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AbstractAbstractAbstractAbstract:::: The effect of adding a polyanionic saccharide (alginic acid, pectic acid, agarose, κ-carragenan or λ-carragenan)

to a collagen solution on the reconstruction rate of collagen molecular assembly was evaluated. The rate of collagen

molecular assembly was reduced by the addition of alginic acid and of pectic acid that was containing carboxyl groups.

Dextran, agarose, and soluble starch did not affect the rate, while dextran sulfate and λ-carragenan accelerated the rate of

collagen molecular assembly. The denaturation curves of collagen reconstructed with λ-carragenan showed two peaks at

about 45°C and 55°C. The use of a polyanionic saccharide made it possible to endow the reconstructed collagen fibrils

with flexibility toenhance the application of collagen as a scaffoldmaterial fo r tissue engineering.
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1111 IntroductionIntroductionIntroductionIntroduction
The use of collagen as a scaffold material in tissue engineering andas a coating material for impla nts has

been reported. Douglas et al. have shown the ability of several collagens to bind small leucine-rich
proteoglycans andglycosaminoglycans (GAGs), and these interactions were not the same [1-3]. Tsai et al. have
shown that polysaccharides can be used to vary the reconstitution rate, fiber size, andmorphology of collagen
[4]. Human hematopoietic stem cells have been cultivated on collagen-coated film with heparin and with
hyaluronic acid. Their migration rates were lower than that on only collagen-coated film [5]. These reports
suggest the importance of collagen as a biomaterial to control the rate of collagen fibril reconstruction andthe
morphology of collagen with GAG and other polymers. The collagen matrix used for cell culture affects the
growth and product of cells. Our objective is to produce a collagen biomaterial with the several physical
properties by controling the rate of collagen molecularassembly with polysaccharides. We examine the effect
of saccharides on the rate of collagen molecular assembly and on the thermal stability of reconstru cted
collagen fibrils.

2.2.2.2.MaterialsMaterialsMaterialsMaterials andandandand methodsmethodsmethodsmethods
2.12.12.12.1MaterialsMaterialsMaterialsMaterials

Neutral salt-soluble collagen (NSC)was extractedwith a 0.067 M phosphatebuffer (pH 8.0) from fresh
pigskin corium, after removing the globular proteins and fats by extracting with 10% NaCl and acetone-ether,
and purified according to the procedure previously described [6]. NSC was a native type I collagen that had
teropeptides at the N- and C-terminal ends of the triple-helix. It was self-assembled under physiolog ical
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conditions.
κ-Carrageenan, λ-carrageenan, agarose, alginic acid and, pectic acid (Wako Pure Chemicals, Osaka,

Japan), and dextran sulfate 8 K and 500 K (Sigma, Tokyo) were purchased and used as anionic
polysaccharides without further purification. 3-Trimethylamino-2-hydroxypropyl starch (cationic starch),
supplied by Nippon Starch Chemical (Osaka, Japan), soluble starch from Wako Pure Chemicals, and dextran
T-10 fromGEHealthcare (Tokyo) were used as cationic and neutralpolysaccharides.
2.22.22.22.2ReconstructionReconstructionReconstructionReconstruction ofofofof thethethethe collagencollagencollagencollagenfibrilsfibrilsfibrilsfibrils

Reconstruction of the collagen fibrils was carried out as previously described [6]. In brief, NSC was
dissolved in 0.5M acetic acid at 4°C for 20 h to give an NSC concentration of about 1 mg/ml. The supernatant
given by centrifuging at 38,800 g for 30 min was thoroughly dialyzed against a 0.067 M phosphatebuffer (pH
7.0) at 4°C. After excluding air on the NSC solution with cooling, a polysaccharide dissolved in the same
phosphate buffer was added to give a final NSC concentration of 0.6 mg/ml and a polysaccharide
concentration of 0.06 mg/ml. The mixed solution was incubated at 30°C to reconstruct the collagen fibrils,
while monitoring the turbidity of the solution by measuring its absorbance at 310 nm. After incubation for 24
h, the amounts of reconstructed fibrils and incorporated polysaccharide were evaluated by measuring the
collagen andpolysaccharide concentrations respectively in the supernatantgiven by centrifugation at 31,000 g
for 20°C, 30 min.
2.32.32.32.3DifferentialDifferentialDifferentialDifferential scanningscanningscanningscanningcalorimetrycalorimetrycalorimetrycalorimetry

The reconstructed collagen fibrils (12 mg based on the wet weight, corresponding to 300 µg of collagen)
were put into a silver sample capsule (70 µl), and the capsule was sealed. Differential scanning calorimetry
(DSC) was performed with an SSC/560U apparatus (SII Nano Technologies,Tokyo) to evaluate the thermal
denaturation of NSC,as described by Takahashiet al [7].
2.42.42.42.4AnalyticalAnalyticalAnalyticalAnalytical methodsmethodsmethodsmethodsofofofof polysaccharidespolysaccharidespolysaccharidespolysaccharides

The concentration and incorporation of polysaccharides in the reconstructed collagen fibrils was
determined by evaluating the carrageenan, agarose,dextran sulfate, dextran,andcationic starch concentrations
as respective polysaccharides by the phenol-su lfuric acid method [8]. The alginic acid and pectic acid contents
were determined by the sulfuric acid-carbazole method [9] as respective polysaccharides.The sulfuric acid
content was measured by the rhodizonate method [10] as sulfuric acid, andwas expressed as the weight ratio.
The collagen concentration and percentage of reconstructed fibrils were determined by the microbuiret method
[11] or by the absorbance at 310 nm.
2.52.52.52.5MolecularMolecularMolecularMolecular weightweightweightweightanalysisanalysisanalysisanalysis

The relative molecularmasses (Mrs) of dextran sulfate, dextran, soluble starch, and cationic starch were
evaluated by size-exclusion chromatography, using a ToyopearlHW-55S column (Tosoh, Tokyo) under the
following conditions: column size, 0.9 inside diameter (ID) × 600 cm;mobile phase, 0.2 M borate buffer (pH
8.0) containing 0.2 M KCl; flow rate, 0.6 ml/h; and detection, coloring with phenol-sulfuric acid reagent [8].
Mrs of carrageenan, agarose, alginic acid, and pectic acid were evaluated by HPLC using a TSKgel
G3000PWXL column (Tosoh) under the following conditions: column size, 7.8 ID × 300 mm × 2; mobile
phase, 0.2 M borate buffer (pH 8.0) containing 0.2 M KCl; flow rate, 0.6 ml/min; and detection, refractive
index (RI-1, Shodex,Tokyo).
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3333 ResultsResultsResultsResultsandandandand discussiondiscussiondiscussiondiscussion
3.13.13.13.1CharacterizationCharacterizationCharacterizationCharacterizationofofofof polysaccharidespolysaccharidespolysaccharidespolysaccharides

Various sulfated polysaccharides and polyuronates were used as anionic polysaccharides to control
collagen molecular assembly. These anionic polysaccharides were characterized by Mr and their sulfate
content (Table 1). The two kinds of sulfated dextran had main Mr values of 9 kDa and 500 kDa and sulfate
contents of 30% and 56%, equivalent to a degrees of substitution of 0.74 and 2.3 sulfate groups respectively
per glucose residue. The two kinds of carrageenan (κ- and λ-types) and agarose, a natural sulfated galactan,
hadmain Mr valuesof 121 kDa, 164k Da, and 41 kDa,andsulfate contents of 16%, 41% and2%, respectively.
Various neutral and cationic saccharides, having different molecularmasses and glucosidic linkages selected
from monosaccharides, oligosaccharides, and polysa ccharides, were used as controls. Dextran T-10 and
soluble starch had the sameMr value of 10 kDa. Cationic starch had a mainMr value of 41 kDa,and the degree
of substitution per one glucosewas 0.07.
3.23.23.23.2CollagenCollagenCollagenCollagen molecularmolecularmolecularmolecular assemblyassemblyassemblyassembly withwithwithwith polysaccharidespolysaccharidespolysaccharidespolysaccharides

Various anionic polysaccharides were addedto the NSC solution in a weight ratio range of 1/1,000 –1/10
to the amount of NSC to clarify the features of molecular assembly. The absorbance change in each test
solution was monitored at 310 nm, andit exhibited a typical sigmoida l curve (data not shown).Addingdextran
sulfate 500K at a 1/10 weight ratio, the rate of molecular assembly was fast. The absorbance vs. incubation
time curve was characterized by the maximum time (Tmax) to assemble the collagen molecule,corresponding to
the growth phase of molecular assembly, followed by the construction of a three-dimensional network of
collagen fibrils. The rate of molecular assembly was evaluated in this study as the relative Tmax value, this
being calculated as the ratio of Tmax for each polysaccharide to that for dextran T-10, a typical neutral
polysaccharide without charge (Table 1). In order to confirm this behaviorwith neutral sugar, dextran T-10,
monosaccharides (galactose, mannose,fucose, xylose, andmaltose), maltooligosaccharides (maltotetraose and
maltooctaose),Mr. and their sulfate contents were measured. These saccharides showed the same relative Tmax

value (about 1.0) and complete reconstruction (90-99%) of the fibrils without any incorporation, as was the
case for soluble starch (Table 1), indicating no contribution to the association of NSC and subsequent fibril
reconstruction resulting fromno interaction between the unchargedsugars andNSCmolecules.

In contrast, both the dextran sulfates (8K and 500K)with negative chargeaccelerated the rate of collagen
molecular assembly (Table 1), corresponding to a previous result that sulfated polysaccharides such as
dermatan sulfates greatly accelerated the rate of collagen molecular assembly [12]. The dermatan sulfates
accelerated the rate of collagen molecular assembly independently of their molecular mass [12]. It was
suggestedthat the difference in molecularmass dose not substantially influence the rate of collagen .

Tab.Tab.Tab.Tab. 1111 StructuralStructuralStructuralStructural FeaturesFeaturesFeaturesFeaturesofofofof VariousVariousVariousVariousPolysaccharidesPolysaccharidesPolysaccharidesPolysaccharides andandandandTheirTheirTheirTheir ReconstructionReconstructionReconstructionReconstruction ofofofof CollagenCollagenCollagenCollagen fibrilsfibrilsfibrilsfibrils
Polysaccharide Main M Sulfate c Weight ratio of Relative Reconstructed Incorporatione
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a Evaluated by size-exclusion chromatography. b Determined by the rhodizonatemethod.
c Relative value to the time (Tmax) required for the maximum rate of fibril reconstruction with Dextran T-10.
dAmount of fibrils reconstructed during 24 h. e Amount of saccharide incorporated in fibrils during 24 h.
f 3-trimethylamino-2-hydroxypropylstarch. ― notdetermined

r
a (KDa) ontentb

(%)
polysaccharide
added to NSC Tmaxc fibrilsd (%) (%)

Dextran T-10 10 − 1/10 1.0 90 0
Dextran sulfate 8 K 9 30 1/10 0.5 93 39
Dextran sulfate 500

K
500 56 1/100 0.9 93 ―

1/10 0 99 30
κ-Carrageenan 121 16 1/100 1.0 79 100

1/20 0.9 89 79
1/10 0.9 75 79

λ-Carrageenan 164 41 1/1,000 0.5 96 ―
1/500 0.5 98 ―
1/100 0.4 98 ―
1/20 0 98 74
1/10 0 98 84

Agarose 41 2 1/500 1.0 90 ―
1/100 1.0 95 ―
1/10 1.0 94 54

Alginic acid 72 ― 1/500 1.4 91 ―
1/100 2.0 86 ―
1/20 3.3 85 37
1/10 3.5 87 25

Pectic acid 3 ― 1/500 1.1 90 ―
1/100 1.3 90 ―
1/20 1.8 83 22
1/10 1.8 78 37

Cationic starchf 41 ― 1/10 0.8 90 <3
Soluble starch 10 ― 1/10 1.0 91 0
Galactose 0.18 ― 1/100 0.97 98 0
Mannnose 0.18 ― 1/100 0.95 99 0
Fucose 0.16 ― 1/100 0.99 98 0
Xylose 0.15 ― 1/100 1.00 98 0
Maltose 0.342 ― 1/100 0.96 98 0
Maltotetraose 0.666 ― 1/100 0.95 99 0
Maltooctaose 1.314 ― 1/100 1.00 98 0
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molecular assembly and that the difference in contents of functional groups such as sulfate, which is
capable of electrostatically interacting with collagen molecules,was the major factor accelerating molecular
assembly. The molecular assembly of NSC with anionic polysaccharides was thus verif ied in terms of a
comparison with the relative Tmax value, the amount of reconstructed fibrils, and the incorporation of anionic
polysaccharide in the reconstructed fibrils. The relative Tmax values for dextran sulfate 8K (1/10 addition) and
for dextran sulfate 500K added(1/100 addition) were 0.5 and 0.9, respectively. The addition of dextran sulfate
500K accelerated molecularassembly more than dextran sulfate 8K did. Reconstruction of the collagen fibrils
was not affected by the added kind or amountof dextran sulfate. The incorporation of dextran sulfate 8K was
higher than that of dextran sulfate 500K. It was suggested that dextran sulfate 8k was incorporated to the
collagen fibrils. κ-Carrageenan, λ-carrageenan, and agarose are classified galactan sulfates. Carrageenan
accelerated molecular assembly, although agarose had no effect at any addition level, probably due to its very
low sulfate content (2%). κ-Carrageenan hadonly a slight accelerating effect, even the high molar ratio of 50,
based on the concentration of sulfate in NSC, whereas λ-carrageenan exhibited acceleration of molecular
assembly depending on its concentration, even at low molar ratio of about 1.3. Such a difference in the
accelerating ability the two carrageenans suggests that differences in the sugar units, and in the substitution
position and the numberof sulfate half-esters, influences the rate of molecularassembly; this corresponds to
the previous result that GAGs had an influence in controlling the rate of molecular assembly, depending on
their sugar units and on the substitution position and number of functional groups [12]. Reconstruction of the
collagen fibrils with κ-carrageenan and agarose was also complete, except for reconstruction of collagen
fibrils with λ-carrageenan. Carrageenans were more highly incorporated in the reconstructed fibrils than
agarose or dextran sulfate. This suggests that while the excessive negative charge of the polysaccharides
accelerated collagen molecule assembly, andthey were not incorporated in the collagen fibrils.
3.33.33.33.3EffectEffectEffectEffect ofofofof pHpHpHpH onononon collagencollagencollagencollagenmolecularmolecularmolecularmolecular assemblyassemblyassemblyassembly withwithwithwith polysaccharidespolysaccharidespolysaccharidespolysaccharides

The effect on the rate of collagen molecular assembly of varying the pH value from 6 to 8 was
investigated with κ-carrageenan, λ-carrageenan, and agarose. The relative Tmax values increased and
approached 1.0 with decreasing pH from 8 to 6 (Fig. 1A). It has been reported that decreasing the pH value of
a collagen solution from 8 to 6 resulted in a decrease in the rate of molecularassembly [13]. Electric repulsion
of the collagen intermolecule was increased by decreasing the pH value of the collagen solution from 8 to 6,
because the isoelectric point of NSC was pH 9 [14]. At pH 7 and 8, the reaction between λ-carrageenen andthe
collagen molecule were easy for those electrostatic interactions.

Polyuronates such as pectic acid and alginic acid delayed the formation of collagen molecular assembly
and reduced the reconstruction of fibrils (Table 1). The incorporation of polyuronate in the reconstructed
collagen fibrils was not very large with polyuronateaddition ratios of 1/20 and1/10. Polyuronateis an anionic
polysaccharide and potentially interacts with collagen through electrostatic force, but it is poorly understood
why polyuronate inhibited only the association of collagen molecules. This characteristic inhibition was
cleared at pH 7 (Fig. 1B). Pectic acid and alginic acid are both weak electrolytes that interact complexly with
collagen.
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Fig.Fig.Fig.Fig.1111 EffectEffectEffectEffect ofofofof pHpHpHpH onononon thethethethe RelativeRelativeRelativeRelative TTTTmaxma xma xma xValueValueValueValue forforforfor SulfatedSulfatedSulfatedSulfated PolysaccharidesPolysaccharidesPolysaccharidesPolysaccharides (A)(A)(A)(A) andandandand PolyuronatesPolyuronatesPolyuronatesPolyuronates (B)(B)(B)(B)

Molecular assembly of NSC was carried out by addinga polysaccharide ata weight ratio of 1/10 to the amount of NSC. ♦♦♦♦,,,,

κ-carrageenan; ■, λ- carrageenan;�, agarose;�, pectic acid; ●, alginic acid.

3.43.43.43.4ThermalThermalThermalThermaldenaturationdenaturationdenaturationdenaturation ofofofof reconstructedreconstructedreconstructedreconstructed collagencollagencollagencollagen fibrilsfibrilsfibrilsfibrils withwithwithwith polysaccharidespolysaccharidespolysaccharidespolysaccharides
The peak in the denaturation temperature of the control fibrils that did not incorporate a polysaccharide

was 54.9°C, as shown by a sharp endothermic peak on the DSC curve (Table 2). The collagen fibrils
reconstructed with soluble starch and cationic starch were denatured in a similar temperature range, and the
denaturation enthalpy change showed a similar value to that of the control. It is suggestedthat the addition of
neutral and cationic polysaccharides would have caused the reconstructed collagen fibrils with a thermal
stability similar to that of the control. However, the fibrils reconstructed with carrageenans showed
characteristic DSC curves with an endothermic peak at a lower temperature than that of the control. The
denaturation enthalpy was similar to that of the control. The collagen fibrils with λ-carrageenan lost the higher
temperature endothermic peak. Since dermatan sulfate reconstructed the collagen fibrils with a thermal
transition at a peak temperature of 55°C [12], such a marked decrease in thermal denaturation was inherent in
carrageenan. It is concluded that carrageenans reconstruct collagen fibrils having weak intermolecular
cohesion to be taken into collagen fibrils in a short time. On the other hand, the fibrils with agarose showed a
DSC curve with a single endothermic peak, indicating reconstruction of the fibrils with intermolecular
cohesion similar to that of the control, except for a relatively low denaturation enthalpy change. Polyuronates
reconstructed the fibrils with relatively low intermolecular cohesion, in terms of a lower denaturation
temperature andenthalpy than for the control, probably due to some incorporation .
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Tab.Tab.Tab.Tab. 2222 ThermalThermalThermalThermal CharacteristicsCharacteristicsCharacteristicsCharacteristics ofofofof thethethethe NSCNSCNSCNSCFibrilsFibrilsFibrilsFibrils ReconstructedReconstructedReconstructedReconstructed withwithwithwith PolysaccharidesPolysaccharidesPolysaccharidesPolysaccharides bybybyby DifferentialDifferentialDifferentialDifferential ScanningScanningScanningScanning

CalorimetryCalorimetryCalorimetryCalorimetry (DSC)(DSC)(DSC)(DSC)

To, onset temperature; Tp , peak temperature; Tc, conclusion temperature
a No added polysaccharide; b3-Trimethylamino-2-hydroxypropyl starch

4444 ConclusionsConclusionsConclusionsConclusions
Tsai et al. [4] have shown that the growth andmaturation steps of collagen molecularassembly were not

affected by the presence of alginic acid, hyaluronic acid, or chitosan. However, several concentrations of
alginic acid shortenedthe lag step. These opposing results might have been due to a level of viscosity too high
to permit free movement of the collagen molecules, thereby reducing fibril assembly. Our present data show
that alginic acid reducedcollagen molecular assembly at those concentrations. Alginic acid and pectic acidare
carboxylated saccharides andweak electrolytes. This might have caused the distribution of carboxyl groups in
alginic acid andpectic acid to affect the assembly of the collagen molecule.

Dextransulfate and carrageenan accelerated the rate of collagen fibril reconstruction, but alginic acidand
pectic acid reduced this reconstruction rate. It was thus found possible to control the rate of collagen fibril
reconstruction, although it is necessary to clarify the reason the collagen molecule interacts differently.
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