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Introduction

One of the most critical aspects of tissue engineering is th
ability to mimic extracellular matriXECM) scaffolds that natu-
rally serve to organize cells and regulate their behajldr The

ECM provides relevant micro-environmental information to th
cells biochemically through soluble and insoluble mediators al
biophysically through imposition of structural and mechanic
constraints(see Chiquet for revieW2]). To date, significant ad- vi
vances have been made in our understanding of how specific r‘r}g}r
ecules of the ECM affect fundamental cellular responses. Ho
ever, less is known regarding the mechanisms by which speci
geometric and mechanical properties of the ECM influence ¢
behavior. Likewise, the mechanisms by which the ECM trang-
duces force and deformation from the macro-leftisisue-organ c
to the micro-level(cell-ECM) remain to be elucidated. In this
way, the physical state of the ECM, not just its molecular comp
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of Three-Dimensional Type |
Collagen Extracellular Matrices
With Varied Microstructure

The importance and priority of specific micro-structural and mechanical design param-
eters must be established to effectively engineer scaffolds (biomaterials) that mimic the
extracellular matrix (ECM) environment of cells and have clinical applications as tissue
substitutes. In this study, three-dimensional (3-D) matrices were prepared from type |
collagen, the predominant compositional and structural component of connective tissue
ECMs, and structural-mechanical relationships were studied. Polymerization conditions,
including collagen concentration (0-3 mg/mL) and pH (69), were varied to obtain
matrices of collagen fibrils with different microstructures. Confocal reflection microscopy
was used to assess specific micro-structural features (e.g., diameter and length) and
organization of component fibrils in 3-D. Microstructural analyses revealed that changes
in collagen concentration affected fibril density while maintaining a relatively constant
fibril diameter. On the other hand, both fibril length and diameter were affected by the pH
of the polymerization reaction. Mechanically, all matrices exhibited a similar stress-strain
curve with identifiable “toe,” “linear,” and “failure” regions. However, the linear modu-

lus and failure stress increased with collagen concentration and were correlated with an
increase in fibril density. Additionally, both the linear modulus and failure stress showed
an increase with pH, which was related to an increased fibril length and a decreased fibril
diameter. The tensile mechanical properties of the collagen matrices also showed strain
rate dependence. Such fundamental information regarding the 3-D microstructural-
mechanical properties of the ECM and its component molecules are important to our
overall understanding of cell-ECM interactions (e.g., mechanotransduction) and the de-
velopment of novel strategies for tissue repair and replacement.
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properties of a simplified model of the ECM can be controlled.
Our approach involves preparation of three-dimensidi3aD)
Matrices from purified type | collagen. Of the many component
molecules of the ECM, type | collagen is the most abundant
within connective tissue structures, including tendon, ligament,
rmis, and blood vessel, and is the primary determinant of tensile
% opertieg 3]. In addition, type | collagen exhibits the ability to
olymerize and form complex, 3-D supramolecular assemblies in
ro, a process known as “self-assembly.” Collagen fibrils
med in vitro have structural similaritigg.g., axial periodicity
) those formed in vivo and have been used extensively as a
del system for understanding the collagen assembly process
]. Collagen fibril dimensions and organization can be varied by
djusting parameters of the polymerization reactian, collagen
oncentration, pH, and ionic strengtfs]. Taken together, these
characteristics of type | collagen make it an ideal biologically
Yerived polymer for scaffold design. In fact, a number of bioma-

sition, provides the basis of cell-ECM interactions and must hgyjais have been fashioned from type | collagen for restoration

considered in the design of new and improved scafféldema-
terialg for tissue repair and replacement.

and reconstruction of specific tissues and organs. Likewise, 3-D
collagen matrices have long been used as scaffolds for the culture

_ To further the understanding of ECM biomechanics and its rolg ce|is in vitro. Such in vitro systems have been shown to support
in cell and tissue dynamics, we have developed an experimen{alyore in vivo like cellular phenotype and function and are in-

approach in which micro-structural and subsequent mechanieglymental in the study of the mechanisms involved in cell-ECM
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contexts. Parry correlated specific structural features of collagen
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fibrils (e.g., total collagen content, fibril length, fibril diametembuffered salingPBS followed by incubation at 37°C in humidi-
distribution, and fibril orientationwithin intact tissues to tissue- fied chambers. To determine the effect of collagen concentration
specific mechanical properti¢g]. Another series of studies hason collagen matrix structure and mechanical properties, solutions
focused on the structural-mechanical properties of collagen sca#rying in collagen content were neutralized to achieve final col-
folds for the primary purpose of designing functional biomaterialagen concentrations of 0.3, 1.0, 2.0 and 3.0 mg/mL while main-
for clinical applications. For example, the influence of specifitaining the same total phosphate, ionic stren@hi4 M), and pH
glycosaminoglycans and cross-linking agents on type | collag€n.4). The effect of pH was studied by neutralizing collagen solu-
scaffold structure and mechanics has been evaluated in the detiehs with 10X PBS buffers with altered ratios of MPO, and
opment of artificial skin replacemen{8-11]. Specifically, the KH,PQ,. 10X PBS buffers of pH 6.0, 7.0, 7.4, 8.0, and 9.0 were
glycosaminoglycans chondroitin-6-sulfate and dermatan sulfaieed for these experiments.
increased the mechanical strength of a collagen based artificial . . . .
skin, but did not cause micro-structural modification that could be Confocal Reflection Microscopy. Unstained 3-D matrices of
appreciated with scanning electron microscgfy. In addition, YP€ | collagen were polymerized on coverglasses and imaged
extensive studies defining the structural-mechanical relationstjp'"9 confocal reflection microscopy as previously described
of extruded collagen fibers have been performed with hopes 3,24). In brief, confocal reflection microscopy was performed
developing replacement constructs for tissues such as tendon #fil9 & BioRadHercules, CA MRC1024 confocal on a Diaphot
ligament[12—17. The diameter of fibril subunits within extruded300 (Nikon Corp., Tokyo, Japanmicroscope equipped with a
collagen fibers was correlated with low strain modulus but n&0%, 1.4 NA oil immersion lengNikon) via a quarter wave plate.
ultimate tensile Strength or h|gh strain modu[ﬂg] SpeCImenS were illuminated with 488 nm ||ght generated by an
Less is known, however, regarding the structural-mechanidgnova Enterprise argon ion las@Zoherent Laser Group, Santa
properties of low concentration collagen matrices or gels. The§éara, CA and the reflected light was detected with a photomul-
matrices constitute collagen concentration of 5 mg/mL or lediplier tube using a blue reflection filt¢488 nm. A z-step of 0.2
rather than 30-40 mg/mL characteristic of connective tissues #n Was used to optically section the samples to depths of up to
vivo [18]. Since low concentration matrices are routinely used f&00 um. When necessary, nonuniform background caused by in-
the culture and study of cells in vitro, determination of such furferference and reflection from the optical pathway was removed
damental structural-mechanical properties is necessary for predfegm the images using standard rank leveling procedures on each
ing and interpreting the overall cellular response. In additiop;y section as described previoug®4]. Three-dimensional im-
knowledge of these collagen properties will contribute to the basiges of the matrices were either compiled into a single view pro-
principles that will drive the engineering and development gection using Laser SharfBioRad image-processing software or

clinically useful biomaterials. . compiled into a 3-D projection using Voxel-View reconstruction
A purely mechanical study performed by@dem and Teeren software(Vital Images, Inc., Plymouth, MN
demonstrated the viscoelastic behaviern., stress-relaxatiprof At present, high-throughput computer algorithms are being de-

type | collagen matrices by imposing quick stretcligg]. In a veloped to facilitate the quantification of specific structural param-
second study, the rheological behavior of type | collagen matriceters of collagen matrices, including fibril diameter, fibril density,
was described using confined compression tetg@. Finally, fibril length, and fibril orientation. As a first approach to quanti-
Osborne et al. have reported the tensile properties of type | ctatively assess fibril diameter,zseries of images representing a
lagen matrices in the presence and absence of specific glycosarnitagen matrix was divided into quadrants and 10 fibrils within
noglycang21]. In addition, they investigated the effects of varieach quadrant were randomly selected., all fibrils weighted
ous cross-linking techniques on the mechanical behavior of thesgually) for fibril diameter quantification. Using Voxel-View re-
matrices. To date, the only published study evaluating both tleenstruction software, a threshold was determined forziberies
structural and mechanical properties of type | collagen matricaad the images binarized. Five lines were then drawn perpendicu-
was performed by Hsu and co-workei22]. In this particular lar to the long axis of each fibril using the trace feature of the
study, collagen matrices were formed at various ionic strengtbeftware. The average number of white pixels traversed by the
and with differing glycosaminoglycan contents, and the relatiotrace lines(representing the fibril diametewas determined and
ship between the rheological behavior and fibril morphology wasnverted into nanometers based upon pixel dimensions.
investigated. For the structural analysis in this study as well as in ) )
others, traditional electron microscopy techniques were utilized, M&asurement of Mechanical Properties. Samples for me-
Limitations of these techniques include derivation of structur&f'anical testing were prepared by polymerizing the neutralized
information in a 2-D rather than 3-D format and induction ofollagen solution in a “dog bone” shaped mofBig. 1(a)). The
structural artifacts due to extensive specimen processing. To &pld consisted of a glass plate and a piece of flexible silicone
knowledge, the relationship between the 3-D microstructure af@Sket. The gauge section of the mold measured 10 mm in length,
the tensile mechanical properties of low-concentration, type | cdl- MM in width, and approximately 1.8 mm in thicknegdg.
lagen matrices has not been previously reported. 1(b)). Neutralized collagen solutiofil mL_) was added to each

In the present study, we report polymerization of purified typemold and the mold incubated at 37°C in a humidified environ-
collagen at different collagen concentrations and pH values ent. Polypropylene mesh was embedded in the ends of the ma-
form 3-D matrices differing both structurally and mechanicallyirices to facilitate clamping of each specimen for mechanical test-
Confocal reflection microscopy was used to establish and comp#tg- Following polymerization of the collagen matrix, both
3-D micro-structural differences between the matrices in their nlickness and width measurements were made on the gauge sec-
tive, hydrated state. This information was then correlated wifPn of the specimens using dial calipers. Total thickness measure-
features of the stress-strain relationship, including linear moduluBents representing the width of both the specimen and glass plate
failure stress, and failure strain derived from tensile mechaniciere made by lowering the calipers until they touched the top of

tests. the matrix; this event was marked by the liquid being pulled into
contact with the caliper edge via surface tension. Specimen thick-
Materials and Methods ness was calculated by subtracting the thickness of the glass plate

from the total thicknesgmatrix+glass plate measurement. To
Collagen ECM Preparation. Type | collagen prepared from measure specimen width, the collagen matrix was placed under a
calf skin was obtained from Sigma Chemical Co., St. Louis, MCZeiss Stemi 2000Carl Zeiss, Jena, Germangtereo microscope
and dissolved in 0.01 M hydrochloric ac{thCl) to achieve de- (2.5X magnification and the caliper tips were matched to the
sired concentrations. Three-dimensional collagen matrices wevilth of the matrix. The dial caliper measurements are accurate to
prepared by neutralizing the collagen solutions in 10X phosphae2 mm.
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Fig. 3 Representative stress-strain curve of a collagen matrix
(2 mg/mL, pH 7.4) tested at a strain rate of 38.5 percent /min.
The stress strain curve can be separated into three distinct
regions designated “toe,” “linear,” and “failure.” Determina-
* tions of linear modulus, failure stress and failure strain are
demonstrated.
20 mm 4 mm 5mm
+ employed. For experiments investigating the effect of strain rate
on the mechanical properties, strain rates of 19.2, 192, and 385
percent/min were applied. For all mechanical tests, no precondi-
\ / tioning was applied. Engineering stress and strain were calculated
Polypropylene Mes from the load displacement data from the experiments. Engineer-
ing stress §.) was calculated as
(b): E
. . =7 1)
Fig. 1 Construction of the mold used to prepare collagen ma- Ao

trix test specimens  (a). Schematic showing the dimensions of
the collagen matrix test specimen with polypropylene mesh re-
inforcement (b).

whereF is the force recorded by the Minimat aiq is the initial
cross-sectional are@vidth X thicknes$ of the gauge section of
the matrix specimen. Engineering strain was calculated as the
change in length or cross-head displacemei (divided by the

. . . original length (;).
Tensile properties of 3-D collagen matrices were measured us-g gth (o)

ing a modified Minimat 2000 miniature materials tegf@heomet- Al

ric Scientific, Inc., Piscataway, N&nd standard testing proce- Se:E (2
dures for matrices of low mechanical strendig. 2) [19,25-21. o )

One end of each specimen was attached to a stepper motor dfnPreliminary experiments, 2@m polystyrene beads were em-
trolled linear actuator and the other end was attached to a Io3@dded into matrices and used as markers to determine longitudi-
cell. For these experiments, a load cell designed with a sensitiviigl strain. Relative displacements of the beads were imaged, uti-
of 0.0003 N was utilized. Clamps offset the loading axis antZing a Zeiss Stemi 2000 stereo microsc¢pesx magnification,
allowed the matrix to be submerged longitudinally within a batAnd strains extracted. Experimentally determined strain measure-
of PBS, pH 7.4, at approximately 37°C. For most experiments, &¢nts were found to correlate with cross-head displacement di-

extension rate of 10 mm/mit88.5 percent/min strain ratavas Vided by the distance between the mea6 mm. Accordingly, for
all the experiments, the distance between the mesh was used as

the unstretched or original length of the specimen. The linear
modulus was defined as the slope of the “linear” region between
20 percent and 80 percent of the maximum stress as determined
by linear regression analysis. Failure stress represented the maxi-
mum stress value achieved during loading and failure strain was
the strain at which each collagen matrix experienced total failure
(Fig. 3. Each experimenta particular collagen concentration,
strain rate and pH combinatipwas repeated in at least triplicate,
with each repetition including three to six samples.

Statistical Analysis. An analysis of variance was conducted
on structural and mechanical property data obtained for matrices
using the SAS Statistical Software packa@AS Institute Inc.,
Cary, NQ. The Student Neuman Keuls method for multiple com-
parisons p<<0.05) was then applied.

Results
Fig. 2 Cut away view of the experimental setup used for me- ~ 3-D Structural Properties.  Adjustment of collagen polymer-
chanical testing of collagen matrices. Collagen matrices were ization conditions, including collagen concentration and pH, gen-
tested while submerged in PBS, pH 7.4 at 37°C. erated 3-D collagen matricéBig. 4) with distinct structural prop-
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Table 1 Summary of fibril diameter measurements (mean
+standard deviation ) in nanometers derived from the confocal

images
Collagen Concentration (mg/ml)
0.3 1.0 20 30
6.0 - - 490 £ 96
7.0 - - 469+ 73 -
pH 7.4 418 £121 446 £ 65 435%61 43071
8.0 - - 421 +62 -
9.0 - - 39265 -

assessment, both fibril length and diameter were affected by the
pH of the polymerization reactio(Fig. 6). Fibrils formed at pH

6.0 were visually shorter and thicker, while those formed at pH
9.0 were longer and thinner. Fibril diameter measurements as a
function of pH are provided in Table 1.

Mechanical Property Measurements. When tested me-
chanically, all matrices exhibited a similar stress-strain relation-
ship. All stress-strain curves showed identifiable “toe,” “linear,”
and “failure” regions characteristic of intact biological tissues
(Fig. 3. Time-lapse photographs of a characteristic tensile test are
shown in Fig. 7. In addition to large longitudinal displacement
imparted by the testing equipment, substantial deformation in the
lateral direction was also noted. The majority of specimens failed
at or near the middle of the gauge section. Collagen matrices that
did not exhibit midgauge failure were not included in the data
analysis.

Mechanical properties of 3-D collagen matrices were found to

. ) . be dependent upon polymerization time. The variation of me-
erties. Confocal reflection microscopy revealed that changes dRanical properties with polymerization time for 1.0, 2.0 and 3.0
collagen concentration affected fibril density while maintaining fg/mL (pH 7.4 collagen matrices is shown in Fig. 8. Similarly
relatively consistent fibril diamete(fig. 5. An increase in col- the variation of mechanical properties with polymerization time
lagen fibril density was observed with increasing collagen conceyp; pH 6.0, pH 7.4 and pH 9.(2.0 mg/mL) collagen matrices is
tration. Fibril diameter measurements for matrices prepared at difjown in Fig. 9. Collagen solutions were neutralized, aliquoted

ferent collagen concentra_tions_were not significantly differezr_n (_into the dog bone-shaped mold, and incubated in a humidified
<0.05) and are summarized in Table 1. Based upon qualitative

Fig. 4 Representative 3D reconstructed confocal reflection
image of a matrix prepared from purified type | collagen (1 mg/
mL, pH 7.4)

Fig. 6 Confocal reflection images comparing the microstruc-

Fig. 5 Confocal reflection images comparing the microstruc- ture of collagen matrices (2 mg/mL) prepared at pH of 6.0 (a),
ture of collagen matrices prepared at concentrations of 0.3 7.0 (b), 8.0 (¢), and 9.0 (d). Both fibril diameter and length were
mg/mL (&), 1 mg/mL (b), 2 mg/mL (c), and 3 mg/mL (d). An  affected by pH. Fibrils formed at lower pH were shorter and
increase in fibril density was observed with increasing collagen thicker than those produced at higher pH (10 pm bar is appli-
concentration (10 pwm bar is applicable to all images ). cable to all images ).
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Fig. 8 Effect of polymerization time on the linear modulus,

chamber at 37°C for periods of time ranging from 1 to 18 h. Ayilure stress and failure strain of 1.0 mg /mL (A), 2.0 mg/mL
progressive increase in failure stress and linear modulus was (#), and 3.0 mg/mL (M) collagen matrices (pH 7.4) tested at a
served with matrices polymerized for up to 10 h. After that timestrain rate of 38.5 percent /min. Exponential curve fits are
these parameters did not change significantly. Failure strain wawn for the linear modulus and failure stress data.
found to be independent of polymerization time. Based upon these
data, a polymerization time of at least 15 h was established and
applied for subsequent experiments. Finally, the mechanical properties of the collagen matrices were

Variation of collagen concentration while all other polymerizafound to be dependent upon strain réfey. 12. Over the range of
tion reaction variablese.g., pH and ionic strengthwere held strain rates tested, failure stress increased from 5.4 to 8.7 kPa and
constant significantly affected the mechanical integrity of the 3-Bhe linear modulus increased from 15.7 to 25 kPa. Failure strain
collagen matricegFig. 10. Collagen matrices suitable for tensileyas independent of strain ratp<0.05). A summary of the de-
testing using our experimental setup could be reproducibly prgendence of tensile mechanical properties of collagen matrices as
pared at collagen concentration 0.3 mg/mL and greater. Linegffunction of collagen concentration, pH, and strain rate is pro-
modulus and failure stress values increased linearly over the rangged in Table 2.
of collagen concentrations evaluatd@.3-3 mg/ml). Linear  The length of the “toe” region(defined as the distance between
modulus values ranged from 1.5 kPa for 0.3 mg/mL collagen mgero strain and the intersection of the linear fit and the strain axis
trices to 24.3 kPa for 3 mg/mL collagen matrices. Likewise, @as quantified for each mechanical test. Upon statistical analysis,
10-fold increase in collagen concentration resulted in a neamy, correlation was identified between “toe” region length and
18-fold increase in failure stress. Except for 0.3 mg/mL, the faipolymerization conditions. Characterization of a low strain modu-
ure strain of the collagen matrix was independent of collageiis (the slope of the “toe” regionwas not completed due to the

concentration §<<0.05). _ _ _ low signal to noise ratio in this region.
Differences in the mechanical properties of collagen matrices

were also noted when the pH of the polymerization reaction Wﬁa .
adjusted between 6 and(®ig. 11). Collagen matrices polymer- ISCUSsion
ized at normal physiologic pH7.4) had a linear modulus and In the present study, the 3-D microstructure of type | collagen
failure stress of 16.6 and 6.0 kPa, respectively. Matrices formethtrices prepared in vitro under different assembly conditions
under increasingly acidic conditions showed a progressive deas determined and correlated with tensile mechanical properties.
crease in failure stress and linear modulus valyes@.05). The Within the ECM of connective tissues in vivo, collagen molecules
tensile strength of collagen matrices was enhanced by polymare organized into hierarchical structures consisting of highly or-
ization under basic conditions, with the greatest mechanical integdered fibrils that subsequently are aggregated into fibers or fiber
rity being exhibited by matrices formed at pH 9.0. Failure straibundles. Depending upon the specific tissue studied, collagen
remained relatively constatapproximately 0.6 mm/mijrover the fibrils have been identified with diameters in the range of 25-500
range of pH values tested. nanometer$28,29. On the other hand, fiber bundles have been

218 / Vol. 124, APRIL 2002 Transactions of the ASME



T3 30.6(1-e792%5) kPA, B = 0.850 161 140
2 30} ¢ *
*
N’
& 25 14f {35
=) ¢ —_ =
3 207 . 14.7(1-e7039%) kPA, F? = 0.896 © L lag @@
° a 12 30 &
O 15¢ . ° . hd o ® o & =
= i ~ .
sor /.0 T 10f 125
Q st 1.55(1-e723%) kPA, K = 0.885 o @
3, T S, AS— A — —— i — {— 3 s 120 5
0 5 10 15 20 = o
10 a 2
r ¢ o 6 {15
E 8.83(1-0%?) kPA, Ff = 0.827 = =
L * v M br—
< 8 ¢ T 4 fo £
. e k=
% 6F . ] -l
(] « *® * . . °
?/-‘) * 0.324. 2r I
® af . 5.57(1-70-%%%) kPA, FE = 0.878
= — I 1 1
2 2 0234 £ % 1.0 2.0 30 °
© A 0.526(1-6"22%%) kPA, F? = 0.676 £
T - - £ 10
0 ey ——y— % ¥ 1 A4 M ) v ) E
0 5 10 15 20
—_ £ osf
E 1-0{ : ¥\I
£ 0.6l I —3
= | T i
£ 08r c
e e ® ®v . v ‘© 04r
~— 0.6l o * . e 0 L 4 . ; . [ 4 =
E Y ‘ . L ] . [ o 0.2+
© 3 R ¢ ]
4 045 5 o0 ‘ . ‘
n =" 1.0 2.0 3.0
2 02} ¢ 2mg/ml, pH 9.0 w Collagen Concentration (mg/ml)
3 e 2mg/ml, pH7.4
T—u v 2 mg/ml, pH 6.0
L 0o . 15 2'0 Fig. 10 Effect of collagen concentration (0.3-3.0 mg/mL) on

r) the linear modulus (@), failure stress (4), and failure strain  (O)

5 10
Polymerlzatlon Time (h of collagen matrices (pH 7.4) tested at 38.5 percent /min

Fig. 9 Effect of polymerization time on the linear modulus,
failure stress and failure strain of pH 6.0  (V), pH 7.4 (@), and pH
9.0 (#) collagen matrices (2.0 mg/mL) tested at a strain rate of tion, dehydration, and stainingTraditionally, structural informa-
38.5 percent/min. Exponential curve fits are shown for the lin- tion regarding collagen fibrils both in vivo and in vitro has been
ear modulus and failure stress data. collected using light and electron microscopy techniques. These
techniques provide structural information in a 2-D rather than 3-D
format and require extensive specimen processing that often re-
reported as large as several hundred micromg@#829. It has sults in structural artifactf17,30,31. Three-dimensional images
been established that the distribution of collagen fibril sizes, of collagen matrices in their native state allow for more accurate
length and diametgitogether with their specific organization is anmeasurement of fibril parametedis., diameterand inspection of
important determinant of the mechanical properties of tissues. ihterfibril relationships.
particular, it has been suggested that the creep-inhibition propertyConfocal reflection microscopy revealed that varying the col-
of a tissue, i.e., its ability to resist plastic deformation, is directiiagen concentration of the polymerization reaction affects the
related to the percentage of small diameter fibrils preggntOn fibril density of the collagen matrices. Quantitative analyses
the other hand, the ability of the tissue to withstand high streshowed that fibril diameter did not vary significantly with col-
levels is related to the percentage of large diameter fibrils in thegen concentration. Fibril diameters for these matrices were ap-
tissue. Differences in the mechanical behavior of tissues can afgoximately 450 nm, which falls into the range of fibril diameters
be attributed to variation in content and composition of noncobf intact tissues. The dependence of fibril density but not fibril
lagenous components present in the ECM, including proteoglgiameter on collagen concentration is consistent with previous
cans, glycosaminoglycans, and elastic fidéils The tremendous studies by Wood and Keedh].
diversity of ECM components and their complex organization in Acidic conditions produced fibrils that were increased in diam-
vivo make it difficult to decipher the importance of individualeter and decreased in length as compared to fibrils produced at
molecules to the ECM structural and mechanical properties tHzsic conditions. The effect of pH on fibril diameter, but not
ultimately regulate cellular behavior. Herein, a simplified moddéngth, has been previously shown in studies on matrices and
of the ECM represented by 3-D, self-assembled matrices of typextruded collagen fibelf$,17]. This study is the first to show the
collagen were used to determine the relationship between collagdfect of pH on the length of collagen fibrils.
fibril microstructure and mechanical behavior. The fact that type | collagen is a major determinant of the
Herein, polymerization reaction conditions including collagemechanical properties of the ECM was apparent in that the stress-
concentration and pH were varied to obtain 3-D collagen matricegain curves for in vitro assembled matrices were similar in shape
with distinct microstructures. A key feature of this study was th#® those for intact tissues. As observed with intact tisq324,
application of confocal reflection microscopy to collect and an&-D collagen matrices exhibited nonlinear stress-strain curves
lyze 3-D micro-structural details. This technique allowed collagenith three distinct regions. The region of small straifitoe”
fibril parameters and organization to be visualized and quantifieglgion corresponds to the removal of a crimp in the collagen
in a 3-D format in the absence of specimen procesging, fixa- fibrils first at the fibrillar level and then at the molecular level
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Fig. 11 Effect of phosphate buffer pH ~ (6.0-9.0) on the linear g 15 Effect of strain rate  (19.2—385 percent /min) on the lin-

modulus (@), failure stress (4), and failure strain (O) of col- ear modulus (@), failure stress (#), and failure strain  (O) of
lagen matrices (2 mg/mL) tested at a strain rate of 38.5 percent / collagen matrices ' (2 mg/mL, pH 7_4)’

min

[33]. In the “linear” region, the stifiness of the collagen fibrils and therefore collagen fibril density. As a first approach, the col-

increases considerably with extension. This region has been ad@g€n matrix can be represented as a composite consisting of an

ciated with stretching of the collagen triple helices or of the crosilterstitial fluid reinforced with randomly oriented collagen fibrils.
links between the helices, implying a side-by-side gliding af ™Y presented a theoretical model for a randomly oriented fi-

neighboring molecule§34]. Finally, the “failure” region repre- Prous composite that predicted that the Young’s modulus was pro-

sents disruption of fibril structure. Additionally, the stress-straifo"ional to the volume fraction of collagen fibrilg]. Addition-
response of the 3-D collagen matrices was shown to be sensifilly: he showed that higher collagen concentrations correlate with
to strain rate, a characteristic of viscoelastic materials. Nearly émcreased tensile strength.

living tissues show some level of viscoelastidiBp]. Specifically,

the viscoelastic material properties of both collagen fibers derived

from rat-tail tendon36] and extruded collagen fibers have been Table 2 Results of the tensile tests

demonstrated37]. Again, the mechanical nature of the collager varaion of Coltagen Concentration

matrices is shown to be consistent with properties of their ma  Collagen

Strain Rate  pH  Linear Modulus  Failure Stress Failure Strain ~ n*

structural component, collagen fibrils. Con?:r;:;?tion o%/min (mean £ std) kPa_ (mean * sid) kPa_(mean 4 std) mmjmm
Interestingly, the stress-strain behavior of the collagen matric 0.3 385 74  1.54+0507 0541£0.138 0708200787 7

was found to be dependent upon the time of polymerization. Tt~ 19 B2 TE TR JeRe0s 000w

mechanical integrity of the matrices increased with polymerize 30 385 74 2434416 954%135  0.605200496 15

tion time and then stabilized after 10 h. This result was somewh Variation of o
surprising since the bulk of the visible fibril formation events iIr—coiagen &

the self-assembly process are thought to be complete after 30— Concentration
mg/ml Y%/min (mean = std) kPa (mean = std) kPa__ (mean = std) mmv/mm

Strain Rate pH  Linear Modulus  Failure Stress Failure Strain n*

min, based upon traditional spectrophotometftierbidity) [38] 20 385 60 18420701  0586+0274 06370115 8§
and time-lapse confocal reflection microscopy experiméaqs. 20 385 70 127+118 45240567 0543200535 13
Changes in the intermolecular hydrophobic interactions migl 22 33 T4 062268 60420750 0592200530 20

9 I 1 lyarop | g 20 385 80  225+3.65 73420797  0549:00474 13
have contributed to this observation. Comparison of mechanic___ 20 385 9.0 330+693  9.61+184  0506+0.0515 13

data obtained from the present experiments was facilitated by v =

. . . . . . . . . Variation of Strain Rate
ing a polymerization time in which the mechanical integrity of the —gofiagen
collagen matrices was determined to be stdgieater than 15)h  Concentration

mg/ml Yo/min (mean =+ std)kPa__ (mean + std) kPa _ (mean + std) mm/mm

Strain Rate pH  Linear Modulus  Failure Stress Failure Strain n*

As observed previously with intact tissues, mechanical behavi 2.0 192 74 1574307  541+0871 057300449 11
of in vitro assembled collagen matrices was dependent upon st 20 385 74 1664268  604+£0750  0.592+00530 20
tural properties. As expected, the linear modulus and failui 29 e Ta o Mewde JolE D osewloen 1

strength increased linearly with increasing collagen concentratic s valuss are wofals for at least 3 repeitions of cach data set
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50 - - - ~ ' " " mens during mechanical loading so that “true” stress can be cal-
True culated accurately. Such methods are currently being investigated
in our laboratory.

Our results represent the first extensive study on the effects of
pH and collagen concentration on the mechanical behavior of col-
lagen matrices. In turn, mechanical properties have been corre-
lated to micro-structural changes in the collagen matrices. The
ability to specifically modify ECM structure to yield predictable
and reproducible mechanical properties will provide a useful tool
for the study of cell-ECM interaction. In particular, the influence
of ECM structure-mechanics on cell behavior can be explored.

. . : Structural variation will elicit an array of loading and deformation
Engineering : 1 conditions on cells seeded within the matrices. Specific cellular
1 responses to the different micromechanical environments can then
s be studied and mechanisms derived. This simplified system also
s T can be used to determine specific molecular interactiems, type
06 07 I collagen plus specific glycosaminoglycarsat influence ECM
structure-mechanics. Thus, experiments that provide quantitative
as well as qualitative information regarding the ECM and its in-
fluence on cells will ultimately elucidate the basic principles that
will drive the next generation of biomaterials and devices for tis-
sue engineering applications.
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Fig. 13 Comparison of “true” stress  (approximated ) and “en-
gineering” stress  (calculated ) as a function of strain for a col-
lagen matrix (2mg/mL, pH 7.4)
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