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Abstract

To use collagen from freshwater fish skin as an alternative source of mammalian collagens for biomedical
applications, we tested the rheological and structural properties of collagen from the skin of largefin long-
barbel catfish (Mystus macropterus) by dynamic viscoelastic measurements. Fish skin collagen solution
(FSCS) exhibited a shear-thinning flow behavior. The complex viscosity (η*), loss tangent (tan δ) and relax-
ation time of 1.5% FSCS decreased with the increase of temperature. Also, tan δ decreased while the relax-
ation time increased with the increase of FSCS concentration. FSCS had considerably lower storage
modulus (G'), loss modulus (G"), η* values and relaxation time and a higher tan δ value than those of bovine
skin collagen solution (BSCS). However, FSCS behaved without regularity above 27.5oC, which was in
agreement with the result that the dynamic denaturation temperature of this collagen was approximately
29.5oC. These results indicated that temperature and concentration could be tools suitable for adjusting
FSCS viscosity. The Arrhenius-type time-temperature superposition (TTS) was applied. In addition, the
activation energy of 149.6 KJ mol-1 for 1.5% FSCS was calculated according to the Arrhenius equation,
indicating a weaker entanglement effect amongst fish skin collagen molecules than that amongst bovine
skin collagen molecules, which was in agreement with the results from AFM measurement.
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1. Introduction

Collagen is a fibrous protein and the most abundant pro-

tein in animals, constituting approximately 30% of total

protein (Haug et al., 2004). Although the relative amounts

of these components vary substantially across tissue types,

type I collagen is the chief structural component of most

mammalian connective tissue such as tendons, bones and

skins (Yang and Kaufman, 2009). It is widely used in fields

including foods, medicines, cosmetics, and cell cultures

(Yoshimura et al., 2000). In most situations, collagen pro-

cessing involves liquid aqueous preparations. For instance

collagen solution was used for medial injection for the

repair of dermatological defects (Ford et al., 1992) or used

to be drug carriers for local application (Toung et al.,

1999). On the other hand, solutions may also be transferred

into solid implants such as sheets, tubes, fibers, powders,

eeces, sponges and membranes (Friess, 1998). 

Considering that the physical properties of these medical

products are closely related to the rheological properties of

collagen, it is necessary to carry out rheological measure-

ment to provide some information for processing tech-

nique. Amis et al. (1985) investigated the effect of pH on

collagen flexibility by dilute solution viscoelastic mea-

surements. Friess and Schlapp (2001) showed the influence

of pH, temperature, collagen concentration and chemical

cross-linking on the rheological behavior of insoluble col-

lagen fiber dispersions with different isoelectrical point.

Forgacs et al. (2003) studied the assembly of collagen

matrices as a sol-gel phase transition by means of rhe-

ometry. Yang and Kaufman (2009) studied the self-assem-

bly of bovine collagen initiated by raising the temperature

by rheological measurements. Yoshimura et al. investi-

gated the viscoelastic properties of alkali-solubilized col-

lagen (2000) and pepsin-solubilized collagen (1999)

exacted from shark skin. Lai et al. (2008) investigated the

effect of concentration and temperature on the rheological

behavior of bovine skin collagen solutions, besides, the

rheological behavior of collagen dispersion/poly (vinyl

alcohol) blends was studied (Lai et al., 2007).

At present, the main sources of type I collagen in many

fields are limited to those of bovine or porcine dermis.

Nevertheless, bovine spongiform encephalopathy (BSE) or*Corresponding author: liguoyings@163.com
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transmissible spongiform encephalopathy (TSE) is a hor-

rifying threat to collagen medical products based on bovine

material. Compared to mammalian collagens, fish col-

lagens have relatively low risk of possessing pathogens. 

In our previous work, collagen from largefin longbarbel

catfish (a temperate freshwater fish) was exacted and par-

tially characterized. Some physicochemistry characteristics

such as the composition of amino acid were found to be

different between this fish collagen and mammalian col-

lagen (Zhang et al., 2009). It is well known that amino acid

composition could influence the structure of collagen mol-

ecules, while the physical properties such as rheological

properties of collagen are significantly influenced by their

structures and conformations in solution (Ramachandran,

1988). Therefore, the rheological behaviors between this

freshwater fish collagen and mammalian collagen might be

quite different. However, there is no information about the

different rheological behaviors between a temperate fresh-

water fish collagen and mammalian collagen. In this paper

we focused on the effects of temperature and concentration

on the rheological behaviors of collagen solution from

largefin longbarbel catfish skin.

2. Experimental

2.1. Materials
As described in our previous paper (Zhang et al., 2009),

type I collagen was derived from the purified skin of large-

fin longbarbel catfish (Mystus macropterus) with pepsin

(EC 3.4.23.1, 1:10,000, Sigma Chemical Co.). The solution

obtained was dialyzed against 0.1 M acetic acid, after this

step it was lyophilized in a freeze dryer (Labconco Fre-

eZone 2.5L, USA). Bovine skin collagen solution was pre-

pared through a process described by Zhang et al. (2006).

The solution obtained was also dialyzed against 0.1 M ace-

tic acid and lyophilized in a freeze dryer. Both of the

freeze-dried fish skin collagen and bovine skin collagen

were stored under the same conditions at 4oC within one

month before test.

Sodium dodecyl sulphate-polyacrylamide gel electro-

phoresis (SDS-PAGE) was conducted according to the

method of Laemmli (1970), using 7.5% resolving gel and

4% stacking gel. Both collagens (fish skin collagen and

bovine skin collagen) displayed two α bands (α1 and α2)

and one β band in the electrophoretic patterns, indicating

the similar molecular weight (approximately 300 kDa).

The enzymes remove only the non-helical ends (telopep-

tides) of the collagen. The cutting of the telopeptides

region would remove most of the intermolecular cross-

links of the collagen (Hickman et al., 2000). 

2.2. Samples preparation
For the dynamic viscoelastic measurements, fish skin

collagen solutions (FSCSs) with concentrations of 1.0,

1.25, 1.5 and 2.0% (w/w) were prepared by dissolving the

freeze-dried fish collagen in 0.5 M acetic acid. All solu-

tions were centrifuged at 9000 × g for 15 min to remove

entrapped air-bubbles. 

For the surface morphology measurements, fish skin col-

lagen solutions and bovine skin collagen solutions were

prepared by dissolving the freeze-dried collagens into

0.5 M acetic acid. Concentration used for both collagen

solutions was 8 µg/ml.

2.3. Investigation on the rheological properties of
fish skin collagen

Oscillatory rheological experiments were performed by

the method of Lai et al. (2008) with slightly modification.

The samples were tested on a Rheometer System Gemini

200 (Malvern Instruments, UK). For precise control of

sample temperature, a Peltier temperature controller, the

range of which was from −30 to 200oC with an accuracy of

±0.1oC, was used. 

Effects of temperature on the viscoelastic behaviors of

1.5% FSCS were studied by both dynamic temperature

sweeps and dynamic frequency sweeps. The dynamic tem-

perature sweeps for 1.5% collagen solution were con-

ducted within the linear range at a constant strain of 5%

and a given frequency of 1 Hz and the solution was heated

from 20 to 32.5oC at a rate of 0.5oC/min. The dynamic fre-

quency sweeps for collagen solutions at different temper-

atures were induced from 0.1 to 10 Hz at a constant strain

of 5%. At the designated temperatures (17.5, 20, 22.5, 25,

27.5, and 30oC), each sample was equilibrated for 20 min

before measurement. Dynamic frequency sweeps for col-

lagen solutions with different concentrations (1.0, 1.25, 1.5

and 2.0%) were performed from 0.1 to 10 Hz at 20oC at a

constant strain of 5%. The storage modulus (G'), loss mod-

ulus (G"), complex viscosity (η*) and the loss tangent (tan

δ = G"/ G') were recorded. Duplicate experiments gave the

quite similar results and the data reported represent mean

values from two replicates.

2.4. Atomic force microscopy 
Droplets of collagen solutions (6 µl) were evaporated on

mica and dried at room temperature (~20oC) for two days.

The surface morphology was examined on the drying sam-

ples by Atomic force microscopy (AFM) measurements.

The AFM (SHIMADZU SPM 9600, Japan) with a pin-

point (NSG 11, Russia) was operated in the dynamic mode

at room temperature (~20oC). Each sample was scanned

with a scan rate of 2 Hz. 

3. Results and discussion

3.1. The effect of temperature on dynamic rheo-
logical properties

Fig. 1 shows how the η* and tan δ values of 1.5% FSCS
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change as the temperature is increased from 20 to 32.5oC.

The η* values of FSCS decreased with the rising tem-

perature. This phenomenon might attribute to the fact that

the energy for heat motion of polypeptide chains increased

and thus the resistance to segment motion became weaker

as the temperature increased. Within the temperature range

from 24 to 30oC, a sudden decrease of η* in magnitudes and

a concomitant rapid increase in tan δ were observed. These

obvious changes reflected the collapse of the collagen triple

helix to a random coil, that is, the breakage of bonds that

stabilizes the secondary structure of collagen (Pietrucha,

2005). The temperature where tan δ reached the peak value

could be taken as the denaturation temperature (Td) under

dynamic rheological measurement. Therefore, Td of fish

skin collagen was observed to be 29.5oC (±0.3oC S.D.),

which was slightly lower than that measured by DSC

(31.6oC). It seemed that the stability of collagen triple helix

would be influenced by mechanical treatment. This result

indicated that changing the temperature could be an effec-

tive treatment for adjusting collagen viscosity for casting

and filling. 

Under dynamic rheological measurement, the Td value of

FSCS was lower than that of BSCS (32.6±0.1oC S.D.) (Lai

et al., 2008). As reported in our previous paper (Zhang et

al., 2009), the amino acid composition of collagen from

skin of largefin longbarbel catfish was different from that of

bovine skin collagen. Therefore, in the acetic acid solution

with the same pH (~2.5), the electrostatic repelling force

amongst fish skin collagen chains might be different from

that amongst bovine skin collagen chains, which led to the

weaker stability for fish skin collagen helices.

Additionally, the general amino acid sequence in the type

I collagen chain is the repeating Gly-X-Y, where X is often

proline and Y is often hydroxyproline. Two different expla-

nations were proposed to explain the stabilizing effect of

the Hyp-OH group. The first explanation is a stabilizing

effect of water bridges between the Hyp-OH groups and

backbone carbonyl groups. Later on, questions were raised

about whether these indirect hydrogen bond networks pro-

vide stabilizing energy to the peptide (Ramachandran et

al., 1973). The second and now more generally accepted

explanation is that the stabilization is achieved from the

inductive effect of the Hyp-OH group (Jenkins and Raines,

2002). It seems that the Hyp-OH groups play an important

role in the stabilization of collagen molecules. For type I

collagen from largefin longbarbel catfish skin, the hydrox-

yproline content was 74 residues/1000 residues, which was

lower compared to that of bovine skin collagen (94 res-

idues/1000 residues) (Zhang et al., 2009). The lower con-

tent of the Hyp-OH groups led to a relatively lower Td

value for fish skin collagen.

As a function of oscillation frequency (0.1~10 Hz), the

viscoelastic behavior of the η* values of 1.5% FSCS was

further studied. As can be seen from Fig. 2a, at T<25oC,

the collagen solution exhibited a shear-thinning flow

behavior as η* decreased with the rising frequency. How-

ever, the solution behaved without regularity at T>27.5oC.

The irregular behavior might reflect the thermal denatur-

ation of collagen. The η* value of FSCS was lower than

that of BSCS. For instance, at 25oC and 10 Hz, η* was

approximately 3.0 Pa·s for 1.5% BSCS (Fig. 2b) whereas

only 0.2037 Pa·s for 1.5% FSCS. Sai and Babu (2001) sug-

gested that viscosity of collagen was contributed by inter-

and intramolecular hydrogen bonding. In our study, the dif-

ferent viscoelastic behavior of η* values between the two

collagens might be caused by the different amino acid

composition including the hydroxyproline content. As

mentioned, this difference would influence inter- and

intramolecular interactions, and finally influence the vis-

cosity.

The loss tangent (tan δ) crossed the threshold from solid-

like to liquid-like behavior (tan δ =1) (Al-Ruqaie et al.,

1997). The smaller the value of tan δ, the more rubbery or

elastomeric was the behavior of the material (Korhonen et

al., 2001). Fig. 2c shows the loss tangent as a function of

oscillation frequency (0.1~10 Hz). The tan δ of 1.5%

FSCS increased with the increase of temperature within the

temperature range from 17.5 to 25oC. In addition, tan δ>1

was obtained when the testing temperature was below

25oC, which indicated that 1.5% FSCS exhibited a liquid-

like behavior but not a solid-like behavior. Also, the tan δ

curves of FSCS were observed without regularity above

27.5oC.

The technique of dynamic oscillation was useful in

resolving the structural properties of materials into a solid

and a liquid-like response (G' and G", respectively) (Kasa-

pis and Mitchell, 2001). The value of G' reflects energy

stored elastically in the system whereas the value of G"

reflects energy dissipated as a characteristic of the viscous

properties (Yang and Kaufman, 2009). According to the

relative magnitude of G' and G", a logarithmic plot of G'

Fig. 1. Temperature dependence of η* and tan δ for 1.5% fish

skin collagen solution.
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and G" as a function of frequency could be divided into

three zones in this order: terminal, plateau and transition

zone (Ferry, 1989). For conventional polymers with flex-

ible molecular chains, such behavior is thought to arise

from the influences of molecular weight of polymers or

entanglements between macromolecules (Hsieh et al.,

1999). Fig. 3 presents the linear viscoelastic behavior of G',

G" of 1.5% FSCS at different temperatures as a function of

oscillation frequency (0.1~10 Hz). According to the men-

tioned three-zone model, FSCS behaved as if it is in the ter-

minal zone even though at a high frequency level. For all

temperatures below 25oC, initially G" >G', both moduli

were very small and increased rapidly with the increase of

frequency, but this occurred for G' at a greater rate than for

G". The crossover frequency data where G' was equal to G"

was obtained and found to be somewhat temperature depen-

dent. For the temperatures of 17.5, 20, 22.5 and 25oC, the

crossover frequencies of FSCS were 4.72, 5.57, 5.93 and

6.00 Hz, respectively. The rising crossover frequency was

indicative of a faster relaxation characteristic (shorter

relaxation time) for FSCS when the testing temperature

was higher. There were two sets of relaxation character-

istics with respect to short-range (between entanglements)

and long-range (beyond entanglements) configurational

rearrangements, which were thought to be relevant with an

entanglement network. The long-range relaxation occurred

at the time scale of terminal zone and short-range relax-

ation occurred at the time scale of transition zone (Hsieh et

al., 1999). Thus, the changeover from terminal zone to pla-

teau zone occurred at higher frequencies as the testing tem-

perature increased due to the decreasing number of

entanglements, which strengthened the flexibility of col-

lagen chains in solution. Being the same to η* or tan δ, the

G' and G" curves of FSCS were observed without regularity

at T>27.5oC. 

BSCS had the viscoelastic behaviors of G', G" similar to

those of FSCS at different temperatures as a function of

oscillation frequency. However, under the same testing

conditions, the crossover frequencies of BSCS were

extremely lower than those of FSCS. At the temperature of

25oC, the crossover frequency data of 1.0% BSCS was

0.046 Hz whereas 5.93 Hz for 1.5% FSCS. This finding

suggested that the entanglements between bovine skin col-

lagen molecules were more than those between fish skin

collagen molecules even though the latter had a relatively

higher concentration. Moreover, the G' value was also

lower for FSCS. At 25oC and 10 Hz, the G' value of 1.5%

BSCS was more than 100 Pa (Fig. 3g), while the G' value

of 1.5% FSCS was approximately 10 Pa (Fig. 3d). Some

earlier rheometric studies were performed on the collagen-

derived material known as fish gelatin and mammalian gel-

atin and the lower G' for fish gelatin was explained by the

lower content of imino acids (Haug et al., 2004; Joly-

Duhamel et al., 2002). For fish skin collagen, the lower

Fig. 2. The complex viscosity η* (a) and loss tangent (tan δ) (c)

for 1.5% fish skin collagen solution at different tem-

peratures. Fig. 2b (Lai et al., 2008) was the complex vis-

cosity η* of bovine skin collagen solution with different

concentrations (w/w) at 25oC, and only the data of 1.5%

bovine skin collagen solution was used to compare with

that of 1.5% fish skin collagen solution.
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content of Hyp-OH groups resulted in a weaker entan-

glement effect between molecules, giving a weaker elastic

effect and a lower G' value for FSCS.

3.2. The effect of concentration on dynamic rheo-
logical properties

In order to gain a better understanding of the rheological

properties of FSCS, solutions with different concentrations

were tested. The typical viscoelastic behavior of the η*

value of FSCS with different concentrations at 20oC as a

function of oscillation frequency (0.1~10 Hz) is shown in

Fig. 4a. It appeared that all the collagen solutions exhibited

a shear-thinning flow behavior as η* decreased gradually

with the rising frequency even though the 1.0% collagen

solution behaved somewhat irregular.

The typical viscoelastic behavior of the tan δ of FSCS

with different concentrations at 20oC as a function of oscil-

lation frequency (0.1~10 Hz) is shown in Fig. 4b. Below

the denaturation temperature, the tan δ of tested collagen

solutions decreased with the increase of concentration.

However, the tan δ of fish skin collagen remained at a high

level (tan δ >1) even though collagen concentration

reached 2.0%. It seemed that fish skin collagen with a rel-

atively high concentration still possessed a relative liquid-

like network structure. By contrast, for 1.5% BSCS, a

nearly constant tan δ value at a low level with obscure fre-

quency dependence was observed, showing a relative

solid-like network structure (Fig. 4c). These results were

attributed to the fact that BSCS behaved much more rub-

bery while FSCS had a much more viscous behavior and

the viscoelastic behaviors of the two collagens seemed

extremely different.

Fig. 3. Dynamic modulus G' (——) and G" (------) of 1.5% fish skin collagen solution at different temperatures (a) 17.5oC, (b) 20oC, (c)

22.5oC, (d) 25oC , (e) 27.5oC and (f) 30oC. Fig. 3g (Lai et al., 2008) was the dynamic modulus G' (——) and G" (------) of 1.5%

bovine skin collagen solution at 25oC.
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Fig. 5 presents the linear viscoelastic behavior of G', G" of

FSCS with different concentrations at 20oC as a function of

oscillation frequency (0.1~10 Hz). According to the three-

zone model, FSCS with different concentrations behaved as

if it is in the terminal zone even though at a high frequency

level, which was different from the behavior of BSCS. As

can be seen from Fig. 3g, the dynamic rheological response

of 1.5% BSCS behaved as it was entirely in plateau zone

which represented the effect of entanglements (Lai et al.,

2008). For all selected concentrations at 20oC, both G' and

G" increased with rising frequency. For the concentration of

1.0, 1.25, 1.5 and 2.0%, the crossover frequency data

occurred at >10, 8.32, 5.57 and 3.96 Hz, respectively. The

decreasing crossover frequency indicated slower relaxation

characteristics (long relaxation time) for FSCS with higher

concentration. The behavior for collagen with relatively low

concentration (e.g., 1.0%) was inclined to exhibit faster

relaxation characteristics (short relaxation times) as flexible

chains. M. Raspanti et al. (2007) reported that the aggre-

gation of collagen molecules depended on the initial con-

centration of collagen. As the concentration increased, the

interactions between collagen chains might be stronger due

to the aggregation. Finally, the collagen molecules entan-

gled gradually and their motion was constrained. For this

reason, FSCS exhibited slower relaxation characteristics

(long relaxation time) and the decreased crossover fre-

quencies were observed when the concentration was

increased from 1.0 to 2.0%.

In the terminal zone, homo-polymers or Newtonian fluids

show the characteristic slopes of 2 for G' and 1 for G" versus

frequency on logarithmic plot (Hsieh et al., 1999). As the

results from Fig. 5, the slopes of log G' and log G" versus

log ω, decreasing with the increase of collagen concen-

tration, were in the small ranges from 1.29 (±0.05 S.D.) to

1.03 (±0.04 S.D.) and 0.99 (±0.04 S.D.) to 0.65 (±0.02

S.D.), respectively (data not shown), indicating the similar

network structure of the samples. However, compared to

the corresponding slopes of no more than 0.8 and 0.6 for

BSCS (Lai et al., 2008), both the slope values of FSCS

were greater. These results indicated a weaker linked net-

work for fish skin collagen in solution. The corresponding

values of the typical slope for homo-polymers or Newto-

nian uids are 2 and 1, respectively. Therefore, fish skin col-

lagen exhibited a non-Newtonian behavior, which might be

influenced by its long chains and high molecular weight.

3.3. The time-temperature superposition (TTS)
The master curve was assumed to represent polymer

behavior over a wide frequency or time range, allowing

prediction of long-term behavior from short-term tests

(Heymans, 2003). Based on the principle of “Time-Tem-

perature Superposition”, the master curve was obtained by

selecting a reference curve at the desired temperature (T0),

and then shifting the data at other temperatures (T) to the

Fig. 4. The complex viscosity η* (a) and loss tangent (tan δ) (b)

of fish skin collagen solutions with different concentra-

tions (w/w) at 20oC. Fig. 4 (c) (Lai et al., 2008) was the

loss tangent (tan δ) of bovine skin collagen solutions with

different concentrations (w/w) at 25oC, and only the data

of 1.5% bovine skin collagen solution was used to com-

pare with that of 1.5% fish skin collagen solution.
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reference temperature curve (by horizontally shifting along

the frequency axis and then overlapping on the curves at

the reference temperatures). The shift distance along the

frequency axis is called the frequency-temperature shift

factor (Vaidyanathan et al., 2003). The time-temperature

superposition curve is constructed by empirical shifts of

data and implemented in Fig. 6, with 22.5oC as the ref-

erence temperature. Obviously, the curve exhibited a

remarkable transition from the terminal zone to the plateau

zone with a wide frequency roughly range from 10-1 Hz to

101.5 Hz. However, as shown earlier by Lai et al. (2008),

the frequency data obtained at 27.5oC did not superimpose

well. Moreover, the frequency data obtained at 30oC failed

to superpose, which reflected the different relaxation times

involved in denaturation and phase transition. The acti-

vation energy was calculated by the Arrhenius equation:

(1)

in which R is the universal gas constant (8.314 J mol-1 K-1),

αT is the shift factor, and E is identified as the activation

energy for the jump of a molecule from one equilibrium

position in the solution to the next (Monkos, 1996). For

collagen molecules, E was associated with the relaxation

transition. The activation energy of 149.6 KJ mol-1 for 1.5%

FSCS was calculated from the linear regression plotting of

lnαT

E

R
---

1

T
---

1

T0

-----–⎝ ⎠
⎛ ⎞=

Fig. 5. Dynamic modulus G' (——) and G" (------) of fish skin collagen solutions at 25oC with different concentrations (a) 1.0%, (b)

1.25%, (c) 1.5% and (d) 2.0%.

Fig. 6. Master curve of dynamic modulus (G' and G") for 1.5%

fish skin collagen solution at the reference temperature of

22.5oC.
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ln αT versus 1/T according to this equation. As previously

reported by Lai et al. (2008), the activation energy of 1.0%

BSCS was 161.4 KJ mol-1, which was higher than that of

1.5% FSCS. Considering that the activation energy

reflected the need to overcome an energetic barrier of local

rearrangements from one state to the other, the lower val-

ues of the activation energy for FSCS was in line with the

findings that fish skin collagen molecules were easier to

motion due to the weaker entanglement network.

3.4. AFM images
AFM could contribute to the understanding of collagen

structure and conformation in solution. Fig. 7 shows AFM

images of drying samples of bovine skin collagen (Fig. 7

a1 and a2) and fish skin collagen (Fig. 7 b1 and b2). It

seemed that collagen molecules assembled on mica, where

many fibers lay and were overlapped with each other. The

length or diameter of these fibers was greater than those of

monomolecular of collagen (1.5 nm×300 nm). This phe-

nomenon indicated that self-assembly of collagen occurred

even though the concentration was at very low level. How-

ever, there were still some differences in AFM images

between the two collagens observed. The fiber length or

diameter of bovine skin collagen was greater than that of

fish skin collagen. Furthermore, it seemed that the mol-

ecules of bovine skin collagen underwent reorientation

while curved fibers were observed for fish skin collagen. It

could be assumed that the stronger entanglement effect

amongst bovine skin collagen molecules promoted and sta-

bilized the assembly of lateral microfibers, and the lon-

gitudinal assembly of microfibers.

4. Conclusions

In conclusion, the features of rheological behaviors of

FSCS were different from those of BSCS. The former gave

lower modulus, η* value, relaxation time and activation

energy and a higher tan δ value, which indicated that the

entanglement effect amongst fish skin collagen molecules

was weaker than that amongst bovine skin collagen mol-

ecules. The different rheological behaviors might be

brought about by the different primary structures between

collagens from the skins of largefin longbarbel catfish and

bovine. Also, it was suggested by the lower dynamic dena-

turation temperature (29.5oC) than that of BSCS (32.6oC)

that FSCS should be processed under a lower temperature.

Fig. 7. AFM images of bovine skin collagen (size 2 µm ×2 µm and 1 µm ×1 µm; for a1 and a2, respectively) and fish skin collagen (size

2 µm ×2 µm and 1 µm ×1 µm; for b1 and b2, respectively). Light levels in the images correspond to higher height. Similar

images were obtained in different regions of at least three different regions.
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FSCS viscosity could be adjusted effectively by increasing

the temperature carefully below 29.5oC during the treat-

ment. The surface morphology examined with AFM indi-

cated a weaker entanglement effect amongst fish skin

collagen molecules, which was consistent with the results

from dynamic viscoelastic measurements.
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