








Fabrication of the PDMS replicas from silicon masters

proceeded with negligible dimensional changes as this method

has been established as having extremely high fidelity.19 In

order to fill relief structures in PDMS with a polar solvent-

based chitosan solution, it is necessary to modify the surface

properties for wettability. This is accomplished by treatment of

this material with an oxygen plasma to create a silica-like

surface.20 A dry technique is preferred since it requires only a

short amount of time and produces a consistent effect as long

as the equipment’s process parameters, such as time, power,

and gas pressure, are kept constant. Another consideration in

choosing these parameters is the possibility for developing

surface microcracks.20 Significant changes in the chitosan

solution contact angle and wetting indicate that this surface

modification is relatively short-lived. Therefore, performing

this procedure on all the replicas immediately prior to molding

was necessary for consistency.

3.2 Product characterization

A current limitation of the method for the creation of fibers

with dimensions below 1 mm, which is desired to closely mimic

the ECM structure, is the incomplete removal of molding

solution at the crests or spaces between the channels before

drying or coagulation take place, resulting in bundles of fibers

attached by a film. A random arrangement of ribbon-like

structures does not allow the same access for penetration of

medium, not dissimilar from the porous lyophilized sponges,

and may also affect the overall density. These undesired effects

lower the quality for the purposes of cell environments. The

incidence of this sheet formation depends heavily upon the

pressure applied with the rubber tool despite the high thickness

of the PDMS molds to resist deformation. There is an inherent

inconsistency in the manual nature of the procedure as

presented, which could be greatly reduced in an industrial

production setting with calibrated machinery. This pressure

variation coupled with shallow feature relief depths is the

largest impediment to producing fibers with diameters below

1 mm. Within the range of channel widths attainable from

traditional photolithography (55 mm to 2 mm), it seems that

about 5 mm is the practical limit for generating scaffolds with

reproducibility suitable for research cell cultures by these

manual procedures. Production of fibers with sub-micron

dimensions, however, is certainly possible and is demonstrated

here [Fig. 4(f)].

The coagulated fiber dimensions are found to decrease by a

fairly constant ratio (y60%) relative to the replica channel

sizes according to SEM analysis; that is, fibers from the 55 mm,

30 mm, 10.0 mm, 4.2 mm, and 2.7 mm master patterns averaged

22 ¡ 4 mm, 13 ¡ 3 mm, 4.7 ¡ 1.6 mm, 1.7 ¡ 0.6 mm, and

1.1 ¡ 0.4 mm, respectively, over 6 random measurements each

from image analysis. The effect is confirmed by both SEM

analysis and calibrated optical microscopy while still in the

medium. Rapid loss of solvent during coagulation of the low

chitosan content solution is suspected. Moreover, anisotropy

in fiber dimensions exists in some cases. Solution drying in the

channels before the transfer into coagulant is a likely cause of

these ribbon-like structures, most apparent in Fig. 4(c). While

edge rounding is observed at all sizes, at larger fiber diameters

it is more apparent which side was on the open end of the mold

with artifacts of a liquid meniscus shape.

Since the hydrated scaffolds consist almost entirely of liquid

medium, exchanges without disturbing the openness of this

form require attention. As long as the scaffold remains wet

internally, it is able to recover its original volume once

returned to excess liquid and agitated. The application of

centrifuge filtration here maintains this minimum hydration

level. What occurs when a scaffold in water medium is allowed

to evaporate can be seen in Fig. 5. The relatively soft fibers

deform and fuse when subjected to internal capillary forces

between them during drying.21 This is not the case when

isopropanol, which has a much reduced surface tension,

particularly at elevated temperatures, dries from the fibrous

matrices. Preparation of the low density scaffolds for UHV

SEM analysis then occurs by this less aggressive evaporation

for a more accurate representation of the morphology when in

medium.

Similarly, quantifying the product in a non-disruptive way

presents some challenges. Dehydration for a reliable dry

weight is not always an option, and volume and, thus, weight

of these highly compressible structures in the wet state lack

consistency. For example, given the low density of chitosan

relative to the medium, a doubling of water contained within a

structure that is currently at 98% results in only about a one

percent difference in water content (to 99%). The wet weight

determination procedure outlined in the Experimental section

was settled upon as the least biased and most reasonable

estimation. This density of solid in liquid is also an important

quantity that correlates to the openness for cells, for instance,

to diffuse in its matrix. Since the structure is truly fibrous in

nature, citing porosity in terms of average pore size would be

inappropriate. Instead, a measure is determined from compar-

ison of the wet and dry weights. The latter is easily found by

dehydrating a scaffold, even by aggressive means, after

removal of coagulant salts. Since the geometry of the scaffolds

seems to scale directly with fiber dimensions, it is expected that

the water content relative to chitosan would remain constant.

Among 8 scaffolds measured, all were within 0.5% of the

average of 97.8% water content by weight.

Fig. 5 SEM image of a scaffold (from the 10 mm channel mold) that

is directly dehydrated from aqueous medium under vacuum. Forces

due to high liquid surface tension result in meshing and compression of

the soft fibers.
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3.3 Storage study

Long term storage of hydrated chitosan scaffolds proved

problematic. Even with reduced kinetics at 4 uC, chitosan

fibers increase in nanoporosity and degrade to the point that

they lose structural stability after 4 months as depicted in

Fig. 6. pH drifts as measured in these samples can lead to

protonation and ultimately dissolution of the chitosan fibers.

The storage study performed evaluated the feasibility of

various techniques involving freezing the aqueous medium

against the control. Even after 15 d, the fibers stored under

standard 4 uC refrigeration displayed precursors of degrada-

tion as surface pores in the order of 10 nm developed as seen in

Fig. 7. All of the samples in fact showed signs of surface

degradation, but it was least extensive in the lyophilized

product, making this the preferred storage method.

Macroscopic appearance of product processed by lyophiliza-

tion is shown in Fig. 8. Since this method involved freezing at

280 uC just as another specimen in the study, it is assumed

that this step is responsible for any porosity observed as dry

storage does not permit dissolution of the material. Based on

Fig. 6 Progression of SEM micrographs at (a) 206, (b) 46006, (c)

52 0006 of chitosan fibers (from the 55 mm channel mold) aged for

4 months in water medium. Onset of microporosity leads to the fibers

becoming prone to fracture. Dimensional anisotropy in the fiber cross-

section is apparent in (b).

Fig. 7 Comparison of the surface morphology of single fibers in

newly molded product as a control (a) and a sample in the storage

study aged for 15 d at 4 uC in pH neutral water (b). Formation of pores

with diameters of less than 50 nm as highlighted in (b) indicates the

onset of dissolution. Any differences in the overall topology are

circumstances of the local mold shape and variations in the

coagulation process.

Fig. 8 Size of the lyophilized chitosan scaffolds with non-woven

polyglycolic acid (PGA) fibers as a reference, relative to a scale in

centimetres. The dry weight of all are standardized to approximately

2 mg.
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the mechanism of ice crystal formation inducing= as discussed

for lyophilization as a scaffold fabrication technique, the fibers

themselves must not have much absorbed water. Some penalty

still exists, however, for freezing scaffolds, which is more

pronounced over extended periods. Therefore, storage of

chitosan fibers by lyophilization is worthwhile in the long

term (greater than 2 weeks) as dry storage can be extended

indefinitely.

4 Conclusions

A protocol for the relief surface molding of chitosan fibers was

developed; parameters for the oxygen plasma pretreatment of

the PDMS mold surfaces, chitosan solution properties, and

coagulant formulation were optimized to yield complete mold

cavity filling and release of the structures. The pH-dependence

of the solubility mechanism of the chitosan material used is key

to allowing the mold cavities to define the shape of the solid,

which is essential to the process. The method is in fact relevant

to nearly all materials for which a solidification transition can

be controlled. Future work will involve seeding the scaffolds

with chondrocytes, culturing for extended periods, and

performing the pertinent techniques to quantify the cell

dedifferentiation and expression of various extracellular

matrix proteins. This study would evaluate the merit of

fibrous chitosan scaffolds relative to previous constructs as

well as any correlation between fiber dimensions and cell

activity.
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