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The collagen molecule, which is the building block of collagen fibrils, is a triple

helix of two a1(I) chains and one a2(I) chain. However, in the severe mouse

model of osteogenesis imperfecta (OIM), deletion of the COL1A2 gene results

in the substitution of the a2(I) chain by one a1(I) chain. As this substitution

severely impairs the structure and mechanics of collagen-rich tissues at the

tissue and organ level, the main aim of this study was to investigate how the

structure and mechanics are altered in OIM collagen fibrils. Comparing results

from atomic force microscopy imaging and cantilever-based nanoindentation

on collagen fibrils from OIM and wild-type (WT) animals, we found a 33%

lower indentation modulus in OIM when air-dried (bound water present) and

an almost fivefold higher indentation modulus in OIM collagen fibrils when

fully hydrated (bound and unbound water present) in phosphate-buffered

saline solution (PBS) compared with WT collagen fibrils. These mechanical

changes were accompanied by an impaired swelling upon hydration within

PBS. Our experimental and atomistic simulation results show how the structure

and mechanics are altered at the individual collagen fibril level as a result of col-

lagen gene mutation in OIM. We envisage that the combination of experimental

and modelling approaches could allow mechanical phenotyping at the collagen

fibril level of virtually any alteration of collagen structure or chemistry.
1. Introduction
1.1. Collagen: molecular and fibrilar structure
Collagen is a family of proteins that compose approximately 30% of the protein

mass of the human body [1]. This makes collagen one of the most abundant

proteins in humans as well as vertebrates and consequently, perhaps, the most

important protein family providing structural and mechanical stability to

almost every biological tissue in our bodies.

The characteristic structure of collagen molecules has been proposed over

50 years ago on the basis of X-ray diffraction [2]. At the lowest length-scale level,

three polypeptide alpha (a) chains are closely packed into a right-handed twisted

helix (figure 1a; collagen structure from Protein Data Bank; PDB 1Cag [3]). The

triple helix has two small non-helical domains (telopeptides) located at each end

of the molecule. The close packing into a triple helix is mediated by the high content
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Figure 1. (a) Front view and side view (tilt away from the reader) of a col-
lagen molecule showing the right-handed twist of the triple helix as well as
the hydrogen bonds present to stabilize the triple helix (Jmol; collagen struc-
ture from Protein Data Bank; PDB 1Cag). (b) Self-assembly of molecules into
a collagen microfibril with the characteristic D-periodicity of 67 nm as a result
of overlap and gap regions. (c) Atomic force microscopy image of a collagen
fibril and (d ) height topography profile graph showing the D-periodicity.
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of glycine (Gly) residues [4]. Gly occupies every third position in

the amino acid sequence of each a-chain and is always posi-

tioned in the core of the triple helix [5,6]. This results in the

motif (Gly-X-Y), where X and Y are occupied by other amino

acids [7]. Finally, stabilization of the triple helix into a collagen

molecule is mediated by hydrogen bonds [8] (magenta coloured

dashed lines in figure 1a) as well as hydroxylation of the proline

and lysine residues [9], formed between the a-chains.

The triple helical formation takes place intracellularly;

but once the molecules are exported outside the cell, they

self-assemble into long fibrils by lateral and longitudinal organ-

ization. Seen in electron micrograph images in the transverse

direction of the fibrils, there are regions where the density of mol-

ecular packing is decreased (known as gap regions; figure 1b),

and regions where the density of the molecular packing is

increased (known as overlap regions; figure 1b) [10,11]. The gap

and overlap regions occur periodically along the length of the

fibril and their D-periodicity is 67 nm [11]. Petruska & Hodge

[12] suggested a simplified two-dimensional model (shown in

figure 1b) of the lateral staggering of the molecules resulting in

the 67 nm periodicity. Several other models that try to explain

the D-banding exist, but the most recently proposed and com-

monly used is a super-twisted three-dimensional microfibril

structure, which is characterized as a triclinic unit cell [13].

1.2. The role of intermolecular cross-linking in collagen
The type of collagen cross-links are divided into (i) enzymatic

and (ii) non-enzymatic cross-links, depending on the origin of

their formation. The enzymatic cross-links are first to form

during the fibrilar assembly of collagen, and are administered

by cells [14,15]. In particular, enzymes, such as lysyl oxidase

and hydroxylase, act on specific molecular segments deaminat-

ing the lysine and hydroxylysine residues located at the

telopeptides of the collagen molecule [16]. This results in the

formation of a divalent Schiff base intermolecular cross-link

between the non-helical and helical domains of adjacent mol-

ecules [17]. These divalent cross-links mature over time into

trivalent bonds connecting a third adjacent molecule [17].

These cross-links play a significant role in stabilizing the fibrilar

structure and are responsible for stiffening of the tissue [18].
Non-enzymatic cross-links result from the instantaneous chemi-

cal reactions between collagen and glucose [17]. The process

initiates with a Maillard reaction, which is a reaction between

amino acids and sugar [19]. Further oxidation leads to the

formation of advanced glycation end products (AGEs). The

non-enzymatic cross-links can form anywhere between the heli-

cal domains of adjacent collagen molecules [17]. Stiffening of the

arterial wall with naturally increased AGEs [20] as well as stif-

fening of the Achilles’ tendons of rats [21] with artificially

increased AGEs have been observed. This clearly suggests the

role of AGEs in the mechanical properties of biological tissues.

But, AGEs are also suggested to play a significant role in the

development of collagen-related pathologies, such as diabetes

mellitus (type II), kidney pathology, osteogenesis imperfecta

(OI) and cardiovascular pathology [22].

1.3. Collagen mutation related to structure – mechanical
changes

The mechanical importance of collagen manifests itself by a

range of collagen gene mutations resulting in pathologies,

such as Ehlers–Danlos syndrome [23], Alport syndrome [24]

and OI [25]. These pathologies are characterized by disorders

of the connective tissue. In this context, one of the most

detrimental clinical phenotypes of OI is brittle bones [25].

Brittle bones, as well as other clinical phenotypes of OI [25],

result from mutations in the COL1A1 and COL1A2 genes [26].

These genes encode the type I procollagena1 anda2 chains and

such mutations result in non-functional polypeptide alpha

chains in collagen type I [27]. In OI, single Gly substitution by

other bulkier amino acids in the a-chains [28] impairs the fold-

ing of the triple helix [29]. The impaired folding of the OI

collagen molecule manifests itself via micro-unfolded regions

at physiological temperatures [30]. Such impairments result in

severe variants of OI in humans (types II and III) [31,32] with

an abnormally increased number of bone fractures and defects

in collagen-rich tissues [33].

To study the effects of OI mutations on the structure–

function of biological tissues a number of mouse models

exist that simulate the clinical phenotypes of OI [34]. The

mouse model system that simulates moderate–severe pheno-

types of OI, i.e. the homozygous oim mice or OIM, results

from complete deletion of the COL1A2 gene [34,35]. Deletion

of COL1A2 results in the absence of a2(I) chains and OIM

model form homotrimeric type I collagen molecules, because

of the substitution of a2(I) chain by a third a1(I) chain [36].

Synthesis of homotrimeric collagen molecules causes a

number of structural, mechanical and biochemical alterations,

summarized in figure 2, that transmit throughout the struc-

tural hierarchy of collagen-rich tissues such as bones and

tendons. The substitution of a single a-chain results in struc-

tural changes similar to those in single-point mutations.

Recently, Chang et al. show that local kink formations

accompanied by micro-unfolded regions characterize the

structure of the type I homotrimeric collagen molecule [37]

(figure 2a). Micro-unfolded regions and local kinks result in

lower packing of these molecules into collagen fibrils

(figure 2b) [38]. Structural impairment at smaller length

scales are responsible for knock-on effects on larger length

scales, summarized in figure 2c,d, in terms of structure and

mechanics [39].

In the case of the OIM, both the structure and mechanics

are altered at the bone tissue and organ level [40,41].

http://rsif.royalsocietypublishing.org/
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Yet, while OIM bones have been characterized and found to

be brittle at the whole bone level [42–44], the structural and

mechanical changes at the individual collagen fibril level and

below have so far been little [41] or not at all experimentally

characterized. Both theoretical, such as molecular dynamics

[45,46], and experimental approaches, such as atomic force

microscopy (AFM) [47], enable assessment of these length

scales. Molecular dynamics focus on the single molecule

scale [48] as well as the mesoscale levels [49] of collagen

fibrils. The experimental mechanical assessment of individual

collagen fibrils, with diameters ranging from 30 to 500 nm

[50,51], is accomplished, among other techniques, with AFM

in force mode [47,52–55].

We hypothesize that the structure and mechanical properties

are altered at the fibril level of OIM collagen, because of changes

in the primary structure of collagen molecules and as a conse-

quence also of the packing of these molecules into fibrils. To

answer this hypothesis, we undertook a comparative study of

the structure and mechanics of collagen fibrils from the OIM

and wild-type (WT) mice. This was accomplished by employing

AFM imaging and cantilever-based nanoindentation in both

hydrated and dehydrated environments. For interpretation

of experimental results, we compared these with predictions

of mechanical performance obtained via molecular dyna-

mics simulations. Most importantly, our results show that the

transverse stiffness of collagen fibrils is dependent on collagen

phenotype and in turn on the amount of bound water that can

be taken up by the fibrils. Additionally, we show that the absence

ofa2(I) chains in the OIM collagen fibrils leads to lower levels of

unbound water, which affects the mechanical properties at this

length-scale level and effectively, leads to stiffer collagen fibrils

when fully immersed in an aqueous solution.
2. Material and methods
2.1. Chemicals
Phosphate-buffered saline (PBS) tablets were obtained from

Sigma Aldrich, UK. Ethanol (EtOH; 99.5% v/v) was obtained

from Fisher Scientific. Ultrapure deionized water (Milli-Q

DIRECT 5) was used for all experiments.

2.2. Animals and collagen sample preparation
Five-month-old B6C3Fe-a/a-þ/þWT and pathologic B6C3Fe-a/a-

Col1a2Oim/Oim mice were culled; tails were dissected and stored

in gauze soaked in PBS (pH¼ 7.4) at 2188C until further use. A

tendon section was harvested from each mouse tail using scalpel

and tweezers. Each tail tendon section was directly deposited on

a poly-L-lysine coated microscope glass slide (Thermo Scientific).

To reveal areas with individual collagen fibrils the tail tendon sec-

tions, while still hydrated, were smeared out on the glass slide

surface with the use of scalpel and tweezers similarly as in [47].

Samples were air-dried and stored in a desiccator until further use.

2.3. Atomic force microscopy
The AFM experiments were carried out in a temperature

(20.7+ 0.78C) and humidity (47.9+ 6.7%) controlled room

with a MFP-3D atomic force microscope (Asylum Research,

Santa Barbara, CA, USA). A standard open fluid cell (Fluid

Cell Lite, Asylum Research) was used to perform experiments

in aqueous and EtOH solutions.

2.3.1. Atomic force microscopy imaging
Unless otherwise specified, AFM images of individual collagen

fibrils were obtained in contact mode at approximately 1 Hz scan-

ning rate in air on dehydrated samples and in PBS solution, before

http://rsif.royalsocietypublishing.org/
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indentation testing. For swelling measurements, i.e. increase in col-

lagen fibril height from the dehydrated to the fully hydrated state

(in PBS), the same collagen fibrils were imaged subsequently

before and after hydration.
2.3.2. Atomic force microscopy cantilever-based nanoindentation
AFM cantilever-based nanoindentation tests were performed

in fully hydrated samples (PBS), in air-dried and in two PBS

solutions with an increasing concentration of EtOH (25% and

50% concentration of EtOH in PBS solution). For nanoindentation

tests on fully hydrated samples (PBS as hydration medium),

the V-shaped (PNP-TR, NanoWorld AG, Switzerland) and rec-

tangular (PNP-DB, NanoWorld AG, Switzerland) pyrex nitride

cantilevers of (0.24+0.02) N m21 and (0.35+0.05) N m21 spring

constant, respectively (nominal values are 0.32 N m21 and

0.48 N m21 for PNP-TR and PNP-DB, respectively), with a silicon

nitride pyramidal tip of less than 10 nm tip radius were employed.

For nanoindentation tests in air-dried samples, silicon cantilevers of

(44.5+5.6) N m21 spring constant (nominal value is 40 N m21)

with trihedral silicon tips of less than 10 nm tip radius (NSC15 rec-

tangular cantilevers, MicroMasch) were used. For nanoindentation

tests in EtOH, a silicon cantilever with spring constant (8.3+1.8)

N m21 and approximately 7 nm tip radius (AC200, Olympus)

was used. The spring constant of each AFM cantilever was

determined with the thermal method [56].

Both dry as well as hydrated collagen fibrils were tested

similar to a recent study [50]. In brief, the AFM tip apex

(approx. 10 nm in radius) situated at the free end of an AFM

cantilever (with known stiffness) indents the surface of the col-

lagen fibrils resulting in force–displacement curves (electronic

supplementary material, §S1) shown in figure 3a.
2.4. Determination of indentation modulus
The reduced modulus of two elastic bodies in contact is given by

the equation [57]:

Er ¼
1

b

ffiffiffiffi
p
p

2

Scffiffiffiffiffiffiffiffiffiffiffiffi
AcðhÞ

p , ð2:1Þ

where b is a dimensionless parameter which is close to unity and

varies with the indenter shape (1.0226 , b , 1.085) [57]. As pre-

viously suggested [50], we have taken b equal to 1. The reduced

modulus Er of two elastic bodies in contact is a function of the

Poisson’s ratios of the two bodies and their elastic moduli [58]:

1

Er
¼
ð1� v2

sampleÞ
Esample

þ ð1� v2
indenterÞ

Eindenter
, ð2:2Þ

where vsample and vindenter the Poisson’s ratio of the sample and

indenter, respectively, and Esample and Eindenter the elastic modulus

of the sample and the indenter, respectively. The elastic modulus

of silicon [59] AFM tip is much larger than the elastic modulus

of the collagen fibrils whether hydrated or dried (Eindenter ¼

169 GPa where Esample for collagen ranges from 5 MPa to

13 GPa). In the case of Eindenter � Esample equation (2.2) takes the

form [47]:

1

Er
¼
ð1� v2

sampleÞ
Esample

: ð2:3Þ

By substitution of equation (2.3) in equation (2.1), we calcu-

late the elastic modulus of the sample from the equation:

Esample ¼
1

b

ffiffiffiffi
p
p

2
ð1� v2

sampleÞ
Scffiffiffiffiffiffiffiffiffiffiffiffi
AcðhÞ

p , ð2:4Þ
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with Ac the projected area function and Sc the contact stiffness. Deter-

mination of the projected area function for the AFM tips we have

used is described in §S2 of the electronic supplementary material

as well as in detail [50].

The analysis approach described above assumes that the two

bodies in contact are elastic and isotropic. However, a collagen

fibril is characterized by a transverse isotropic structure as ultra-

long collagen molecules, 300 nm in length and 1.5 nm in width,

are aligned parallel to the longitudinal axis of the collagen fibril

[60,61]. The structural anisotropy influences the mechanical pro-

perties such as stiffness, which are different if measured in the

transverse and longitudinal direction of the collagen fibrils

[13,47]. Indentation loading is not considered as uniaxial and, there-

fore, due to the structural anisotropy of collagen fibrils, the resulting

elastic modulus, from the experiments presented in this study, will

rather be a contribution of the compressive transverse and the

tensile longitudinal elastic modulus. We, therefore, choose to term

the elastic modulus of collagen fibrils as the indentation modulus

when measured via indentation type loading.

2.5. Swelling measurements of collagen fibrils
Collagen fibrils swell upon hydration in an aqueous salt solution

[53]. Swelling was measured as per fold increase in height of the

collagen fibrils upon hydration (electronic supplementary

material, §S3). In total, eight WT and seven OIM collagen fibrils

were imaged before and after hydration in PBS. Based on the find-

ings from the experiments and from our in silico study, we

estimated the normalized density of collagen fibrils as a func-

tion of swelling. The estimation is presented in the electronic

supplementary material, §S4.

2.6. Chemical dehydration with ethanol
The OIM and WT collagen fibrils were mechanically assessed also

during chemical dehydration with EtOH, to investigate the effect

of dehydration on the mechanics as well as fibril diameter. Two

experiments were performed in total.

The first experiment was performed by initially testing both

samples in PBS in a fluid cell. Subsequently, the concentration of

EtOH was gradually increased at 25% per volume by adding EtOH

in the existing PBS solution, without removing the sample from the

AFM stage. We noted that further addition of ethanol, above 25%

per volume, resulted in the formation of bubbles on the AFM canti-

lever as well as across the sample surface (possibly due to gas

exchange). At this point, the second experiment was performed.

In the second experiment, two solutions of ethanol mixed in

PBS were prepared; one with 25% and the other with 50% EtOH.

After initially testing the sample in PBS, the solution was comple-

tely removed from the fluid cell and the second solution was then

added. This procedure was repeated until the samples were tested

in 100% EtOH while avoiding bubble formation.

A further study was performed to measure the shrinking of

collagen fibrils during chemical dehydration. This trial was per-

formed in a NanoWizardw ULTRA Speed A AFM system (JPK

Instruments AG, Berlin) by employing PNP-DB cantilevers

(0.48 N m21 spring constant). One collagen fibril per condition

(OIM and WT) was subsequently imaged in air, PBS and EtOH

(25%, 50% and 100%).

2.7. Statistics
All statistical analyses were performed in Minitabw 16.2.4. The

generalized linear model (GLM) was used to test differences

between unbalanced groups. The natural logarithm was applied

to correct for unequal variances. Group comparisons were based

on the least square mean (lsmean) values. Tukey’s test was used

to account for multiplicity. Results were considered to be signifi-

cant for p , 0.05. Unless otherwise specified, data are presented

as arithmetic mean+ s.d.
2.8. Collagen microfibril model
To gain further understanding of the experimental results and to

determine the structure–mechanics relationship at the air-dried

state of collagen fibrils atomistic simulations were performed on

collagen microfibril models composed of healthy and pathologic

collagen molecules. The collagen microfibril model was generated

based on the in situ structure of full-length type I collagen molecule

[13] (Protein Data Bank identification code 3HR2), which has

a triclinic unit cell (a � 40.0 Å, b � 27.0 Å, c � 678 Å, a � 89.28,
b � 94.68, g � 105.68). Note that the structure reported in [13]

includes only backbone a carbons and the primary sequence of

Rattus norvegicus. We, therefore, used homology modelling,

described in [62], to obtain a full-atomistic structure with the

Mus collagen sequence. The real sequences of type I a1(I) and

type I a2(I) chains of Mus musculus (WT mouse) were used to

match the collagen fibrils tested in experiments. The heterotrimer

collagen microfibril model was composed of two a1(I) chains

and one a2(I) chain, whereas the homotrimer collagen microfibril

model was composed of only a1(I) chains. Sequences were adop-

ted from the NCBI protein database (http://www.ncbi.nlm.nih.

gov/protein): AAH50014.1 for a1(I) chain and NP-031769.2 for

a2(I) chain. In both collagen microfibril models, ions were added

to neutralize the system. Full-atomistic simulations were per-

formed using modelling code LAMMPS [63] (http://lammps.

sandia.gov/) and the CHARMM force field [64] that includes par-

ameters for hydroxyproline amino acids, based on a model put

forth by Anderson [65]. An energy minimization using a conjugate

gradient scheme was performed prior to molecular dynamics

simulations. Rigid bonds are used to constrain covalent bond

lengths and an integration time step of 1 fs was used. Non-bonding

interactions were computed using a cut-off for neighbour list at

13.5 Å, with a switching function between 10 and 12 Å for van

der Waals interactions. The electrostatic interactions were mod-

elled by the Ewald/n style, which performs standard coulombic

Ewald summations in a more efficient manner [66]. After energy

minimization, the collagen molecule was simulated through 5 ns

at a constant temperature of 310 K in molecular dynamics simu-

lations to obtain an equilibrium structure. In order to assess the

mechanical properties of the dehydrated atomistic microfibril

models, which mimic the experimental environment of indenta-

tion, we performed molecular dynamics simulations with four

different constant mechanical stress levels (1.013 bar, 30 MPa,

75 MPa and 150 MPa) in compression along the fibril a-axis

while maintaining a constant 1.013 bar on the other axes. The stres-

ses were applied for 5 ns and molecular dynamics simulation for

each load applied. We used the last 1 ns of molecular dynamics

simulation for computing the a-axis unit cell lattice, corresponding

to each load applied.
3. Results
3.1. Indentation modulus of air-dried collagen fibrils
Box plots of the indentation modulus of OIM and WT collagen

fibrils measured in the air-dried condition (bound water pre-

sent) are shown in figure 3b. The indentation modulus of the

air-dried OIM collagen fibrils is EOIM-Air ¼ (5.3+2.2) GPa and

of the WT-collagen fibrils, it is EWT-Air ¼ (7.9+2.8) GPa. In

air, the indentation modulus of OIM collagen fibrils is signifi-

cantly lower ( p , 0.05) compared with the WT collagen fibrils.

3.2. Atomistic simulation results
To simulate the experimental indentation testing, compression

loading was applied along the transverse direction of a collagen

microfibril model. Compressive loading in WT and OIM collagen

microfibrils results in a nonlinear elastic stress–strain relation

http://www.ncbi.nlm.nih.gov/protein
http://www.ncbi.nlm.nih.gov/protein
http://www.ncbi.nlm.nih.gov/protein
http://lammps.sandia.gov/
http://lammps.sandia.gov/
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(figure 3c). The stress–strain behaviour was characterized by

polynomial functions sWT ¼ 2:7þ 402:71WT þ 1629:212
WT for

WT and sOIM ¼ 0:7þ 431:91OIM þ 738:412
OIM for OIM for four

(4) different applied stresses of 1 atm, 30 MPa, 75 MPa and

150 MPa. The transverse elastic modulus is calculated by the

slope of the stress–strain at a given stress level. At 150 MPa

stress the transverse elastic modulus is EOIM ¼ 0.79 GPa for

the OIM collagen microfibrils and EWT¼ 1.05 GPa for the WT

collagen microfibril (25% difference), which is in agreement

with experimental results from fibril indentation conducted in

air-dried samples.
3.3. Indentation modulus of OIM and WT collagen
fibrils in phosphate-buffered saline

Box plots of the indentation modulus of hydrated collagen

fibrils (PBS at pH 7.4) from the OIM and WT mouse tail ten-

dons are shown in figure 3d. Groups with significant

differences are indicated with an asterisk (*). The mean inden-

tation modulus of the OIM collagen fibrils is EOIM-PBS ¼

(16.2+3.0) MPa (N ¼ 8 fibrils) and of the WT collagen fibrils

is EWT-PBS ¼ (3.3+0.5) MPa (N ¼ 10 fibrils). In PBS, the inden-

tation modulus of OIM collagen fibrils (lsmean ¼ 14.2 MPa) is

overall fivefold higher ( p , 0.001), compared with the WT

collagen fibrils (lsmean ¼ 2.8 MPa; figure 3d). No statistical

differences were observed between the indentation modulus

when data were compared per gender (results shown in

electronic supplementary material, §S5).
3.4. Swelling measurements of OIM and WT collagen
fibrils

Figure 4a illustrates the estimation of swelling of collagen

fibrils upon hydration in PBS. Box plots of the fold increase

in height for OIM and WT collagen fibrils (male animals)

are shown figure 4b. The fibril height of WT collagen fibrils

increases 2.6-fold and of OIM collagen fibrils 1.5-fold, hence

the swelling in OIM collagen fibrils is significantly lower

(42%) compared with WT collagen fibrils ( p , 0.001). The

swelling from air-dried to fully hydrated state (immersed in
PBS) as well as the difference in swelling between OIM and

WT collagen fibrils is illustrated in figure 4c.
3.5. Effect of chemical dehydration on structure and
mechanics

Figure 5 shows AFM height topography images of a WT

(figure 5a–e) and OIM (figure 5a0 –e0) collagen fibril recorded

in air, PBS, 75% PBS (25% EtOH), 50% PBS (50% EtOH) and

EtOH solution as well as representative cross-section profiles

(figure 5f,g). Box plots of the fibril height upon hydration and

chemical dehydration are shown in figure 5h. WT and OIM

samples swell upon hydration and shrink with chemical

dehydration. The OIM collagen fibrils swell less than the

WT and shrink more when chemically dehydrated in ethanol

(electronic supplementary material, figure S5a).

Further to structural changes during chemical dehydration,

the mechanics are also altered. Figure 6 illustrates the effect

of ethanol concentration (% per volume) on the indenta-

tion modulus. Results from the first trial show only the

indentation modulus determined at the hydrated state in PBS

(for both samples) and at 25% EtOH (for OIM only). Similar

to the results presented in §3.2, the OIM indentation modulus

(EOIM ¼ 10.8+3.7 MPa) is significantly (approx. 9-fold) higher

compared with the WT one (EWT ¼ 1.2+0.4 MPa). Note that

the same samples were tested in the second trial but the inden-

tation modulus of the OIM samples dropped at the fully

hydrated state between the two trials. While we may not

have a full explanation why the indentation modulus of the

OIM decreased in the second trial, we assume this may be

because of non-reversible effects of the ethanol (due to the incu-

bation in 25% EtOH in trial 1) on the structure and hence the

mechanical properties of collagen fibrils. Importantly, results

from the second trial show how the indentation modulus

increases with the concentration of EtOH in the PBS solution.

Although the OIM and WT indentation moduli increase by

almost three orders of magnitude at 100% EtOH, the difference

between OIM and WT indentation moduli decreases with

increasing the EtOH concentration. Finally, when the collagen

fibrils were tested in 100% EtOH, the OIM fibril shows,

http://rsif.royalsocietypublishing.org/
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similarly to air-dried samples, a lower indentation modulus

compared with the WT one.
4. Discussion
4.1. Structural alterations in OIM collagen fibrils
Structural and mechanical alterations of collagen are the hall-

marks of OI, a collagen-related genetic disease [1]. The OIM

mouse model represents an extreme case of this pathology

[34], but the genetic modification (deletion of the COL1A2

gene resulting in homotrimeric collagen molecules) results

in brittle bones highly characteristic of OI [40,67].
Recent atomistic simulations revealed larger local kink for-

mations in the OIM collagen molecule [37]. The larger local

kinks resulted in approximately twofold lower persistence

length in the OIM molecule compared with the WT one [37].

Local kink formations and the lower persistence length

[36,38] in OIM collagen could explain the loss of lateral packing

of molecules into fibrils depicted in our atomistic simulations

as illustrated in figure 7a. Figure 7a compares kink formations

(present study) between the WT and OIM collagen molecules

while under compressive stress of 75 MPa. During compressive

loading, local kinks are larger in the OIM collagen molecule

compared with the WT one, as depicted in figure 7b.

Figure 7b illustrates projections of the centre of masses of gly-

cine residues to the plane perpendicular to the end-to-end

vector of the molecule, tracking in this manner the three-

dimensional conformation of the backbone of the molecule.

Kink formations indicate impairment of collagen packing

and lead to larger deviations of the position of glycine residues

from the cross-sectional centres of mass.

At the microfibril level of collagen, our atomistic models

show that at 1 atm (cf. electronic supplementary material,

table S2), the OIM unit cell has larger a and b axis (aOIM ¼

36.16 Å and bOIM ¼ 25.54 Å) compared with the WT,

i.e. normal (aWT¼ 33.41 Å and bWT ¼ 25.08 Å). Consequently,

the OIM microfibril has about 8% and 2% larger a and b lateral

axes, respectively, and therefore increased intermolecular spa-

cing. In fact, our results suggest a 14% higher unit cell volume

in the OIM microfibril. Assuming similar weights for the WT

and OIM collagen (Uniprot; Ma1(I)¼ 138.032 kDa and Ma2(I)¼

129.557 kDa, i.e. heterotrimeric: MWT ¼ 405.621 kDa and

MOIM ¼ 414.096 kDa yielding to 2% difference), the OIM col-

lagen microfibril has 12% lower density when dehydrated and

by inference, this explains the lower compressive elastic mod-

ulus of the air-dried, i.e. where only bound water is present,

http://rsif.royalsocietypublishing.org/
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OIM collagen microfibril (25% from in silico study). In agree-

ment with results from atomistic models, our experiments also

show a lower indentation modulus (33%) of the air-dried OIM

collagen fibrils. In summary, local kink formations result

because of the absence of a2(I) chains in the OIM collagen mol-

ecule. These local kinks act as steric barriers that block the close

packing of the collagen molecule into a fibril (as illustrated in

figure 7c). In addition, the less hydrophobic content of a2(I)

[38,68] could further affect the close packing into fibrils because

more bound water is present in the OIM collagen. The effect

of hydration on the structural and mechanical changes in OIM

collagen fibrils is discussed further in the following sections.

4.2. Impaired hydration and its effect on OIM collagen
fibril mechanics

The importance of water in the mechanical properties of col-

lagen fibrils manifests itself by the relative amount of water

present in the fibrils. Upon hydration in PBS (bound and

unbound water), we estimated that approximately two-thirds

of the total volume of the hydrated collagen fibril is water.

Hence, the mechanical properties of collagen fibrils highly

depend on their interaction with intra-fibrilar water [53,69].

Here, both bound and unbound water need to be considered.

The unbound water would be considered as the water content

within a fibril that evaporates upon drying in air. Hence,

bound water is present in the ‘dehydrated’ microfibril model

as well as the air-dried collagen fibrils [69,70]. The amount of
bound water influences collagen density, namely the equator-

ial diffraction spacing, which is related to the intermolecular

spacing [71]. The equatorial diffraction spacing was found to

increase by approximately 2 Å with increasing bound water

content by approximately 0.4 g g21 dry collagen, from X-ray

diffraction measurements on air-dried rat tail tendon [70].

Moreover, based on estimations of volume fraction of water

via differential scanning calorimetry, Miles et al. suggested

a 7% increase in the intermolecular separation in the OIM col-

lagen fibril while the volume fraction of bound water increased

by approximately 6% [72]. Higher content of unbound water

correlates with the intermolecular separation distance [70]

and has been inversely related to the amount of intermolecular

non-enzymatic cross-links [73]. Interestingly, the latter have no

effect on the bound water content [73]. Recently, a higher

amount of non-enzymatic cross-linking was reported for

demineralized OIM compared with WT bones [41].

Therefore, we can summarize the most important suggested

differences between OIM and WT type I collagen from previous

studies as well as this one as follows: homotrimeric OIM

collagen type I is more loosely packed, contains more bound

water and has a higher amount of non-enzymatic cross-links.

Upon immersion of OIM collagen fibrils in physiological

buffer only a lower hydration with unbound water and hence

smaller swelling can be achieved in OIM compared with

WT collagen fibrils because of the higher non-enzymatic

cross-linking and the higher content of bound water. This is

summarized in a schematic in figure 8.
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In fact our results show a marked, approximately twofold

reduction in swelling of OIM collagen fibrils (cf. figure 4b) as

well as a fivefold increase in the indentation modulus com-

pared with WT collagen fibrils. The interpretation of this is

that both bound and unbound water in collagen are due to

the interaction of ionic side groups with water and salt ions,

hence hydration is due to osmotic pressure generated on the

collagen within the surrounding salt solution. Upon drying,

this pressure disappears and the fibril contracts. The contrac-

tion pressure and the local affinity of water to collagen,

determines how much water can be kept within a fibril and

one would expect packing density to largely determine the

contraction pressure. According to this, the lower packing den-

sity of OIM collagen can explain its higher amount of bound

water. As already discussed, another reason for the differences

in swelling, between OIM and WT collagen fibrils could be the

higher non-enzymatic glycation of OIM collagen [41]. Our

study does not allow us to deduce if one of these effects is dom-

inating but probably they are both involved. Also we cannot

offer explanations for the high level of non-enzymatic glycation

of OIM collagen. We can only speculate that this may be a

biological response to make up for a lower initial stiffness,

i.e. before maturation and ageing occurs, or, simply because

glycation is much more favoured in the OIM collagen. It is

reasonable to assume, though, that local kink formations may

expose more amino acids to glycation as opposed to normal

collagen. Be that as it may, if these findings can be extended

to human cases of OI, one can speculate that treatment with

an AGE inhibitor, such as aminoguanidine, might reduce the

glycation of collagen fibrils, which could be beneficial for the

mechanical properties of collagen-rich tissues in such patients.
4.3. Effect of chemical dehydration
Bound water plays an important role in backbone structure

stabilization by forming a layer of hydration around the col-

lagen molecule [3,74,75]. Removing this layer of hydration

results in conformational changes of the collagen molecule

[75,76] and further shrinking of the collagen fibril.
During chemical dehydration at low concentrations of

EtOH, the unbound water is removed. This results in decreas-

ing intermolecular spacing [70] and therefore gradual

shrinking of the collagen fibrils (cf. figure 5). As the concen-

tration of ethanol increases, some bound water would be

removed. Now ethanol will also cause some swelling, which

is governed by the non-polar groups. Assuming that the inter-

action of ethanol with the non-polar groups of the collagen

molecules results in an altered structural conformation of

the molecules, it may be that some bound water, which

was not accessible before any structural change, can now be

removed. Because of the decreased amount of water but the

increased ethanol concentration, the diameter of the collagen

fibrils is less than that when fully hydrated but larger than in

air-dried conditions (cf. figure 5h).

Shrinking of the collagen fibrils due to chemical dehydra-

tion is also expected to impact the mechanical properties. Our

results show a drop in the indentation modulus of the OIM

hydrated collagen fibrils by fivefold after the first trial of

ethanol dehydration (cf. figure 6). Here, changes in mech-

anics may occur as a result from permanent conformational

changes due to ethanol treatment. Interestingly, our results

show different shrinking behaviour in the OIM compared

with WT collagen fibrils (electronic supplementary material,

figure S5a).

Following our line of argumentation the higher shrinking

in OIM (during chemical dehydration) suggests a denser

collagen fibril and therefore a higher indentation modulus

compared with WT. But, our AFM mechanical assessment

results actually show a lower indentation modulus (electronic

supplementary material, figure S5b) for the OIM compared

with the WT collagen fibril. The normalized density (electro-

nic supplementary material, figure S5b) is an estimation

based on the change of fibril diameter assuming no inter-

and intra-molecular changes during chemical dehydration.

Nevertheless, immersion in 100% EtOH leads also to structural

changes in collagen and here OIM collagen might be more

affected due to local kinks and unfolded regions. Therefore,

the density estimations, especially for EtOH might carry
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substantial error. In this context, future tensile experiments on

individual collagen fibril will allow a better estimation of the

change in length upon dehydration.
oyalsocietypublishing.org
J.R.Soc.Interface
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5. Conclusion
AFM experiments as well as atomistic simulations show that

collagen fibrils are characterized by altered hydration, structural

properties and, hence, mechanical function as a consequence of

deletion of COL1A2 gene. Owing to the higher bound water

content in air-dried OIM collagen fibrils compared with WT

ones, the intermolecular separation is larger, which is respon-

sible for the lower indentation modulus, as also confirmed by

our atomistic simulations. The situation is reversed upon full

hydration, leading to a significantly higher indentation mod-

ulus of OIM collagen fibrils compared with WT ones. This

higher indentation modulus is due to the lower swelling, i.e.

the lower ability of the fibrils to absorb unbound water. A poss-

ible explanation why this ability is lowered in OIM fibrils is

either the increased bound water content, leaving less room

for unbound water, and/or the previously reported increase

of non-enzymatic cross-linking resisting fibril dilation. Further-

more, we show that the accessible range of indentation moduli is

lower in OIM collagen fibrils for the different environments

observed in this study. Structural alterations in the OIM collagen
fibrils may be responsible for the increased AGEs, previously

reported. This could be explained by an increased number of

exposed amino acids, as a result of local kink formations and

micro-unfolded regions. If this finding can be extrapolated to

human patients, one possible future course of action might be

treatments similar to those applied in diabetes, i.e. the use of

AGE inhibitors to counteract excessive AGEs.
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