
ture gelation conditions. Whilst measurement of ¢, was not
possible where gelation occurred at T > 28 °C, it was possible
to measure both G, and ¢, under such conditions; G,,’ being
achieved in less than 60 s.

Having characterised the temperature dependence of ¢,
Gn', and t,, it was hypothesised that an alternative procedure
for generating collagen scaffolds with a bespoke G,," involved
the use of multiple temperature gelation conditions. In such an
experiment, the gel time at the initial temperature, ¢, 1, iLe.
the time required to establish a sample spanning network,
would provide essential information concerning optimisation
of gelation conditions. Fig. 6A shows representative G'(¢)
profiles during gelation for 4 = 0 s, 300 s and 1200 s whilst
Fig. 6B shows G,,’ achieved by performing gelation at 20 °C
for A seconds (the hold time) before the temperature was

Soft Matter, 2018, 14, 574-580 | 577
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Fig. 6 (A) Representative profiles of G’(t) measured at 1 Hz for forming
collagen gels. The dot-dash and dashed lines mark the transition time
between 20 °C and 37 °C (4) for the 4 = 300 s and 4 = 1200 s experiments
respectively. (B) G’ (measured at 1 Hz) as a function of 4 for collagen gels
formed using a two temperature gelation condition, error bars in (B)
denotes standard deviation (with N = 3).

increased to 37 °C. A gradual increase in G,,,’ with increasing 4
is clearly evident in Fig. 6 with the first enhancement of G,/
occurring where 4 ~ t, (marked with a dashed line). Fig. 7
shows an SEM micrograph of a mature gel formed at 20 °C for
4 =300 s followed by maturation at 37 °C. The presence of two
distinct microstructures is clearly evident with characteristics
of networks formed at both sub-physiological temperature
(course network with fiber bundling, see Fig. 1) and physiol-
ogical temperature (fine network with minimal bundling, see
Fig. 1). Raising the gelation temperature to 37 °C appears to
lead to rapid gelation of free collagen at the time of transition
from T; to T,. This rapid gelation results in a ’fine’ network
around the partially formed ‘coarse’ network characteristic of
gelation at T;. The presence of the partially formed course
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Fig. 7 SEM of a collagen gel network formed under a two stage tem-
perature profile, the gelation temperature was held at 20 °C for 200 s
before being raised to 37 °C. Scale bars is 5 um.

network provides enhancement of the mechanical properties
over those characteristic of single condition gelation at T5.

Having shown that the microstructure of a collagen gel
network can be controlled by manipulating the gelation condi-
tions near the gel point, the research focused on characterising
the time dependent rheological properties of the mature
collagen network formed under such conditions. Long time scale
relaxation/retardation processes are often best characterised using
creep measurements. Fig. 9 shows the creep response of gels
formed under single temperature conditions at (A) 37 °C and
(D) 20 °C and two step gelation conditions, 20 °C for (B) 200 s and
(C) 300 s, 37 °C thereafter. It is evident from Fig. 9 that the time-
dependent rheological properties of the gel formed under two step
conditions are intermediate between those of gels formed under
single temperature gelation at Ty and 7,, respectively.

The Fractional Maxwell Model (FMM) has been previously
reported to accurately describe the time dependent viscoelastic
behaviour of other gel systems.?® Whilst the use of fractional
calculus to describe the rheological properties of biomaterials is
currently a rapidly developing field, its use was first suggested by
Scott-Blair in 1942."** Indeed, the use of ‘power equations’ in
the absence of a general equation for describing collagenous
tissues was reported in 1964.>*** The FMM makes use of a
hypothetical mechanical element with properties intermediate
between those of the classical dashpot and spring that is termed
a spring-pot. The constitutive equation for such an element can
be written as

d*y
o) = V5! (1)

The FMM connects two spring-pot elements in series (Fig. 8).
Stress is assumed constant throughout the assembly whilst
strains are additive thus leading to the following equation which
describes creep in FMM materials:*°

1 o~ 1 .
VIl -2  GIr(i-p) @)

J =

where I" denotes the gamma function, o and f are fractional expo-
nents (@ > f) and V and G quasi-properties of the spring-pots

This journal is © The Royal Society of Chemistry 2018
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Fig. 8 Fractional Maxwell Model consisting of two spring pots intermedi-
ate between the Hookean spring and the Newtonian dashpot.

with units of Pa s* and Pa s’ respectively. A precise physical
meaning cannot be assigned to the parameters V and G without
recourse to the values of the exponents « and f; where o = 1 and
f = 0 the FMM reduces to the Newtonian fluid whilst if o = f =1
the model represents a standard Hookean solid. In the more
general case where 0 < § < a < f§ the parameters V and G can
only be termed quasi-properties with stress relaxation properties
intermediate between those of the Newtonian Liquid and the
Hookean solid.

Interestingly the data presented herein can be fitted excep-
tionally well using eqn (2) (Fig. 9), however, since the para-
meters V and G have units dependent on o and f, respectively,
it is difficult to draw meaningful conclusions based on a
comparison of their values. It was noted that the values of o
and f lay within narrow ranges of 0.29 £ 0.04 and 0.05 £ 0.03,
respectively. Hence, in order to permit a comparison of the time
dependent rheological properties of the materials, the values of
o and f were fixed at o = 0.3 and f§ = 0.05. It is important to note
that the choice of these values of o and ff was arbitrary and did

o—|D

0 5000 10000

t/s
10°

10 10° 10*

t/s
Fig. 9 Typical creep results for gels formed using single temperature
processes at (A) 37 °C and (D) 20 °C and using two stage gelation
processes with (B) 200 s and (C) 300 s at 20 °C before the temperature
was increased to 37 °C. Inset shows the same data using linear scaling. The

data is well descried using the Fractional Maxwell Model (solid lines).

10°
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Fig. 10 Comparison of V and G for gels formed under different condi-
tions, error bars denote the standard deviation (with N = 3).

not impact on the quality of the resulting curve fitting. Values
of V and G for the constrained model are shown in Fig. 10. It
is again evident that the properties of gels formed under two
step gelation conditions are intermediate between those of gels
formed under single temperature gelation at T; and 75, respec-
tively. Time dependent rheological responses which display no
dominant features are displayed by all the gels studied herein
(as expected for gel-like systems). Interestingly, this does not
appear to be compromised by the presence of multiple micro-
structurally distinct elements within a single gel. The observa-
tion that the time dependent rheological properties of the
collagen matrix adhere to the Fractional Maxwell Model with
o = 0.3 and f = 0.05 is both novel and important in modelling
and simulation of the extracellular matrix, which have pre-
viously employed traditional mechanical models involving
springs and dashpots.>®>® These findings suggest that a more
appropriate mechanical model may include the spring-pot and
draw on fractional calculus based descriptions of extracellular
matrix viscoelasticity.

4 Conclusions

The results of this study confirm that informed manipulation
of the gelation conditions around the sol-gel transition affords
a unique degree of control over the rheological properties of the
collagen gel network. This finding is highly relevant to the field
of tissue engineering in which collagen scaffolds are often used
as matrices with the aim of optimising and guiding cell growth;
these processes being governed by the cell-extracellular matrix
interaction.>® Further, for the first time, the Fractional
Maxwell Model has been shown to provide an excellent descrip-
tion of the time-dependent linear viscoelastic characteristics of
mature collagen gel networks. The significance of this is that,
current attempts at modelling cell-matrix interactions have
been limited to the use of standard mechanical models of
viscoelastic materials (i.e. employing an assembly of springs

Soft Matter, 2018, 14, 574-580 | 579
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and dashpots).”>® The work presented herein suggests that a
more appropriate approach will involve the use of spring-pots
which accurately capture the relaxation/retardation properties
of the collagen gel network using minimal parameters.
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