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Tuning the Elastic Modulus of Hydrated Collagen Fibrils
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ABSTRACT Systematic variation of solution conditions reveals that the elastic modulus (E) of individual collagen fibrils can be
varied over a range of 2–200 MPa. Nanoindentation of reconstituted bovine Achilles tendon fibrils by atomic force microscopy
(AFM) under different aqueous and ethanol environments was carried out. Titration of monovalent salts up to a concentration
of 1 M at pH 7 causes E to increase from 2 to 5 MPa. This stiffening effect is more pronounced at lower pH where, at pH 5,
e.g., there is an ~7-fold increase in modulus on addition of 1 M KCl. An even larger increase in modulus, up to ~200 MPa,
can be achieved by using increasing concentrations of ethanol. Taken together, these results indicate that there are a number
of intermolecular forces between tropocollagen monomers that govern the elastic response. These include hydration forces and
hydrogen bonding, ion pairs, and possibly the hydrophobic effect. Tuning of the relative strengths of these forces allows rational
tuning of the elastic modulus of the fibrils.
doi: 10.1016/j.bpj.2009.09.010
INTRODUCTION

Biomechanically speaking, collagen is the most important

protein to the human body. In one form or another,

collagen-based materials are found in vital tissues and struc-

tures that sustain our locomotion. In the skeletal system,

which gives the human form its basic rigidity and protects

the major organs, collagen is the major constituent of the

organic matrix of bone. Other examples of biomechanically

important tissues that contain collagen are tendons, ligaments,

skin, and cartilage. Since collagen has a fibrillar and ropelike

structure (1), it is an interesting biocompatible material for

biomedical and new materials applications, ranging from

tissue engineering scaffolds (2) to nanomechanics (3). In

tissue-engineered scaffolds, cells are responsive to the micro-

environment in which they reside (4); therefore, being able to

fine-tune the mechanical properties of collagen-based scaf-

folds could be important for controlling mechanotransduction

and possibly differentiation of stem cells (5). This study

describes how the elastic properties of individual collagen

fibrils can be altered in vitro through change of the

surrounding solution properties.

Monomeric collagen has a molecular structure that is

comprised of a triple helix of left-handed polypeptide chains

that come together to form a right-handed twisted molecule

known as tropocollagen. Type I collagen contains two a1

chains and one a2 chain, each containing ~1000 amino

acid residues. Each chain is staggered relative to the others

by one amino acid residue, and these are twisted together

to form the triple-helical tropocollagen monomers that

make up the larger-diameter fibrils (6). The dimensions of

the monomer are diameter ~15 Å and length ~300 nm, and

these monomers self-assemble into a staggered cross-striated
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fibrillar arrangement with a periodic banding of 67 nm (7).

Recent mechanical manipulation experiments with atomic

force microscopy (AFM) combined with imaging, demon-

strate that contrary to established models (8), collagen fibrils

are made up of tropocollagen molecules that are twisted

together to form ropes with nanoscale diameters (1).

The generalized well-known formula for collagen amino

acid sequence is Gly-X-Y, where X is predominantly proline

(Pro) and Y a hydroxyproline (Hyp) residue (9). Glycine,

which occurs at every third residue, is found at the center of

the coiled peptide chain to allow a close packing of the triple

helix. In tropocollagen monomers, 12% of tripeptides have

the sequence Gly-Pro-Hyp, whereas ~44% have sequences

of Gly-Pro-Y and Gly-X-Hyp, and the remaining 44% is

made up of Gly-X-Y containing no amino acids (10). Charged

residues such as lysine, arginine, glutamic acid, and aspartic

acid make up ~15–20% of all residues in the tropocollagen

monomer, and ~40% of Gly-X-Y sequences contain at least

one charged residue (6). Therefore, electrostatic interactions

are thought to be of great importance for the stability of the

triple-helical conformation with tropocollagen (6,11). In

fact, there could be as many as 500 possible intermolecular

side-chain interactions along the collagen triple helix (12).

However, because the number of charged residues in the

tropocollagen molecule is large, it is difficult to measure

and quantify each individual interaction (6).

Development of local-force probe techniques, such as

AFM, in recent years allows localized mechanical measure-

ments to be made on the nanometer scale, such that indi-

vidual collagen fibrils can be directly tested (13–19).

Although the distribution of fibril diameters is large, from

20 nm in cornea to up to ~500 nm in mature tendon (20),

collagen fibrils of all sizes are suitable for measuring by

nanoindentation. Provided that the fibril diameter is larger

than the diameter of the end of the AFM tip, relatively simple

contact mechanics models, such as those derived from Hertz

mailto:n.h.thomson@leeds.ac.uk


2986 Grant et al.
(21), can be used to extract elastic modulus from force-

indentation data. Hertzian contact theory is readily applied

to AFM force/indentation plots and can provide modulus

estimations of biological samples (22–27). Recently,

collagen fibrils have been mechanically probed using AFM

by Heim et al. (15) and Wenger et al. (17), giving modulus

ranges of 1–2 GPa and 5–11.5 GPa, respectively, in ambient

conditions. Other work on the collagen fibril modulus in air

has been carried out by Strasser et al. (28), who indented and

dissected intact fibrils, reporting no change in modulus

between the shell and the core of the native fibrils. The

data do, however, show an increase in the adhesion between

the AFM probe and the core region of a microdissected

collagen fibril.

Studies have shown that hydrated collagen fibrils under

bulk aqueous solution conditions, which are more closely

related to the situation in vivo, experience a reduction in

modulus compared to the anhydrous form. These reductions

are ~2–3 orders of magnitude: in three-point bending

(18,29), the bending modulus reduced from 1–4 GPa to

70 MPa; during tensile testing (16), the tensile modulus

reduced from 2–7 GPa to 200–800 MPa, and through nano-

indentation (13), the compressive modulus reduced from

1–2 GPa to 1–2 MPa. It has been suggested that under

neutral pH buffer conditions, the monomeric collagen mole-

cules are not solely responsible for the elasticity, that the

interaction of the tropocollagen with the fluid phase within

the fibril is a significant contributor (13). This idea is corrob-

orated by other AFM experimentation that shows that the

measured hydrated shear modulus changes very little when

a cross-linker is applied to collagen fibrils (18).

This article highlights the range of elastic response of

collagen type I fibrils that can be achieved in liquid by

altering the environment. Here, we discuss the finding that

the mechanical properties of hydrated collagenous fibrils

can be tuned by adding salts, by changing the solution pH,

or by changing the solvent. With collagen such a crucial

protein in biomechanical tissues, and its use in tissue-engi-

neering scaffolds (30,31), the fact that the nanomechanical

compressive modulus can be significantly altered, and

indeed strengthened, has important implications for biomate-

rial applications of collagen fibrils.

MATERIALS AND METHODS

Collagen fibril deposition

Collagen fibrils for this study were isolated from bovine Achilles tendon

(Sigma Aldrich, St. Louis, MO) and were prepared according to the method

of van der Rijt et al. (16). In short, the tendon was dissolved in 10 mM HCl,

homogenized using a hand blender, and then diluted 150 times in sodium

phosphate buffer (100 mM, pH 7). Silica wafers and gold-coated silica

wafers were cleaned in a surfactant solution (Decon 90, Decon Laboratories,

Haan, Germany), rinsed in excess MilliQ water (Millipore, Billerica, MA)

(18 MU cm), then dried in nitrogen. A droplet (~20 mL) of collagen solution

was placed on the surface of a wafer for 20 min, after which the wafer was

rinsed in pure water and gently dried in a stream of nitrogen before being
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immersed in the test liquid environment. A fresh sample of adsorbed

collagen fibrils was used for each separate medium condition.

AFM and nanoindentation

AFM imaging and force measurements were made using silicon nitride

cantilevers with integral tips (Applied Nanostructures, Santa Clara, CA)

with spring constants of the order k ~ 0.3 N/m on an MFP-3D AFM (Asylum

Research, Santa Barbara, CA). A closed fluid cell was used so that the

surfaces with adsorbed fibrils were totally immersed in 2 mL of solution

for 1 h before scanning and indenting. For this study, only fibrils between

80 and 200 nm in height were mechanically tested, as Heim et al. (15) report

that no size-dependent modulus variation was detected in this range.

Force volume (FV) imaging was carried out on isolated fibrils using arrays

of 50 � 50 pixels, with each pixel representing a single force-distance

measurement. A tip velocity of 600 nm/s was used throughout (scan rate,

1 Hz; height above surface, 300 nm), and the maximum force threshold

was not taken above values that induced any more than 40% indentation

strain. Strain was defined as the fibril indentation over the measured height

in the AFM tapping-mode images. The calculated modulus of collagen

fibrils does not change at loading rates up to 1500 nm/s (data not shown).

Tapping-mode scans were taken before FV imaging to locate a suitable

fibril, and afterward to ensure that the force measurements did not perma-

nently deform the fibril. The built-in software of the MFP-3D is used to

calculate both the cantilever spring constant, which uses the thermal tuning

method (32), and the reduced elastic modulus (Er), which uses a Hertzian

contact theory (Eq. 1),

Er ¼
3Fð1� y2Þ

4
ffiffiffiffiffi

Re

p d�3=2; (1)

where F is the applied load, n is the Poisson ratio (taken as 0.5), Re is the

reduced radius of contact (1=Re ¼ 1=Rtip þ 1=Rfibril), which takes into

consideration the spherical tip radius and cylindrical fibril radius, and d is

the indentation depth. Equation 1 can be used for a spherical or a parabolic

probe. In fact, after the indentation of gelatin films, the prediction of the

spherical/parabolic Hertz model matched the experimental data over

a wide indentation range up to 5 Rtip (33). The value for Rtip was fixed at

15 nm for this study, based on the manufacturer’s quoted value at 15 nm

or less. This limit was confirmed through high-resolution imaging of struc-

tures smaller than this, such as amyloid fibrils with diameters of 5–10 nm.

The value for Rfibril is taken as half the maximum height from the line section

of the fibril that undergoes FV analysis. An increase of Rfibril from 75 to

100 nm results in a change in modulus of only 1.4%.

To measure the elastic modulus under compression, only those force/

indentation plots extracted from the central axis of the collagen fibril are

used, to avoid artifacts due to geometric effects between the curved fibril

and the nanosized tip. As the fibril is elliptical or cylindrical in cross section,

it is likely that indents at its edge will be a combination of indentation of the

collagenous material and free space. The number of extracted curves/FV for

modulus analysis is in the region of 100. All plotted data are shown as the

mean 5 SD of the histograms of modulus extracted from all pixels in the

FV images.

Scanning media

The range of solutions used includes 0–1 M NaCl, KCl, or NH4Cl in

100 mM sodium phosphate (pH 7) and 0–100% ethanol in 100 mM sodium

phosphate (pH 7). To carry out experiments at pH 5, two different potassium

acetate buffers of 150 mM and 300 mM with 0–1 M KCl were used to create

a range of ionic strengths. It is important to note that the two buffers

(100 mM sodium phosphate and 300 mM potassium acetate) have an iden-

tical ionic strength even though their pH values are different. Ionic strength

was deduced using the Henderson-Hasselbalch equation to calculate the

concentrations of all the charged species. Freshly prepared collagen samples

on silica or gold substrates were immersed in 2 mL of the scanning medium
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in a closed fluid cell and then left for 1 h before any mechanical measure-

ments were taken. This time interval was necessary to ensure that equilibra-

tion occurred.

RESULTS

Effect of fibril swelling in aqueous buffer

Mechanical measurement of individual collagen fibrils by

AFM requires that the fibrils are stably adsorbed to a surface

during imaging and nanoindentation. Measurements of the

same collagen fibrils physisorbed on a silicon surface in air

and in buffer demonstrate that stable AFM imaging can be

achieved in liquids (Fig. 1 A). In going from air to buffer,

the collagen fibrils swell ~2-fold, as seen in the line sections.

Collating the average fibril height for several collagen fibrils

in a number of solution conditions shows an interesting trend

(Fig. 1 B). Swelling occurs in the hydrated form but does not

change significantly among different conditions of salt and

pH. In 100% ethanol, which is hygroscopic, the fibril heights

are reduced to values similar to those in air.

The observation of swelling on the same fibrils highlights

the importance that hydration plays in the mechanical

response. The large reduction in elastic modulus seen

between measurements in air compared to aqueous solutions

(13,16,18,19) suggests that the collagen fibril mechanics are

strongly influenced by the liquid phase of this biocomposite

material. The behavior of fibril height and its correlation with

measured elastic modulus is discussed later.

It should be pointed out that different imaging modes were

used to collect the two scans in Fig. 1 A: contact-mode

imaging was used in air, whereas tapping mode was used

in liquid, with the same cantilever used in both modes.

This was necessary to scan the same sample area after intro-

ducing liquid into the AFM imaging chamber, as contact

mode in liquid produces shearing interactions that disturb

reliable imaging of the collagen fibrils. The cantilever used

is a low-spring-constant lever (k ~ 0.3 N/m), which is appro-

priate for low imaging forces using contact mode in air and

can be driven with sufficiently large amplitude in liquid for

tapping-mode imaging. Although there is the possibility

that the amount of compression of the collagen fibrils is

different in each case, the large increase of the height distri-

butions upon addition of buffer is unlikely to be caused by

different ways of loading the fibril, given that the modulus

in air is known to be three orders of magnitude higher (13).

Reliable imaging of the collagen fibrils under liquid condi-

tions, and particularly in aqueous environments, allows the

effects of changing solution conditions around individual

fibrils to be explored. Fig. 2 A shows a typical AFM ampli-

tude scan of an individual collagen fibril taken under

100 mM sodium phosphate buffer (pH 7). Amplitude images

highlight the banding more than topography, because

this data signal is an efficient edge detector and is not low-

pass filtered through the electronic feedback loop and the

mechanical inertia of the scan piezo. Fig. 2 B shows an FV
indentation map, with its corresponding grayscale bar, taken

on the same fibril as in Fig. 2 A immediately after the scan.

Note that lighter regions have a larger recorded indentation.

One can see that there is less indentation at the center of the

fibril due to the greater thickness and absence of any geomet-

rical edge effect in that area. Typical force curves extracted

from the FV map (Fig. 2 C) show the difference between in-

denting hard silica and indenting the collagen fibril. The

measured indentation is used to fit the data to the Hertzian

contact mechanics and thereby extract a value of Young’s

modulus (Eq. 1), giving an average value of 2.1 5 0.4 MPa.

Adhesion from some retraction curves (data not shown)

FIGURE 1 (A) Line sections of AFM images 20 � 20 mm taken on the

same region of the same collagen fibrils in air (upper inset) and after 1 h

in neutral buffer (lower inset). The heights of all fibrils increased by approx-

imately a factor of 2 after 1 h in buffer. Air, dashed line; buffer, solid line. (B)

Average collagen fibril heights under different conditions, showing that all

aqueous conditions cause similar degrees of swelling, whereas 100% ethanol

does not.
Biophysical Journal 97(11) 2985–2992
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counts for ~5% of the loading force and is considered to be

negligible.

Effect of salt concentration

To investigate whether changing the solution conditions

around collagen fibrils alters their elasticity in a reproducible

manner, NaCl was added to the 100 mM sodium phosphate

buffer (pH 7) to concentrations up to 1 M. The modulus

value showed no appreciable change up to 500 mM NaCl,

but a 2.3 times increase in modulus was detected at 1 M

NaCl (Fig. 3), with an average value of 4.8 5 1.3 MPa.

Separate, freshly adsorbed collagen samples were used for

each of the different salt buffer conditions. Imaging of the

fibril in 1 M NaCl showed no noticeable change in the

morphology (cf. Figs. 2 A and 3), suggesting that this effect

was related to subtle changes in the intermolecular interac-

tions of the tropocollagen monomers rather than to gross

structural changes.

Effect of altering the cation species

After observing that increased salt concentration caused an

effective stiffening of the collagen fibrils, we examined

whether these effects are ion-specific or are simply depen-

FIGURE 2 (A) Tapping-mode residual amplitude (error signal) image

(2 � 2 mm) of a hydrated collagen fibril in 100 mM sodium phosphate,

pH 7. (B) Force volume image (50 � 50 pixels) of a corresponding collagen

fibril. (C) Two curves extracted from the FV image in B, one taken on the

hard silica support surface (dashed line) and the other on the central axis

of the fibril (solid line), showing indentation of the collagen. The Hertzian

contact mechanics fit is shown (black crosses).
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dent on the total ionic strength. Various monovalent chloride

salt solutions were used at concentrations up to 1 M. The

cations were chosen to range across the Hofmeister series,

where changing ionic species is known to affect protein

stability and solubility (34). Fig. 4 demonstrates that the

cation species does not influence the final value of elastic

modulus at 1 M monovalent chloride salt; therefore, the

increase in modulus at higher salt concentration appears to

be related to the ionic strength of the solution surrounding

the collagen.

To ensure that the changes we observed in the modulus

reflect internal changes in the collagen fibrils and do not result

from alteration of the interaction between the fibrils and the

supporting surface, the support substrate was changed from

silicon to gold and several of the measurement conditions

were repeated. Within error, the measured modulus was iden-

tical whether the fibrils are adhered to silicon or gold, when

measured in air or in 100 mM sodium phosphate buffer

(pH 7), and with or without 1 M KCl (data not shown).

FIGURE 3 Increase of the elastic modulus of collagen fibrils as a function

of NaCl concentration. (Inset) AFM height image (700 � 700 mm) of a

collagen fibril in 100 mM sodium phosphate (pH 7) containing 1 M NaCl,

showing the expected D-banding.

FIGURE 4 Modulus of collagen fibrils in 100 mM sodium phosphate

buffer (pH 7) with various monovalent chloride salts added to a concentra-

tion of 1 M.

Grant et al.
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Effect of lowering pH

To further investigate how interactions of electrostatic origin

affect the compressive modulus of hydrated collagen fibrils,

the effect of pH on Young’s modulus was also measured.

Force plots taken in 300 mM potassium acetate buffer at

pH 5 showed that the effect on the modulus of adding salt

(1 M KCl) was greatly enhanced when the pH was lowered

(Fig. 5 A). The modulus with no added salt in 300 mM potas-

sium acetate buffer (pH 5) was 3.1 5 0.5 MPa, slightly

higher than that in 100 mM sodium phosphate (pH 7). These

buffers have equivalent ionic strength, suggesting that this

small, but significant, change is due solely to the pH change.

After the addition of 1 M KCl at pH 5, there was a dramatic

(sevenfold) increase in modulus to 22.3 5 6.7 MPa. The

combined effects of lowering pH to 5 and increasing salt

concentration to 1 M raises the modulus by 10-fold

compared with its value at pH 7 with no salt (Fig. 5 B).

Increasing the ionic strength gradually through the use of

two different potassium acetate buffers (150 mM and

FIGURE 5 (A) Typical extracted force-indentation plots made in the pres-

ence and absence of 1 M KCl, showing the stiffening effect of the salt.

(Inset) Tapping-mode amplitude image (2 � 2 mm) of a collagen fibril in

300 mM potassium acetate (pH 5) with 1 M KCl added. (B) Comparison

of the modulus change after the addition of 1 M KCl to each buffer at

pH 5 and pH 7.
300 mM), and increasing amounts of KCl, gave a gradual

increase in the measured modulus (Fig. 6).

Effect of ethanol

Since large changes in the modulus were observed by altering

the ionic composition and strength of aqueous media, we next

investigated the effect of changing the surrounding liquid to

a nonaqueous medium. Freshly prepared collagen fibril

samples were placed under an increasing concentration of

ethanol in 100 mM sodium phosphate (pH 7) and their elastic

modulus was determined (Fig. 7 A). Under these conditions,

the modulus steadily increases with increasing ethanol

concentration up to 50% (v/v). Thereafter, a large increase

in modulus, to E ¼ 172.5 5 59 MPa, was found when the

scanning medium was increased to 100% ethanol. It was

necessary to increase the applied force to 50 nN at 100%

ethanol (Fig. 7 B), as the previously used 3-nN threshold

was insufficient to get any measurable indentation in the

collagen fibril. The indentation depths measured from the

FV analysis in 100% ethanol are lower than those measured

in buffer; hence, the standard deviation in the measured

modulus is larger. Even though a large increase in modulus

is recorded, there is no physical change in the periodic band-

ing in the fibril or in overall fibril morphology (inset, Fig. 7 A).

DISCUSSION

We have presented an empirical study that shows the effect

of changing solution properties on the elastic response.

Changing from dehydrated conditions in air to hydrating

aqueous solutions causes osmotically driven swelling of

the fibrils, as water penetrates the structure. This leads to

a drop in the elastic modulus of two or three orders of magni-

tude (13,16,18). In a hygroscopic liquid, like ethanol, the

fibrils behave comparably to the dehydrated state in air.

Mixtures of ethanol in buffer give intermediate values of

FIGURE 6 Gradual increase in measured modulus with increasing ionic

strength from the use of two different potassium acetate buffers (150 mM

and 300 mM) and increasing amounts of KCl.
Biophysical Journal 97(11) 2985–2992



2990 Grant et al.
elastic modulus, and exchanges between solutions indicate

that these effects are reversible (data not shown). Although

differences in modulus among fibrils in aqueous and those

in alcoholic media can simply be thought of in terms of an

osmotic effect, interpreting the modulus changes in different

aqueous solutions is difficult due to the complexity of the

collagen structure. Consequently, a variety of different

molecular interactions occur, and it is difficult to definitively

assess a single type of intermolecular interaction as the major

contributor to these modulus changes. The modulation of the

elastic response of the fibrils in conditions where liquid

molecules in the collagen are not being exchanged with the

external solution must arise from changes in intermolecular

interactions among neighboring tropocollagens. Repulsive

forces can arise from electrostatic repulsion and repulsive

hydration forces, whereas attractive forces can be contrib-

uted from van der Waals, hydrogen bonding, ion pairs (elec-

trostatic attraction), hydration forces, counterion correlation

forces and the hydrophobic interaction. The changes in

modulus as ionic strength goes up and pH goes down

FIGURE 7 (A) Change of modulus of collagen fibrils in increasing

concentrations of ethanol in 100 mM sodium phosphate buffer. (Inset)

Tapping-mode image (700 � 700 nm) taken in 100% ethanol. (B) Typical

force plot made in 100% ethanol, with Hertzian fitting.
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presumably arise from a strengthening of the attractive force

components (since the repulsive electrostatic interaction is

not greatly modified; see below). We now discuss the origins

of the major contributions and their likely magnitude.

Electrostatic interactions

The fact that the average fibril height remains within the

same range over all the aqueous solutions we studied

(Fig. 1 B) indicates that the amount of water retained within

the fibrils is the same, and that any changes in intermolecular

separation among neighboring tropocollagen molecules is

small by comparison. The intermolecular spacing among

tropocollagens has been measured at 0.12–0.2 nm, depend-

ing on solution conditions (35,36). The Debye length at

the highest salt conditions we tested (e.g., 1 M NaCl) is

~0.3 nm (37), and it becomes very much longer at lower

concentrations. This would suggest that once assembled,

electrostatic repulsion between like-charged residues in the

collagen fibril plays a minor role; however, screening of

charge-charge interactions is important for the collagen

self-assembly process (6).

The most difficult trend to rationalize in our study is the

augmentation of the elastic modulus in response to lowering

of the pH and in particular the larger increase in the modulus

when salt is added. This observation indicates that better

screening of charged residues and formation of specific inter-

actions, such as salt bridges, between charged residues leads

to stabilization of collagen (38) and collagenlike triple-helical

peptides (6). However, Leikin et al. noted a weakening of

attraction (i.e., larger separation) between tropocollagen

molecules when the pH was lowered on their collagen films

prepared from rat tail tendon (35).

The isoelectric points of various collagens have not been

extensively characterized to date, and in our case they are

unknown, but measurements of collagen from bovine dermal

samples indicate that isoelectric points could be above pH 9

(38). However, the acid-base behavior of collagen type I

fibrils is strongly influenced by the ionic strength of KCl

(38), making predications on the charge state of collagen

in particular solvent conditions difficult. In general, how-

ever, stability goes up as pH decreases (39), suggesting

increased ionization and a role of ion pairs in stabilization.

It is probable; therefore, that lowering the pH will increase

the overall charge on the system and lead to a more posi-

tively charged fibril enhancing salt-bridging effects by

increasing polarization.

Hydration forces

Water ordering around hydrophobic residues is thought to

have a strong influence on protein structure and stability, at

least for globular protein systems (40). However, for

extended macromolecular assemblies, such as collagen,

DNA, and lipid bilayers, ordering of water around hydro-

philic groups may be more dominant. Studies by Leikin
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et al. have led to suggestions that hydration forces dominate

the tropocollagen interactions at their short separations,

whereas van der Waals and electrostatic effects are negli-

gible. An osmotic stress technique (36) on collagen films

made from rat tail tendon combined with x-ray diffraction al-

lowed the intermolecular spacing to be directly correlated to

the osmotic force applied (35,36,41). For these collagen

films the hydrophobic interaction was found to be negligible

and water-mediated hydrogen bonding between polar resi-

dues was suggested to be the dominating interaction (35).

Addition of monovalent salt (NaCl) to a concentration of

1 M was found to decrease in the average spacing. The inter-

pretation of salt addition in those studies is that it induces

osmotic stress on the fibrils caused by exclusion of salt

from the intermolecular spaces.

The hydrophobic effect

There is increasing evidence that addition of salt can increase

hydrophobic interactions in molecular systems (42), which

makes sense from entropic considerations when restructuring

of water occurs around polar residues. Here, addition of salt

to the buffer might be thought to increase interactions among

the hydrophobic residues (e.g., proline) among neighboring

tropocollagen molecules. The magnitude of this effect is

dependent on each ion’s ability to be hydrated, known as

the Hofmeister series (34), where, for example, ammonium

induces a strengthening of the hydrophobic effect, but potas-

sium and sodium do not have such a marked effect. In our

study, it is clear that the modulus achieved by adding 1 M

salt was irrespective of the cation of the chloride salts. The

lack of variation among moduli when different cations

were used suggests that this may be a minor effect.

Hydrogen bonding

The role of hydrogen bonding is difficult to assess from these

experiments but could be elucidated in the future by

substituting water for deuterium oxide (D20) (43). With an

increase in ethanol concentration, the hydrogen bonding

among collagen monomers may be expected to change

because of displaced water molecules, and would undoubt-

edly be mediated by hydroxyproline residues. Modulus

tuning using water/propanol mixtures has been carried out

previously by Radmacher et al. on thin gelatin films on

mica, and the modulus increased with increasing alcohol

(44). Studies of collagen-based materials, such as dentin,

have shown that stiffening and strengthening of the tissue

can be attributed to an increase in hydrogen bonding between

collagen fibrils (45,46) using different polar solvents.

SUMMARY

Based on discussions in the literature, the most probable

interaction forces that control the elastic response of collagen

in aqueous conditions can be proposed. When salt concentra-
tion or ionic strength is increased, hydration or solvation

forces dominate the response. When the pH is lowered, ion

pair interactions would seem the most likely to dominate.

It is also conceivable that hydrophobic effects play a role

in all these scenarios but likely at a lower magnitude than

the hydrophilic forces described in each case. A better under-

standing of which forces modulate the elastic response when

one parameter is changed should aid rational design of new

materials based on collagen and analogous synthetic pep-

tides. All these effects appear to be fully reversible, which

may indicate that it is possible to modulate tissue elasticity

in vivo by directed therapeutics, whether the tissue in ques-

tion is natural or bioengineered implants.
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