
Research Article
Observing Effects of Calcium/Magnesium Ions
and pH Value on the Self-Assembly of Extracted Swine
Tendon Collagen by Atomic Force Microscopy

Xuan Song,1 Zhiwei Wang,1 Shiyu Tao,1 Guixia Li,1 and Jie Zhu1,2,3

1Laboratory of Agricultural and Food Biomechanics, Institute of Biophysics, College of Science, Northwest A&F University,
Yangling, Shaanxi 712100, China
2Sino-US Joint Research Center of Food Safety, Northwest A&F University, Yangling, Shaanxi 712100, China
3Department of Animal Sciences, College of Agriculture, Purdue University, West Lafayette, IN 47907, USA

Correspondence should be addressed to Jie Zhu; jiezhu@nwafu.edu.cn

Received 26 October 2016; Revised 7 May 2017; Accepted 1 June 2017; Published 16 July 2017

Academic Editor: Susana Fiszman

Copyright © 2017 Xuan Song et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Self-assembly of extracted collagen from swine trotter tendon under different conditions was firstly observed using atomic force
microscopy; then the effects of collagen concentration, pH value, and metal ions to the topography of the collagen assembly were
analyzed with the height images and section analysis data. Collagen assembly under 0.1M, 0.2M, 0.3MCaCl

2
, andMgCl

2
solutions

in different pH values showed significant differences (P < 0.05) in the topographical properties including height, width, and
roughness. With the concentration being increased, the width of collagen decreased significantly (P < 0.05). The width of collagen
fibers was first increased significantly (P < 0.05) and then decreased with the increasing of pH. The collagen was assembled with
network structure on the mica in solution with Ca2+ ions. However, it had shown uniformed fibrous structure with Mg2+ ions on
the new cleaved mica sheet. In addition, the width of collagen fibrous was 31∼58 nm in solution with Mg2+ but 21∼50 nm in Ca2+
solution. The self-assembly collagen displayed various potential abilities to construct fibers or membrane on mica surfaces with
Ca2+ ions and Mg2+ irons. Besides, the result of collagen self-assembly had shown more relations among solution pH value, metal
ions, and collagenmolecular concentration, which will provide useful information on the control of collagen self-assembly in tissue
engineering and food packaging engineering.

1. Introduction

As the most abundant proteins in human and animals,
collagen does occupy 1/3 of the whole body proteins and is
distributed in almost all tissues and organs [1]. More than
twenty specialized types of collagen have been characterized,
in the form of fibers in connective tissues or membranes
in extracellular matrix. As the primary structural proteins
in connective tissues, type I collagen is a major component
of tendon, cartilage, ligament, bone, skin, and cornea [2].
It was known that the collagen molecule is composed of
three polypeptide chains with a right-handed triple-helical
structure [3]. Compared with other proteins, the form of
collagen is determined by the amino acids sequences of
the 𝛼-chains that come together to maximize hydrophobic

and charge attractions between them [4]. In addition, more
than half of all hydrophobic residues are toward the outside,
which makes the triple-helical polypeptide chains of collagen
assemble into microfibrils from fibrils genesis, thus forming
larger collagen bundles [5].

Collagen molecules have the ability to self-assemble from
solution and the most types of collagen molecules participate
in some form of higher-order supramolecular self-assembly
that directly relates to their biological function [6]. Self-
assembly is a process during which collagen molecules form
in a highly-orderedway into an aggregate embossedwith bio-
logical functions through the interactions of secondary bond.
The electron microscopy and X-ray were used to observe the
solubilized collagen molecules and aggregates spontaneously
assembled to form fibrils with the characteristic 67 nm fibrils
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repeat distance under 37∘C [7]. And there are some researches
which found that ultrastructural insights revealed by electron
microscopy and X-ray diffraction indicate that tendon fibers
consist of building blocks separated by average periodicities
around 4-5 nm [8]. From these results, models of collagen
self-assembly into microfibrils could be developed. In vivo,
type I collagen molecules are assembled into fibrillar or
membranes structures when the collagen solution is adjusted
to specific concentration of collagen, pH, and ionic strength,
which can be applied in the composition of engineering
scaffolds of bones, cartilage, skin, muscles, or food packaging
engineeringmaterials for its structural features and biological
characteristics. Therefore, the research on collagen can be
promoted as a potential source in regenerative medicine and
food packaging [9, 10].

Collagen properties are sensitive to pH and ionic strength
because these conditions affect the self-assembly of collagen
monomers into fibrils. Thus, the effects of pH value and
metal ions concentrations on self-assembly of type I collagen
molecules were investigated and evaluated in this study
with atomic force microscopy (AFM) which is an efficient
and widely used method on molecular and cellular biology
for its high resolution and simple sample preparation [11];
the change of appearance of collagen self-assembly under
different condition was observed by AFM. In addition, the
mechanism of collagen self-assembly under different pH and
metal irons was explained in this report, systematically.

2. Materials and Methods

2.1. Preparation of Collagen Solutions. Tendon tissues for col-
lagen purification were dissected from the fresh swine trotter,
which was purchased from Yangling Trust-Mart at Shaanxi,
China. The tendon tissues were firstly cut into ∼0.3 cm3
cubes and homogenized intermittently in 0.9% NaCl using
T10 IKA homogenizer (IKA Co., Germany) [12]. After being
washed with 0.9% NaCl for more than 5 times, the tendons
homogenates were mixed with 0.5M Tris-HCl (pH = 7.5)
containing 1M NaCl at a tendon/solution ratio of 1 : 25 (w/v)
and immediately placed in 4∘C refrigerator for 24 h with
stirring every 8 h, then discarding the supernatant to remove
the noncollagenous impurities. After being fully washed
with distilled water, the tendon sediment was extracted for
collagen molecules by adding 100ml 0.5M acetic acid at
4∘C for 24 h. Then, the collagen solution was filtered and
precipitated by adding 20% NaCl. When the floe occurred,
the above collagen was collected by centrifugation at 10,280𝑔
for 30min and then was redissolved by 0.5M acetic acid with
the final collagen concentration of 4mg/ml; finally it was
stored at 4∘C in order to avoid microbial contamination and
denaturation [13, 14].ThepHof original collagen solutionwas
adjusted to 7.0 before use.

2.2. Self-Assembly of Collagen in Different Concentrations.
Stock solution of Na

2
HPO
4
andNaH

2
PO
4
was prepared with

distilled water and the pH value was adjusted to 9.2 with
0.1M NaOH in this experiment. The original solution of
collagen (4mg/ml, pH = 7.0) was diluted with phosphate

buffer to the final concentration at 0.1mg/ml, 0.2mg/ml, and
0.3mg/ml, respectively. Then, three kinds of 20 𝜇l diluted
collagen solutions were deposited onto a fresh cleaved mica
surface separately. They were put into perforated plate and
dried at room temperature. Finally they were observed under
AFM after the sample dried.

2.3. Self-Assembly of Collagen in Different pH Values. The pH
value of the phosphate buffer was adjusted to 5.7, 7.0, 8.0,
and 9.2 with 0.1M NaOH, and the original collagen solution
(4mg/ml, pH = 7.0) was dissolved in phosphate buffer with
the different pH values to make the final concentration at
0.2mg/ml of all the samples [15, 16]. 20 𝜇l collagen solution
was dropped onto the fresh cleaved mica surface, which was
dried at room temperature and washed several times with
distilled water, avoiding the interference of crystals derived
from phosphate buffer.

2.4. Self-Assembly of Collagen in Different Metal Ions and
Concentrations. Distilled water was used to formulate CaCl

2

and MgCl
2
solutions at concentration of 0.1, 0.2, and 0.3M.

Theoriginal collagen solution (4mg/ml, pH= 7.0)was diluted
into 1mg/ml and 200𝜇l of this solution was mixed with
different concentrations of CaCl

2
/MgCl

2
solution at 160 𝜇l

and 640 𝜇l Tris-HCl (0.05M, pH = 7.5). In the control group,
the collagen solution (1mg/ml) was mixed with 800𝜇l Tris-
HCl only [17]. After being fully mixed, 20𝜇l of the solution
was drawn and dropped onto fresh cleaved mica surface,
then placed into perforated plate, naturally dried at room
temperature, and observed with AFM.

2.5. AFM Imaging and Data Analysis. All tests were executed
onMultimode 8AFMwith SCANASYST-AIRprobes (Bruker
Co., Santa Barbara, CA) in ScanAsyst mode at 0.997Hz.
Height and error images in 512 × 512 pixels were collected
simultaneously to be flattened, erased, and analyzed using
AFM image processing offline software NanoScope Analysis
V1.10 (Bruker Co., Santa Barbara, CA) [18]. The qualitative
data of collagen fibrils width, height, and root-mean-square
(Rms) roughness was recorded as mean ± SE (standard
error). All statistical analyses were performed using IBM
SPSS 17.0. An analysis of variance (ANOVA) was used to
determine the differences among the treatments. Fisher’s
Protected Least Significant Difference (LSD) test was set at
a 5% significance level and evaluated by Duncan’s multiple
range test to estimate the levels of statistical significance (P <
0.05). For each sample, at least 5 AFM images were randomly
captured and at least 10 different fibrils were selected from
each image.

3. Results and Analysis

3.1. Effects of Collagen Concentration on the Self-Assembly.
In Figure 1, formulated collagen solutions of different con-
centrations with phosphate buffer (pH = 9.2) and typical
AFM height images and section analysis profiles results are
shown and the figure discusses the changes of structure.
The structure of collagen self-assembly is directional at some
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Figure 1: Typical AFM height images and section analysis profiles of collagen self-assembly in different concentrations in 512 × 512 pixels:
(a) 0.1mg/ml; (b) 0.2mg/ml; (c) 0.3mg/ml.

Table 1: Width, height, and roughness of the collagen self-assembly
in different collagen concentrations.

Parameter Concentration
0.1mg/ml 0.2mg/ml 0.3mg/ml

Width/nm 138.10 ± 8.06a 103.5 ± 10.09b 46.50 ± 5.11c

Height/nm 1.37 ± 0.09c 1.73 ± 0.13b 2.29 ± 0.15a

Roughness/nm 0.32 ± 0.01c 0.70 ± 0.04b 0.86 ± 0.11a

Results (n = 20) are shown as mean ± SE. Means without common
superscripts (a–c) in row are different (P < 0.05).

degree and the fiber structure is very clear in phosphate
buffer. At low concentration, collagen combined into small
and short parallel distributed collagen fibers with the length
varies from 0.8 𝜇m to 1.6 𝜇m, as shown in Figure 1(a). As
the concentrations increased, the width of collagen fibers
decreased significantly (P < 0.05), and these parallel collagen
fibers were crosslinked by some thinner fibers, forming a
kind of network self-assembly structure. The width and
height of collagen fibers in different concentrations were
reflected in section analysis profiles below the corresponding
height images, and the date of Rms roughness was calculated
automatically, as shown in Table 1.

As the collagen concentration increased from 0.1mg/ml
to 0.3mg/ml, the space between the collagen fibers decreased
obviously, in which the width of collagen self-assembly
was decreased from 138.10 ± 8.06 nm to 46.50 ± 5.11 nm,
the height was increased from 1.37 ± 0.09 nm to 2.29 ±
0.15 nm, and Rms roughness increased from 0.32 ± 0.01 nm
to 0.86 ± 0.11 nm; and the differences among width, height,
and roughness of collagen self-assembly were significant

(P < 0.05). It was demonstrated that, in the lower collagen
concentrations, collagen molecules firstly formed into single
short fibrils through axial connection and, with the collagen
concentrations increasing gradually, the single fibrils would
be axially connected to longer fibrils and even formed into
dense network structure through the crosslinking between
these small fibrils [19, 20].

3.2. Effects of pH Values on the Collagen Self-Assembly. To
investigate the pH influence on the collagen self-assembly,
typical AFM height images of self-assembly collagen dis-
solved by phosphate buffer at a series of pH values showed
obvious topological diversity in Figure 2. The collagen
molecules were absorbed and assembled onto fresh cleaved
mica as fiber protrusions at pH 5.7, as shown in Figure 2(a),
in which the mica surface was completely covered with
fibrillar structureswith the randomly distributed dense fibers.
Therefore, the width of collagen fibrils was relatively smaller
in acidic solution than the others. The self-assembled struc-
tures were gradually transformed into a fibrous structure and
the fibrils were mostly parallel to others as acidic samples
weakened in Figures 2(b)–2(d).

The influences of pH values on the collagen self-assembly
were quantified and shown in Table 2. Firstly, the width
of collagen self-assembly increased dramatically and then
decreased significantly (P < 0.05) when the pH values were
adjusted from 5.7 to 9.2. The height and Rms roughness
decreased when the pH values increased except at pH 8, but
there was no significant difference compared with that of pH
7 (P > 0.05). It was shown that the width of collagen self-
assembly under neutral conditions was greater than others.
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Figure 2: Typical AFM height images of collagen self-assembly at different pH values in 512 × 512 pixels: (a) pH 5.7; (b) pH 7.0; (c) pH 8.0;
(d) pH 9.2.

Table 2: Width, height, and roughness of the collagen self-assembly at different pH values.

Parameter pH value
pH = 5.7 pH = 7.0 pH = 8.0 pH = 9.2

Width 53.7 ± 7.74d 131.35 ± 13.93a 112.1 ± 10.23b 103.5 ± 10.09c

Height/nm 2.92 ± 0.27a 2.45 ± 0.08b 2.53 ± 0.05b 1.73 ± 0.13c

Roughness/nm 1.01 ± 0.19a 0.97 ± 0.07a 0.98 ± 0.11a 0.70 ± 0.04b

Results (n = 20) are shown as mean ± SE. Means without common superscripts (a–d) in row are different (P < 0.05).

The fiber width and height of the collagen self-assembly were
different significantly (P < 0.05), which may be caused by
the decrease of the height and increase of the width when
the collagen solution concentration kept unchanged. The
difference of Rms roughness was also significant (P < 0.05)
at different pH values.

It was demonstrated that the solution of pH values played
an important role in influencing the adsorption of anions
and cations at the solid-liquid interfaces during collagen self-
assembly [21, 22]. The molecular structure of collagen is the
trimer-of-phase [𝛼

1
(I)]
2
𝛼
2
(I), which is composed of𝛼

1
(I) and

𝛼
2
(I) chains. Type I collagen is amphoteric electrolyte, the

acidic group and alkaline group on 𝛼 chain can combine
with alkali and acid, and the acidity capacity of collagen is
2 times compared to its alkaline capacity. In acidic medium,
the amide group of peptide bond in collagen molecule can
function with the H+ ions in the solution and form the -
NH3+-, and the -NH3+- of polypeptide chain takes the most
important role under this concentration of collagen solution,
which led to the result that the crosslinking of collagen
molecules was limited because of the repulsion between
collagen molecules. The hydrophobic amino acids in the
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Figure 3: Typical AFM height images of collagen self-assembly in CaCl
2
and MgCl

2
solution with different ions concentration in 512 × 512

pixels: (a, d) 0.1M; (b, e) 0.2M; (c, f) 0.3M.

polypeptide chain show its hydrophobic interaction, making
the intramolecular and intermolecular force strengthen [23,
24]; then the collagen formed into irregular groups or mesh
structure when collagen is saturated in the acid solution
[25]. We can conclude from Table 2 that self-assembly at
pH 7.0 led to more collagen molecule being assembled and
the fibrils at pH 7.0 were thicker, and the fibrils formed at
alkaline pH tend to be narrow in diameter, because the pH
of collagen solution may be close the isoelectric point (pI) of
collagen. At certain concentration, the collagenmolecules are
connected to be linear molecules for the mutual repulsion of
-NH3+-, lysine, and arginine on the polypeptide chain and
histidine residues [26, 27]. But the hydrogen bonding and
ionic bonding between collagen molecules were damaged
by excessive acid or alkali. In the meantime, the collagen
would be filled with water when pH value is below the
isoelectric point of collagen and shows the acid expansion
that is positively charged; oppositely, the collagen will be
negatively charged and show alkaline expansion [27]. The
moisture holding capacity of collagen varies with the pH
values of buffer solution [26], which will help to further
understand the mechanism of collagen self-assembly and
provide the reference for collagen molecules assembly into
fibers.

3.3. Effects of Metal Ions on Collagen Self-Assembly. To figure
out the influences of metal irons on the collagen self-
assembly process, the concentrations of the collagen solution
were diluted at constant 0.2mg/ml. The collagen molecules
assembled into fibers at different concentration of CaCl

2
and

MgCl
2
solutions. Typical AFM height images of collagen

self-assembly under different metal irons were shown in
Figure 3with apparent network topological distinction.These
experiments demonstrate that the self-assembly of collagen
molecules into fibrils and the formation of fibrillar networks
depend in a sensitive way on the ion and its concentration.
The collagen network became denser and highly crosslinked
when the concentration of Ca2+ and Mg2+ irons increased
gradually. Width, height, and roughness derived from the
section analysis results of the AFMheight images were shown
in Table 3. The collagen molecules were fully crosslinked
into a network structure in CaCl

2
solution, as shown in

Figures 3(a) and 3(b), and were crosslinked into random
network structure which has smaller fiber width with high
concentration ofCa2+ ions, as shown in Figure 3(c).The result
indicated that difference of width of collagen fibers in dif-
ferent concentration of ion metal solution is significant (P <
0.05). Specifically, the width of collagen self-assembly showed
significant difference (P < 0.05) when the concentrations of
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Table 3: Width, height, and roughness of the collagen self-assembly in different metal ions concentration.

Parameter Concentration of metal ions
Category Control (0M) 0.1M 0.2M 0.3M

Width/nm CaCl
2

34.50 ± 3.14b 33.80 ± 2.70by 38.45 ± 3.73ax 24.05 ± 2.96cy

MgCl
2

34.50 ± 3.14c 54.00 ± 3.08ax 49.75 ± 3.75bx 33.95 ± 2.84cx

Height/nm CaCl
2

1.64 ± 0.12b 2.26 ± 0.24ax 0.93 ± 0.09dy 1.27 ± 0.22cy

MgCl
2

1.64 ± 0.12a 1.12 ± 0.09by 1.33 ± 0.17bx 1.83 ± 0.21ax

Roughness/nm CaCl
2

0.50 ± 0.04b 0.61 ± 0.07ax 0.22 ± 0.02cx 0.52 ± 0.08by

MgCl
2

0.50 ± 0.04b 0.38 ± 0.03cy 0.39 ± 0.03cy 0.71 ± 0.09ax

Results (n = 20) are shown as mean ± SE; means without common superscripts (a–d) in row are different (P < 0.05). Means without common superscripts (x-
y) in column within a parameter are different (P < 0.05).

CaCl
2
varied from 0.1M to 0.3M. Collagen molecules had

begun to crosslink and aggregate in 0.1M CaCl
2
solution

but still had little effect on the width of collagen assembly;
the self-assembled fiber width increased obviously when
CaCl
2
solution concentration increased up to 0.2M. At high

concentration of Ca2+, the crosslink of collagen self-assembly
was inhibited and shown as decreased width. The changes
of metals irons resulted in the difference of structures of
collagen self-assembly. Assembled fibers were parallel to each
other in different concentration of MgCl

2
. The width of the

fibers was largest at 0.1M MgCl
2
and decreased gradually

and obviously when MgCl
2
concentration increased from

0.1M to 0.3M. However, the height of collagen self-assembly
increased significantly (P < 0.05). The structure of collagen
self-assembly showed obvious difference between CaCl

2
and

MgCl
2
, including roughness, height, and width values.

Collagen assembly is driven by noncovalent interaction,
which is reversible upon change in solution conditions.
In electrolyte solution, three polypeptide 𝛼-chains of type
I collagen were composed by abundant function groups,
such as -NH

2
, -COOH, and -OH and other active groups

can combine with metal ions and form the collagen-metal
chelates [28]. Metal ions may control the structures and
functions of collagen self-assembly by strengthening the
folding and oligomerization of collagen molecules [29], and
the interactions and themobility of collagenmolecules would
be affected by the radius size of metal ions in solution [30].
The metal ions absorbed on the surfaces of collagen and
mica could be gradually diffused into the water which would
increase the repulsive forces among collagen molecules,
collagen self-assembly, and the mica, finally quickly reducing
the electrostatic attraction [27]. When the repulsive forces
become the leading forces between collagen, the network
collagen fiber will gradually disperse into many little fibers
and finally become single collagen molecules chain. But,
collagen starts to gather and crosslink at high ionic strength.
On the other side, the result suggests that the crosslinking
capacity of collagen in MgCl

2
solution is better than that in

CaCl
2
solution because the radius of Mg2+ (𝑅Mg2+ = 0.66 Å)

is smaller than that of Ca2+ (𝑅Ca2+ = 0.99 Å) [31–33], and pos-
itive charge has higher density and the steric hindrance with
smaller ions radius, which can better occupy the coordination
sites on collagen molecules.

4. Conclusions

It was shown that collagen self-assembly behavior could be
regulated by the types of metal ions, ions concentration,
and pH values of the assembly solutions. With the increase
of metal ion concentrations, the width of collagen firstly
increased and then decreased dramatically. When Ca2+
existed, collagen fiber crosslinked and formed into random
network structure; when Mg2+ existed, the fiber structure
was shown in a directional order. Different pH values in the
buffer resulted in changes of width, height, and roughness
of the collagen self-assembly at constant concentrations of
collagen solutions.When the pH values varied from 5.7 to 7.0,
the collagen fiber changes from random network structure
into directional fibrous structure, and the width of the fiber
increases with the increase of pH value; and then the width
of fiber decreased with the increasing of pH value. Collagen
has good biological characteristics and the self-assembly of
collagen could be influenced by various factors. Apart from
the pH values andmetal ions in this study, there are also other
factors like temperature, surfactant, sugars, and the removing
of nonhelical collagen terminus. Therefore, further study is
needed to study the mechanism of collagen self-assembly. In
order to further and better use of collagen in related fields in
medicine and food sciences, further study for improving and
enhancing its strength characteristics and other properties
will be done in the future.
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