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AbstractAbstractAbstractAbstract:::: The self-assembly of collagen type I in buffer solutions with different pH was observed by

using AFM. Meanwhile, the effects of 1,3-propane diol and n-propanol on the assembly of collagen

were investigated. It was found the dimension of assembled collagen fibrils was increased with
increasing pH of buffer solution. The assembly of collagen was inhibited when the concentration of

1,3-propane diol was higher than 1.5M. The self-assembly ability of collagen was reduced when the

concentration of n-propanol was lower than 4M, however, it was again enhanced when the

concentration of n-propanol was higher than 5M.
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1111 IntroductionIntroductionIntroductionIntroduction
Collagen is the most abundant structure protein existing in multicellular animals and

consists of at least 28 different types [1]. It receives considerable interest because of its
important biological functions [2-4], crucial relationship with various human diseases [5,6] and
broad applications in tissue engineering [7,8]. Furthermore, collagen is frequently used to
enhance biocompatibility or yield functionalized surfaces by coating it onto non-biological
substrates [9,10]. However, many of those functions of collagen have a relationship with its
morphologic forms and fibrillar organizations produced by self-assembly or aggregation of
collagens [11].

Among the 28 types of collagen, type I collagen is the largest fraction accounting for more
than 70% [12]. The collagen I molecule is approximately 300 nm in length and 1.5 nm in
diameter and self-assembles into fibrils exhibiting a characteristic banding pattern with a
periodicity of 67 nm in vivo, which in turn associate to form fibers and fiber bundles [13]. 50
years ago, it was first observed that collagen fibrils were yielded by the self-assembly of
purified collagen molecules in solution at neutral pH at room temperature, which had a
structure very similar to that produced in vivo [14]. From then on, controlling the collagen
assembly and elucidating its molecular mechanism have become an intense topic of both basic
research and biotechnological applications [15,16].

It was found that the self-assembly of type I collagen is an entropy-driven process, where
the major driving forces may be water-mediated intra- and inter-bridges between polypeptide
helices [17], and hydrophobic as well as electrostatic interactions between adjacent molecules
[18,19]. Telopeptides of collagen molecules also play an important role in collagen assembly [20].
The partial remove of the amino and carboxylic non-helical end of collagen molecules by
pepsin may slow the aggregation [21]. On the other hand, the assembly of type I collagen is
influenced by microenvironment, such as temperature [22], pH [23] and ionic strength [24].
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However, the process of how collagen molecules assemble into microfibrils and fibrils
remains to be answered [13, 25].

Recently, atomic force microscopy (AFM) with an advantage of high resolution has been
proven to be a useful tool to investigate the collagen assembly in details [25,26]. In this research,
for further understanding the process of how type I collagens assemble into fibrils, the self-
assembly of type I collagen in a series of buffer solutions with varying pH was characterized
by AFM, and the effects of 1,3-propane diol and n-propanol on the assembly were also
investigated.

2.2.2.2. ExperimentalExperimentalExperimentalExperimental
2.12.12.12.1 SampleSampleSampleSample preparationpreparationpreparationpreparation

Type I collagen was extracted from calfskin according to previous method [27], and a stock
collagen solution of 0.15 mg/ml was stored at pH ~3 and 4 °C. The buffer solutions in the pH
range of 3.0 to 8.0 were prepared by mixing 0.1 M citric acid solution with 0.2 M Na2HPO4

solution in different volume fractions. A fixed amount of the stock collagen solution was
diluted in buffer solutions to obtain 0.01 mg/ml collagen solutions. After incubation at 20 °C
for 24 h, a drop of collagen solution (5 μl) was placed on a cleaved mica disc with a diameter
of 6 mm, and then the sample was dried in a silicagel desiccator at room temperature.
A given amount of 1,3-propane diol, used to break the inter- and intra-molecular hydrogen

bonds of collagens, was diluted in buffer solution at pH 7, so that the concentration of 1,3-
propane diol was 0(control), 0.1, 0.5, 1.0, 1.5 and 2.0 M, respectively. Then 335 μl of stock
collagen solution was diluted in 5 ml of the buffer solution containing 1, 3-propane diol. After
incubation at 20 °C for 24 h, 5 μl of these collagen solutions were taken and treated as the
method above.

A given amount of n-propanol, used as breaking agent of hydrophobic bonds, was
dissolved in the buffer solution at pH 7, so that the concentration of n-propanol was 1.0, 2.0,
3.0, 4.0 5.0 and 6.0 M, respectively. Other procedures were the same as those mentioned
above.

All chemical reagents used in experiments were analytical grade.
2.22.22.22.2AFMAFMAFMAFMmeasurementmeasurementmeasurementmeasurement

The assembly morphologies of type I collagen were observed by AFM (SPM-9600,
Shimadzu, Japan) in tapping mode at room temperature under the laboratorial ambience.
Topographic images of 2 μm × 2 μm were obtained with a scan rate of 1 Hz. The flattened
AFM images without further modification were shown here and the diameter analysis of
collagen fibrils was executed by Shimadzu SPM software provided with the instrument.

3333 ResultsResultsResultsResults andandandand discussiondiscussiondiscussiondiscussion
3.13.13.13.1 TheTheTheThe effecteffecteffecteffect ofofofof pHpHpHpH onononon thethethethe self-assemblyself-assemblyself-assemblyself-assembly ofofofof collagencollagencollagencollagen

The self-assembly behaviors of type I collagen in buffer solutions are shown in Fig. 1 A-F.
It can be observed that the self-assembly of collagen was greatly influenced by pH of
solution, not only on the dimension of the assembled fibrils but also the morphology. As
shown in Fig. 1A, the fibrils with a diameter of about 15 nm were obtained at pH 3, where
hundreds of collagen molecules were randomly packed with each other. A similar
morphology was observed at pH 4, as shown in Fig. 1B. However, the lateral fusion of the



3

collagen fibrils was more clearly observed at pH 4, which resulted in an increase of packing
density. A network of fibrils was formed at pH 5, rooting in the stronger lateral association of
collagen fibrils, as shown in Fig. 1C. Furthermore, a linear self-assembly of collagen was
displayed at pH 6, as shown in Fig. 1D, where the dimension of collagen fibrils remarkably
increased compared with those at lower pHs.

Fig.Fig.Fig.Fig. 1111 AFMAFMAFMAFM imagesimagesimagesimages ofofofof thethethethe self-assemblyself-assemblyself-assemblyself-assembly ofofofof typetypetypetype IIII collagencollagencollagencollagen inininin bufferbufferbufferbuffer solutionssolutionssolutionssolutions atatatat 20202020 ooooCCCC———— thethethethe effecteffecteffecteffect
ofofofof pHpHpHpH onononon thethethethe self-assembly:self-assembly:self-assembly:self-assembly: (A)(A)(A)(A) pHpHpHpH 3,3,3,3, (B)(B)(B)(B) pHpHpHpH 4,4,4,4, (C)(C)(C)(C) pHpHpHpH 5,5,5,5, (D)(D)(D)(D) pHpHpHpH 6,6,6,6, (E)(E)(E)(E) pHpHpHpH 7,7,7,7, (F)(F)(F)(F) pHpHpHpH 8.8.8.8.

The distinctive morphology was obtained at pH 7 and 8. As shown in Fig.1 E and F,
collagen molecules were inclined to assemble into individual fibrillar fragments with a length
in micron-size , which in turn aggregated end to end into longer fibrils. Simultaneously, the
lateral fusion of fibrils emerged, as marked by a circle in Fig. 1E and F. It is interesting to
find that most of the fibrils were aligned almost parallel to each other. The lateral fusion of
fibrils more remarkably appeared at pH 8, which was reflected by the considerable increase of
their diameter.

Obviously, the self-assembly of collagen molecules is pronouncedly effected by pH of the
buffer solutions. The diameter of collagen fibrils greatly increased when pH was increased
from 3 to 8. A primary reason for this phenomenon would be due to the fact that the
electrostatic repulsion between collagen molecules is changed with pH. The isoelectric point
(pI) of collagen is about 7.8 [28], and therefore, the charged groups of collagen molecules lead
to a repulsion between collagen molecules at a low pH range. With the increase of pH, the
repulsive force gradually decreases, which favors the aggregation of collagen molecules. This
repulsive force is nearly negligible around isoelectric point and thus, collagen fibrils with
thicker diameter, about 80 nm, are formed at pH 8. It should be noted that the collagen
molecules were inclined to longitudinally assemble into individual fibrillar segments with
longer and thicker size in the pH range of 7 to 8. A reasonable explanation for this
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phenomenon is that the aggregation of adjacent collagen molecules was very fast in this pH
condition, so that the long-range interactions between collagen molecules seldom took place.
Thus, it can be concluded that the morphology and dimension of the fibrils assembled from
collagen molecules largely depend on the pH of solution.

Anyway, the self–assembly of collagen molecules can be observed at pH 3.0 and 4.0, even
though the charged side chains of collagen molecules would negatively affect the assembly
process. Therefore, it can be suggested that the hydrogen bond and hydrophobic force also
play important roles in self–assembly of collagen molecules. The significance of hydrogen
and hydrophobic bonds to assembly of collagen molecules is individually discussed in
sections 3.2 and 3.3.

Compared with natural collagen fibrils, the self-assembled fibrils from collagen molecules
don’t exhibit the D-period properties. It is because that the partial removal of telopeptides of
collagen by pepsin has changed the assembly pathway, departing from the unidirectional
packing of collagen molecules [13]. In addition , the inter-collagen covalent cross-links between
lysine or allysine residues on adjacent collagen molecules are crucial for the formation of 4D-
staggered arrangement [29], but these reactions can’t take place at ambient temperature.
3.23.23.23.2 TheTheTheThe effecteffecteffecteffect ofofofof hydrogenhydrogenhydrogenhydrogen bondbondbondbond breakingbreakingbreakingbreaking agentagentagentagent (1,3-propane(1,3-propane(1,3-propane(1,3-propane diol)diol)diol)diol) onononon thethethethe self-assemblyself-assemblyself-assemblyself-assembly ofofofof
collagencollagencollagencollagenmoleculemoleculemoleculemoleculessss

The AFM images of the self-assembly of collagen molecules in the presence of 1,3-
propane diol are given in Fig. 2A-F. It can be observed that 1,3-propane diol greatly
influenced the self-assembly behavior of collagen in buffer solution at pH 7. When the
concentration of 1,3-propane diol was 0.1M, the distinctive morphology of fibrillar structure
was weakened compared with that of the control, as shown in Fig. 2 A and B. As the
concentration of 1,3-propane diol was increased to 0.5 and 1M, the formation of collagen
fibrils seems more difficult, as shown in Fig. 2 C and D. Furthermore, a significant change of
the assembled morphology of collagen molecules happened as the concentration of 1,3-
propane diol was above 1.5M. In fact, collagen molecules were not able to assemble into
fibrillar morphology when the concentration of 1,3-propane diol was 1.5 and 2.0M, as shown
in Fig. 2 E and F.
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Fig.Fig.Fig.Fig. 2222 AFMAFMAFMAFM imagesimagesimagesimages ofofofof thethethethe collagencollagencollagencollagen self-assemblyself-assemblyself-assemblyself-assembly atatatat di fferentdifferentdifferentdifferent concentrationconcentrationconcentrationconcentration ofofofof 1,3-propane1,3-propane1,3-propane1,3-propane dioldioldioldiol atatatat
pHpHpHpH 7777:::: (A)(A)(A)(A) control,control,control,control, (B)(B)(B)(B) 0.1M,0.1M,0.1M,0.1M, (C)(C)(C)(C) 0.50.50.50.5 M,M,M,M, (D)(D)(D)(D) 1.0M,1.0M,1.0M,1.0M, (E)(E)(E)(E) 1.5M,1.5M,1.5M,1.5M, (F)(F)(F)(F) 2.0M.2.0M.2.0M.2.0M.

A longer-range attraction are involved in the interaction of collagen molecules, and the
attraction would be directly suppressed by 1,3-propane diol to inhibit the fibrillogenesis of
collagen in solution[30]. In experiments, the inhibition against the self-assembly of collagen
molecules was limited at low concentration of 1,3-propane diol. The morphology of collagen
fibrils was still observed when the concentration of 1,3-propane diol was lower than 1M, even
though the dimension and arrangement of collagen fibrils were greatly influenced. The
negative effect of 1,3-propane diol on the formation of collagen fibrils should be mainly due to
the breakage of inter-molecular hydrogen bonds between collagen molecules, because 1,3-
propane diol is capable of blocking the polar sites on side chains of collagen molecules to form
inter-molecular hydrogen bonds. When the concentration of 1,3-propane diol is higher than
1.5M, the intra-molecular hydrogen bonds would be broken, leading to collapse of the coaxial
helix of collagen molecule, and therefore the collagen molecules could not assemble into
collagen fibrils.
3.33.33.33.3 TheTheTheThe effecteffecteffecteffect ofofofof hydrophobichydrophobichydrophobichydrophobic bondbondbondbond breakingbreakingbreakingbreaking agentagentagentagent (n-propanol)(n-propanol)(n-propanol)(n-propanol) onononon thethethethe self-assemblyself-assemblyself-assemblyself-assembly ofofofof
collagencollagencollagencollagenmoleculemoleculemoleculemoleculessss
The AFM images of collagen assembly in buffer solutions with different concentration of n-

propanol are presented in Fig. 3A-F. The self-assembly of collagen is remarkably influenced
by n-propanol. As shown in Fig. 3 A and B, the distinctive collagen fibrils were observed
when the concentration of n-propanol was lower than 2.0 M. The amount of collagen fibrils,
however,was decreased when the concentration of n-propanol was increased to 3.0 M. As the
concentration of n-propanol was increased to 4.0 M, only random collagen particles appeared,
as shown in Fig.3D.

It is interesting that the collagen fibrils emerged again when the concentration of n-
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propanol was increased to 5.0 M, as shown in Fig. 3E, and that the amount of collagen fibrils
was further increased when the concentration of n-propanol arrived 6.0 M.

Fig.Fig.Fig.Fig. 3333 AFMAFMAFMAFM imagesimagesimagesimages ofofofof collagencollagencollagencollagen self-assemblyself-assemblyself-assemblyself-assembly atatatat di fferentdifferentdifferentdifferent concentrationconcentrationconcentrationconcentration ofofofof n-propanoln-propanoln-propanoln-propanol atatatat pHpHpHpH 7777::::

(A)(A)(A)(A) 1.01.01.01.0 M,M,M,M, (B)(B)(B)(B) 2.0M,2.0M,2.0M,2.0M, (C)(C)(C)(C) 3.03.03.03.0 M,M,M,M, (D)(D)(D)(D) 4.04.04.04.0 M,M,M,M, (E)(E)(E)(E) 5.05.05.05.0 M,M,M,M, (F)(F)(F)(F) 6.06.06.06.0 M.M.M.M.

It is suggested that n-propanol can be used as a hydrophobic bond breaking agent because
of the interaction between the aliphatic portion of n-propanol and the non-polar side chain of
collagen molecule [31]. Thus, the addition of n-propanol would reduce the hydrophobic
interaction between collagen molecules and therefore, inhibit the formation of collagen fibrils.
The change of morpholog y of the assembled collagen presented in Fig. 3 A-D is in accordance
with the assumption, and proves that hydrophobic bonds are also crucial for the self-assembly
of collagen molecules in solution.

However, our observations indicate that collagen molecules can self-assemble into fibrils
at a higher concentration of n-propanol. This should not be the evidence that hydrophobic
interaction is negligible in self-assembly of collagen molecules. At a high concentration of n-
propanol, the dielectric constant of medium is lowered, which will facilitate the electrostatic
interaction between collagen molecules. In other words, the activation energy for the
interaction of collagen molecules is decreased, and as a result, collagen fibrils are again
formed. This phenomenon is in agreement with the previous researches [31-33].

It was reported that an anomalous region stretching approximately from the 195th to 215th
amino acid residue from the start of the triple helical region closest to the N-terminus contains
a high concentration of hydrophobic residues, moreover, the concentration of both
hydroxyproline and charged residues is very low in this region [34]. So it is postulated that it is
the hydrophobic bonds formed in these regions of collagens that promote the assembly of
collagen. When collagen molecules aggregate through hydrophobic forces, a part of water
molecules around collagen molecules are removed by the hydrophobic effect. Thus, the
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entropy of the system increases. That is why the assembly of collagen molecules into fibril is
an entropy-driven process. This process results in the assemblies with a circular-section to
minimize the surface area/volume ratio [35].

4444 ConclusionConclusionConclusionConclusionssss
Collagen molecules can self-assemble into fibrils in water solution. This assembly is

mainly driven by inter-molecular hydrogen bonds and hydrophobic forces. The electrostatic
interaction between collagen molecules strongly influences the assembly of collagen. The
self-assembly ability of collagen is weakened in a low pH range because of the strong
electrostatic repulsion between collagen molecules. The dimension of the assembled collagen
fibrils is remarkably increased when the pH of solution is closed to the isoelectric point (pI) of
collagen where the electrostatic repulsion is negligible.
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