Sensors and Materials, Vol. 20, No. 8 (2008) 435-446
MYU Tokyo

S & M0741
Attachment of Tumor Cells to the Micropatterns
of Glutaraldehyde (GA)-Crosslinked Gelatin

Yu-Cheng Ou, Chih-Wen Hsu, Lung-Jieh Yang'~,
Hsieh-Cheng Han?, Yi-Wen Liu? and Chien-Yuan Chen?

Department of Mechanical & Electro-Mechanical Engineering, Tamkang University,
#151, Ying-Chan Rd., Tamsui, 25137, Taiwan, Republic of China
INational Applied Research Laboratories,
3F, #106, Ho-Ping E. Road, Sec. 2, Taipei, 10622, Taiwan, Republic of China
2Institute of Microbiology and Biochemistry, National Taiwan University,

#1, Sec. 4, Roosevelt Rd., Taipei, 10617, Taiwan, Republic of China

(Received July 30, 2008; accepted November 23, 2008)
Key words: gelatin, glutaraldehyde, tumor cells, attachment

In this work, we propose a novel technique for inducing the attachment of tumor
cells to the micropatterns of glutaraldehyde (GA)-crosslinked gelatin. It provides
another method to crosslink gelatin other than using photosensitizing agents or selective
GA crosslink techniques. This novel technique can ensure the degree of crosslink,
prevent an over-crosslink from pattern deformation and enhance the adhesion between
gelatin and a glass slide. The best spatial resolution of micro-gelatin bases can be 2
um. The micropatterns of GA-crosslinked gelatin can still be formed successfully by
conventional photolithography. The much less toxic and more biocompatible approaches
of strengthening gelatin microstructures can be developed according to the idea herein.

1. Introduction

1.1 Research motivation

The development of tools for the manipulation of single cells in a parallel way is
a very attractive issue for the rapid growing areas of genomics and proteomics. Thin
film electrode arrays have been demonstrated in order to monitor the electrical signals
generated from cells in vitro.® However, the adhesion of the monitored cells on the
desired electrode is randomly distributed, and difficulties are encountered in monitoring
many cells in parallel. A microrobot based on a polypyrrole-gold bilayer actuation has
provided a potential tool for handling a single cell by moving arms gently and precisely.®
The integration complexity of the microrobot system is high, but the minimum size of
cells that the microrobot can grasp depends on the spatial resolution of the biocompatible
microfabrication technology.
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In recent years, gelatin has been a popular material and broadly introduced into cell
and tissue engineering owing to its biocompatibility and easy gelation by changing
the temperature of its solution.® Gelatin is a derivative of collagen, one of the most
common extracellular matrix (ECM) proteins. The cell growth and its viability that
drive morphogenesis in complex tissues are controlled through the modulation of cell
binding to the extracellular matrix.® Based on the facts that hyaluronan is a ubiquitous
component of the extracellular matrix of all connective tissues, the higher weight
percentage of gelatin is good for cell growth in a hyaluronan-gelatin hydrogel film.® The
gelatin immobilized on poly(acrylic acid) can also significantly enhance cell adhesion.®
Meanwhile, the different shapes of protein can affect the extension and migration of
tumor cells,™ and gelatin is a suitable biomaterial for drug release.® In this work, we
have attempted to explore the novel potential approach of using a substrate with gelatin
micropatterns to attract tumor cells for the application of drug delivery in the future.
The gelatin micropatterns fabricated firmly on the substrate have a small size, which
is purposely comparable to cell size, and are supposed to produce a selective attraction
effect during the stages of falling and attachment of cell culture. Another reason to use
gelatin as the culture base of the cells is its surface property. It was empirically reported
that a more hydrophilic substratum stimulates cell growth,® and therefore, gelatin
intrinsically fits the hydrophilic requirement.

1.2 Gelatin

Gelatin, a polymer made from natural sources, has been used for over 6,000 years. It
is made of proteins (18 amino acids) and was previously regarded as a pure food. The
low melting point of natural gelatin (< 50°C) allows it to be formed into any shape by
gentle heating or cooking. The gelatin is a biodegradable, biocompatible material, first
used as a protection layer for low-temperature surface micromachining in 2002.0.1)
Natural gelatin has the drawback of dissolving in an aqueous environment and therefore
requires a crosslinking procedure using appropriate agents. After being added with
a photosensitizer, e.g., potassium dichromate (K,Cr,0,), the gelatin gel acts like a
negatively toned photoresist and can be used to fabricate many micropatterns with good
mechanical strength and good resistance to chemicals.

However, photosensitizers are always highly toxic, therefore forbidding practical
applications in a biomedical environment, e.g., the cell culture incubator in this work.
This pushed many biomaterial researchers to use other less toxic crosslinking agents,
such as glutaraldehyde (GA), carbodiimide, dextran dialdehyde and genipin. Gelatin
strengthened by these functional group agents has more superior characteristics, such as
biocompatibility, mechanical strength, antiwater transmission and antiswelling. These
characteristics are very suitable for the aqueous environment of the cell culture base.
In 2005, selective GA-crosslinked gelatin patterns were successfully introduced into
cell culture.®® The selective growing density of human mesenchymal stem cells on the
gelatin patterns surpasses that on the glass substrate by 2—3 orders of magnitude.
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1.3 Comparison with other patterning techniques for proteins or collagens

In 2004, a gelatin film was used as a mask for chitosan culture bases in a
biolithographic technique.® Pattern transfer was accomplished by applying a heated
stamp to shape the gelatin and selectively crosslink the underlying chitosan. The spatial
resolution of biopatterns was limited to the mm range only. Compared with other
guided microcell-culturing methods using polydimethylsiloxane (PDMS) substrates with
contact-printed laminin, or using robotic protein printing on amino-silane-modified
glass slides,®™ or using a fibronectin self-assembled monolayer (SAM) on a patterned
metal surface,®® the gelatin micropatterns in this work attached directly onto the glass
slides without prior immobilization of a linker agent on a substrate.

Therefore, the technique has a more concise concept and is simpler to use in
achieving a comparable protein pattern size smaller than 100 pm for the cell culture.
One reason for choosing gelatin as the working protein for cell culture is based on
economic factors. The processing cost of the GA-crosslinked gelatin micropatterns
depicted in this paper is much lower than those in other biological methods. Hence, the
application potential of extending this technique to large-area, wafer-level processing is
highly promising. Second, the chip size of gelatin micropatterns after substrate dicing
can be adjusted to be as small as possible to reduce the number of cells required for
seeding. Finally, the gelatin micropatterns, after proper crosslinking by GA solution,
have the advantage of a longer shelf life than other patterned proteins before coming in
contact with the cell culture.

1.4 Comparison with other fabricated gelatin patterns

Gelatin negative resist can be used to fabricate micropatterns directly and the line
width can be precisely controlled. However, photosensitizers are always highly toxic,
therefore forbidding practical applications in a biomedical environment, e.g., the cell
culture incubator in this work. Moreover, the fabricated selective GA-crosslinked
gelatin patterns were successfully introduced into cell culture. The toxicity of selective
GA-crosslinked gelatin was tested by using mesenchymal stem cells. This technique
provided another means to crosslink gelatin other than using photosensitizing agents.
However, the lateral dimension error occurs in the crosslinking of the selective GA-
crosslinked gelatin patterns. Therefore, the selective GA-crosslinking fabrication
technique requires an appropriate control of time to reduce the over-crosslinking distance
and to generate fine line width. By this reason, the use of gelatin patterns without good
crosslinking or accurate size is difficult in the environment of cell culture for several
days. For example, the selective GA-crosslinked gelatin patterns may detach from the
substrate, and the best spatial resolution of the micro-gelatin bases can only be 10 um.

In this work, a new fabrication technique for the GA-crosslinked gelatin patterns
is developed. It provides another method to crosslink gelatin neither by using
photosensitizing agents nor by a selective GA-crosslinked technique. This novel
technique can ensure the desired degree of crosslink, reduce the lateral dimension error,
easily control the line width and enhance the adhesion between the gelatin and the glass
slide. The GA-crosslinked gelatin patterns are compatible with the environment of cell
culture. The best spatial resolution of the micro-gelatin bases can be 2 um.
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2. Materials and Methods

2.1 Fabrication of glutaraldehyde (GA)-crosslinked gelatin micropatterns

In this paper, we have combined the concepts of GA crosslinking and conventional
photolithography to fabricate gelatin microstructures with a biopatterning resolution as
fine as 2 um, and applied this technique to the cell culture. Such a small gelatin pattern
cannot only be assigned as the biocompatible platform for cell culture but also has a size
comparable to that of cells so as to possibly attract a very confined number of cells or
even a single cell on the gelatin micropatterns both individually and in parallel.

The fabrication process for GA-crosslinked gelatin micropatterns is depicted in Fig. 1.
First, we spin-coated a gelatin film on a glass substrate. (Preparation of pure gelatin:
Dissolve gelatin powder in water at 40-50°C. Filter to remove bubbles. Apply to glass
plates by spin coating at 50°C. Dry at room temperature for 3—4 h.) Second, we dipped
the sample in 50% GA solution to conduct whole-wafer crosslinking with sufficient
reaction time. Third, a masking layer of positively toned photoresist (e.g., AZP-4620)
was spun on the gelatin surface, and the correlated ultraviolet (UV) exposure (365 nm,
16.5 mW, for a minimum of 15 s) of a portion of the photoresist defines the crosslinked
gelatin etched with the O, plasma. Finally, the glass substrate with a positively toned

@) (b)

© (d)

Fig. 1. Patterning process for GA-crosslinked gelatin: (a) spin coating of pure gelatin film at
50°C and drying for 1 d, (b) crosslinking of gelatin film in 50% GA solution, (c¢) patterning of
positively toned photoresist mask on the gelatin film and etching with O, plasma, and (d) stripping
of photoresist with acetone.
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photoresist mask on the GA-crosslinked gelatin film was etched with the O, plasma
(recipe: the etching rate of the GA-crosslinked film is shown in Table 1 and the etching
rate of the positive photoresist, AZP-4620, is shown in Table 2). A reactive ion etching
system (Model RIE-1C, SAMCO International Inc.) is employed here. The flow rate is
30 sccm and the power is 80 W. The average etching rate of the GA-crosslinked film
is 0.2664 um/min and that of the positive photoresist, AZP-4620, is 1.0068 pm/min. In
this O, plasma etching process, the thickness of the GA-crosslinked film is controlled to
0.8 um and the thickness of the positive photoresist is controlled to 4 um. Although the
average etching rate of the positive photoresist is higher than that of the GA-crosslinked
film, the GA-crosslinked micropatterns can still be protected from O, plasma etching by
thickness control. Finally, the GA-crosslinked micropatterns are obtained after stripping
the masking layer of photoresist with acetone.

The fabricated gelatin patterns are shown in Fig. 2. Figure 2(a) shows the photoresist
mask on a gelatin micropattern. Figure 2(b) shows the photoresist mask stripped with
acetone and the GA-crosslinked gelatin micropatterns. It was found that no crack is
produced on the GA-crosslinked gelatin micropatterns. It was proved that the O, plasma
process has no effect on the gelatin patterns. To measure the finest line width and the
corresponding thickness of the fabricated gelatin micropattern, atomic force microscopy
(AFM) in the noncontact mode is introduced to scan the surface profile of the gelatin
micropattern shown in Fig. 3.

Table 1
Etching rate of the GA-crosslinked film (um/min).
Item Etching rate

GA-crosslinked film 1 0.2908
GA-crosslinked film 2 0.2869
GA-crosslinked film 3 0.2474
GA-crosslinked film 4 0.2600
GA-crosslinked film 5 0.2664

GA-crosslinked film 6 0.2469

Table 2
Etching rates of the positive photoresist samples, AZP-4620 (um/min).
Item Etching rate
Sample 1 0.9935
Sample 2 1.0000
Sample 3 1.0005
Sample 4 1.0075
Sample 5 0.9910

Sample 6 1.0480
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Fig. 2. Fabricated gelatin micropatterns: (a) before photoresist mask stripping, (b) after
photoresist mask stripping, micro-letter pattern of 17 um width, (¢) micro-honeycomb patterns, (d)
micro-“cross” patterns with the largest width of 17 um, (e) micro-square patterns with the largest
width of 37 um, (f) microstrip lines with width of 2 um, length of 90 pm and line gap of 23 pm.
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Fig. 3. Thickness measurement of gelatin micropattern scanned by AFM: (a) the scanned sample
of microstrip lines of 2 pm width, (b) AFM scanning image of microstrip gelatin, and (c) the cross-
sectional line profile of microstrip lines of 0.8 pm thickness.

2.2 Contact angle of glutaraldehyde (GA)-crosslinked gelatin

Another reason for using gelatin as the culture base of the cells is its surface property.
It has been reported that a more hydrophilic substratum can stimulate cell growth and
the hydrophilic surface of gelatin can significantly enhance the cell adhesion. In this
work, the contact angle of the surface on a glutaraldehyde (GA)-crosslinked gelatin film
is also measured. The measured contact angles of the GA-crosslinked gelatin film and
glass substrate are shown in Fig. 4. The contact angle of the GA-crosslinked gelatin
film is measured to be about 57°. The contact angle of the glass substrate is measured
to be about 41°. The contact angles of the different samples are shown in Table 3. The
measurement shows that the average contact angle of the GA-crosslinked gelatin film is
larger than that of the glass substrate.
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Fig. 4. Contact angle measurement: (a) GA-crosslinked gelatin film 1, (b) glass substrate 1, (c)
GA-crosslinked gelatin film 2, (d) glass substrate 2, (¢) GA-crosslinked gelatin film 3, and (f) glass

substrate 3.

Table 3

Contact angles of the different samples.

Item

Contact angle

GA-crosslinked gelatin film 1
GA-crosslinked gelatin film 2
GA-crosslinked gelatin film 3
Glass substrate 1
Glass substrate 2
Glass substrate 3

57.18°
57.57°
57.87°
42.43°
41.75°
40.24°

2.3 Swelling test for the aqueous environment of the cell culture

Before using gelatin patterns as culture bases, the swelling effect of the medium to
cell culture must be tested for practicability. Cell culture was then performed as follows.
First, substrata with GA-crosslinked gelatin micropatterns were diced into slides.
Second, the slides were subjected to UV sterilization and treated with phosphate buffered
saline (PBS). Third, the slides were cultured in a minimum essential medium (MEM)
with 10% fetal bovine serum (FBS) at 37°C in 5% CO, humidified atmosphere. Finally,
after 2-day, 3-day and 6-day culture, the slides with GA-crosslinked gelatin micropatterns
were observed by phase-contrast microscopy. The results of sequential soaking in the
medium are shown in Fig. 5. pH is also measured to be about 7.64. There is no obvious
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Fig. 5. Swelling effect of sequential soaking in the medium: (a) soaking for 2 d, (b) soaking for 3 d,
and (c) soaking for 6 d.

swell in the GA-crosslinked gelatin micropatterns. This ensures the practicability of
the GA-crosslinked gelatin micropatterns, indicating that the micropatterns can be
successfully introduced into the culture base.

3.  Results and Discussion

In O, plasma etching, it was found that the lateral dimension of all GA-crosslinked
gelatin micropatterns decreases to about 3 um compared with the original design of the
photomask. To obtain the correct line width and reduce the lateral dimension error, the
line width of the photomask is modified according to the lateral dimension error caused
by O, plasma etching.

The different GA-crosslinked gelatin micropatterns are fabricated to observe
cell extension. The behavior of the tumor cells growing on the gelatin micropaterns
preliminarily observed by phase-contrast microscopy varies and depends on the type and
properties of the cells, e.g., cell attachment, migration, proliferation, and morphology.
In this work, the NS-1, HepG2 and HeLa cells are first used in the observation of
attachment induced by GA-crosslinked gelatin micropatterns.

The HepG2 cells attached to the gelatin micropatterns are shown in Fig. 6. The HelLa
cells growing on the gelatin micropatterns are shown in Fig. 7, indicating the growth of
tumor cells on the side wall of the gelatin micropatterns during the falling and attachment
of cell culture. Furthermore, the growth of tumor cells can extend in accordance with the
shape of the micropatterns along the side wall. Due to the scale of the micropatterns, it
was also found that two sides of tumor cells anchor the side walls between the different
gelatin micropatterns. The NS-1 cells attached to the gelatin micropatterns are shown in
Fig. 8. The NS-1 cells attach to the side walls and then directly divide. No obvious cell
migration occurs in the NS-1 cells.
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Fig. 6. Attachment of the HePG2 cells to the gelatin micropatterns: (a) the HePG2 cells attach to
the micro-square patterns, (b) the HePG2 cells attach to the gelatin lines of 2 um width and grow
along the gelatin lines, (c) the HePG2 cells attach to the different micro-“word” patterns, and (d)
the HePG2 cells attach to the gelatin lines of 37 pm width.

Fig. 7. Attachment of the HelLa cells to the gelatin micropatterns: (a) the HelLa cells attach to the
gelatin with the tendency of extending to the shape of microstrip, (b) the HelLa cells anchor the
side walls between the different gelatin micropatterns, (c) single HeLa cells attach to side walls of
the micro-letter patterns, and (d) the HeLa cells attach to the gelatin and extend to the lines of 2

pum width and 90 pm length.
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Fig. 8. Attachment of the NS-1 cells to the gelatin micropatterns: (a) the NS-1 cells attach to the
microstrip lines, and (b) the NS-1 cells attach to the “cross” pattern.

4, Conclusions

The patterning and fabricated sample chips of GA-crosslinked gelatin are studied
and modified in this paper. The micropatterns of GA-crosslinked gelatin can be formed
successfully by conventional photolithography. The best spatial resolution of micro-
gelatin bases can be achieved and adjusted to a size of 2 pum. Different GA-crosslinked
gelatin micropatterns are fabricated to observe cell adhesion, extension and migration.
The hydrophilic surface property of GA-crosslinked gelatin is preliminarily measured
and confirmed on the basis of the contact angle of the GA-crosslinked gelatin film, which
is 57°. The swelling effect of the medium to cell culture is also tested and no obvious
swelling is found in the GA-crosslinked gelatin micropatterns. The practicability of
using the GA-crosslinked gelatin micropatterns as a culture base is established. The
behavior of the tumor cells varies and depends on the type and properties of the cells,
e.g., cell attachment, migration, proliferation, and cell morphology. In the future, we
believe that this biocompatibility, mechanical strength, chemical resistance, antiwater
transmission and antiswelling of the cross-linked gelatin micropatterns will provide
useful microstructural techniques for tumor cells, e.g., controlling tumor cells onto
biosensors and exploring the effects of drug delivery to tumor cells.
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