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A technique for producing micrometer-scale structures over large, non-

planar chitosan surfaces is described. The technique makes use of the

rheological characteristics (deformability) of the chitosan to create free-

standing, three-dimensional scaffolds with controlled shapes, incorporating

defined microtopography. The results of an investigation into the technical

limits of molding different combinations of shapes and microtopographies

are presented, highlighting the versatility of the technique when used

irrespectively with inorganic or delicate organic moulds. The final, repli-

cated scaffolds presented here are patterned with arrays of one-micrometer-

tall microstructures over large areas. Structural integrity is characterized by

the measurement of structural degradation. Human umbilical vein endo-

thelial cells cultured on a tubular scaffold show that early cell growth is

conditioned by the microtopography and indicate possible uses for the

structures in biomedical applications. For those applications requiring

improved chemical and mechanical resistance, the structures can be repli-

cated in poly(dimethyl siloxane).

1. Introduction

Topography at the microscale and nanoscale can deter-

mine the physico-chemical properties of a surface at the

macroscale. Physical properties, including the coefficient of

friction and surface energy (contact angle), and optical effects,

such as gloss and color, can be tuned by control of the surface

structure at (sub)micrometer levels. Applications for such

surfaces, with accurately controlled surface topographies, are

present in practically all engineering fields. For example,

bioengineers have paid special attention to cells cultured on

substrates that contain a defined topography at dimensions

where cell interactions occur. Altering the surface topography

allows these interactions to be controlled and, hence, the

behavior of the cells.[1]

At present, several simple, low-cost tools exist, which are

applicable to bioengineering, for the fabrication of micro- and

nanostructures on biocompatible surfaces.[2] Such structures

have defined form, dimensions, and separation, giving rise to

controlled surface characteristics, which consequently can be

used to adapt cell growth and functionality.[3] However, all of

these techniques have the drawback of only being able to

produce structures on planar substrates, such as those usually

employed in cell culture. As few applications in tissue

engineering call for two-dimensional (2D) scaffolds, the use

of 3D scaffolds is necessary to impose functionality on cells

that require structural cues during cell culture. Approaches to

the production of 3D structures are usually focused on

methods used in microelectronics applications, which tend to

use non-biocompatible materials.[4] On the other hand,

scaffolds produced from biocompatible or bioabsorbable

materials tend to have limited control of surface topography.[5]

At present there is no comparable microfabrication

technique using a bioabsorbable material, and incorporating
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microstructures, to produce 3D forms. We address this point

by producing surfaces from a bioabsorbable polymer, chitosan,

using a versatile production method.

In recent years, chitosan and its derivatives have been

reported to have beneficial effects when applied to clinical or

cell-culturing experiments,[6] as well as good mechanical and

optical properties for industrial applications.[7] Although pure

chitosan may not be a good candidate for some biological

applications,[8] its capacity for chemical modification makes it

adaptable to specific requirements, for example, drug deliv-

ery.[9] Here, we describe a method for the production of 3D

chitosan structures containing microstructured surfaces, utiliz-

ing the rheological characteristics of chitosan in combination

with its ability to be structured at the nanometer scale.[10]

To study the limits and versatility of our technique, it has

been applied to the production of microstructured trenches

and tubes with micrometer and millimeter internal dimen-

sions, respectively, and by direct replication of the surface of a

gelatin-based confectionary, emphasizing that the technique

can be used to replicate delicate organic material with

complex, rounded shapes. The resultant chitosan scaffolds

have been demonstrated as possible grafts for tissue

engineering, through the culture of endothelial cells on the

surface of tubular scaffolds, and as secondary moulds for the

production of structures in elastomeric polymers, such as

poly(dimethyl siloxane) (PDMS).

2. Results and Discussion

The ability of chitosan to perform a reversible soluble–

insoluble transition in response to environmental pH change

has allowed us to develop a technique for building substrates

with a predefined shape and highly controlled (sub)microm-

eter surface topography. The use of these surfaces in cell-

culture experiments, for example, allows the cell culture

properties to be controlled at the single-cell level via

interactions with the structures on the surface, as well as

conditioning cellular behavior as a group, by using a

predefined form to mould the complete cell culture.

The tunable solubility of the polymer allows the produc-

tion of 3D chitosan substrates, in two separate processes, with

controlled topography at the (sub)micrometer scale. The

chitosan molding technique (Figure 1) has been used to

fabricate a number of 3D structures, all of which contain

microstructures across their surfaces. Forced soft lithography

(FSL)[11] is used to produce microstructures in planar chitosan

films (Figure 1A) from which the macroscopic 3D form is

produced (Figure 1B and C). Solid chitosan is a semicrystalline

polymer with an orthorhombic unit cell containing two

antiparallel chains. In the neutral state, the polymer is

stabilized by hydrogen bonds formed in the polymer matrix

by interstitial water molecules. Interaction with acetic acid,

however, causes the structured chitosan films to have their

NH2 groups protonated (NHþ
3 ), introducing positive charge in

the polymer matrix. The repulsive interchain electrostatic

forces then permit further water molecules to enter the

polymer matrix. Chitosan in this state behaves as an ionic

polymer gel (IPG), absorbing liquid from the surrounding

medium in water-based solutions. This process is relatively

slow, due to the diffusion of molecules through the gel.

However, long immersion times cause dissolution of the

polymer and will irreversibly damage the chitosan structures.

At the extreme, the chitosan film will dissolve completely.

The degree of hydration is inversely related to the stiffness of

the (initially rigid) chitosan film and it is possible to explore the

rigidity of the polymer between the solid and the liquid (gel-

like) states by controlling the water absorption through the

degree of protonation.

At low degrees of water absorption, the structured

chitosan films are able to conform to the shape of a mould

without losing the embossed structures. To achieve this level

of hydration the chitosan is only briefly immersed in a low-

concentration aqueous sodium hydroxide (NaOH) solution.

The NaOH neutralizes some of the NH3
þ sites, regenerating

Microstructured 3D Chitosan Surfaces

Figure 1. 3D structuring of microstructured chitosan. A) Chitosan is

employed in an FSL process to produce planar, micro-, or nanostruc-

tured surfaces.[11] B) Controlled hydration of the film produces a (now

flexible) film that can be deposited on a macroscopic mould to produce

a 3D shape. C) After rigidification, the structured chitosan is separated

from the mould. The chitosan structures can then be used for a number

of applications, such as secondary replication in PDMS (D, E) or as

substrates for cell culture (F, G).
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the free amine (NH2), and decreasing the solubility of the

chitosan. However, the remaining NHþ
3 sites allow a partial

hydration to occur and hence the polymer loses rigidity. The

flexible chitosan film can then be used to cover a macroscopic

mould, adopting the form of the support (Figure 1B). The

chitosan–mould couple is then immersed in a higher

concentration of NaOH to fully regenerate the amine groups

and avoid later dissolution. Excess NaOH is rinsed off; the

polymer is then dried and separated from the mould, leaving a

freestanding microstructured replica (Figure 1C). The pro-

duction of the 2D polymer films, used for the 3D structuring, is

flexible enough such that small differences in chitosan quality

are not likely to affect the production of the 3D shapes. Such

surfaces can then be used for a number of applications, such as

secondary moulds for elastomeric polymer replication

(Figure 1D and E) or for direct use as biocompatible

microstructured surfaces for cell–surface interaction studies

(Figure 1F and G).

Examples of the flexibility of the method are presented in

Figure 2. Figure 2A–D presents optical and scanning electron

microscopy (SEM) images of a 1-mm-wide channel supported

by a glass mould, which was employed for the production of

the channel. The magnified images of the surface of the

channel show the surface microstructures consisting of 1-mm-

tall, 5� 5-mm2 square posts. Figure 2E–H gives an example of

a microstructured tube produced from chitosan. Tubes with

1-mm diameter and of variable length, between 2 and 6 cm,

have been produced. Figure 2I–L shows part of a chitosan

replica of a gelatin-based confectionary containing 5-mm-

diameter, 1-mm-deep hole microstructures across its surface.

Figure 2A presents an optical image of a 1-mm-wide

channel supported by a glass mould. The chitosan channels,

microstructured on the three walls that make up the channel,

could be made using either glass or PDMS moulds without

affecting the final results. The width of our channels could be

defined between 2mm and 150mm, up to 1 cm in length. The

length of the channel is only limited by the dimensions of the

mould available for microstructuring in the FSL process (i.e.,

1 cm in this case), and longer channels can be envisaged.

However, the minimum width of the channel is limited by the

mechanical properties of the chitosan film, namely, the ability

of the chitosan to form into the corners of the mould.

Figure 2B–D shows the join between

the floor and the wall at the edge of the

channel in more detail. At small channel

widths, the film does not completely adopt

the shape of the sharp corners of the

moulds, forming a rounded edge. To

increase the capacity of the chitosan film

to adopt the shape of the mould, several

strategies are available. The choice of one

method or the other depends on the final

requirements of the chitosan structure.

Decreasing the thickness of the chitosan

film increases its capacity to form on the

mould but gives rise to a mechanically

weaker final structure. On the other hand,

increased hydration of the chitosan will

also increase the capacity to follow the

shape of the mould but this may cause

degradation of the microstructures on the

chitosan surface (see explanation of

Figure 5).

Figure 2E–H gives an example of a

microstructured tube produced from chit-

osan. Two different approaches have been

used to build the tube. The first method

simply involves tightly wrapping the chit-

osan film around the glass mould. The

second method produces a spiral-like

junction (as shown in Figure 3). The

drawback of the first technique is that

the final chitosan structure is interrupted by

the presence of the seam, between the two

ends of the chitosan, which runs the entire

length of the tube and can act as a source

of weakness. Nevertheless, this technique is

suitable for applications in which the

microstructures are fabricated on the

interior wall, and where the external
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Figure 2. Versatility of the 3D chitosan structuring method. A) Optical microscopy image of a

1-mm-wide chitosan trench structured with square posts, 25 mm2 and 1mm tall, positioned

on the glass mould used for fabrication (scale bar¼1.3mm). B, C) SEM images of the

structured area at the join between the floor and the wall of the trench (scale bars¼375 and

65mm, respectively). D) Magnified area of the floor of the trench showing the microstructures

in detail (scale bar¼30mm). E) Optical microscopy image of a 1-mm-diameter spiral chitosan

tube with microstructured channels, 1mm deep, 10mm wide, and with a 20-mm period,

patterned on its surface (scale bar¼1.5mm). F–H) SEM images of increasingmagnification of

the outer surface of the tube showing the structured channels, perpendicular to the

longitudinal axis of the tube, in greater detail (scale bars¼400, 180, and 40mm, respect-

ively). Equally, the structures can be positioned on the inner surface of the tube by forming the

reverse face of the chitosan around the mould. I) Optical microscopy image of the upper

portion of a chitosan replica of a 2-cm-long bear-shaped gelatin-based confectionary with

microstructured spherical holes on the surface (scale bar¼4mm). J–L) SEM images of

increasing magnification of the right eye area showing in greater detail the 5-mm diameter,

1-mm-deep microstructures in the chitosan surface (scale bars¼ 1000, 100, and 20mm,

respectively).
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junction minimally affects processes occurring inside the tube.

The second approach produces tubes with an improved

strength and flexibility but introduces complexity in the

fabrication because of the need to control (or eliminate) the

overlap of the seam between each turn. Tubes with a diameter

down to 400mm have been produced via this technique by

using glass capillaries, or needles, as the mould. However, it is

assumed that the tube diameter in this case is only limited by

the mould dimensions and smaller diameter tubes may be

possible. The microstructures can be positioned either facing

the capillary or facing away, giving rise to a tube with

structures on its inner or outer surface, respectively, without

damage to the structures.

To produce the 3-cm-long, 1-mm-diameter chitosan tube

presented in Figure 2, we have employed a chitosan film 2-mm

wide and 5-cm long, structured with 10-mm-wide channels. The

chitosan was wrapped around a glass capillary in a partially

hydrated state (immersed in NaOH solution, 2% v/v), forming

a spiral with a 300-mm overlap on each turn. Once the chitosan

is wrapped around the capillary, both are immersed in

concentrated NaOH, then rinsed in distilled water and dried at

room temperature. After drying, the support is easily removed

because no chemical bonds are formed between the polymer

and the glass, resulting in a freestanding chitosan tube. To the

best of our knowledge, this is the first time that tubes with

structured inner surfaces have been produced at these

dimensions.

It is important to note that all the processes involving the

production of the microstructured 3D scaffolds are completed

at room temperature, allowing us to use delicate (organic)

moulds.To show theversatility of the fabrication techniqueand

to emphasize the ability to use organicmoulds, we have utilized

abear-shapedgelatin-basedconfectionery(Figure2I–L).Inthis

case, the mould is based on edible gelatin, which is typically

composed of up to 90% protein (18 different kinds of amino

acids).Themeltingpointofsuchgelatin-basedconfectioneriesis

within the range of human body temperature.[12]

In order to cast the chitosan film over this mould, the

chitosan must contain a high concentration of protonated

amine groups, requiring a slightly modified replication

method. To reach such a state the chitosan film is immersed

directly in distilled water for�0.5 s. During the immersion, the

chitosan absorbs water, swells, and loses its rigidity. Care must

be taken not to immerse the chitosan for too long, which may

cause irreversible damage to the surface microstructures.

Again, in the extreme state of protonation, complete

dissolution of the chitosan film can occur. A thick film of

structured chitosan (�170mm thick) is used for ease of

handling and to avoid the possibility of tearing the polymer.

The confectionary is then covered with the chitosan in its

swelled state and immersed in ethanol. The (now molded)

chitosan is finally separated from the gelatinous mould,

immersed in a high-concentration NaOH solution (4% w/v) to

regenerate the amine groups, and rinsed with water. In

contrast to the previous examples, the mould–chitosan couple

can not be immersed directly in NaOH because the

confectionary tends to dissolve and stick to the chitosan film.

Therefore, the two need to be separated before neutralization:

the ethanol immersion provides sufficient rigidity to the

chitosan to allow careful separation from the mould.

Figure 2J–L presents magnified images of the right eye of

the replica. The sphere has been faithfully replicated in the

microstructured chitosan film and is shown to be completely

covered in microstructures. Here, we replicate the mould in a

way that allows us to remove the mould after replication. This

leaves us with a 3D structure, microstructured on its entirety,

with one face of the mould ‘‘open’’ to allow the mould to be

removed.

Further replication is possible using PDMS, an elastomeric

polymer with high chemical resistance and good mechanical

properties, which makes it useful for a variety of applications

including the production of microfluidic apparatus. A PDMS

channel with 1-mm-diameter hole microstructures on all its

walls, and replicated from amicrostructured chitosanmould, is

presented in Figure 3. A chitosan scaffold, containing 1-mm-

tall post microstructures, was constructed in the same manner

as for the microchannel presented in Figure 2A–D. However,

this time, the microstructures were positioned facing the glass

mould. The chitosan scaffold is placed upside down in a Petri

dish and covered with liquid PDMS (Figure 1D), which, after

curing and separation, produces a PDMS microchannel

containing 1-mm-diameter holes (Figure 1E). Channels with

widths from 150mm to 1mm, and a length of 2 cm, have been

fabricated. Again, the selection of the topography, negative

(i.e., holes) or positive (i.e., posts), is dependent on the

application. We have produced topographical structures with

areas from 1 to 100 mm2.

The formation of 3D structures has been always a

challenge in microfabrication but, in tissue engineering in

particular, the production of tubelike scaffolds is fundamental

because of the abundance of biological structures with this

form. One particularly important example of an application is

the production of artificial blood vessels. The fabrication of

structured microtubes for microelectronic applications has

been reported previously.[13] However, while the preceding

techniques have produced a similar surface topography to that

presented here, the materials used were not biocompatible

and, up to now, no technique has been described that is

suitable for the production of microstructured tubes using a

bioabsorbable polymer, which can have applications in tissue

engineering. The diameters of the tubes produced with our

method are in the range where conventional synthetic grafts

used for vein reconstruction fail. Conventional stents show

excellent results when employed in large-diameter arteries

(where arterial pressure is low) but have a high rate of failure

Microstructured 3D Chitosan Surfaces

Figure 3. Rectangular PDMS channel with microstructured walls.

A) SEM image of the 300-mm-wide channel structured with 1-mm-

diameter holes (scale bar¼150mm). B) Sectioning the channel reveals

the channel shape and the thick PDMS walls (scale bar¼100mm).

C) Magnified SEM image of the wall and floor at the edge of the channel

on which the microtopography can be seen (scale bar¼50mm).
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in arteries of less than 6mm in diameter.[14] The corrugated

structure imparted in our tubes enhances structural stability.

Arterial walls are composed of three cell layers (the intima,

media, and adventia), with the intima being in contact with the

lumen.[15] The arterial tissue has unique physical properties

derived from the complex organization of proteins and cells.

The intima is built of a single layer of endothelial cells and is

considered to have a biological, rather thanmechanical, role in

the artery. It is responsible for providing a non-thrombogenic

surface in contact with the blood and acts to regulate nutrient

and water transport across the artery wall. A major stumbling

block in the use of artificial artery walls is the poor mechanical

strength of the artificial tube which, in most cases, is attributed

to the orientation of the cells after their seeding on the

scaffold.[16] Figure 4 shows optical microscopy images of

human umbilical vein endothelial cells (HUVEC) after four

days of culture on the surface of a chitosan tube structured

with 1-mm-deep, 17-mm-wide channels running perpendicular

to the tube length. The surface structures produce a passive

conditioning of the direction of cell growth (i.e., the cells orient

perpendicular to the longitudinal axis of the tube). In most

cases, the nucleus of the cell (arrowed) tends to rest at the

bottom of the channels, but, in all the cells, the cell membrane

follows the direction imposed by the channels.

The capacity of the structures to control cell alignment

depends on their height; the cell becomes insensitive to small

structures but, on the other hand, excessively large structures

will interfere with the natural connectivity of the tissue.

Figure 4B shows that, in this case, the structures are tall

enough to encourage cell alignment but low enough to allow

interconnection of the cellular matrix over the channel walls.

Consequently, over time, this allows a high degree of

interconnection to occur and, eventually, the cells reach

confluence (Figure 4D). The structures influence the align-

ment of the cells, at least at short culture times. However, the

intercellular forces of subsequent layers of cells overcome the

structural cues. In the case of cells growing on non-structured

areas of the chitosan tube (Figure 4C), the cells are randomly

aligned and no preferred growing direction is observed.

A chitosan film produced by the FSL process has most of

its amino groups protonated, making it water soluble. In water,

the structured chitosan film tends to dissolve, by the

dissolution of the polymer chains into aqueous medium,

causing a consequent degradation of the surface structures. To

avoid this process it is necessary to neutralize the amine

(�NHþ
3 ) groups in the chitosan by immersion in a basic

solution, consequently improving the polymer interchain

association.[17] The more basic the solution is, the faster the

neutralization.

In a basic aqueous solution, two opposing processes are

involved in the degradation of the topography. The dissolution

of the chitosan polymer chains in the medium degrades the

surface structures, while the neutralization of the amino

groups enforces the structures bymaking the chitosan polymer

chains increasingly insoluble. To measure the degradation of

the structures during the molding process, we have measured

the average height of seven structured samples before and

after being immersed for 1 s in different aqueous NaOH

solutions (Figure 5). Post immersion, the chitosan is

neutralized in high-concentration NaOH (4% w/v), rinsed

with distilled water, and dried before measuring. The samples

have a 1-cm2 area structured with 1-mm-tall, 5-mm-diameter

circular posts. The average heights of the posts are measured

by randomly choosing four points on the sample and studying a

124� 94-mm2 area (120 posts in each measurement) using

white-light interferometry. The measurement is repeated after

full papers J. G. Fernandez et al.

Figure 4. A) Fluorescent microscopy images of HUVEC cells cultured on

the inner surface of a 1-mm-diameter chitosan tube structured with

17-mm-wide, 1-mm-deep channels positioned perpendicular to the long

axis of the tube (scale bar¼ 45mm). The cells can be seen to align to the

direction of the channels. B) HUVEC cells positioned in separate

channels extending their electrocellular matrix (ECM) over the adjoining

1-mm-tall wall to contact their neighbor (scale bar¼30mm). Cell nuclei

are indicated with arrows. C) HUVEC cells cultured on the non-structured

areas of the tube display random alignment (scale bar¼120mm).

D) Confluent cells on the structured support after four days culture

(scale bar¼50mm).
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completing the hydration process and both results are

compared to obtain the average decrease in height of the posts.

Treating the chitosan film with a 2% w/v (or greater)

solution of NaOH (Figure 5) reduces the height degradation of

the posts to less than 4% in 1-mm-tall structures and permits

enough water absorption to produce all of the scaffolds

presented here, except for when using the confectionary

mould. As we suggested in the case of the microchannel, the

concentration of NaOH used depends on the mould shape and

the thickness of the chitosan film. Here, all of the fabricated

samples are freestanding, requiring relatively thick chitosan

films (�170mm thick) to allow them to be handled directly.

For samples where the loss of several nanometers ofmaterial is

too great, a very thin chitosan film must be used (possibly

requiring a support, which is also flexible), which is able to

mould the desired shape at high NaOH concentrations.

3. Conclusion

The soft-lithography technique presented here addresses

the problem of replicating curved surfaces (shapes) in a

bioabsorbable polymer/hydrogel with high replication fidelity,

and introduces the possibility of both microscale and

nanoscale topography control. The antigenic capacities and

bioabsorbability of chitosan have already been used to

produce templates for synthesis of neodermal tissue.[18] The

addition of a determinate topography to the template, using

our technique, will allow controlled cell growth, which may

partially overcome the lack of functionality of the cells

(absence of pores, etc.) in existing skin replacements.

Chitosan has also been tested as an intraocular drug-

delivery system.[19] Due to its properties, such as optical

clarity, mechanical stability, sufficient optical correction, gas

permeability, wettability, and immunological compatibility, it

has also been employed in contact lenses by spin coating on

other polymers.[20] Again, our method, for the production of

freestanding chitosan structures, could eliminate the need for a

supporting material. The ability to organize culturing cells on

such a scaffold may be useful in treating retinal diseases, for

example, where the organization of the cells making up this

sensitive part of the eye is crucial.

Finally, chitosan is useful in the absorption of metals and

surfactants and also attracts basic dyes. Consequently, it is

already being deployed for water treatment.[21] By micro- and

nanostructuring the surface, the active surface area of the

material increases and, consequently, increases the contami-

nant capture efficiency. Such a system would have advantages

for cleaning water-based and biological fluids (e.g., blood), or

for sensing systems.

4. Experimental Section

Materials: Medium-molecular-weight chitosan (75–85% de-

acetylated, 200–800 cps viscosity) derived from crab shell

(Sigma-Aldrich Chemical Co., USA) was prepared as previously

reported.[10] Silicon-based moulds containing the microstructures

were produced using reactive ion etching (RIE).[22] The moulds

consist of a silicon substrate coated with an oxide layer and then

a thicker silicon nitride layer. The microstructures are defined in

the nitride layer, which acts as an antiadhesive surface. Glass

moulds for production of the 3D surfaces were prepared by

arranging glass pieces of different thicknesses at set distances

from each other and fixing them in place with the help of several

presses. PDMS (Sylgard 184 Silicone Elastomer; Dow Corning,

USA) was prepared using a standard method[23] and a pre-

polymer/crosslinking agent ratio of 10:1, according to the

manufacturer’s recommendations.

Chitosan structuring: Microstructured chitosan surfaces were

produced using an FSL technique.[11] Briefly, FSL consists of room-

temperature molding of chitosan, from acetic acid solution, onto

planar micro or nanostructured silicon or PDMS moulds. The

process is aided by the application of external pressure, which

forces air trapped in the mould cavities to dissolve into the bulk

polymer solution. Solvent evaporation and then separation of the

dried chitosan from the mould give rise to a micro/nanostructured

film with the negative relief of the structures on the mould.

Recently, similar results, imparting nano- and microstructures on

planar chitosan substrates, have been obtained using a nano-

imprinter and applying high temperature and pressure.[24]

To produce the 3D structures, the microstructured chitosan

was immersed in a solution of sodium hydroxide (NaOH, 2% v/v)

for �1 s. Partial gelation of the structured planar polymer surface

occurs, which imparts flexibility into the chitosan and allows it to

be molded to the surface relief of the moulds. The chitosan–

mould couple is then immersed in a higher concentration of NaOH

(4% v/v) for 10min to fully regenerate the amine groups and avoid

later dissolution. Excess NaOH is rinsed from the chitosan using

distilled water (15min). The polymer is then dried and separated

from the mould, leaving a freestanding microstructured replica.

The 3D structure fabrication procedure is presented in Figure 1.

Cell culture: Endothelial growth medium, supplement medium,

and HUVEC from three different umbilical cords in the third

passage were provided by Advancell (Spain). Chitosan tubes were

immobilized on the bottom of a Petri dish and seeded at

�1.5�104 cell cmS2. As a bioreactor was not used for the cell

culture, the tubes tend to be colonized only on their top surface.

After 4 h, the tubes were moved to another Petri dish to eliminate

cells growing on the Petri dish. At this point, the cellular growth

medium (supplemented with 20% fetal calf serum (FCS)) was also

Microstructured 3D Chitosan Surfaces

Figure 5. Graph showing the degradation of 1-mm-tall post structures

on a planar chitosan surface when neutralized using increasingly

concentrated aqueous NaOH solutions.
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changed to ensure trypsin-EDTA (EDTA: ethylenediaminetetra-

acetic acid) solution is absent from the plating. Further changes

of the medium were carried out, each for 36 h.

For the cell-alignment study, half of the tubes were immersed

in glutaraldehyde solution (2.5%) for cell fixation and treated with

hematoxylin and eosin dyes to color cell components for optical

microscopy studies. The rest of the tubes are treated with

paraformaldehyde solution (16%), opened and deposited on a

microscope slide for confocal microscopy studies. Actin filaments

and nuclei were dyed for fluorescence microscopy studies using

the fluorescent dyes phalloidin-TRITC and Hoechst respectively

(Sigma–Aldrich Chemical Co., USA).

Characterization: Simultaneous characterization of the micro-

and macrostructure of the chitosan scaffolds was difficult to

achieve due to the large 3D, microstructured surface topography.

The structures were therefore characterized in multiple steps at

increasing magnification in order to completely capture the

available information, from the macroscopic shape to the surface

micrometric characteristics. The scaffolds were first examined with

an optical microscope to check the 3D shape and to confirm the

existence of microstructures on the surface. Images with higher

magnification were carried out using SEM (Strata DB35 dual beam

FIB/SEM, FEI company, USA).

For quantitative analysis of the degradation of the micro-

structures on flat surfaces, replicas were examined using white-

light interferometry (Wyko NT110, Vecco Metrology, USA) with a

lateral resolution of 200 nm and nanometer vertical resolution.

500 micrometric structures were analyzed in four randomly

chosen areas of each sample. Each measurement was repeated

twice (before and after hydration of the chitosan film) to obtain the

average decrease in height.
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