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trending for their “green” properties. In this paper, properties of biofilms made from
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whole seaweed (WS), Kappaphycus sp. and pure kappa-carrageenan powder (PC) were
compared. Glycerol, as plasticizer, was added at differing amounts (1%, 2%, 3%, 4%
and 5%, v/v) and their appearance, physical and mechanical properties, solubility, and
biodegradability were studied. As results, for colour difference and transparency, WS-
1% showed higher AE at 17.09 + 0.85 with highest opacity at 13.73 mm! and least AE
was at 2.73 + 0.13 for PC-5% with opacity at 0.49 mm-L. For mechanical properties, PC-
1% has the highest tensile strength and elastic modulus at 26.63 £ 2.18 MPa and 253.53
+19.43 MPa, respectively, whereas WS-5% has the lowest at 0.71 £ 0.15 MPa and 2.47
+ 0.44 MPa, respectively. As for biodegradability, by the first week, WS-5% lost 80% of
its weight and PC-1% only lost 3%. Overall, PC biofilms showed better quality in terms
of mechanical and physical properties but WS biofilms were faster to degrade and
dissolve in water. Glycerol concentration affects most of the properties except for
mechanical properties for WS and solubility of both. This study suggests that PC may
be a better base material for stronger biofilms but WS are a better choice from
environmental and cost aspects.
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1. Introduction

Algae or seaweed have been cultivated for their valuable gelatinous substance known as
hydrocolloids, namely, alginate, agar and carrageenan. These are used as source of food, feed,
fertilizer and even medicine because it contains protein, iodine, bromine, vitamin and substance of
stimulatory and antibiotic nature, other than being used as gelling, stabilizing and thickening agents
in industries [1,2]. Seaweed is the common name for countless species of marine plants and algae
that grow in the oceans, rivers, lakes, and other water bodies [3]. The chemical composition of
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seaweed is very versatile, varying with species and the harvesting season [4]. Generally, they consist
of an organic fraction, mostly fiber and ashes, and inorganic fraction such as macro- and micro-
minerals and nutrients [5]. Unlike terrestrial plants, some seaweed contain cellulose and anionic
sulphated polysaccharides (carrageenan, agar and alginates) as the main component in their cell wall
[6].

Plastics, mainly those of one time use, are thrown out as garbage which accumulate in the
environment becoming rubbish where it has created a monumental problem on our health,
ecosystems and wildlife due to its non-biodegradable properties. Furthermore, recycling them cost
more and incinerating them produce harmful chemicals to the environment contributing to global
warming [7]. According to an article in national geographic magazine by Parker [8], 8.8 million tonnes
of plastic waste winds up in our ocean each year which is enough to cover every foot of the coastline
around the world. Hence, an emerging solution which allows decomposition of the plastic waste was
proposed by substituting plastic bag make-up material with biodegradable materials [9].

In recent years, biofilm from seaweed hydrocolloids, especially alginate and carrageenan, shows
promising potential due to the good gas barrier and mechanical properties [10]. Few previous studies,
as summarized by Tavassoli-Kafrani and others [11], seaweed-based bioplastic were focusing on
blends with other materials, such as, chitosan, cellulose, antimicrobial compounds, essential oil and
others, mainly for coating and packaging food. The development of bioplastic requires the
polysaccharides, which acts as the main polymer chain, to form the bioplastic, where plasticizer is
incorporated for its ability to soften and make bioplastic more flexible [12]. The more commonly used
plasticizer in studies are glycerol especially in incorporating with seaweed-based polysaccharides [2,
13-16]. In this study, two types of biofilms were prepared namely from pure kappa-carrageenan (PC)
and whole Kappaphycus sp. Seaweed (WS). The aim is to investigate if biofilms from WS are
comparable to PC so that the long carrageenan extraction procedures and biomass waste could
possibly be avoided. Both types of biofilms were added with glycerol at 1, 2, 3, 4 and 5 % (v/v),
respectively, to reduce brittleness. Their characteristics were tested using standard methods.

2. Materials and Methods
2.1 Sample Preparation

Pure carrageenan powder (C1013) was purchased from Sigma-Aldrich (Germany). Meanwhile,
fresh and healthy red seaweed, Kappaphycus sp., was obtained from Semporna, Sabah. Kappaphycus
sp. was washed under running water and dried at 60°C overnight. It was then blended into powder
form before being used in development of biofilms.

2.2 Development of Biofilms

The method used is as described by Rahmawati et al., [17] with slight modification. Exactly 2.0 g
of the biomass materials (PC and WS, respectively) was dissolved in 100 mL of deionized water at
60°C and left to settle at room temperature for 30 minutes. This is followed by addition of glycerol
(99% purity) to the solution at 1%, 2%, 3%, 4% and 5% (v/v), respectively, and heated to 80°C and
maintained for 1 minute. By using a casting method, the solution was poured into a petri dish and
left to dry at 50°C overnight in a ventilated dryer at 49 + 4% RH before being peeled off.
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2.3 Moisture Content

Adapted from a study by Ili Balgis et al., [18] with slight modification, the initial weight of sample
was recorded before being heated in an oven at 105°C for 24 hours. The final weight was recorded
and moisture content was determined as in Eq. (1).

i Initial weight—Final weight
Moisture Content (%) = nitial weig inal weig

x 100% (1)

Initial weight

2.4 Colour and Transparency

The method used is as described by Tessaro et al., [19], where colour difference were determined
using Colour Reader (Konika Minolta) and subtract the background reading (L* = 87.2, a* = +5.8 and
b*=-3.3) from the sample readings (L, a, and b) as in Eq. (2).

Colour Difference (AE) = /(L — L)% + (a — a*)? + (b — b*)? 2)

Transparency was determined using the method adapted from Moey et al., [20], where biofilm
sample was placed into the sample holder of UV-Vis Spectrophotometer (Agilent Cary 60) and read
for absorbance at wavelength 660nm. Transparency (T) was determined from Eq. (3), where
thickness was measure using digital caliper (Mitutoyo) before being placed in the UV-Vis
spectrophotometer.

Absorbance
Transparency (T) =

(3)

Film Thickness

2.5 Mechanical Properties

For mechanical properties biofilm samples were cut into strips of 15mm x 90mm and thickness
were measured before being fitted onto the sample holder of a Universal Tensile Machine (Gotech
Instruments) [20].

2.6 Solubility

Method adapted from Moey and others [20] were modified to determine solubility rate. Solubility
of biofilms was determined using the rate of solubility as in Eq. (4), by recording the time taken to
dissolve 25 x 30 mm?2 sample in 125 ml of water in different condition; tap, distilled, and hot (90°C),
while continuously stirred at 200rpm.

25 x 30 x thickness (mm3)

Solubility =

(4)

time (S)
2.7 Surface Morphology

The surface morphology of the biofilm was determined by using Scanning Electron Microscopy
(Hitachi S-3400N) to obtain the scanning electron micrographs at 500x magnification.
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2.8 Biodegradability

Biodegradability were tested using soil burial test as suggested by Ismail et al., [21] with slight
modification, where biofilm samples were buried both indoor (room temperature, no outer stimuli,
49 = 4% RH) and outdoor (soil MC 38.2 + 3.2%, 28 + 2°C, 52 + 3% RH). Percentage of degradation
were determined using Eq. (5).

Initial weight—Final weight

Percentage of degradation (%) = x 100% (5)

Initial weight

2.9 Statistical Analysis

All data collected were analyzed using Analysis of Variance (ANOVA) and Duncan’s Multiple Range
Test (DMRT) as the post-hoc analysis to determine the relationship between PC and WS biofilms, also
in the changes affected by glycerol content.

3. Results and Discussion
3.1 Moisture Content

Moisture content was found to be higher in percentage with increase of glycerol even though
drying condition were the same as shown in Figure 1. Both PC and WS biofilms were highest at 5% at
75.5 £ 0.3% and 76.6 + 0.2%, respectively, while with the lowest at 1% with readings of 30.3 + 5.0%
and 32.2 + 3.0%, respectively. Thickness of the biofilms ranged from 0.05 £ 0.01 mm t0 0.16 + 0 mm
and 0.04 £ 0 mm to 0.09 + 0 mm for PC and WS biofilms, respectively, where both PC and WS biofilms
were the thinnest at 1% while the thickest at 5%.

a

a
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Fig. 1. Comparison of moisture content of biofilms

Glycerol, due to its hydrophilic and polar properties, tend to absorb and maintain the water in
the body of the biofilm as a reaction of the hydroxyl group (OH) with water through hydrogen
bonding [18]. Due to more moisture absorbed, naturally, higher glycerol content leads to thicker
biofilms [22]. Carrageenan, which is the polysaccharide that supply the main polymeric chain to form
bioplastic, react with more scattered glycerol in the mixture while creating more space in the film
matrix, hence, directly increasing the thickness of biofilm made of commercial carrageenan [23]. The
entrapment of moisture for both PC and WS biofilms were proven statistically to be not affected by
source of base material (P>0.05) and more significantly affected by glycerol content (P<0.05).
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3.2 Colour and Transparency

Colour difference of biofilms were obtained using a colour reader by using white A4 paper as a
base, reading AE = 0. Since the biofilms were placed on top of the white A4 paper, the transparency
of biofilm affects the colour reading directly. So, biofilms of higher transparency gave a lower AE
reading. The obvious difference in AE between PC and WS biofilms were because the commercial
carrageenan powder was white, it produces milky colour biofilm and was transparent, whereas for
WS biofilms, whole seaweed was used hence producing slightly transparent, light green colour
biofilm as shown in Figure 2(a) and (b), respectively.

(a) (b)
Fig. 2. (a) PC-biofilm and (b) WS-biofilm

Figure 3 illustrates the comparison of biofilms to a white A4 which lies at 0. The colour reader
gives the direct reading of L, a and b, where, L shows black (0) to white (100), a shows green (-) to
red (+) and b shows blue (-) to yellow (+) of the biofilm itself. However, the value of the A4 paper, L*,
a* and b*, was subtracted from the biofilms to get AL difference in lightness (+) and darkness (-), Aa
greener (-) or redder (+) and Ab bluer (-) or yellower (+), compared to the white A4 paper. As resulted,
the most colour difference (AE) for PC biofilms was at 1% and least at 5% by 6.16 + 0.80 and 2.73 +
0.13, respectively, with significant difference of P<0.05 or 1% with 2%. Whereas for WS biofilms, the
highest AE was at 17.09 £ 0.85 and lowest at 11.53 + 0.37 for 1% and 5% WS biofilms, respectively.

AE T T AT —
[%2] Ab T ES S —
® s s -
AL T 4%
AE :j::"""""""""i]“ - 3%
Ab i " 2%
8 — m1%
Aa
AL J—
-10.00 -5.00 0.00 5.00 10.00 15.00

Fig. 3. Comparison of colour difference between biofilms

As for the colour comparison as shown in Table 1, biofilm becomes lighter as more glycerol was
added where biofilms were lightest in colour at 5% and darker in colour at 1% for both PC and WS
biofilms, respectively. To compare it more generally, WS biofilms were darker by -6.95 + 1.08, greener
by -1.14 £ 0.07, and more yellowish by 11.57 + 1.87 than the white A4 paper, meanwhile, PC biofilms
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were only slightly darker by -1.83 + 0.3, greener by -0.42 + 0.03 and slightly more yellow by 3.76
1.42.

Addition of glycerol is also known to decrease opacity of biofilm because elongated polymer
chains can move more freely in the biofilm matrix due to the increase in intermolecular space, hence,
allowing light to pass through easily [23]. Transparency of biofilm also shows the compatibility of the
mixture, as inhomogeneous mixture tend to disperse light leading to less light transmitted through
the biofilm resulting in a more opaque biofilm [24]. As shown in Figure 4, most transparent for PC-
5% at 0.493 mm! whereas for WS biofilm was at 0.756 mm for WS-5%, whereas most opaque for
both PC and WS biofilms were at 1% glycerol content at 5.78 mm™ and 13.725 mm, respectively.
The sudden drop to 0.927 mm™ at WS-2% indicates good ratio mix of base material with glycerol.

Table 1
Comparison of difference in colour by lightness/darkness (AL), greenness/redness (Aa),
blueness/yellowness (Ab) and total colour difference (AE) for PC and WS biofilms

Glycerol PC WS
AL Aa Ab AE AL Aa Ab AE

1% 230+ -0.40 + 5.70 £ 6.16 + -8.77 + -1.10+0° 14.63 + 17.09 +
0.46° 0.10? 0.70? 0.80° 0.55° 0.67° 0.85°

2% -1.87 -0.47 + 3.10+ 3.65 + -7.00 + -1.13 % 11.90 + 13.85 +
0.31% 0.06° 0.56° 0.60° 0.40b 0.06° 0.66° 0.76°

3% -1.80 + -0.43 + 2.57 + 3.19+ -6.57 + -1.20 10.87 + 12.76 +
0.532b 0.06° 0.21b 0.21b 0.61bc 0.10° 0.31¢ 0.38¢

4% -1.73 % -0.40 + 247 + 3.05 + -6.40 + -1.17 + 10.70 + 12.52
0.40%° 0.10° 0.31° 0.47° 0.36" 0.06° 0.53¢ 0.63¢

5% -1.47 -0.40+£0° 227+ 273+ -6.00 + -1.20 9.77 + 11.53 +
0.15° 0.06° 0.13° 0.20%¢ 0.10° 0.31¢ 0.37¢

Data reported are mean * standard deviation and values of different letters ¢ of the same column are significantly
different (P<0.05) to each other
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Glycerol Content
Fig. 4. Comparison of transparency between biofilms

3.3 Surface Morphology
SEM images of PC and WS biofilms were taken at the magnification of 500x as shown in Figure 5,
from lowest glycerol content to the highest. As observed in the micrographs, some small white spots

are apparent which due to the exposure to dust and impurities during storage period. From the
micrograph, PC-1% shows a smooth surface, however, there were cracks observed due to not enough
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moisture. Overall, there were not much difference for PC biofilms 2% to 5% which may indicate that
the biofilms were homogenous and smooth on the surface with slight impurities on top.

For WS biofilms, 1% glycerol showed slightly cracked surface with growth of mold since it was
taken three months after the development of the biofilms. As for WS-2%, it can be observed that the
image of the film was homogenous and smooth, however, mold was observed to start to grow when
the micrographs were taken. Micrographs of WS-3% show slightly murky image, whereas WS-4% and
WS-5% have murkier image, which show the inhomogeneity of the mixture at higher content of
glycerol.

.

e 53400 12 0KV 4 A 3500 BSECCMP 559 20

(a) PC-1% (b) PC-2% (c) PC-3% (d) PC-4% (e) PC-5%

Gsccoue Py

(f) WS-1% (g) WS-2% (h) WS-3% (i) WS-4% (i) WS-5%
Fig. 5. SEM Micrographs for each biofilm samples at 500x magnification

cocel X

3.4 Mechanical Properties

Mechanical properties tested include tensile strength, elastic modulus, and elongation at break.
A previous study by Tong et al., [25] showed that addition of plasticizer decreases the tensile strength
but increases elasticity of biofilms. Elasticity can also be represented by Young’s modulus or elastic
modulus which is the measurement of stiffness, where lower value means higher elasticity [26].

Table 2 shows the comparison of mechanical properties of PC and WS biofilms at different
concentrations of glycerol. As glycerol increased, the tensile strength decreased with the highest
tensile strength at PC-1% and lowest at PC-5% at 26.63 £ 2.18 MPa and 2.93 + 0.34 MPa, respectively.
Lower tensile strength gives higher degree of elasticity which means lower elastic modulus, where
the highest was at PC-1% and lowest at PC-5% at 253.53 + 19.43 MPa and 10.89 + 2.60 MPa,
respectively. As for the maximum elongation, PC biofilm that elongated the most was at 47.3 + 4.7%
andtheleastat 27.0 £ 1.7% of their initial length at glycerol content of PC-2% and PC-1%, respectively.

For WS biofilms, the highest tensile strength was at WS-1% and lowest at WS-5% at 2.07 £ 0.15
MPa and 0.71 £ 0.15 MPa, respectively. Elastic modulus was the highest at WS-1% and lowest at WS-
5% at 8.05 + 0.78 MPa and 2.47 + 0.44 MPa, respectively, and showed only a significant difference
statistically at P<0.05 for pairing of 1% with 2% and 2% with 5%. Although the result for maximum
elongation was not significant (P>0.05), WS-1% shows the least elongated and most at WS-2% at 66.8
+1.8% and 79.2 + 10.1 %, respectively.

The obvious difference between PC biofilms and WS biofilms in tensile strength and elastic
modulus is due to the percentage of carrageenan content in the mixture. This is because, prior to the
study, extraction of semi-refined carrageenan using alkaline solution (6% KOH) on Kappaphycus sp.
which yielded about 31.8 + 0.5% (w/w) semi-refined carrageenan, hence, the make-up material of
WS biofilms have less binding carrageenan properties compared to pure carrageenan. As the binding
intermolecular force was weaker, the polymeric chain was able to stretch out more, hence reducing
the stiffness enabling WS biofilms to be more elastic but weaker than PC biofilms.
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Table 2
Comparison of mechanical properties of PC and WS biofilms
Glycerol PC WS
Tensile Elastic Maximum Tensile Elastic Maximum
Strength Modulus Elongation Strength Modulus Elongation (%)
(MPa) (MPa) (%) (MPa) (MPa)
1% 26.63+£2.18% 25353t 27.0t 2.07 £0.15° 8.05+0.78 66.8 +
19.43° 1.72 1.82
2% 18.36+1.00° 69.52+ 473+ 1.95+0.17° 6.71+0.26° 79.2+10.1°
11.01° 4.7°
3% 7.53 £0.99¢ 48.02+8.49° 369+% 1.33£0.23° 3.98 £0.21°¢ 73.1 +2.6%¢
2.9¢
4% 5.72 +1.09¢ 18.60+1.09¢  42.7 +3.6* 1.05 +0.18° 3.45+0.57¢ 70.7 + 6.23b¢
5% 2.93 £0.34¢ 10.89+2.60¢ 42.1+5.1% 0.71 £0.15¢ 2.47 £ 0.44¢ 68.5+
6.2%¢

Data reported are mean + standard deviation and values of different letters ¢ of the same column are significantly
different (P<0.05) to each other

3.5 Solubility

Solubility rate of biofilms in tap water, distilled water and hot water were as presented in Table
3 for both PC and WS biofilms. For PC biofilms in tap water and hot water, PC-1% had the lowest
solubility rate at 2.30 £ 0.2 mm3/min and 48.45 + 4.12 mm3/min, respectively. Meanwhile the fastest
was at PC-5% with 8.81 + 0.58 mm3/min and 148.04 + 4.69 mm3/min for tap and hot, respectively. As
for distilled water, the highest rate was shown by PC-4% and lowest at PC-1% at 7.54 + 0.07 mm3/min
and 2.39 + 0.12 mm?3/min, respectively.

Table 3
Comparison of solubility rate of PC and WS biofilms in water of different conditions

Glycerol PC WS
Tap Distilled Hot Tap Distilled Hot

1% 2.30 £0.20¢ 2.39+0.12° 48.45 + 4.12¢ 5.13 £ 0.54° 11.64+2.73>  72.24 +5.21¢

2% 3.67 £0.54*°  3.27 +0.05° 90.05 + 2.57¢ 5.48 +0.88° 12.56 +1.28>  122.92 +28.18°

3% 4.52+0.76° 4.18+0.19° 120.36 7.36+1.49° 12.67+2.42°* 137.07
8.04° 20.79%°

4% 8.13 +0.63? 7.54 +0.07° 140.42 7.91 +1.96° 13.62 +1.55°  148.64 + 15.17°
5.80%°

5% 8.81+0.58° 7.50 £ 0.15° 148.04 + 8.87+0.61° 19.84+2.13%7  160.62 + 13.70°
4.69°

Data reported are mean * standard deviation and values of different letters 9 of the same column are significantly
different (P<0.05) to each other

As for WS biofilms, solubility rate for tap, distilled and hot water were all highest at WS-5% at
8.87 £0.61 mm3/min, 19.84 + 2.13 mm?3/min and 160.62 *+ 13.70 mm?3/min, respectively. Meanwhile,
the lowest was WS-1% at 5.13 + 0.54 mm3/min, 11.64 *+ 2.73 mm3/min and 72.24 + 5.21 mm3/min,
respectively. As shown in Figure 6, there are significant difference (P<0.05) in the solubility rates in
all the three conditions, which is most likely due to the carrageenan content in the biofilms.
Carrageenan is known to form a very stable structure in biofilm formation which directly lower the
gap available for water movement and in turn slows down the time to dissolve the biofilm [2]. This
may explain the higher solubility property of the WS biofilms compared to PC biofilms. As a general
comparison, PC and WS biofilms showed no significant difference (P>0.05) compared to each other
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for tap and distilled water. However, there was significant difference (P<0.05) for hot water when
compared.

L e

5
I 1
104.67+33.32a
3 -—14.07 +358b
A F4.98+223b =WS
PC
e
[+
T 6.48:268D
0.00 20.00 40.00 60.00 80.00 10000 12000  140.00  160.00

Solubility Rate (mm?3/min)
Fig. 6. Comparison of Solubility between biofilms made of PC and WS

3.6 Biodegradability

Biodegradability test were conducted both indoors and outdoors, however, outdoors data were
unable to be retrieved due to the tropical weather of unexpected rain. Figure 7 shows the
degradation rate of biofilms buried indoors for four weeks. Since glycerol encourages water retention
in biofilms, microorganism from the soil react to the water within the biofilm and starts decomposing
due to breakdown of polymer chains in the biofilms, naturally, higher moisture retained by biofilm
tend to encourage more microorganism activity hence, enhancing the biodegradation process [9, 21,
27]. As in Figure 7, reaction was slow for PC biofilms after the first week but a sudden rise in the
second week due to the biofilm matrix in which PC biofilms were held together more strongly than

WS biofilms.

90% W1 W2 =W3 W4  ba Cbadcba
h @
80% b a c b @ b a c oce dloeR RS
c eS8 "883 B3
70% a c o © X S < 80 KRB o o
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© o © 5 & Irs) ©
2 40% p @ L w H d
—_ 0 (=)
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Q2% dg8% d g
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0, XX N
10% SN = 8
0%
1% 2% 3% 4% 5% 1% 2% 3% 4% 5%
PC ws

Fig. 7. Comparison of biodegradability buried indoors with timeframe of 4 weeks for PC- and WS-biofilms

Since no water was continuously spread on soil after it was dug up, the soil dried up and less
activity was observed after one week. Conditions of the bioplastic showed only slight change
between week 1 and 2, then the condition remained constant after week 2 for both PC and WS
biofilms as shown in Table 4. After one month, water was sprayed on the soil daily to heighten the
moisture in soil for a week, it was found that all the biofilms were completely decomposed at the
end of the week.
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Table 4
Comparison of biodegradability at after 1 and 2 week of indoor soil burial test for PC and WS biofilms
1% 2% 3% 1% 5%
) . -l i
- -
WS - -
Week 2

3.7 Applications

The biofilms produced show potential to replace petroleum-based plastic and non-degradable
packaging especially those that do not require great mechanical properties, for instance the single-
use packaging for instant noodle, flavouring, coffee mix, candy wrapper and others. Application of
biofilms produced can be modified according to their needs. Table 5 shows examples of packaged
items using PC and WS biofilms to show the potential of incorporating them as an alternative for food
packaging. Studies on the properties of these applications such as shelf-life, odour and other
properties are still ongoing.

Table 5
Instant noodle, coffee mix, and flavouring repackaged in PC- and WS-based biofilms
Current Packaging PC-based Biofilm WS-based Biofilm

Coffee Mix

Flavourings

Instant
Noodles
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4. Conclusion

It is shown here that using PC as base material gives a tougher and smoother bioplastic product,
however, it takes longer to dissolve or degrade compared to WS biofilms. This is an important factor
to consider in promoting it as an edible biofilm. Besides much cheaper in price than PC, WS-based
biofilms have a natural colour which can be promoted as natural colour packaging and more cost-
effective industrially. Biofilms made of whole seaweed promotes chemical- and waste- free
packaging and modification can be made on the recipe to suit the biofilms’ application in any
industry. Although the mechanical properties may be in shortfall compared to conventional plastic,
but this is an initiative to tackle single use plastic packaging. Furthermore, research on improving the
mechanical properties of WS biofilms via blending with fillers such as cellulose from agriculture waste
are on-going in our lab.
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