CHAPTER VII
SURFACE-MODIFIED POLYMERIC FILMS BY RHAMNOLIPID
BIOSURFACTANT FROM Pseudomonas aeruginosa SP4 FOR BIOMEDICAL
APPLICATIONS

7.1 Abstract

A rhamnolipid hiosurfactant extracted from the liquid culture of Pseudomonas
aeruginosa SP4 was used to modify the surface characteristics of two types of polymeric
films, including regenerated silk fibroin and chitosan, via the adsorption process. The
adsorption behavior of the biosurfactant onto hoth polymeric surfaces was studied using
the surface plasmon resonance analysis and the quartz crystal microbalance with
dissipation monitoring. The water contact angles of the silk fibroin and the chitosan
films after the biosurfactant adsorption were found to increase; however, the surface
probe microscopy revealed that the adsorbed biosurfactant layer did not affect the
surface topographies of hoth substrates in terms of the surface roughness. The
biocompatibilities of the surface-modified polymeric films to human dermal fibroblasts
and keratinocytes were investigated. Compared to the unmodified substrates, the
fibroblasts grew well on the surface-modified chitosan film, but the cell growth on the
surface-modified silk fibroin film was reduced. On a contrary, the surface modification
of these two polymeric films did not statistically influence the growth of the
kératinocytes.
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1.2 Introduction

Much effort has been used to design, synthesize, and fabricate materials with
good mechanical properties, durability, and functionality. Although all of these
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properties are governed by the bulk structure, the interaction at the outermost surface, or
the interface, can directly affect the utilization of the materials. For example, in
biomedical applications, the hiological media, cells, and tissues in vivo are in contact
with implant surfaces, so the biointeraction, or the bioresponse, is mainly controlled by
the surface characteristics of the materials, such as surface topography [1,2,3], surface
wettahility [4,5,6], surface chemistry [7,8,9], surface charge [10,11,12], and surface
rigidity [13,14], To get the desired properties without losing the key physical
characteristics, the materials are surface-modified by using biological, mechanical, or
physicochemical methods [15]. The surface modification can be divided into two main
categories: chemically or physically altering the atoms, compounds, or molecules in the
existing surface; and, coating the existing surface with a material having a different
composition [15].

During the past few decades, hoth synthetic surfactants and biosurfactants have
been used to modify the surface characteristics of materials via the adsorption process.
Fundamentally, surface-active agents tend to adsorb at the interface in an oriented
fashion [16], and an adsorbed surfactant layer can subsequently modify substratum
surfaces. Jansen et al. [17] modified the surface characteristics of alumina particles with
Triton X-100, or r-octylphenol poly(oxyethylene), to investigate the potential use of the
modified particles as drug carriers. Amiji and Park [18] used Pluronics®, a family of
triblock nonionic synthetic surfactants containing poly(ethylene oxide) (PEQ) and
polypropylene oxide) (PPO), to modify the surfaces of dimethyldichlorosilane-treated
glass and LDPE. The study showed that a Pluronics®-treated surface significantly
prevented the platelet adhesion. Velraeds et al. [19] adsorbed the biosurfactant produced
by Lactobacillus acidophilus RC14 onto the surfaces of glass and silicone rubber to
reduce microbial adhesion. Rodrigues et al. [20] reported that the surface wettability of
silicone rubber was modified after treated with the biosurfactant from Streptococcus
thermophilus A,

In the present work, the rhamnolipid biosurfactant extracted from the liquid
culture of Pseudomonas aeruginosa SP4 was used to modify the surface characteristics



of two types of biopolymers, including regenerated silk fibroin and chitosan, via the
adsorption process. The cytotoxicities of the surface-modified polymeric substrates were
also studied. Figure 7.1 shows the general chemical structures of rhamnolipid
biosurfactants, silk fibroin, and chitosan. Silk fibroin and chitosan were chosen due to
their potential use in biomedical applications. The silk fiber produced by the silkworm
Bombyx mori has been commercially used as a suture for decades. After the removal of
silk sericin, a glue-like protein in the raw silk fiber, the remaining material—silk
fibroin—shows good hiocompatibility [21] and biodegradability [22-24], In addition, a
number of ceils—L929 cells [21,25], endothelial cells [26], kératinocytes, osteoblasts
[27], fibroblasts [28], and hone marrow stromal cells [29]—have been shown to grow
well on its surface. Chitosan is a deacetylated derivative of chitin, which is the second
most plentiful' biopolymer, next to cellulose. Both chitin and chitosan have drawn
attention as functional polysaccharides due to their biocompatibilities [30], and recent
developments have enabled their utilizations in the biomedical and veterinary fields [21,
31-34], Chitosan is a good candidate for a surgical use as an implant for the repair of
wounded skin, nerve, cartilage, and bone [30]. The adsorption of the rhamnolipid
biosurfactant onto the surfaces of silk fibroin and chitosan might create suitable surface
structures for therapeutic purposes, thus further expanding their potential use in the
biomedical applications. Knowledge about the bioresponse could perhaps be helpful for
designing tissue engineering materials.

1.3 Experimental

131 Materials
The raw silk fibers of B. mori were obtained from Queen Sirikit
Sericulture Center (Thailand). The shells of Penaeus merguiensis shrimps were kindly
provided by Surapon Foods Public Co., Ltd. (Thailand). Phosphate buffered saline
(PBS) was supplied by Sigma-Aldrich (USA). All chemicals were used as received
without further purification.
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1.3.2 Preparation of Rhamnolipid Biosurfactants

p. aeruginosa SP4 was isolated from petroleum-contaminated soil in
Thailand [35]. The isolated strain was maintained on nutrient agar slants at 4°c to
minimize the biological activity, and was subcultured every month. To produce a
biosurfactant, an inoculum was prepared by transferring the bacterial colonies into a
nutrient broth, and the culture was incubated at 37°c in a shaking incubator at 200 rpm
for 22 h. Then, a nutrient broth containing 2% inoculum and 2% palm oil was incubated
at 37°c under aerobic conditions in a shaking incubator at 200 rpm for 48 h to obtain the
highest microbial and biosurfactant concentrations [35], The culture medium was
centrifuged at 4°c and 8500 rpm for.20 min to remove the bacterial cells. The
supernatant was further treated by acidification to pH 2.0 using a 6 M HCL solution, and
the acidified supernatant was left overnight at 4°c for complete precipitation of the
biosurfactant [36]. After centrifugation, the precipitate was removed and was dissolved
ina 0.1 M NaHCC>s, followed by the biosurfactant extraction step with a solvent having
a 21 CHsCl-to-C2H50H ratio at room temperature [37]. The organic phase was
transferred to a round-bottom flask connected to a rotary evaporator in order to remove
the solvent. After solvent evaporation at 40°c, about 5.2 grams of a viscous honey-
colored hiosurfactant product was extracted per liter of the culture medium. The
chemical structure of the predominant component in the biosurfactant product was
identified as monorhamnolipid  (Rha-Cio-Cio) (73.5%), while the others were
characterized as Rha-Rha-Cs-Cio (0.7%), Rha-Cg-Cio (1.5%), Rha-Cio-Cizi (9.5%),
Rha-Cio-Cp (13.3%), and Rha-Rha-Cio-Cy41 (1.4%) with small contributions of their
structural isomers [38]. An average molecular weight of the hiosurfactant product was
about 513 Da.

To prepare the biosurfactant solution, a specific amount of the
biosurfactant was dissolved in the PBS solution (pH 7.4) to any desired concentrations
before being vortexed to get a homogeneous solution. The sample was left at room
temperature for a day to ensure equilibration before taken for the adsorption and the
surface modification experiments.
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1.3.3 Preparation of Polymeric Substrates
13.3.1 Preparation ofRegenerated Silk Fibroin Film

The silk fibroin solution was prepared according to the work of
Wongpanit et al. [39]. The raw silk fibers of B. mori were first boiled in a 0.05% (w/v)
Na2Co3 solution for 15 min, followed by a thorough rinse with hot water. The boiling
step, or the degumming process, was repeated two times to remove silk sericin, a family
of glue-like proteins in the raw silk fibers. The degummed silks, were dried at 40°c
overnight before dissolving in a solvent having a 1:2:8 CaClz-to-C2Hs 0 H-to-Hzo molar
ratio at 78°c. The solution was dialyzed against distilled water for 4 days with a daily
change of dialyzed media. The dialyzed solution was centrifuged at 10,000 rom for 10
min before holding at 4°c. The concentration of the as-prepared silk fibroin solution was
about 4.5% (w/v) before being diluted to the desired concentration™ The diluted solution
was then used to prepare the silk fibroin film by either the spin coating or the solvent
casting technique. After the solvent was evaporated at room temperature, the obtained
film was treated with a 90% (v/v) CHsOH solution for 10 min to induce the formation of
the P-sheet structure, an insoluble form of the silk fibroin. The CH3OH-treated silk
fibroin film was excessively washed with distilled water and was left to dry at room
temperature.

1.3.3.2 Preparation of Chitosan Film

The preparation of chitosan from the shells of p. merguiensis
shrimps was previously described [40]. Briefly, the shrimp shells were cleaned and then
dried under sunlight before grinding into small pieces. The grinded shrimp shells were
immersed ina LM HCL solution for 2 days with occasional stirring and were washed
with distilled water until becoming neutral. The demineralized shrimp shell chips were
soaked in a 4% (w/v) NaOH solution at 80-90°C for 4 h, followed by an excessive wash
with distilled water. The obtained product, or chitin, was used to prepare chitosan by
heating in a 50% (w/v) NaOH solution at 110°C for 1h using an autoclave. After the
deacetylation reaction, the chitosan platelets was washed with distilled water until
becoming neutral and were dried at 60°c for 24 h. The viscosity-averaged molecular
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weight of the chitosan product calculated from the Mark-Houwink equation [41] was
about 11 x 106 Da. The degree of deacetylation (%DD), determined from the Fourier
transform infrared (FT-IR) spectroscopy following the method of Baxter et al. [42], was
85.0%.

To prepare the chitosan film, a specific amount of chitosan
platelets was dissolved in a 1% (v/v) CH3COOH solution to the desired concentration.
The chitosan solution was used to prepare the chitosan film by either the spin coating or
the solvent casting technique. After the solvent was evaporated at room temperature, the
obtained film was neutralized with a 1 M NaOH solution. The neutralized chitosan film
was washed with distilled water and was left to dry at room temperature,

1.34 Adsorption Experiment
7.3.4.1 Surface Plasmon Resonance Analysis

The adsorption of the rhamnolipid biosurfactant onto the
polymeric surfaces was studied using the SPR analysis—a well-known powerful method
for measurement of thin films on the hasis of an excitation of the surface plasmons by p-
polarized light at the noble metal-dielectric interface [43-45]. Surface plasmons, which
are electromagnetic evanescent waves, propagate along the surface with a penetration
depth range of 150-200 nm [46], and the obtained SPR signal, expressed as the angle
shift, is proportional to the amount of the adsorbed substance on the surface [45]. In the
present work, thin films of either silk fibroin or chitosan was spun cast at the polymer
concentration of 0.06% (w/v) at a speed of 1000 rpm on a glass slide coated with a 50-
nm gold film. The SPR instrument (AUTOLAB, ESPRIT) was operated at room
temperature. The p-polarized light was generated from a monochromatic laser light
source at a wavelength of 670 nm. The flow rate across the surface during the adsorption
period was 16.7 pl/s while the draining and the washing speeds were set constant at 250
pl/s. The sample injection volume was 50 pi. The SPR angle shift was reported after
washing the surface with the fresh PBS solution to remove any excess biosurfactant
molecules. The amount of the biosurfactant adsorbed onto the substratum surfaces was
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roughly estimated from the SPR angle shift using the following relationship: a change in
the SPR angle shift of 120 millidegrees (mDA) represents the adsorbed mass of 1
ng/mmz [47], Dividing the adsorbed mass with an average molecular weight of the
biosurfactant, the amount of the biosurfactant adsorbed onto the substratum surfaces was
expressed as pmol/m2,
7.3.4.2 Quartz Crystal Microbalance with Dissipation Monitoring

The QCM-D experiment was carried out by using a Q-sense El
system. Prior to the measurement, the single sensor crystal with a gold coating and the
rubber O-ring sealed between the sensor and the cell were cleaned by the ultrasonication
in-a 2% (v/v) anionic/nonionic surfactant (Decon 90) solution for 15 min. After a
thorough rinse with distilled water, both the sensor and the O-ring were ultrasonicated in
distilled water for 15 min before drying under a nitrogen flow. Then only the sensor was
further cleaned in a uv/ozone chamber (BioForce Nanosciences, UV/Ozone
ProCleaner™) for 20 min. After the cleaning process, both the sensor and the O-ring
were assembled in the QCM-D instrument. The polymer solution (ither silk fibroin or
chitosan) at the concentration of 0.06% (w/v) was first injected into the QCM-D
instrument to form a self-assembly polymer layer on the sensor surface. The weakly
bound polymer molecules were removed from the sensor surface by thoroughly rinsing
with a proper solvent—the distilled water (for silk fibroin) or the 1% (v/v) CHsCOOH
solution (for chitosan). For the silk fibroin, the methanol treatment was also performed
to induce the formation of the (5-sheet structure. The biosurfactant solutions were
injected at various concentrations. To remove any excess biosurfactant aggregates on the
polymer layer, the fresh PBS solution was subsequently injected into the QCM-D
instrument after the adsorption period. The flow rate of the test sample was set constant
at 0.1 ml/min, and the temperature was controlled at 25°c. After excluding the amount
of the pre-adsorbed polymer layer, the amount of the adsorbed biosurfactant was
calculated from a change in the third overtone of the resonance frequency by applying
the Sauerbrey equation using the software provided with the instrument. Flowever, the
mass obtained from the QCM-D technique also includes the amount of the solvent
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bound to the adsorbed layer; therefore, the adsorbed mass determined from the QCM-D
is always much higher than that measured by other analytical techniques, including the
SPR analysis [48], In the present work, the adsorbed masses obtained from hboth the
QCM-D experiment and the SPR analysis were combined to get the quantitative
information about the degree of hydration of the adsorbed layer on the studied
substratum surfaces using the following equation:

Water Content (%) = - aw p—— —x 100

where r qowDand Tsp”are the adsorbed masses obtained from the QCM-D experiment
and the SPR analysis, respectively.

7.3.5 Surface Modification of Polymeric Substrates
The polymeric substrate (either silk fibroin or chitosan film) was
immersed in the biosurfactant solution at the desired concentration at room temperature
for 24 h. After that, the polymeric substrate was repeatedly rinsed with the PBS solution
to remove any excess biosurfactant molecules on the substratum surfaces. The surface-
modified substrate was dried under a nitrogen flow before being analyses.

1.3.6 Surface Characterization of Polymeric Substrates
13.6.1 Water Contact Angle Measurement
The contact angle formed between the 30-pl water drop and the
polymeric surface was measured by a drop shape analysis system (Krtiss, DSA10 Mk2).
The contact angle measurements were carried out at room temperature using the sessile
drop technique. The reported values were averages of at least three measurements made
at different places of the test surfaces.
13.6.2 Surface Probe Microscopy
The surface topography of the polymeric substrates was
investigated by using a scanning probe microscope (SPM) (Veeco, Nanoscope V) with
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the tapping mode in air at room temperature. The obtained micrographs were minimally
flattened, and high frequency noise was diminished in order to facilitate data analysis.

1.3.7 Cytotoxicity Tests

The cytotoxicity tests of both unmodified and surface-modified polymeric
films against human dermal fibroblasts and kératinocytes were carried out at bioassay
laboratory, National Center for Genetic Engineering and Biotechnology (BIOTEC),
National Science and Technology Development Agency (NSTDA), Thailand. Both types
of cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) with 10% (viv)
of fetal bovine serum, 2 mM of L-glutamine, 100 unit/ml of penicillin, and 100 pg/ml of
streptomycin. The cell cultures were incubated at 37°c in a fully humidified air
atmosphere with 5% of C02 When the cells reached 80% confluence, they were serially
sub-cultured and only the cells from the fifth passage were used.

Either unmodified or surface-modified polymeric substrate was first
prepared in a well of the 24-well plate. The cells were seeded at a density of 10,000
cells/well, and were incubated at 37°c and 5% of COz for the desired time interval. For
the fibroblasts, the cytotoxicity was examined using the resazurin assay, the fluorescent-
dye based technique [49], After the cells were cultured for 24 h, 100 pi of the resazurin
dye solution at the concentration of 62.5 pg/ml was added to each culture well. The
fluorescent signal was measured everyday for 3 days at the excitation stage of 530 nm
and the emission stage of 590 nm using the multi-detection microplate reader (Molecular
Devices, SpectraMax M5). For the keratinocytes, the experiment was performed using
the methyltetrazolium (MTT) assay; a tetrazolium-dye based colorimetric microtitration
[50]. The cytotoxicity was examined after the cells were cultured for 1 day and 7 days.
Briefly, the MTT solution at the concentration of 5 mg/ml was added into each well
before being further incubated for 4 h. The culture medium containing the MTT solution
was then removed, and the formazan crystals were solubilized in a dimethylsulfoxide
(DMSO0) solution. The optical density of the formazan solution was measured at the
wavelength of 570 nm using the multi-detection microplate reader (Molecular Devices,
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SpectraMax M5). The cells cultured in the absence of polymeric substrates were served
as the control. The morphology of the cells attached on the substratum surfaces was also
observed under an optical light microscope.

1.3.6 Statistical Analysis
The experimental data are presented in terms of arithmetic averages of at
least three replicates, and the standard deviations are indicated by the error hars. The
analyses were done using SigmaPlot software, version 8.02 (SPSS Inc., UK).

7.4 Results and Discussion

14.1 Adsorption of Rhamnolipid Biosurfactant

The adsorption of the rhamnolipid biosurfactant onto two types of
polymeric films was investigated using the SPR analysis in a combination with the
QCM-D technique. The amount of the adsorbed biosurfactant on the studied surface was
reported after removing any excess biosurfactant aggregates on the pre-adsorbed
polymer layer. The biosurfactant produced by p. aeruginosa SP4 self-assembled to form
the vesicular structure in the PBS solution at the concentration above its critical micelle
concentration (CMC) [51], so it was possible that the biosurfactant vesicles were also
adsorbed onto the substratum surfaces, regardless of other well-ordered structures such
as monolayer and bilayer. However, the adsorbed vesicles were not stable, and could be
removed during the washing step. It was reported that the phospholipid liposomes
adsorbed on the gold surface were removed after the rinsing process, and the remaining
adsorbed phospholipid layer was resistant to further rinsing [52],

Figure 7.2 shows the adsorption isotherms of the biosurfactant onto either
silk fibroin or chitosan films obtained from the two different techniques: the SPR and
the QCM-D. The amount of the hiosurfactant adsorbed on both polymeric substrates
increased with increasing the biosurfactant concentration before reaching the plateau
regions at the biosurfactant concentration above its CMC which was about 0.4 mM [38,
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51]. From the SPR angle shift, the adsorbed mass of the biosurfactant onto the silk
fibroin film was 4.4 pmol/m3 Based on the assumption of bilayer topography, a surface
area per molecule of 74.1 Az was obtained. For the chitosan, the adsorbed mass of the
biosurfactant was 2.4 pmol/m3, Based on the assumption of monolayer topography, this
value corresponded to a surface area per molecule of 71.4 A2 A difference in the
structure of the hiosurfactant molecules adsorbed onto these two polymeric films will be
further discussed. The calculated surface area per molecule of the biosurfactant was
close to that at the air-water interface obtained from the surface tension curve which was
about 7.1 Az [51].

As shown in Figure 7.2h, the adsorbed mass determined from the QCM-D
technique was higher than that obtained from the SPR technique, because it included the
amount of the solvent bound to the adsorbed layer on the sensor surface. From the SPR
results, the adsorbed mass of the biosurfactant on the silk fibroin film was higher than
that on the chitosan film. In contrast, the QCM-D results showed the opposite trend.
From the QCM-D results, it seemed that the rhamnolipid biosurfactant adsorbed onto the
chitosan film more than onto the silk fibroin film. Flowever, as mentioned above, the
QCM-D mass included the mass of the solvent bound to the adsorbed layer-both the
polymeric films and the biosurfactant layer. Therefore, a higher adsorbed mass on the
chitosan was expected to correspond to a higher amount of the adsorbed solvent, or the
water in this case. Figure 7.3 shows the changes in the third overtone of the resonance
frequency and the dissipation from the QCM-D experiment as a function of the
biosurfactant concentration. It is known that the third overtone is much more sensitive to
the region close to the surface than the fundamental frequency [53]. While the resonance
frequency relates to the adsorbed mass, including the bound solvent; the dissipation
factor corresponds to the thickness and the viscoelasticity of the adsorbed layer [47, 52).
As shown in Figure 7.3, the QCM-D dissipation values suggest a greater swelling of the
adsorbed layer in the case of the adsorption of the biosurfactant onto the chitosan,
perhaps because the chitosan adsorbed water better than the silk fibroin.
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Figure 7.4 shows the water content percentages within the adsorbed
layers of either silk fibroin or chitosan films as a function of the biosurfactant
concentration. The results indicated that the water content within the adsorbed layer of
the chitosan was higher than that of the silk fibroin at all studied biosurfactant
concentrations. At the low biosurfactant concentration (lower than the CMC), the
amount of the water bound to the polymer layer mainly contributed to the adsorbed mass
determined from the QCM-D technique. However, the amount of the adsorbed
biosurfactant increased with increasing the biosurfactant concentration. Hence, the
amount of the adsorbed biosurfactant finally overcame the contribution from the
adsorbed water, subsequently leading to a reduction of the water content percentages as
the biosurfactant concentration increased before reaching the adsorption saturation. The
high water content percentages within the adsorbed layers of either silk fibroin or
chitosan films (more than 90%) further suggest that the adsorbed biosurfactant at the
solid-liquid interface should possess an extended chain conformation.

In the present study, the silk fibroin was treated with an aqueous
methanol solution to induce the conformation transition from random coil to P-sheet
structure, which is a water-stable structure. In addition, the silk fibroin was also found to
become denser after the methanol treatment, because of the shrinkage [54], As a result,
the water was difficult to bind to the silk fibroin layer. Flence, the amount of the water
adsorbed onto the silk fibroin layer was lower than that onto the chitosan, subsequently
leading to a lower QCM-D adsorbed mass. For the chitosan, in the present work, the
chitosan was not further treated with any crosslinking agents, so its structure could
interact with the water much more freely, resulting in the swelling of the chitosan layer.
Our findings were also supported by the previous studies [55-57]. The degree of
swelling of the methanol-treated silk fibroin was reported to be about 50% [55], while
that of the chitosan was more than 100% [56, 57]. Another important aspect was that the
biosurfactant molecules might probably interact with the polymeric substrates not only
at the interface but also within the polymer layer in the QCM-D experiment, due to a
swelling of the polymeric films, especially in the case of the chitosan.
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1.4.2 Surface Characterization of Polymeric Films

It is known that the WCA s very sensitive to the structure and the
chemical state of the outermost few angstroms of a surface [58], so the WCA
measurement can provide useful information on the arrangement of the surfactant
molecules adsorbed on the studied surface [59]. As shown in Figure 7.5, the WCASs of
the silk fibroin and the chitosan films increased with increasing the biosurfactant
concentration before remained stable at the biosurfactant concentration greater than its
CMC. An increase in the WCA implied an increase in the amount of the biosurfactant
adsorbed onto the polymeric films with the closer packing, while the steady WCA
indicated that the adsorption of the biosurfactant onto the silk fibroin and the chitosan
films reached saturation regions. Although the WCASs of both polymeric substrates were
found to increase after the hiosurfactant adsorption, they did not exceed 90°, indicating
that the surfaces of both silk fibroin and chitosan films were still hydrophilic. The WCA
results imply that the adsorbed biosurfactant molecules should orient with their polar
head groups, their hydrophilic moieties, predominantly away from the surfaces of hoth
polymeric substrates.

Since the biosurfactant adsorption onto both the silk fibroin and the
chitosan films reached the saturation at the biosurfactant concentration greater than its
CMC, the surface modification experiment was further done at the biosurfactant
concentration of 2 mM, or 5 times the CMC. Figure 7.6 shows the SPM micrographs of
the silk fibroin and the chitosan films before and after the biosurfactant adsorption. The
surface roughness (Rg of the unmodified silk fibroin and chitosan films determined
from the SPM technique were 2.0 £ 1.0 nm and 14 £ 0.2 nm, respectively. After the
biosurfactant adsorption, the surface-modified silk fibroin and chitosan films showed the
Raof 27 £ 15 nm and 16 £ 0.3 nm, respectively. The results showed that the
unmodified and the surface-modified polymeric films were not statistically different in
terms of the surface topography, implying that the adsorbed biosurfactant molecules
should form a continuous film on the studied surfaces.
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Compared between the two polymeric substrates, the surface of the silk
fibroin film was rougher than that of the chitosan film, perhaps because of the self-
assembly behavior of the silk fibroin. Figure 7.1b displays the chemical structure of the
silk fibroin. The silk fibroin consists of at least heavy and light chains of polypeptides of
approximately 350 and 25 kDa, respectively, linked by a disulfide bond at the C-
terminus of the two subunits [60, 61]. The sequence of amino acids along the heavy
polypeptide chain divides the silk fibroin protein chain into hydrophilic and hydrophobic
blocks including ten small hydrophilic internal blocks, eleven intermnal hydrophobic
blocks, and large hydrophilic blocks at the chain ends. The pattern of hydrophilic and
hydrophobic blocks causes the silk fibroin molecules to form the micellar structures in
the water, resulting in the presence of the globular structures on the silk fibroin surface
after stabilized with an aqueous methanol solution [60], These small globular structures
should correspond to the surface roughness of the silk fibroin film.

Based on the SPR results, the biosurfactant molecules should adsorh onto
the silk fibroin in the form of the bilayer structure, indicating that the biosurfactant
molecules contacted with the surface of the silk fibroin film with their polar head group.
As shown in Figure 7.1a, the rhamnolipid biosurfactant is composed of one or two
molecules of rhamnose linked to one or two molecules of 3-hydroxy fatty acid. The
hydrophilic head group is the rhamnose ring and the carboxylic group, while the
hydrophobic tail is the fatty acid side chains. At pH 7.4, some of the rhamnolipid
molecules and some of the amino acids in the silk fibroin are negatively charged due to
the ionic dissociation equilibrium [62, 63], However, the silk fibroin was weakly
negative, because several amino acids in the silk fibroin were still neutral. Therefore, the
effect of the electrostatic repulsion could be neglected, and the adsorption of the
biosurfactant onto the silk fibroin film should occur via the hydrogen bond forming
between the amide linkages in the backbone of the silk fibroin chains and the
hydrophilic part of the biosurfactant. In addition, the WCA also showed that the surface
of the silk fibroin film was quite hydrophilic, so the orientation of the adsorbed
biosurfactant with their polar head group contacted the silk fibroin surface was favored.
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Due to the hydrophobic interaction, more biosurfactant molecules were able to adsorb on
the top of the first monolayer and subsequently formed the bilayer structure.

For the chitosan, the SPR results indicated that the adsorbed biosurfactant
formed the monolayer structure on the surface of the chitosan film while the WCA
measurement showed that the adsorbed biosurfactant molecules should orient with their
polar head groups predominantly away from the substratum surfaces. Chitosan is a
derivative of chitin, which is a polysaccharide, composed of D-glucosamine units and N-
acetyl-D-glucosamine units joined together through glycosidic linkages. After the
deacetylation reaction of chitin, most of the acetamido groups present in the chemical
structure of chitin are changed to amino groups, and chitosan is achieved. Figure 7.1c
shows the chemical structure of chitosan. Although the amino groups in the chitosan
structure can be partially protonated to be positively charged [64] which might interact
with the negatively-charged head group of the biosurfactant molecules, the chitosan are
weakly positive at pH 7.4. Thus, the adsorption of the biosurfactant onto the chitosan
film should be controlled by other factors. From the WCA measurement, the surface of
the chitosan film showed low hydrophilicity, so the biosurfactant molecules perhaps
adsorbed by tuming their hydrophobic moieties contacted with the surface of the
chitosan film. Since the rhamnolipid biosurfactant was negatively charged at pH 7.4, the
formation of the bilayer structure was prohibited because of the electrostatic repulsion
between the polar head groups of the adsorbed hiosurfactant molecules in the first layer
and those of the oncoming biosurfactant molecules.

143 Cytotoxicity Tests
After the surface modification, the cytotoxicities of the silk fibroin and
the chitosan films to human dermal fibroblasts and kératinocytes were investigated. The
cells grown in the absence of the polymeric substrates were served as controls.
Figure 7.7 shows the growth of the fibroblast cells on the polymeric films,
compared to that of the control. With the use of the resazurin assay, the cell growth was
expressed as the fluorescent intensity. The fluorescent intensity of all test samples was
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found to increase with increasing the incubation time, implying that the fibroblasts were
able to grow on the studied surfaces. Hence, the unmodified and the surface-modified
polymeric films possessed a good cytocompatibility to the fibroblasts. Among the test
samples, the unmodified silk fibroin film significantly enhanced the growth of the
fibroblasts, but the surface modification of the silk fibroin film reduced the cell growth
when the incubation time was longer than 24 h. For the chitosan film, it was found that
the surface modification via the biosurfactant adsorption statistically increased the cell
growth at the incubation time of 72 h. With the use of the optical light microscope, the
morphology of the test cells was observed. At the incubation time of 72 h, the fibroblasts
attached and spread well on the surfaces of all test samples with their filopodia. The
cells also exhibited various shapes, including flattening, typical elongated fibroblast cell
shapes, and spherical shapes (data not shown).

Figure 7.8 shows the growth of the keratinocyte cells on the polymeric
films, compared to that of the control. The optical density of all tested samples increased
as the incubation time increased from 1 day to 7 days, suggesting that the kératinocytes
were able to grow on the investigated surfaces. Hence, the unmodified and the surface-
modified polymeric films also possessed a good cytocompatibility to the kératinocytes.
However, the surface modification of the polymeric substrates did not statistically affect
the bioresponses of the keratinocytes. From the optical light microscope, at the
incubation time of 1 day, the kératinocytes were able to attach on the surfaces of all test
samples, and the cells showed spherical shapes. As the incubation time increased to 7
days, the attached kératinocytes exhibited flattening and typical elongated cell shapes
(data not shown).

The rhamnolipid biosurfactant has great potential for biomedical field
because of its good heat tolerance even after being submitted to autoclave sterilization
[38]. The biological activities of the rhamnolipid biosurfactant were also widely studied
in the recent years to observe its possible use in the skin care products, the skin
treatment, and the wound healing [65-67]. It was reported that the rhamnolipid
biosurfactant showed the skin irritating effect lower than the synthetic surfactant
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(sodium dodecyl sulfate, or SDS) due to its milder interaction with keratin—the protein
in skin. Stipcevic et al. [66] treated neonatal human fibroblasts and kératinocytes grown
in the serum-containing medium with the rhamnolipid biosurfactant. The results showed
that the biosurfactant was able to inhibit the proliferation of the fibroblasts, but enhanced
the proliferation and the differentiation of the keratinocytes. Its effect on the
kératinocytes suggests the possibility to use this surface-active agent in the skin
treatment and the wound healing. Stipcevic et al. [67] applied a rhamnolipid-containing
eucerin ointment on full-thickness bum wounds in rats covering with 5% of the total
body surface area, and reported that the hiosurfactant accelerated the wound healing
process by accelerating the wound closure and by decreasing the collagen content in the
wound area. The incorporation of the rhamnolipid biosurfactant to the tissue engineering
materials might further expand its potential use in the biomedical fields, especially in the
wound care applications, in the near future. In the present study, the results suggest that
the cell growths can be affected by the adsorbed biosurfactant layer, the test cell types,
and the selected tissue engineering materials.

1.5 Conclusions

The rhamnolipid biosurfactant extracted from the liquid culture of p.
aeruginosa SP4 was used to modify the surface characteristics of silk fibroin and
chitosan films via the adsorption process. The results suggest that the hiosurfactant could
be used as a tool for tailoring the surface characteristics of materials to achieve the
desired bioresponse, such as the cell growth. The use of the rhamnolipid biosurfactant in
the biomedical fields perhaps introduces this surface-active compound into high value-
added applications.
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Figure 7.1 Chemical structures of (a) rhamnolipid biosurfactants, (b) silk fibroin, and
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Figure 7.5 Water contact angles of either silk fibroin or chitosan films as a function of
the biosurfactant concentration.
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Figure 7.6 Topography AFM micrographs (scan are of 1 pm2) of (a) unmodified silk
fibroin, (b) surface-modified silk fibroin films, (c) unmodified chitosan, and (d) surface-
modified chitosan.
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Figure 7.7 Growth of human dermal fibroblasts on unmodified and surface-modified
polymeric films,
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Figure 7.8 Growth of human dermal keratinocytes on unmodified and surface-modified

polymeric films.
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