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Abstract Type I collagen is widely used in various dif-

ferent forms for research and commercial applications.

Different forms of collagen may be classified according to

their source, extraction method, crosslinking and resultant

ultrastructure. In this study, afibrillar and reconstituted

fibrillar films, derived from acid soluble and pepsin

digested Type I collagen, were analysed using Lateral

Force Microscopy (LFM), Fourier Transform Infra-Red

Spectroscopy (FTIR), Differential Scanning Calorimetry

(DSC) and enzymatic stability assays to asses the influence

of telopeptides, fibrils and crosslinking. LFM proved to be

a useful technique to confirm an afibrillar/fibrillar ultra-

structure and to elucidate fibril diameters. FTIR has proved

insensitive to ultrastructural differences involving te-

lopeptides and fibrils. DSC results showed a significant

increase in Td for crosslinked samples (?22–28�C), and

demonstrated that the thermal behaviour of hydrated, afi-

brillar films is more akin to reconstituted fibrillar films than

monomeric solutions. The enzymatic stability assay has

provided new evidence to show that afibrillar films of Type

I collagen can be significantly more resistant to collagenase

(by up to 3.5 times), than reconstituted fibrillar films, as a

direct consequence of the different spatial arrangement of

collagen molecules. A novel mechanism for this phenom-

enon is proposed and discussed. Additionally, the presence

of telopeptide regions in afibrillar tropocollagen samples

has been shown to increase resistance to collagenase by

greater than 3.5 times compared to counterpart afibrillar

atelocollagen samples. One-factor ANOVA analysis, with

Fisher’s LSD post-hoc test, confirms these key findings to

be of statistical significance (P \ 0.05). The profound

physicochemical effects of collagen ultrastructure demon-

strated in this study reiterates the need for comprehensive

materials disclosure and classification when using these

biomaterials.

1 Introduction

Collagen is widely used in biomedical research as well as

commercially in medical devices and cosmetic products

[1–4]. One major biomedical use of collagen is in tissue

engineering where porous, three-dimensional scaffold

structures may be fabricated to provide a support structure

for cells [5]. The most commonly utilized collagen, by far,

is Type I, which may be extracted from animal sources

(e.g. bovine [6], porcine [7] and equine [8]), from which

the tissue may be of mature, immature or foetal origin.

Collagen may also be extracted from human sources

(cadavers/placenta/amnion [9]) or may be synthesized

using recombinant genetic engineering techniques [10].

The collagen source, extraction method and post-process-

ing used will result in collagenous material with a defined

ultrastructure. The word ultrastructure used in this context

refers to the presence or absence of telopeptides, the nature

of fibrils (if present), and the type and extent of cross-

linking. This study aims to investigate how ultrastructure

influences the properties of collagen Type I films, using

various physicochemical analytical techniques.

Currently, the vast majority of collagen Type I materials

for research and commercial use are fabricated from animal

tissue derivatives. Extraction from animal tissues often

involves one of the following standard techniques: pepsin
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digestion—to release soluble monomeric atelocollagen that

is devoid of terminal telopeptides [11, 12], acid solubi-

lization—to liberate monomeric tropocollagen with

telopeptides intact [13, 14], or mucopolysaccharide and

soluble protein cleansing of tissues rich in collagen Type

I—to give insoluble, polymeric, naturally-crosslinked tro-

pocollagen [15–17]. Monomeric tropocollagen, however,

may only be liberated from immature or foetal tissues that

have a minimal amount of inter-molecular crosslinking,

much of which includes the telopeptide domain [18, 19]. It

should be noted that in reality, a fully monomeric solution

is almost impossible to be achieved—despite advance-

ments in protein purification, there will almost certainly be

a small contingent of dimeric, trimeric and polymeric tri-

ple-helix associations. However, for the purpose of this

study, such near-monomeric solutions shall be referred to

as ‘‘monomeric’’.

Post-extraction, monomeric collagens may be re-poly-

merized in vitro when subjected to physiological condi-

tions through entropy-driven self-assembly (known as

fibrillogenesis) [20]. This polymerization process results in

reconstituted fibrils, stabilized by hydrogen bonds, that

exhibit the characteristic 67 nm banding pattern of native

collagen in tissues [21]. However, in the case of atelocol-

lagen, proteolytic removal of telopeptides has been shown

to drastically alter the in vitro self-assembly process

[22, 23]. This results in raised nucleation energy, and a

lengthened lag phase, to form fibrils with a less perfect

packing order [23–25]. A recent study by Zeugolis et al.

notes that ‘‘There is limited literature available on the

factors which control the biophysical characteristics of

reconstituted collagen fibers prior to fiber formation’’ [26].

This highlights the need for physicochemical data from

Type I collagens with different ultrastructures, both pre and

post fibril formation.

In commercial usage, atelocollagen is preferred due to

the associated cross-species antigenicity of the p-determi-

nant located in the telopeptides of animal-derived collagen

[27]. The atelocollagen is often used in monomeric form in

cosmetic make-up products, and in polymeric form for cell

scaffolds/hemostats. Tissue augmentation procedures, for

example, use an atelocollagen suspension stored at 4�C in

physiologic saline so that any dispersed fibrils remain fluid

and small. This enables the suspension to be directly

injected into the augmentation site, upon which human

body temperature drives the fibrillogenesis process [28].

Recently, however, because of the reported poor quality

fibrils [23–25], and non-native structure of atelocollagen,

there is increasing interest in the academic world in the

properties of tropocollagens.

Further processing of collagen often involves a cross-

linking step to increase mechanical strength and resistance

to enzymatic degradation [29]; this is a crucial

consideration when designing a collagen-based implant for

tissue engineering. There are various methods available to

crosslink collagen. These methods may be summarized as

chemical, physical or biological; some of which, however,

have been shown to have negative aspects to the treatment

[30–36]. These side effects could have a negative influence

on attachment, migration and proliferation of cells on

collagenous biomaterials. Consequently, treatment with

1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide/N-hydro

xysuccinimide (EDC/NHS) has become a favourable

method for collagen crosslinking as it has been shown to

have good biocompatibility, increase the mechanical

strength and increase the resistance of collagen to enzy-

matic degradation [37, 38].

To quantify the influence ultrastructure has on the

properties of Type I collagen, suitable analytical and

characterisation methods must be implemented. Atomic

Force Microscopy (AFM) can be used to gather visual

evidence of afibrillar/fibrillar ultrastructures and to deter-

mine fibril diameters, which has been shown to correlate

with resistance to mechanical deformation at low strain

rates [39]. Fourier Transform Infra-Red Spectroscopy

(FTIR) is a useful method to monitor changes in secondary

structure of a protein; in particular, changes in the amide A

(3,400–3,450 cm-1), amide I (1,636–1,661 cm-1), amide

II (1,549–1,558 cm-1) and amide III (1,200–1,300 cm-1)

regions. Studies have shown that there may be changes in

these regions when moving from a monomeric to a fibrillar

ultrastructure [40–43], with crosslinking [44] and where

denaturation occurs [32, 45]. Differential Scanning Calo-

rimetry (DSC) is often used in collagen research to infer

the level of crosslinking within a given sample through

elucidation of its denaturation temperature (Td) [46–48]. A

higher denaturation temperature often infers a higher level

of crosslinking which is expected to show a greater resis-

tance to enzymatic degradation [37]. A standard laboratory

test to determine enzymatic stability is the use of bacterial

collagenase from Clostridium histolyticum. This matrix

metallo-protease Type I (MMP1) enzyme is capable of

cleaving more than 100 sites on each collagen a-chain [34].

However, studies show that this type of enzyme locally

unwinds the triple helix of collagen first, then preferentially

cleaves all the a-chains in a single scission at the Gly775-

Ile776 of a1 and Gly775-Leu776 of a2 [49–51]. Under-

standing the mechanism of degradation is of great

importance in the design of collagen biomedical devices

where a predictable rate of degradation in vivo is desirable

[52]. It should be noted though, that the specificity of

mammalian collagenase is more limited than that of bac-

terial collagenase [53]. However, a good empirical corre-

lation between the extent of in vitro degradation by

bacterial collagenase, and in vivo degradation by mam-

malian collagenase, has previously been shown [54].
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The principal goal of this study was to evaluate the

differences between the properties of Type I acid solubi-

lized tropocollagen and pepsin digested atelocollagen in

the form of afibrillar and reconstituted fibrillar films, with

and without EDC/NHS crosslinking. The rationale being to

correlate any observed differences in properties to ultra-

structural differences involving telopeptides, fibrils and

crosslinking.

2 Materials and methods

2.1 Collagen sample preparation

Acid-soluble Type I tropocollagen and pepsin digested a-

telocollagen from fetal calf skin was acquired in lyophi-

lized form from arGentis Collagen Labs (Memphis, USA).

To demonstrate the purity of both extractions, an SDS-

PAGE analysis was conducted with 4% stacker and 7.5%

resolver, and stained with Coomassie Brilliant Blue

(Fig. 1). All reagents used in this study were supplied from

Sigma-Aldrich� (Poole, Dorset, UK) and all consumables

were supplied from Fisher Scientific (Loughborough,

Leicestershire, UK).

Type I collagen air-dried films were prepared from acid

solubilized tropocollagen (T) and pepsin digested atelo-

collagen (A) in both afibrillar (af) and reconstituted fibrillar

(rf) forms. The introduction of crosslinks using EDC/NHS

into each type of sample resulted in eight different Type I

collagen ultrastructures available for analysis. These

ultrastructural combinations are summarized in Table 1.

To manufacture samples, collagen solutions were first

prepared as described previously by Wahl [4]. Briefly,

supplied lyophilized collagens were homogenized and

completely dissolved in dilute ethanoic acid (pH 3.2), to

make a 1% weight-to-volume solution. Air bubbles were

then removed though centrifugation at 5,000 rpm (Thermo

Electron Corporation IEC CL10) to create a monomeric

solution. To produce afibrillar film samples, a thin layer of

this monomeric collagen solution was spread onto the inner

surface of a Petri dish and left to dry at room temperature.

Monomeric collagens in solution were also induced to

polymerize through self-assembly and form fibrils in vitro.

To create the conditions necessary for fibrillogenesis,

monomers firstly needed to be moved to a neutral salt

solution via dialysis. A 10 ml sample of 1 wt% monomeric

collagen dissolved in dilute ethanoic acid was syringed into

dialysis tubing (Spectra/Por 4 dialysis tubing, 12–14 K

MWCO, 45 mm flat-width). This was dialysed against 1 l

of tris-buffered saline (TBS) solution (50 mM tris-

(hydroxymethyl)-aminomethane, 150 mM sodium chlo-

ride, pH 7.4) at 4�C for 12 h, three times. The monomeric

collagen, now dissolved in TBS, was then removed from

the dialysis tubing and syringed into a test tube. This was

promptly placed into an incubator at 37�C for 4 h to allow

the formation of a fibrillar gel pellet. The pellet was then

removed and sliced with a scalpel into segments which

were placed into a 1 l beaker of de-ionized water and left

Fig. 1 SDS-PAGE of collagen extractions using 4% stacker, 7.5%

resolver and stained with Coomassie Brilliant Blue, indicating the a1,

a2(I), b1, 2, c and multimer separations. Each band represents 60 lg

of sample loaded onto the gel. A–D: pepsin digested atelocollagen,

run on 23 cm slab gel. A = intermediate step in the purification

process, B and D = final product supplied. C = reference atelocol-

lagen from another purification. E: acid soluble tropocollagen

supplied, run on 10 cm minigel

Table 1 Ultrastructural combinations of Type I bovine collagen

samples

Tropocollagen (T)

Acid solubilized

Atelocollagen (A)

Pepsin digested

Afibrillar (af) afT afA

afTX afAX

Reconstituted Fibrillar (rf) rfT rfA

rfTX rfAX

Acronyms used throughout the text. ‘‘X’’ denotes an EDC/NHS

crosslinked sample
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stirring overnight—this removed much of the salts from the

pellets. To produce reconstituted fibrillar samples, pellets

were homogenised into a slurry, centrifuged to remove air

bubbles, and left to air dry in a Petri dish.

2.2 EDC/NHS crosslinking of collagen

Samples were crosslinked in 400 ml de-ionized water with

a concentration of 60 mM 1-ethyl-3-(3-dimethylamino-

propyl)-carbodiimide (EDC) and 30 mM N-hydroxy-

succinimide (NHS). After crosslinking, with a reaction

time of 3 h, the samples were washed twice in 400 ml

0.1 M Na2PO4 for 4 h and twice in 400 ml deionized water

for 1 h. Samples were then left to air dry in a Petri dish.

2.3 Atomic force microscopy analysis

To obtain images from the AFM, 1 cm2 was cut from the

collagen films and mounted on a Park Instruments Au-

toProbe Atomic Force Microscope. Samples were scanned

in Lateral Force Microscopy (LFM) mode with the force at

3 mN, with gain set to 0.3 and rate of 0.7 Hz

2.4 Fourier transform infra-red spectroscopy analysis

FTIR spectra were obtained from 1 cm diameter circular

discs cut from collagen film samples. The discs were

mounted in an FTIR sample holder between two translu-

cent KBr discs. The sample was then scanned in a Perkin–

Elmer Spectrum 2000 FT-IR Spectrometer from 4,000 to

400 cm-1 150 times with the background scan subtracted.

2.5 Differential scanning calorimetry analysis

Denaturation temperatures of the samples were obtained

using Mettler Toledo DSC821e DSC and STARe software

version 5.00. Using a mass balance, 6 mg of each collagen

sample was weighed and hermetically sealed with 20 ll of

deionized water in a standard Perkin–Elmer 40 ll alumi-

num test pan. A heating rate of 5�C/min was applied over

the temperature range 20–90�C, with an empty aluminum

pan as the reference probe. The endothermic transition was

recorded graphically, from which peak denaturation tem-

perature measurements were taken (Td). Mean values of Td

for each sample were then calculated, where n = 5.

2.6 Enzymatic stability assay

The resistance of collagen samples to Type I bacterial

collagenase from Clostridium histolyticum was determined

experimentally. The protocol used was based on that of

Wahl [4] and Angele [37]. Solutions of 0.1 M Tris-HCL,

0.05 M CaCl2 at pH 7.4 (solution A), 0.1 M Tris-HCL and

100 units/ml of collagenase (solution B) and 0.25 M EDTA

in dilute NaOH at pH 9.0 (solution C) were prepared. Each

collagen sample was fashioned into a 5 mg pellet and

placed in a 2 ml centrifuge tube (Eppendorf). To each

centrifuge tube, 1 ml of solution A was added and the tubes

were put into a shaking bath at 1 Hz, 37�C for 30 min.

Then 1 ml of solution B was added and the samples were

returned to the shaking bath for a further 1 h. To stop the

reaction, 0.2 ml of EDTA was then added to the samples in

an ice bath. Samples were then centrifuged at 15,000 rpm

for 10 min (MSE HAWK 15/05 Centrifuge) and the

supernatant removed using a pipette. Afterwards, 2 ml of

deionized water was pipetted into each tube; they were then

vortexed (IKA� MS2 Minishaker) and centrifuged again

for 10 min at 15,000 rpm. This washing procedure was

repeated 3 times overall with water and a further 3 times

with ethanol. Samples were then left to air dry in a laminar

flow cabinet and their final weight was measured. This

procedure allows the mean percentage mass of collagen

lost from a sample over the period of 1 h to be calculated,

where n = 3. A control experiment was also carried out

with all solutions and quantities kept the same but with the

omission of collagenase to solution B.

2.7 Statistical analysis

DSC and enzymatic stability results are presented as the

mean ± SD. One factor analyses of variance (ANOVA)

with Fisher’s LSD post-hoc test was performed using

Origin� 8.0 software for Windows. Significance was

accepted at a level of P \ 0.05 for the DSC and enzymatic

stability results.

3 Results

3.1 Atomic force microscopy results

AFM and Lateral Force Microscopy (LFM) images were

obtained of all samples in ambient conditions to give visual

information regarding their ultrastructure. AFM contact

and tapping mode images showed poor detail and fibrils

were not clearly defined in the images. However, using

LFM, images could be obtained that showed enough detail

and definition to observe fibrils in reconstituted fibrillar

samples. LFM images are presented in Fig. 2. Afibrillar

collagens showed only the balling-up of the surface, typical

of an air-dried, globular protein (Fig. 2a). Reconstituted

fibrils exhibited a diameter of *100 nm (Fig. 2b). Moni-

toring the length of collagen fibrils using AFM/LFM was

deemed unfeasible due to the three-dimensional weaved-

lattice arrangement of fibrils, hindering observation of the

termini.
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3.2 Fourier transform Infra-Red spectroscopy results

FTIR spectra of air-dried film samples all showed charac-

teristic collagen Amide A, I, II and III peaks. Peak wave-

numbers of these regions are given in Table 2. The spectra

obtained from afibrillar and reconstituted fibrillar samples

in uncrosslinked form (afT, afA, rfT, rfA) are all directly

comparable in wavenumber, intensity and peak ratios. This

suggests that FTIR is unable to distinguish between these

ultrastructural differences when samples are in air-dried

form. Afibrillar crosslinked samples (afTX, afAX), how-

ever, showed a decrease in intensity of the amide I and II

region and a slight broadening of the amide I region rela-

tive to their uncrosslinked counterparts (Fig. 3). It should

be noted though, that there was increased IR signal atten-

uation through these samples as the opacity of afibrillar

crosslinked samples was the most pronounced.

Fig. 2 LFM images of

a uncrosslinked afibrillar

atelocollagen (afA), which

shows the balling-up of the

surface and lack of fibrillar

ultrastructure, and b crosslinked

reconstituted fibrillar

tropocollagen (rfTX),

demonstrating the weaved-

lattice arrangement of fibrils.

All samples were scanned with

3mN force, 0.3 gain and 0.7 Hz

rate

Table 2 FTIR wavenumbers for Amide A, I, II, III characteristic

peaks of all samples

Peak wavenumber (cm-1)

Amide A Amide I Amide II Amide III

Tropocollagen

afT 3333.90 1652.31 1557.92 1240.04

afTX 3334.43 1652.31 1557.93 1240.50

rfT 3334.29 1652.33 1557.94 1239.59

rfTX 3322.62a 1652.32 1557.93 1239.69

Atelocollagen

afA 3329.59 1652.29 1557.86 1240.05

afAX 3391.76a 1652.32 1557.93 1242.80a

rfA 3333.84 1652.28 1557.89 1239.94

rfAX 3334.07 1652.31 1557.91 1239.41

‘‘X’’ denotes a crosslinked sample

af Afibrillar, rf Reconstituted fibrillar, T Tropocollagen,

A Atelocollagen
a Denotes a shift in wavenumber. Significant shifts are observed

exclusively in rfTX (Amide A) and afAX (Amide A, Amide III)

samples

Fig. 3 FTIR Spectra, of afibrillar uncrosslinked/crosslinked samples

with characteristic amide I, II and III peaks indicated (af = Afibrillar,

T = Tropocollagen, A = Atelocollagen, ‘‘X’’ denotes a crosslinked

sample). A decrease in intensity of the amide I and II regions and a

slight broadening of the amide III region can be observed in

crosslinked samples relative to uncrosslinked counterpart samples
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3.3 Differential scanning calorimetry results

Using DSC, the hydrothermal stability of collagen sam-

ples was determined. Mean helix-to-coil transition tem-

peratures (Td) are presented (n = 5), with the standard

deviation plotted as error bars (Fig. 4). Mean Td (�C)

recorded for uncrosslinked samples were: afT = 53.6,

afA = 54.5, rfT = 56.2 and rfA = 55.2. Between un-

crosslinked samples, the only statistically significant dif-

ference (mean difference of 2.6�C), is observed between

afibrillar tropocollagen (afT) and reconstituted fibrillar

tropocollagen (rfT). Mean Td (�C) recorded for EDC/NHS

crosslinked samples were: afTX = 80.7, afAX = 82.6,

rfTX = 78.3 and rfAX = 78.8. These crosslinked sam-

ples showed a significant increase of *27–28�C, in Td

for afibrillar samples (afTX, afAX) and *22–24�C

increase for reconstituted fibrillar samples (rfTX, rfAX).

Overall, the behaviours of tropocollagen and atelocollagen

samples are comparatively similar in these thermal sta-

bility analyses. However, it appears that the crosslinked,

reconstituted fibrillar samples (rfTX, rfAX), were some-

what less able to reach the higher levels of thermal sta-

bility attained by the crosslinked, afibrillar samples (afTX,

afAX).

3.4 Enzymatic stability assay results

The results of the enzymatic stability assays are presented

in Fig. 5; significant differences between samples are as

indicated above bars. The results of the control experiment

showed no significant loss of material in solutions not

containing collagenase. Consequently, all mean values of

loss recorded were found to be significant compared with

the control experiment (P \ 0.05).

Dealing with the afibrillar samples first (afT, afA, afTX,

afAX); crosslinked samples showed a significantly higher

resistance to collagenase with only *5–7% mean loss.

Uncrosslinked afibrillar tropocollagen (afT) experienced a

mean loss of 22.8%, and thus was [3.5 times more resis-

tant to collagenase than counterpart atelocollagen samples

(afA), which experienced a mean loss of 88.8% over the

test period of 1 h.

Uncrosslinked, reconstituted fibrillar samples showed

very low resistance to bacterial collagenase with an aver-

age loss of 86.1% for rfT and 98.4% for rfA. Again, when

these samples were crosslinked, their resistance to degra-

dation was significantly improved, albeit less so than for

afibrillar samples.

The mean percentage loss differences between afibrillar

and reconstituted fibrillar samples show that assembly

into a fibrillar ultrastructure, for both tropocollagen and

atelocollagen samples, reduces the resistance to collage-

nase; the most significant example being afT to rfT,

where enzymatic stability is, on average, reduced by [3.5

times.

Overall, atelocollagen samples in all forms displayed

less resistance, on average, to bacterial collagenase than

counterpart tropocollagen samples.

Fig. 4 Mean hydrothermal denaturation temperatures (Td) of colla-

gen samples, (af = Afibrillar, rf = Reconstituted Fibrillar, T = Tro-

pocollagen, A = Atelocollagen, ‘‘X’’ denotes a crosslinked sample).

* denotes a statistically significant difference between bars (Fisher’s

LSD post-hoc test, P \ 0.05). A significant difference of 2.6�C is

observed between afT and rfT, although, this was not found between

counterpart afA and rfA samples. EDC/NHS crosslinked samples

showed significantly higher denaturation temperatures compared to

counterpart uncrosslinked samples. The values indicated represent

mean ± SD, where n = 5
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4 Discussion

4.1 Lateral force microscopy

LFM images have provided evidence of a weaved-lattice

network of fibrils with 100 nm diameters in reformed

fibrillar samples that were formed from monomeric solu-

tions and subjected to fibrillogenesis conditions (Fig. 2).

These in vitro reconstituted fibrils have a notably thinner

diameter to those found in vivo, which are of the order of

300–500 nm [55]. Afibrillar samples showed only an

irregular balled up surface at the observed scale, however,

other AFM studies have discovered a fine meshwork of

monomers at higher magnification [56]. No significant

differences could be observed between reconstituted

fibrillar tropocollagen/reconstituted fibrillar atelocollagen

samples using LFM. However, this is merely a limitation of

observing matrices of air-dried, self-supported collagen

fibrils in the AFM. Other electron microscope studies have

elucidated the tactoidal, less-perfect packing order of

atelocollagen fibrils [23–25]. From the LFM images of

these samples, it is not possible to distinguish between

tropo/atelo collagen samples and crosslinked/uncrosslinked

samples. LFM, however, is a useful tool to quickly confirm

an afibrillar/fibrillar ultrastructure and discern fibril diam-

eters (if present) in air-dried collagen samples.

4.2 Fourier transform Infra-Red spectroscopy

The FTIR spectra has shown that the arrangement of

collagen monomers from afibrillar into fibrillar ultra-

structures has a negligible effect on the amide A, I, II and

III peaks, when analysed as an air-dried film (Table 2).

This result is incongruous with reported spectra that show

distinct differences in these regions from samples analysed

in solution [40–43]. The reason for this is likely to be as a

direct result of the dehydration process, where the

shrinkage of fibrils/triple helices and the extensive for-

mation of intra and inter-molecular hydrogen bonds is

attributed to the loss of water molecules. This shrinkage is

expected to negate the ability of FTIR to detect differ-

ences in ultrastructure.

Crosslinked, afibrillar samples showed an increase in

intensity of amide III and a broadening of amide I peaks

compared to uncrosslinked counterparts. This signifies

greater intermolecular interactions and increased hydro-

gen-bonding [57] (Fig. 3). These differences were not

reflected in crosslinked fibrillar samples. It is most likely

that the increased signal attenuation of afibrillar cross-

linked samples is a factor for these substantial differences

in spectra, especially considering the DSC results infer

similar levels of crosslinking in fibrillar counterpart

samples.

Fig. 5 Mean percentage loss of material from collagen samples

during enzymatic stability assay (af = Afibrillar, rf = Reconstituted

Fibrillar, T = Tropocollagen, A = Atelocollagen, ‘‘X’’ denotes a

crosslinked sample). * denotes a statistically significant difference

between bars (Fisher’s LSD post-hoc test, P \ 0.05). EDC/NHS

crosslinking results in samples with improved resistance to enzymatic

degradation. A significant difference in % loss is observed between

afibrillar tropocollagen (afT) and afibrillar atelocollagen (afA)

samples, as well as afT and rfT samples. The values indicated

represent mean ± SD, where n = 3
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4.3 Differential scanning calorimetry

DSC results of the uncrosslinked samples showed com-

paratively small differences between mean Td (Fig. 4). This

demonstrates that the thermal behavior of afibrillar collagen

samples at these high concentrations (300 g/l), where films

are fully hydrated yet still intact, is more akin to fibrillar

counterpart samples than monomeric collagens in true

solution—where denaturation has been observed up to 20�C

lower [58]. This behaviour may be explained by the poly-

mer-in-a-box theory proposed by Miles et al., relating the

spatial confinement of collagen molecules to the Td [59].

Although originally proposed for fibrillar ultrastructures,

hydrated afibrillar films with an irregular, layered ultra-

structure are expected to provide a comparable amount of

molecular spatial confinement to fibrillar counterpart sam-

ples—thus similar denaturation temperatures are observed.

A statistically significant difference (P \ 0.05), however,

was found between afibrillar tropocollagen (afT) and

reconstituted fibrillar tropocollagen (rfT) samples. Such

differences were not observed between counterpart atelo-

collagen samples—thus fibrils formed in rfT samples are

comparatively more hydrothermally stable. This behavior,

again, can be attributed to higher molecular confinement in

rfT fibrils compared to rfA fibrils, which have been reported

to have a more perfect packing order [23–26]. In summary,

the hydro-thermal behaviour of the uncrosslinked samples

is ultimately related to the associated entropy of samples.

EDC/NHS crosslinking increased the hydrothermal sta-

bility of samples by a considerable amount. No significant

differences were observed between the crosslinked tropo/at-

elo forms of each afibrillar/fibrillar sample. Afibrillar cross-

linked samples (afTX/afAX), showed a slightly higher

denaturation temperature compared to fibrillar samples, when

crosslinked. Although deemed insignificant through the sta-

tistical analyses, this result is thought to be due to the cross-

linking method used for afibrillar samples, in which

crosslinking was carried out on air-dried films and not pel-

lets—as described for reconstituted fibrillar samples. As a

consequence, afibrillar samples inherently had a greater sur-

face area exposed to crosslinking reagents thereby allowing

greater access to crosslinking sites. Overall, the DSC results in

this study demonstrate that the degree of molecular spatial

confinement and the introduction of crosslinks has a direct

influence on the denaturation temperature of hydrated colla-

gen films. However, post-crosslinking, the technique has

proved to be relatively insensitive to ultrastructural differ-

ences involving telopeptides and fibrils.

4.4 Enzymatic stability assay

Standard physicochemical analyses are only able to go so

far in their effectiveness to distinguish between collagen

ultrastructures. To fully consider the influence of telopep-

tides, fibrils and crosslinking, the biophysical implications

of ultrastructure needed to be investigated. The enzymatic

stability assay provided a simple in vitro laboratory test

that has shown relevance to in vivo behaviors when char-

acterizing collagen materials [54]. The results of this assay

are discussed with respect to the physical properties found

in this study.

From the enzymatic stability assay results (Fig. 5)—the

observed difference between the mean percentage loss of

afT and afA samples nicely demonstrates how the other

physicochemical analyses used in this study were unable to

distinguish between these two samples, yet a considerable

difference is observed in their susceptibility to enzymatic

attack. From this result, it appears that the presence of the

telopeptide regions in the afT sample increases its resis-

tance to collagenase by reducing the rate of enzymatic

attack over the period of 1 h. It is widely believed that

cleavage by collagenase depends largely on its ability to

unwind the triple helix [50, 51]. A recent study by Perumal

et al. [60], even postulates that removal of the C-terminal

telopeptide is absolutely necessary as a first step, before

collagenase can gain access to the cleavage site. As such,

this result is most likely observed because the lack of tel-

opeptide regions in the afA sample eliminates this first step

in the degradation process. This enables the triple-helix to

be unwound directly and then cleaved, resulting in a low-

ered activation energy and increased rate of reaction.

Consequently, over the course of a 1 h reaction time, less

intact material will remain from samples that lack a telo-

peptide region (afA).

The behaviours of the uncrosslinked collagen samples

(afT, afA, rfT, rfA), when moving from an afibrillar to a

fibrillar ultrastructure, was both interesting and unex-

pected. It appears that when the triple-helix collagen

monomers are arranged into an ordered, fibrillar array with

a *100 nm fibril diameter, the resistance to enzymatic

attack is greatly decreased. This result, at first, appears to

be in disagreement with other enzymatic degradation

studies of monomeric/fibrillar collagens in true solution

[61, 62]. However, this is the first study to directly compare

hydrated, intact films of afibrillar/fibrillar collagens. In

addition, the FTIR results in this study have also demon-

strated that the differences between monomeric/fibrillar

spectra described in true solution [40–43], were not

observed in any collagen film samples. To help explain this

phenomenon, it appears that the collagenase used in this

assay is highly sensitive to the spatial arrangement of

collagen monomers. As such, it is suggested that proximity

between adjacent terminal ends in reconstituted fibrillar

ultrastructures is key to the decrease in resistance, com-

pared to afibrillar film samples. In one theory, hypothesised

by Perumal et al. [60] on the action of collagenase, a lack
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of crosslinkages at the terminus (as per uncrosslinked rf

samples) may expose the a2 chain to cleavage, thereby

allowing the remaining two chains greater movement. This

could allow them to be twisted to face the catalytic domain

and be proteolysed into aA (3/4 length) and aB (1/4 length)

fragments. The subunits are then able to disassociate at

physiological temperatures and are then susceptible to

further degradation by collagenase [53]. Because of a lack

of any significant crosslinking in the uncrosslinked fibrillar

(rfT, rfA) samples in this study, it is suggested that local

hydrogen-bond disturbances at the terminal ends of triple

helices, induced by the presence and action of collagenase,

affect adjacent terminal ends in fibrils in a mechanism

similar to that hypothesised by Perumal et al., leading to

additional cleavage. This proposed mechanism is presented

diagrammatically in Fig. 6a. The overall effect of these

proximity-induced-interactions leads to an increased rate of

reaction and thus a higher amount of degradation is

observed in fibrillar, uncrosslinked ultrastructures.

Uncrosslinked afibrillar samples have a globular mac-

rostructure confirmed by LFM. At the molecular level,

collagen molecules are randomly arranged and there is no

specified alignment of side-groups or terminal ends. The

whole structure is primarily held together by hydrogen-

bonds formed during the dehydration process.

Consequently, when treated with a solution of collagenase,

and the telopeptide is cleaved (afT only), followed by the

unzipping of the triple helix from the C-terminal end, there

is much less likely to be a terminal end in close proximity

that would be susceptible to hydrogen bond distortion

(Fig. 6b). Thus, the increased degradation rate experienced

by fibrillar ultrastructures via this proposed mechanism is

not observed; in essence, the random-layered-lattice

arrangement of monomers has a ‘shielding’ effect. Because

of this, the percentage loss of material from afibrillar

samples should be expected to be less than that of their

reconstituted fibrillar counterparts.

4.5 Clinical implications

The results of this study indicate that differences in colla-

gen ultrastructure, which may or may not be detectable by

common materials characterization techniques, can have a

profound effect on the enzymatic biodegradation properties

of collagen. The two most important findings show that the

presence of telopeptides can significantly hinder enzymatic

degradation, and that uncrosslinked fibrillar ultrastructures

are considerably more susceptible to enzymatic degrada-

tion than uncrosslinked afibrillar ultrastructures. Such

phenomena may be utilized in the design process of tissue

Fig. 6 a Proposed mechanism of collagenase action on uncross-

linked, reconstituted fibrillar ultrastructures; (i) Collagenase attacks

the exterior of the fibril at the C-terminal of an individual collagen

molecule. Local hydrogen bond disturbances are induced by the

presence and action of collagenase in adjacent telopeptide regions

(shown as grey shaded regions). (ii) The non-helical telopeptide

region is removed (in tropocollagen only) and the enzyme is able to

proceed to the helical cleavage site, leading to a triple a-chain scission

(proteolysis fragments aA (3/4 length) and aB (1/4 length) are

indicated). It is suggested that the close proximity of adjacent termini

may induce additional cleavage during this process due to the lack of

crosslinking and local hydrogen bond disturbances. b Proposed

mechanism of collagenase action on uncrosslinked, afibrillar ultra-

structures. The non-helical telopeptide region is removed (in tropo-

collagen only) and triple a-chain scission occurs (proteolysis

fragments aA (3/4 length) and aB (1/4 length) are indicated). Due

to the random-layered-lattice arrangement of monomers, however,

proximity-induced hydrogen bond distortion at the termini of adjacent

molecules is much less likely—thus additional cleavage via the

mechanism proposed for reconstituted fibrillar ultrastructures

(Fig. 6a), is not expected
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engineering scaffolds. For example, hybrid afibrillar-

fibrillar scaffolds may be fabricated to provide varying

degrees of susceptibility to enzymatic attack in different

scaffold regions. The use of these materials for such pur-

poses would require further study on the influence of col-

lagen ultrastructures on biological responses—specifically

ligand-integrin cell attachment and the effects on cell

phenotype. Additionally, the results of this study indicate

that clinical biological data obtained using Type I collagen

scaffolds of a defined ultrastructure may not be transferable

to scaffolds fabricated from Type I collagen of differing

ultrastructures, due to different physicochemical properties.

5 Conclusions

Collagen Type I has been prepared into eight distinct

ultrastructures and subsequently analysed to demonstrate

the influence of telopeptides, fibrils and crosslinking. LFM

has proved to be a useful technique to confirm an afibrillar/

fibrillar ultrastructure and to elucidate fibril diameters. The

FTIR results have highlighted the inability of this method

to distinguish between different ultrastructures in air-dried

film form. However, intense crosslinking in afibrillar

samples has provided some evidence of increased inter-

molecular interaction and hydrogen-bonding. DSC has

demonstrated that the hydrothermal behaviour of hydrated

afibrillar films is more akin to reconstituted fibrillar films

than monomeric solutions. Crosslinking with EDC/NHS

significantly increases the denaturation temperature of all

samples. The limitation of DSC, however, is in distin-

guishing between different ultrastructures after crosslink-

ing. The enzymatic stability assay indicated that

tropocollagen samples were more resistant to collagenase

than atelocollagen counterparts for the likely reason that

telopeptide removal is necessary as a first step. Addition-

ally, afibrillar films were found to be up to 3.5 times more

resistant to bacterial collagenase than reconstituted fibrillar

films, as a direct result of the different spatial arrangement

of collagen molecules. This study has demonstrated the

differences between these different Type I collagen prep-

arations, highlighting the need for full disclosure of the

source, extraction method, crosslinking and resultant

ultrastructure when using these materials.
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