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ABSTRACT Micromechanical bending experiments using atomic force microscopy were performed to study the mechanical
properties of native and carbodiimide-cross-linked single collagen fibrils. Fibrils obtained from a suspension of insoluble
collagen type I isolated from bovine Achilles tendon were deposited on a glass substrate containing microchannels. Force-
displacement curves recorded at multiple positions along the collagen fibril were used to assess the bending modulus. By fitting
the slope of the force-displacement curves recorded at ambient conditions to a model describing the bending of a rod, bending
moduli ranging from 1.0 GPa to 3.9 GPa were determined. From a model for anisotropic materials, the shear modulus of the
fibril is calculated to be 33 6 2 MPa at ambient conditions. When fibrils are immersed in phosphate-buffered saline, their
bending and shear modulus decrease to 0.07–0.17 GPa and 2.9 6 0.3 MPa, respectively. The two orders of magnitude lower
shear modulus compared with the Young’s modulus confirms the mechanical anisotropy of the collagen single fibrils. Cross-
linking the collagen fibrils with a water-soluble carbodiimide did not significantly affect the bending modulus. The shear modulus
of these fibrils, however, changed to 74 6 7 MPa at ambient conditions and to 3.4 6 0.2 MPa in phosphate-buffered saline.

INTRODUCTION

Collagen, the most abundant protein in the human body,

provides structural stability and strength to various tissues.

About 25 types of collagen have been identified, of which

collagen type I is the major component of the fibrous struc-

ture of skin, tendon, and bone in the human body (1).

Studies on the collagen type I structure have shown a

complex hierarchical arrangement of collagen subunits. In

this hierarchical arrangement, it is widely accepted that five

tropocollagen molecules assemble into microfibrils (2–4). Of

the various hypothesized models, the compressed microfibril

model (2) and the supertwisted right-handed microfibril

model (3) most closely fit the x-ray diffraction data. Recently,

the structure of microfibrils has been visualized using atomic

force microscopy (AFM) imaging (5). These microfibrils

aggregate in lateral and longitudinal direction to form fibrils.

The collagen fibrils with diameters between 10 and 500 nm

further assemble into fibers that become part of the structural

skeleton of tissues. Because of the highly organized mode of

self-assembly, a single collagen fibril is regarded as homoge-

neous, which means it has the same composition throughout

the fibril. However, the alignment of collagen molecules and

microfibrils in the longitudinal fibril direction may induce

mechanical anisotropy of the single collagen fibrils. The

packing of these structural components and the organization

of the collagen fibrous structure are crucial to the mechanical

function of tissues. Mechanical anisotropy of tissues such as

tendon, bone, and cartilage has been studied with different

techniques (6–9) and using theoretical modeling (10–12). It

is suggested that the mechanical anisotropy at the fibril level

and the highly ordered parallel packing of fibrils result in

mechanical anisotropy of most tissues (13,14). However,

current mechanical approaches cannot easily separate the

contribution of mechanical anisotropy as a result of the hier-

archical arrangement of collagen molecules in the fibril and/or

parallel packing of the fibrils.

Efforts have been made to determine the mechanical

properties of collagen single fibrils using different micro-

mechanical techniques. Graham et al. (15) stretched in vitro-

assembled type I collagen fibrils obtained from human

fibroblasts using AFM and obtained a Young’s modulus of

32 MPa. Eppell et al. (16) studied the stress-strain relation of

single type I collagen fibrils isolated from the sea cucumber

and found a Young’s modulus of 550 MPa in the hydrated

state. Also, in our lab, we used a home-built AFM system to

perform tensile tests on single collagen type I fibrils isolated

from bovine Achilles tendon (17). A Young’s modulus of 56
2 GPa for dry collagen type I fibrils was found, and when these

fibrils were immersed in phosphate-buffered saline (PBS), the

Young’s moduli ranged from 0.2 to 0.5 GPa. Very recently,

the reduced modulus of collagen single fibrils isolated from rat

tail tendons was determined by nanoindentation using AFM

(18) in air at room temperature and ranged from 5 to 11 GPa.

These results support the hypothesis that the anisotropy of

collagen results from the alignment of subfibrils along the fibril

axis. However, current methods to investigate the mechanical

properties of single collagen fibrils are limited as no shear

related mechanical properties are measured.

Recently an AFM-based three-point bending technique has

been developed by different groups to measure the mechanical
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properties of nanoscale beams and wires (19–22). This

method has been applied to silicon beams (19), ZnS nano-

wires (21), SiO2 nanowires (23), and most recently to elec-

trospun polymer-ceramic composites (24) and individual

amyloid fibrils (25). By use of the same principle, bending

of single-walled carbon nanotubes (26) and microtubules

(27) has been performed with contact-mode AFM. In their

measurements (26,27), the bending moduli (Ebending) related

to the bending stiffness (EbendingI) representing the resistance
of the material on bending were determined (I is the second
moment of area of the beam or tube). From the unit-load

equation, the shear moduli of tested materials were deter-

mined by bending the materials with different length/diam-

eter ratios. The determined shear moduli of single-wall

carbon nanotubes and microtubules are two or three orders of

magnitude lower than the Young’s modulus, which confirms

the mechanical anisotropy of the materials. Adapting the

same technique, mechanical anisotropy in single vimentin

intermediate filaments (IFs) was determined (28). This ex-

perimental approach offers new insights in separating the

contribution of the actin filaments, microtubules, and vi-

mentin IF networks to the stiffness of the cytoskeleton (28).

To gain more insight into the mechanical behavior of tis-

sues, an AFM-based bending technique was developed to

study the mechanical behavior of single collagen type I fibrils

isolated from bovine Achilles tendon. Using a home-built

AFM system and a glass substrate with microchannels, fibril

bending by cantilever movement in the z-direction was com-

bined with a continuous scanning motion along the fibril. In

this way, the slope of the force-displacement curve (dF/dz) at
different positions of the fibril spanning a channel can be ob-

tained. The bending moduli of tested single collagen fibrils

were determined by fitting the slope (dF/dz) of multiple indi-

vidual bending experiments to well-established mechanical

models. This method allows a more accurate determination of

the bending modulus and allowed the calculation of the shear

modulus of a collagen fibril for the first time, to our knowl-

edge. Chemical cross-linking is often necessary to improve the

stability of collagen-based biomaterials. Therefore, the change

of the mechanical properties on cross-linking the fibrils was

investigated.

MATERIALS AND METHODS

Quartz glass substrates with parallel microchannels were prepared by reac-

tive ion etching using a RIE Elektrotech system (Elektrotech Twin PF 340,

London, UK). The width and depth of the channels were determined by AFM

(home-built instrument) and SEM (LEO Gemini 1550 FEG-SEM, LEO

Elektronenmikroskopie GmbH, Oberkochen, Germany) measurements.

Isolation and deposition of single collagen fibrils

Insoluble bovine Achilles tendon collagen type I from Sigma-Aldrich

(Steinheim, Germany) was swollen in hydrochloric acid (0.01 M) overnight

at 0�C. The resulting slurry was homogenized for 10 min at 9500 rpm using a

Braun MR 500 HC blender (Braun, Kronberg, Germany). The temperature

was kept ,5�C. The resulting mixture was filtered using a 74-mm filter

(collector screen 200 mesh, Bellco Glass, Vineland, NJ). The helical content

of the collagen suspension after filtration was determined by FTIR (FTS-60,

Biorad, Hercules, CA) according to a method described by Friess and Lee

(29). After filtration, 1 ml of the collagen dispersion was diluted with 150 ml

of PBS (pH ¼ 7.4). Deposition of the collagen fibrils on the quartz glass

substrates was done by incubating the substrates for 10 min in the diluted

collagen dispersion. Subsequently, the substrates were washed with PBS for

10 min and three times with demineralized water for 10 min each and finally

dried at ambient conditions for at least 24 h. The bending tests of collagen

fibrils in PBS buffer were carried out after equilibration of the fibrils for 15

min in PBS at room temperature. Longer equilibration times did not lead to

changes in the results of the bending tests.

Cross-linked collagen fibrils were prepared by mixing 2 ml of the non-

diluted collagen dispersion with a solution of 1.73 g 1-ethyl-3-(3-dimethyl

aminopropyl)carbodiimide hydrochloride (EDC) and 0.45 g N-hydroxy-

succinimide (NHS) in 215 ml 2-morpholinoethane sulfonic acid (MES)

(0.05 M, pH ¼ 5.4) for 2 h. The resulting cross-linked fibrils were deposited

on the quartz glass substrates and washed as described above.

Collagen denaturation temperature and free
amino group content

The diluted native collagen fibril dispersion was centrifuged for 15 min at

4500 rpm (Hettich Mikco Rapid/k, Depex, De Bilt, the Netherlands). The

solution was removed, and the collagen was washed twice with MilliQ water

for 30 min each. Similarly, a diluted cross-linked collagen fibril dispersion

was centrifuged as described above and then washed twice with PBS buffer

for 30 min each and four times with MilliQ water for 30 min each. After the

washing steps, both native and cross-linked collagen samples were frozen in

liquid nitrogen and subsequently freeze-dried for 24 h.

The degree of cross-linking of the collagen samples is related to the in-

crease of the denaturation (shrinkage) temperature (Td) after cross-linking.

The Td values were determined by DSC (DSC 7, Perkin Elmer, Norwalk,

CT). Freeze-dried native and cross-linked collagen samples of 3–5 mg were

swollen in 50ml of PBS (pH¼ 7.4) in high-pressure pans overnight. Samples

were heated from 20�C to 90�C at a heating rate of 5�C/min. A sample

containing 50 ml of PBS (pH¼ 7.4) was used as a reference. The onset of the

endothermic peak was taken as the Td.

The free amino group content of native and cross-linked samples was

determined using the 2,4,6-trinitrobenzenesulfonic acid (TNBS) assay.

Collagen samples of 3–5 mg were incubated for 30 min in 1 ml of a 4 wt %

solution of NaHCO3. To this mixture 1 ml of a freshly prepared solution of

TNBS (0.5 wt %) in 4 wt % NaHCO3 was added. The resulting mixture was

left for 2 h at 40�C. After the addition of HCl (3ml, 6M), the temperature was

raised to 60�C. Degradation of collagen was achieved within 90 min. The

resulting solution was diluted with 5.0 ml MilliQ water and cooled to room

temperature. The absorbance at 420 nm was measured using a Varian Cary

300 Bio spectrophotometer (Middelburg, the Netherlands). A blank was

prepared by applying the same procedure, except that HCl was added before

the addition of TNBS. The absorbance was correlated to the concentration of

free amino groups using a calibration curve obtained with glycine. The free

amino group content was expressed as the number of free amino groups per

1000 amino acids (n/1000).

Micromechanical bending in scanning mode
using AFM

Modified triangular silicon nitride cantilevers (coated sharp microlevers

MSCT-AUHW, type F, spring constant k ¼ 0.5 N/m, Veeco, Cambridge,

UK) were used in the bending test. The tip on the AFM cantilever was re-

moved using a focused ion beam (FIB) (FEI, NOVALAB 600 dual-beam

machine). After the cutting, the modified cantilevers were inspected using the

built-in SEM (30). The spring constant of each tipless cantilever was cali-
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brated by pushing on a precalibrated cantilever as described elsewhere (31).

The sensitivity (S) of the AFM system with the cantilever, i.e., the ratio

between the bending of the cantilever and the deflection, as measured by the

quadrant detector, was derived from a force-indentation curve measured on a

glass surface with an identical scan rate and amplitude as used in the bending

experiments.

RESULTS AND DISCUSSION

Sample preparation and characterization

AFM images of the quartz glass substrates (Fig. 1 A) show
that ion etching allows the preparation of a substrate with

well-defined microchannels with a width of ;3 mm. The

depth of the channels is;600 nm, which is sufficient for the

intended bending experiments of collagen fibrils spanning

these channels and supported by the glass rims.

The glass substrates were incubated in a freshly prepared

and highly diluted suspension of collagen fibrils. After

washing and drying of the samples, single fibrils perpendic-

ularly spanning the microchannels were selected and used in

the scanning-mode mechanical bending tests (vide supra).

The characteristic 67-nm D-period of the collagen fibrils

deposited on the glass surface was visualized by AFM im-

ages both for fibrils at ambient conditions (Fig. 1 B) and in

PBS buffer (Fig. 1 C). Collagen fibrils at least 50 mm in

length crossed more than 3 channels on the glass substrate

(Fig. 1D). The diameters of all tested fibrils were determined

by high magnification SEM images.

The helical content of the collagen in the fibrillar suspen-

sion was determined with FTIR and revealed a maximum

percentage of helicity (29). The single collagen fibrils used

were also characterized by determining their characteristic

denaturation temperature (Td) and number of free amino

groups (n/1000). The Td of the native fibrils was 55.0�C and

increased to 74.5�C after cross-linking with the water-soluble

carbodiimide EDC in the presence of N-hydroxysuccinimide

(NHS). The free amino group content decreased from 28 per

1000 amino acids to a value of 8, which is in line with pre-

viously reported data (32). These results reveal a high degree

of cross-linking.

Micromechanical bending of native and
cross-linked collagen type I fibrils

Under an optical microscope, collagen fibrils that freely and

perpendicularly span multiple channels of the glass substrate

were selected for the bending tests. The actual scanning

bending procedure was started after a successful approach of

the AFM tipless cantilever above the fibril. In scanning mode,

fibril bending by cantilever movement in the z-direction was

combined with a continuous scanning motion along the fibril.

To achieve this, the output signal for the fast scanning di-

rection as used in AFM scanning was used to drive the piezo

movement in the z-direction while the one for the slow

scanning direction was used to move the cantilever along the

FIGURE 1 (A) Tapping mode AFM height image of a

glass surface patterned with channels; the full z-range of

the image is 1 mm. (B) Tapping mode AFM height image

of single collagen fibrils on a glass surface at ambient

conditions; the full z-range of the image is 250 nm. (C)

Tapping mode AFM height image of single collagen fibrils

on a glass surface in PBS buffer; the full z-range of the

image is 225 nm. (D) SEM image of a single collagen fibril

spanning multiple channels. The width of the channel is

3.0 6 0.2 mm.
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fibril (Fig. 2). During the bending tests, the total scanning

distance was chosen to be 4–5 mm, which is slightly larger

than the channel width. A typical piezo movement of 1.5–3.0

mmwith a frequency of 1.3 Hz in the z-direction was applied.
In each step, one cycle (approach and retraction) of the

cantilever deflection and piezo movement was recorded.

After every step, the tip was moved one step further along the

fibril. A complete scan consisted of 256 steps with a total

measuring time of 200 s.

Four of the individual piezo movement-deflection curves

obtained from bending the fibril at the middle point of the

channel (a), between the middle and edge of the channel (b),
and at the edge of the channel (c), and indenting the fibril on
the glass surface (d) are presented in Fig. 3. During the first

part of the approach, there is no deflection, indicating that the

cantilever is not interacting with the collagen fibril. As the

cantilever moves closer, a snap-in point can be observed

(negative deflection). After this point a linear relation be-

tween the piezo movement and deflection of the fibril is

found for all individual bending measurements. The slope of

the piezo movement-deflection curve differs from one posi-

tion to the next.

A custom computer program, written in Labview (version

6.1, National Instruments, Austin, TX) was used to analyze

the data. A force-displacement curve of every 256 bending

measurements was obtained using the following equations:

z ¼ A� D (1)

F ¼ D 3 k; (2)

in which z is the displacement of the fibril in the z-direction
during bending, A is the piezo movement in the z-direction,
and D is the calibrated deflection signal of the cantilever

(nm). F is the force applied to the fibril, and k is the calibrated
spring constant of the cantilever.

The slope of each force-displacement curve of the tested

fibril was determined by linear fit, and the obtained data are

presented in Fig. 4. A decrease in the slope (dF/dz) was found
during scanning from the edge up to the middle of the

channel, which clearly proves that the fibril is freely sus-

pending the microchannel. In all experiments, no difference

was found in the force-displacement curves on bending the

same collagen fibril multiple times, which ensures the re-

producibility of the test and confirms that no permanent de-

formation of the collagen fibrils occurred. It must be noted

that, in the measurements near the edges of the channel, the

cantilever can touch the glass surface when the fibril is bent,

and those data were omitted from analysis.

When a force is applied to the suspended part of the fibril, a

possible displacement in the z-direction at both rims of the

channel has to be taken into account. Because of the strong

FIGURE 2 Schematic representation of the cantilever movement over a

single collagen type I fibril during the scanning-mode bending experiments.

Each cycle (approach and retraction) of the cantilever movement in the

z-direction gives a piezo movement-deflection curve. After each cycle, the

cantilever moves one step further along the fibril. In total, 256 steps along

the fibril gave 256 piezo movement-deflection curves.

FIGURE 3 Four individual piezo movement-versus-deflection curves ob-

tained at different positions along the fibril (diameter 240 nm) (a) at the middle

of the channel, (b) between the middle and edge of the channel, (c) at the edge

of the channel, (d) on the glass surface. (Inset) Enlargement of the snap-in

points in the same piezo movement-versus-deflection curves. The scale units

are 10 nm and 5 nm for horizontal axis and vertical axis, respectively.

FIGURE 4 Slope of the force-versus-displacement curve of a collagen

type I fibril (diameter 240 nm) as a function of the scanning position along

the channel. The dashed line in the image indicates the middle point of the

channel (channel width is;3.2 mm). The dF/dz data at the left half and right

half of the channel are fitted to Eq. 3 separately.
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surface adhesion properties of collagen to glass (15) and the

fact that each collagen fibril crosses at least three channels

(the length of the fibril is more than 50mm), it is assumed that

the fibril is firmly attached to the surface at the supporting

rims and that the rim behaves as a stiff material, and thus, the

displacement can be neglected. Also, it has been reported that

slippage of a collagen fibril on the supporting points or

loading points during the bending tests will result in a non-

linear force-displacement curve (33). This nonlinearity was

not observed in our experiments.

Determining the mechanical properties of native
and cross-linked single collagen fibrils

Deflections of a rod induce both bending and shear defor-

mation. A bending modulus Ebending as previously defined by

Kis et al. (27) equals the Young’s modulus (E) if the rod is

isotropic or the length/diameter ratio fulfills the following

requirement: L=R $ 4
ffiffiffiffiffiffiffiffiffi
E=G

p
; where G is the shear modulus.

The Ebending of the suspended fibril can be obtained by fitting

the measured slope of the force-displacement curves at all

positions to Eq. 3 (34),

dF

dz
¼ 3 3 l

3 3 Ebending 3 I

ðl� xÞ3 3 x
3 ; (3)

in which x is the relative position along the fibril (0# x # l/
2), l is the width of the channel, I is the moment of inertia

ðI ¼ 1
4
pR4Þ; and dF/dz is the slope deduced from the force-

displacement curve obtained during bending of the collagen

fibril. The fibril is considered a rod with a circular cross-

section with radius R.
As shown in Fig. 4, the dF/dz data do fit to Eq. 3. The

standard error in the least-squares fit parameter is 2–6%, and

values obtained from the left and right halves of the fibril are

similar (average difference 3–4%).

Recently we reported on the determination of the Young’s

modulus of dry collagen fibrils by single-point bending tests

(30). The Young’s modulus of a fibril crossing a channel in a

poly(dimethylsiloxane) substrate was determined close to its

middle point using Eq. 4, which is derived from Eq. 3 by

substituting x ¼ l/2

Ebending ¼ l
3

192I
3

dF

dz
: (4)

Compared with a single-point bending procedure, the scanning-

mode bending allows a more precise determination of the

bending modulus (Young’s modulus for isotropic materials

or high length/diameter ratio) because it results from fitting

multiple individual bending experiments. Furthermore, data

generated from multiple bending experiments of the sus-

pended fibril and fitted to the model of bending a rod reveal

that no permanent deformation of the collagen fibril occurred

during the bending tests. The relative error (;23%) in the

bending modulus using the applied scanning-mode bending

method is derived from the error (SE) of the diameter (;3%),

the width of the channel (;3%), the spring constant of the

cantilever (;5%), and the fitting (;3%). The largest contri-

bution to the error of the bending modulus results from the

error in the diameter of the fibril (;3%). This leads to a 12%

error in the bending modulus. Improvement of the accuracy

in the fibril diameter determination is critical for reducing the

error further.

The ranges of the bending modulus values that were ob-

tained from the scanning-mode bending tests are presented in

Table 1. Typically, the bending modulus of a collagen fibril

with a diameter of 240 nm is ;2.4 GPa (Fig. 4) at ambient

conditions. The bending modulus of such a fibril decreased

with a factor of ;20 to 120 MPa when immersed in PBS

buffer. Introducing cross-links between collagen molecules

by activation of carboxylic acid groups of glutamic or as-

partic acid residues with a carbodiimide, which subsequently

react with amine groups with the formation of amide bonds

(32) and with hydroxyl groups with the formation of ester

bonds (35), did not significantly affect the bending modulus

of the fibril.

For isotropic rods or rods with high length/diameter ratio,

the bending modulus is equal to the Young’s modulus and is

independent of the rod diameter. Otherwise, the contribution

of shear in the deflection of the rod can not be ignored. The

TABLE 1 Bending and shear moduli of collagen type I fibrils obtained from scanning bending measurements

Collagen type I fibril Conditions Number of samples Range of diametersz (nm) Bending moduli{ (GPa) Shear modulus§ (MPa)

Native Dry 18 187–305 3.9–1.0 33 6 2

Cross-linked* Dry 11 205–303 3.1–1.7 74 6 7

Native PBS buffery 12 280–426 0.17–0.07 2.9 6 0.3

Cross-linked* PBS buffery 13 287–424 0.14–0.06 3.4 6 0.2

*Cross-linking was performed with EDC and NHS in MES buffer.
yPBS: phosphate-buffered saline, pH ¼ 7.4.
zRanges of diameters of different fibrils used in the mechanical tests. The error in the diameter of individual fibrils is ;3% (SE) calculated from multiple

measurements on the same fibril.
{Ranges of bending moduli determined from fibrils with different diameters. A 23% relative error is estimated for the value of the bending modulus

determined for individual fibrils.
§The error in the shear modulus is the standard error of the weighted least-squares fit parameter.
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deflection from bending and shear deformation when a force

is applied at the middle of the channel can be written as (34):

z ¼ zB 1 zS ¼ Fl
3
=192EI1 fsFl=4GA ¼ Fl

3
=192EbendingI:

(5)

In Eq. 5, z is the total displacement of the fibril in the

z-direction, zB is the deflection resulting from bending, zS is
the deflection resulting from shearing, E is the Young’s

modulus, G is the shear modulus, fs is the form factor of

shear, and A is the cross-sectional area of the rod. For a rod

with a circular cross-sectional area, the form factor of shear

fs equals 10/9 (34).

Equation 5 can be converted into Eq. 6 using A ¼ pR2,

fs ¼ 10/9 and I ¼ pR4/4.

1

Ebending

¼ 1

E
1

120

9G
3 ðR

2

l
2 Þ: (6)

From Eq. 6, a diameter-dependent bending modulus is

expected. Such a diameter-dependent bending modulus was

observed before in microtubules (27) and single-wall nano-

tube ropes (26) with relatively weak bonds between the

subunits in the lateral direction. Here, a large number of

fibrils were tested, and we found that the bending modulus

increased with decreasing fibril diameter at both ambient

conditions and in PBS buffer (Fig. 5, A and B).
By use of Eq. 6, the shear modulus of the tested collagen

fibrils can be determined from the slope of the linear relation

between 1/Ebending and (R2/l2). A similar equation has been

used by Kis et al. (27) for studying the bending and shear

modulus of microtubules. With the linear fit as shown in Fig.

6 A, the shear modulus of native single collagen fibrils at

ambient conditions is 33 6 2 MPa. After cross-linking with

EDC/NHS, the shear modulus increases to 74 6 7 MPa.

Also, as shown in Fig. 6 B, the shear modulus of the collagen

fibrils placed in PBS buffer can be estimated from the linear

plot. The values of the shear moduli are 2.9 6 0.3 MPa and

3.46 0.2 MPa for native and EDC/NHS cross-linked fibrils,

respectively, which are not statistically different. The dif-

ferences in the increase of the shear modulus for fibrils at

ambient conditions and when placed in PBS buffer before

and after cross-linking may relate to the different hydration

states of the fibrils. Intermolecular cross-links in collagen

fibrils are mainly present in the telopeptide regions. Cross-

linking using a carbodiimide such as EDC involves the for-

mation of additional amide bonds by reaction of free amine

groups (lysine residues) and activated carboxylic acid groups

(glutamic and aspartic acid) and ester bonds by reaction of

hydroxyl groups (serine, hydroxyproline, and hydroxylysine

residues) and activated carboxylic acid groups as well, which

results in additional inter- and intramolecular cross-links in

the collagen fibrils. It is not expected that cross-links can be

formed between microfibrils because the distance is too long.

However, displacement of microfibrils with respect to each

other at ambient conditions may be hampered by the friction

resulting from the surface decoration with activated carbox-

ylic acid groups. In PBS buffer, the surface decoration does

not hamper the displacement of microfibrils with respect to

each other. It is expected that after cross-linking, the dis-

placement of collagen molecules with respect to each other

becomes more difficult. However, the similar shear moduli

for native and cross-linked collagen fibrils placed in buffer

indicate that the displacement of microfibrils with respect to

each other is probably the main factor influencing the shear

modulus of single collagen fibrils. The values of shear moduli

for different collagen fibrils at different conditions are listed

in Table 1. In a previous study (30), the diameter-dependent

bending modulus was not observed because we used chan-

nels with a larger width, resulting in a higher length/diameter

ratio (L=R $ 4
ffiffiffiffiffiffiffiffiffi
E=G

p
); therefore, the Ebending corresponds

more closely with the Young’s modulus.

According to current models described in literature

(2,3,36,37), collagen molecules and microfibrils are arranged

parallel to the fibril axis. Intermolecular cross-linking for

native collagen is believed to occur only via lysine and hy-

FIGURE 5 Bending moduli of collagen type I fibrils as a function of

diameter at ambient conditions (A) and in PBS buffer (B). Data points are of

native collagen fibrils (filled squares) and collagen fibrils cross-linked by

EDC/NHS (open squares). N ¼ 18 for native collagen (at ambient condi-

tions); N ¼ 11 for cross-linked collagen (at ambient conditions); N ¼ 12 for

native collagen (in PBS buffer); and N ¼ 13 for cross-linked collagen (in

PBS buffer). The relative error in the bending modulus of every individual

fibril is derived from the errors in fibril diameter (SEM measurements), the

length of the channel, and the spring constant of the cantilever.
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droxylysine groups within the telopeptide regions (3). The

interaction between the collagen subunits in the parallel di-

rection will be different from that in the lateral direction,

leading to mechanical anisotropy. Previously, microtensile

tests of single collagen fibrils have been performed in our

group. The Young’s modulus of single collagen fibrils was

determined to be 5 6 2 GPa and 0.2–0.5 GPa at ambient

conditions and in PBS buffer, respectively (17). The shear

modulus of the single collagen fibrils determined from the

bending experiments is two orders of magnitude lower than

the Young’s modulus, which confirms anisotropy at the

single-collagen-fibril level.

To summarize, in this study, the mechanical properties of

insoluble collagen type I fibrils isolated from tendon were

investigated using scanning-mode bending tests with a home-

built AFM. Single fibrils perpendicularly spanning multiple

channels in a glass substrate were subjected to bending tests

using an AFM cantilever without a tip.

Subjecting a single collagen fibril to the scanning-mode

bending test afforded multiple force-displacement curves at

different positions across the channel. From the slope of these

curves (dF/dz), the bending modulus of the fibrils could be

determined using an elastic rod model. For single collagen

type I fibrils immersed in buffer, the bending modulus de-

creased by a factor of 20 compared with fibrils at ambient

conditions. Cross-links introduced on reaction with a car-

bodiimide did not change the bending modulus of the fibril.

The dependence of the bending modulus on the collagen

fibril diameter allowed for the first time, to our knowledge, an

estimation of the shear modulus. The calculated shear mo-

dulus indicates that the collagen fibrils are mechanically

anisotropic. For collagen fibrils in PBS buffer, it is shown that

cross-linking through amide bond formation between amine

and carboxylic acid groups and ester bond formation between

hydroxyl and carboxylic acid groups does not affect the shear

modulus of the fibril. These results provide new insight into

the mechanical behavior of collagen-based tissues.
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