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This study aims to produce novel derivatives of karaya gum using chemical modification and then apply them for active packaging
with cinnamaldehyde as the main active component. Native karaya gum (NKG) was hydrolyzed using sodium hydroxide to yield
hydrolyzed karaya gum (HKG), which then was oxidized using sodium periodate to yield hydrolyzed-oxidized karaya gum
(HOKG). For comparison, NKG was also directly oxidized using sodium periodate to produce oxidized karaya gum (OKG).
FTIR spectra confirmed the removal of acetyl groups after alkaline hydrolysis and the formation of carbonyl groups with
subsequent formation of hemiacetal and acetal structures after periodate oxidation. The alkaline hydrolysis and the periodate
oxidation resulted in opposite effects on the hydrophilicity of the gum: hydrolysis increased solubility, moisture uptake, and
viscosity, while periodate oxidation decreased these properties. We then produced films from corn starch and these gums (5%
w/w gum/starch) and properties of the films were studied. Hydrolysis of KG resulted in higher tensile strength, higher
transparency but lower puncture strength and antifungal activity against of the films, while periodate oxidation exerted the
opposite effects. The incorporation of 5% cinnamaldehyde (w/w of starch) exerted strong antifungal and antibacterial effects
on the films against Colletotrichum gloeosporioides and Escherichia coli, which are useful in active packaging. The active
packages based on the novel derivatives of KG can find applications in the agricultural, food, and pharmaceutical industries.

1. Introduction

Karaya gum is produced from Sterculia trees in the form of
dried tears. Native karaya gum (NKG) is a natural branched,
partially acetylated rhamnogalacturonan-type polysaccha-
ride with molecular masses of 9-16MDa [1]. Its main struc-
ture is made of α-D-galacturonic acid and α–L-rhamnose
units bonded alternately by 1→ 2 and 1→ 4 linkages
(Figure 1). There are two types of sidechains on the main
structure: (i) β-D-glucuronic acid sidechains linked by
1→ 3-bonds to the galacturonic acid and (ii) β-D-galactose
sidechains linked by 1→ 4-bonds to the rhamnose part

and by 1→ 2-bonds to the galacturonic part. Neutral sugars
rhamnose and galactose compose 55-60% of NKG, while
galacturonic and glucuronic acid sugars compose 37-40%,
and acetyl groups—about 8% [2]. NKG exists in the form
of calcium and magnesium salts of the sugar acids. The ace-
tyl groups and the 2+ cations make NKG insoluble and
highly swellable in water [1]. Alkaline hydrolysis using
ammonia or alkali metal hydroxides is a simple way to
remove the acetyl groups and precipitate the 2+ cations to
increase the solubility of KG and widen its applications [3].
The structure of NKG and hydrolyzed karaya gum (HKG)
is presented in Figure 1.
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Figure 1: Structures of native (NKG), hydrolyzed (HKG), periodate oxidized (OKG), and hydrolyzed-periodate oxidized (HOKG) karaya gums.
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Periodate oxidation is a popular method in structural
carbohydrate chemistry. In thismethod, the periodate ion selec-
tively oxidizes 1,2-dihydroxyl groups to paired aldehyde groups
without significant side reactions. Sodium periodate NaIO4 is
the most common reagent and has been used to oxidize several
polysaccharides such as starch [4, 5], cellulose [6, 7], alginate [8,
9], chitosan [10, 11], and hyaluronic acid [12, 13]. The dialde-
hyde derivatives of these polysaccharides are commonly used
as a crosslinker with other polymers in films and gels. To the
best of our knowledge, there was no study using periodate to
oxidize karaya gum. Therefore, we used the periodate oxidation
to modify the structure of NKG and HKG to convert the vicinal
hydroxyl groups to carbonyl groups and obtained oxidized
karaya gum (OKG) and hydrolyzed-oxidized karaya gum
(HOKG), respectively (Figure 1). Compared to the instinct
carboxyl and hydroxyl groups in KG and HKG, the carbonyl
groups can participate in more chemical reactions, such as
nucleophile addition with a wide range of nucleophiles, oxida-
tion-reduction, and bisulphite reaction. Therefore, OKG and
HOKG can be potential intermediates to several derivatives
of KG.

This study intended to produce novel derivatives of KG
and apply them in active food packaging. Active packaging is
a growing research interest in producing packages that have
active functions such as antibacterial, antifungal, and antioxi-
dant activities by releasing active components to protect and
prolong the shelf life of the packaged food [14]. The active
components should be natural, such as essential oils, plant
extracts, or compounds isolated from them. Cinnamaldehyde
is a yellowish oil extracted from cinnamon oils and is com-
monly used to give a cinnamon flavour to food, cosmetics,
medicines, and perfumes [15]. Cinnamaldehyde inhibits bac-
terial growth [16], molds [15], and insects [17] by inhibiting
ATPase synthesis [18] and cell wall biosyntheses [19] and
altering cell wall structure and integrity [20]. Cinnamaldehyde
has been incorporated into several natural polymeric films
from natural sources such as starch [21], gliadin [22], soy pro-
tein isolate [23], and synthetic polymers [24, 25] for antifungal
and antibacterial applications.

In this study, after producing hydrolyzed and oxidized
KG and incorporating them into starch films, we also added
5% cinnamaldehyde and tested the antibacterial, antifungal,
and antioxidant properties of the composite films.

2. Experimental Methods

2.1. Chemicals andMaterials.Karaya gum and corn starch were
purchased from Xuan Hong Ltd. (Vietnam). Analytical-grade
chemicals including NaOH, HCl, NaIO4, NH2OH.HCl, and
cinnamaldehyde were purchased from Xilong Ltd. (China),
95% ethanol from Chemsol (Vietnam).

2.2. Alkaline Hydrolysis of Karaya Gum. HKG was prepared
according to a published procedure [3]. Two grams of NKG
were left swelling in 100mL of distilled water for 24h. The
swelled gum was hydrolyzed and solubilized by adding
33.3mL of 1M NaOH solution and stirring the mixture for
30min. The excess NaOH was then neutralized using 1M
HCl solution until the suspension pH reached approximately

3. To precipitate NKG, 95% ethanol was added to the solution
with a 3 : 1 v/v ratio. The precipitated gum was collected using
a stirring rod, washed twice using 75% ethanol, dried at 50°C
for 24h, and ground to powder.

2.3. Periodate Oxidation of NKG and HKG. Dialdehyde
derivatives of NKG and HKG were prepared based on a
method for carboxymethyl cellulose [26]. Each type of gum
(1 g) was stirred in 20mL of distilled water for 24 h. Then,
2mL of 0.11 g/mL NaIO4 solution was added, and the pH
was adjusted to 3 using 1M HCl solution. The mixture was
stirred for 4 h at room temperature in the dark. The oxidized
product was precipitated by adding 95% ethanol with a
3 : 1 v/v ratio. The filtered precipitate was then washed using
75% ethanol until the washing water did not change the
color of a solution containing KI and soluble starch. The
filtered solid was dried at 50°C for 8 h, ground to powder,
and stored for further uses.

2.4. Characterization of Gum Powders

2.4.1. Content of Carbonyl Groups [5]. Each oxidized gum
powder (0.2 g) was dispersed in 25mL of 0.25M NH2OH.HCl
solution (pH = 5:0) by stirring for 15min. The mixture was
then heated in a water bath at 50°C under stirring and contin-
uously titrated with a standard 0.100M NaOH solution to
maintain the solution pH at 5.0. The same procedure was con-
ducted for the NKG as the control.

The mass percentage (%) of carbonyl groups in the oxi-
dized gum was calculated using the following formula:

%CHO = 29 × 0:1 × Vs −Vcð Þ
0:2 × 1000 × 100 = 14:5 × Vs − Vcð Þ,

ð1Þ

where Vs and Vc (mL) were the volumes of the standard
0.100 NaOH solution used to titrate the oxidized gum and
the NKG control, respectively.

2.4.2. FTIR Spectra. The dried gum powders were pressed on
an attenuated total reflection (ATR) support of an FT/
IR—4700 spectrophotometer (Jasco, Japan). The spectra
were scanned from 400 to 4000 cm-1 with a resolution of
2 cm-1.

2.4.3. Solubility. An excess amount of each gum was stirred
for 24h in 100mL of distilled water for complete solubiliza-
tion. The mixture was then centrifuged at 3000 rpm for
15min. The clear supernatant was poured on a Petri dish,
weighed, and dried at 105°C for 24h to obtain the dissolved
gum portion. The procedure was triplicated for each gum.
The solubility was calculated using the following formula:

S% = msolid
mso ln

× 100, ð2Þ

where msoln was the mass of clear supernatant, and msolid
was the mass of remaining solid after complete drying of
the supernatant.
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2.4.4. Relative Viscosity. The relative viscosity of gum solu-
tions (concentrations from 0.025 to 0.100 g/L) was deter-
mined with an Ostwald viscosimeter (Ø = 0:3mm) and
using distilled water as the reference.

2.4.5. Moisture Uptake. Each dried gum powder was spread
on a Petri dish and put in a closed container with 75% rela-
tive humidity (by a saturated NaCl solution put inside). The
mass of the Petri dish with gum was recorded every hour for
2 days to calculate the moisture of the gum over time.

2.5. Film Preparation. Starch-gum films were prepared based
on a published procedure [27]. A dispersion containing 0.1 g
of gum and 20mL water was prepared and left for 24h. Two
grams of corn starch, 0.6 g glycerol, and a predetermined
amount of cinnamaldehyde were dispersed in 40mL of dis-
tilled water. The mixture was heated to 95°C and kept for
20min for complete gelatinization of starch. The swelled
gum dispersion was then added to the gelatinized starch
solution. This film-forming mixture was stirred for 10min
and then poured into Petri dishes and left 48 h for drying
at room temperature. The dried films were then peeled off
the Petri dishes and conditioned in a vessel containing a sat-
urated NaCl solution (75% relative humidity) at least 48 h
before film characterizations.

2.6. Film Characterization. The thickness of each film was
measured at 10 positions using a digital caliper (Mitutoyo,
Japan) with an accuracy of 0.01mm.

2.6.1. Texture Analysis. Puncture and tensile tests for the
films were conducted using a CT3 Texture Analyzer (Brook-
field, USA) according to a published study [28]. For punc-
ture tests, each film was cut to 40 × 40mm strips and
conditioned in the 75% RH container for at least 48 h before
the test. Each strip was gripped and punctured perpendicu-
larly using a 4.0mm probe with a 1.0mm/s speed until
completely penetrated (Figure 2(a)).

The puncturing penetration stress (MPa) was calculated
using the following formula:

P = F
A
, ð3Þ

where F is the maximum resistance force (N), and A =
12:56mm2 is the contact area between the film and the pen-
etration probe.

For tensile tests, the films were cut to 120 × 15mm strips
and glued and wrapped around the 17.8mm probes at an
initial distance of 45mm (Figure 2(b)). The upper probe
was then moved upward at a 1.0mm/s speed until the film
is completely broken.

The tensile strength of the films (N/mm2) was calculated
using the following formula:

P = F
S
, ð4Þ

where F was the maximum resistance force (N), and S was
the initial cross-section area (mm2).

2.6.2. Moisture, Water Uptake, and Solubility of Films. The
moisture, water uptake, and solubility of the films were
determined based on a published procedure with minor
modifications [29]. The films were cut into 30 × 30mm
pieces, weighed (mo), dried at 105°C for 24 h, and weighed
again (m1). The dried films were then immersed in 20mL
of distilled water for 24h, dried using a filter paper, and
weighed (m2). The films were subsequently dried at 105°C
for 24h and weighed again (m3). The moisture content
(MC, %), water uptake (WU, %), and solubility in water
(S, %) were calculated using the following formulae:

MC= m0 −m1
m0

× 100 %ð Þ,

WU = m2 −m3
m3

× 100 %ð Þ,

S = m1 −m3
m1

× 100 %ð Þ:

ð5Þ

Water vapor permeability (WVP) of films was deter-
mined according to method ASTM E-96.

2.6.3. Antibacterial and Antifungal Activities. Antibacterial
and antifungal activities of the films were evaluated based on
the disc diffusion method [30]. The bacteria Escherichia coli
and the mold Colletotrichum gloeosporioides were supplied
by the Vietnam Type Culture Collection. The culture medium
contained 2% agar and 2% nutrient broth. For antifungal tests,
the antibiotic chloramphenicol (8ppm) was used to inhibit the
growth of bacteria. The medium was autoclaved, left cooling,
and then poured into Petri dishes. When the medium was
cooled to room temperature, 100μL of the microorganism
suspension (5 log cfu/mL of E. coli or mycelia of C. gloeospor-
ioides) was spread onto the medium surface. The films were
cut into 10mm diameter circles and put on the dry contami-
nated agar surface. The growth of microorganisms was then
observed every 4, 48, and 52h.

2.7. Statistical Analysis. All experiments were triplicated, and
the results were analyzed with the one-way analysis of variance
(ANOVA) using SPSS software. The differences between
mean values were evaluated using Ducan’s multiple range test
with a 95% significance level.

3. Results and Discussion

3.1. Characterization of Native and Modified Karaya
Gum Powders

3.1.1. Carbonyl Content. The carbonyl contents in OKG
(5:12 ± 0:44%) and HOKG (4:01 ± 0:33%) determined by
titration with hydroxylamine were significantly different
(p < 0:05). HOKG had a lower free carbonyl content probably
because it had a higher content of hydroxyl groups, hence,
more readily reacted with carbonyl groups to form hemiacetal
and acetal groups and could not react with hydroxylamine [31].
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3.1.2. FTIR Spectra. The FTIR spectra of the four KG types
are presented in Figure 3, and their major peaks are listed
in Table 1.

The broad peaks at 3282-3394 cm-1 in FTIR spectra of
the native and modified KG characterize hydroxyl groups

in KG structure and the absorbed moisture (Figure 3). This
peak for oxidized KG was significantly lower, indicating a
low content of hydroxyl in its structure. The reason for this
low hydroxyl content is the peroxidation that converted the
turned adjacent hydroxyl groups to carbonyl groups, which

(a) (b)

Figure 2: Experimental setups for the puncture (a) and tensile (b) strength tests.
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Table 1: Some characteristic peaks in FTIR spectra of the KG types.

Wavenumber (cm-1) 3282-3394 1725, 1244 1375 885, 887

Bond -OH Carbonyl/ester C=O Methyl C-H (Hemi)acetal C-O
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could further react with other hydroxyl groups in the KG
backbone to form hemiacetal and acetal.

The peaks of C=O bond at 1725 cm-1 and 1244cm-1 and
methyl C-H at 1375 cm-1 groups, which were present in NKG
spectrum, disappeared in the spectrum of HKG due to the
removal of acetyl groups by alkaline hydrolysis [3]. After peri-
odate oxidation of HKG, the 1725cm-1 peak appeared again in
the spectrum of OKG and HOKG due to the formation of car-
bonyl groups [32]. Moreover, the intensity of this 1725 cm-1

peak was significantly lower for HOKG because HOKG has
more hydroxyl groups due to the hydrolysis step, thus, facilitat-
ing the formation of hemiacetal and acetal groups and lowering
the number of free carbonyl groups. The peaks of hemiacetal
groups were at 885 cm-1 forOKG and 887cm-1 for HOKG [26].

3.1.3. Solubility, Moisture Uptake, and Relative Viscosity.
Because of the presence of acetyl groups and Mg2+/Ca2+ cat-
ions in the structure, NKG has a low aqueous solubility of
0.018% (Figure 4(a)), which is closed to a reported value of
0.02% [3]. After alkaline hydrolysis that replaced the hydro-
phobic acetyl groups with the hydrophylic hydroxyl ones
and 2+ cations with Na+, the solubility of HKG increased
10-fold compared to NKG [26]. OKG has a lower solubility
(0.011%) compared to NKG because some hydroxyl groups
were converted to the carbonyl groups. Interestingly, HOKG
has a solubility comparable with that of NKG and significantly
lower than that of HKG. This result indicates that the conver-
sion of hydroxyl to carbonyl groups and the formation of
hemiacetal and acetal strongly decreased the hydroxyl content
and hence lowered the solubility of the gum.

The order of moisture uptake by the gum powders was
HKG > >NKG >HOKG >OKG (Figure 4(b)), which is the
same as the order of the aqueous solubility. The explanation
of this order remained the same with that for solubility
because these two properties are determined by hydrophilicity.

The order of relative viscosity of KG samples was HKG
> >NKG >HOKG >OKG (Figure 5). This order is the same
as the order of aqueous solubility. HKG solution has a high
viscosity due to the high content of hydroxyl groups, which
increased the hydrogen bonds between its molecules in solu-
tion. This result is in line with another report that the viscosity
of KG solution increased with higher concentration, lower
temperature, and higher deacetylation degree [33].

3.2. Properties of Starch Films Incorporated with Native and
Modified KG

3.2.1. Puncture and Tensile Strength. Table 2 shows that
starch films containing 5% KG had puncture strengths
increasing in the order HKG <NKG <HOKG <OKG and
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elongation at break decreasing in the same order. This result
means that alkaline hydrolysis plasticized, while periodate
oxidation hardened the films. The reason of plasticizing
effect of alkaline hydrolysis was possibly the removal of
metallic cations crosslinking –COO- groups in the KG back-
bones. Moreover, hydrophilic hydroxyl groups released after
hydrolysis of KG attracted more moisture that acted as a
plasticizer. The plasticizing effect of alkaline hydrolysis was
also observed in another study, in which deacetylation of
xanthan gum increased deceased the strength and increase
the elongation-at-break of its films [34].

The hardening effect of periodate oxidation on the films
was due to the formation of carbonyl groups in KG mole-
cules that can form hemiacetal and acetal crosslinks with
hydroxyl groups in the molecules of starch and KG [35].
The crosslinking of carbonyl groups was also observed in
collagen films incorporated with glutaraldehyde [36] and
eggwhite films incorporated with oxidized starch [37].

Table 2 shows that the puncture strength and tensile
strength of the films were inversely related to their EB: films
with lower tensile strength/puncture strength had higher EB.

It is interesting to note that the alkaline hydrolysis and
periodate oxidation oppositely affected the puncture and
tensile strengths of the films: alkaline hydrolysis increased
the tensile strength but lowered the puncture strength, while
periodate oxidation decreased the tensile strength but
increased the puncture strength. These results showed that
the action mode of KG along the films in tensile tests was
different from the action in the perpendicular direction in
the puncture tests.

3.2.2. Hydrophilicity. Table 3 shows that moisture content,
moisture permeability water uptake, and solubility of the
films incorporated with KG had the same trend: HKG >
NKG >HOKG >OKG. These three properties are related
with the hydrophilicity of the films. Alkaline hydrolysis of
KG produced more hydrophilic hydroxyl groups and hence
increased the hydrophilicity of the films [3]. Oppositely, per-
iodate oxidation converted hydroxyl groups to less hydro-

philic carbonyl groups, which further produced hemiacetal
and acetal with other hydroxyl groups [5]. Therefore, peri-
odate oxidation significantly reduced the hydrophilicity of
the OKG and HOKG films. Our results are consistent with
other studies on dialdehyde starch-gelatin films [38] and
dialdehyde carboxymethyl cellulose-gelatin films.

3.2.3. UV-Vis Spectra and Transparency. UV-vis spectroscopy
helps evaluate the visible transparency andUV barrier properties
of films, which are important for food packaging applications.
Figure 6 shows that the order of transparency of the films is
the same in three regions (UV, visible, and IR): HKG >NKG
>HOKG >OKG. This result indicates that hydrolysis
enhanced but periodate oxidation lowered the film transparency.

Films containing OKG and HKG showed a strong
absorption peak at 270nm while the peak was weak for films
containing NKG and HKG. This peak is due to the

Table 2: Results of puncture and tensile tests of the films.

Starch film with Elongation at puncture (%) Puncture strength (N/mm2) Elongation-at-break (%) Tensile strength (N/mm2)

NKG 53:29 ± 3:02bc 0:316 ± 0:005c 36:64 ± 0:46d 3:00 ± 0:19bcd

HKG 47:72 ± 1:47c 0:279 ± 0:008d 49:45 ± 1:66b 3:55 ± 0:31a

OKG 66:67 ± 1:78a 0:411 ± 0:025a 19:47 ± 0:07g 2:60 ± 0:24de

HOKG 50:51 ± 0:80c 0:372 ± 0:011b 32:65 ± 0:56e 2:84 ± 0:41cde

Results are expressed as mean ± standard deviation (n = 3). Means with different superscripts in a column are significantly different (p < 0:05).

Table 3: Results of moisture, water uptake, solubility, and moisture permeability of the films.

Starch film with Moisture content (%) Water uptake (%) Solubility (%) Moisture permeability (×10-10 g/Pa.m.s)

NKG 21:72 ± 0:54b 124:80 ± 0:77b 19:62 ± 1:04b 1:736 ± 0:066ab

HKG 24:90 ± 0:80a 151:77 ± 2:26a 21:44 ± 0:24a 1:882 ± 0:054a

OKG 18:53 ± 0:66e 104:73 ± 3:56c 16:78 ± 0:51d 1:589 ± 0:037bc

HOKG 20:15 ± 0:38cd 119:32 ± 2:64b 18:06 ± 0:70c 1:670 ± 0:061bc

Results are expressed as mean ± standard deviation (n = 3). Means with different superscripts in a column are significantly different (p < 0:05).
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absorption of the –C=O bond in the aldehyde and ester
groups in KG, which was also observed in gelatin films
incorporated with dialdehyde CMC [26]. The strong absorp-
tion of starch films incorporated with OKG and HOKG can
protect the packaged products from UV radiation.

It is interesting to note that when incorporated with 5%
cinnamaldehyde, all the four films transmitted slightly more
IR and visible radiation, but more strongly absorbed UV
light (Figure 7) because the carbonyl group in aldehydes
was reported to absorb radiations near 280nm [39]. There-
fore, the incorporation of cinnamaldehyde can enhance the
protective effect of the films against UV- light.

3.2.4. Antifungal Activity. Figure 8 shows that C. gloeospor-
ioides grew quickly on the Petri dishes with films not contain-
ing cinnamaldehyde. Except for OKG, the fungi grew on the
surface of starch-KG films. However, the incorporation of
5% cinnamaldehyde significantly inhibited the growth of C.
gloeosporioides. Several studies have shown the antifungal
activity of cinnamaldehyde against several fungi such as
Colletotrichum gloeosporioides, Rhizoctonia solani, Fusarium
solani, and Ganoderma austral [22, 40]. The mechanism of
the antifungal activity is related to the decrease of plasma
membrane ATPase activity and ergosterol, a vital component
of the fungal cell wall [41].

Based on the degree of invasion of fungi on the film surface,
the antifungal activity of KG types is HKG <NKG <HOKG
<OKG. Interestingly, the starch film with HKG (Figure…)
facilitated the growth and spore production ofC. gloeosporioides
after even one day. The fact that the fungi strongly developed
even outside the film indicates that HKG with high solubility
diffused to the agar and promoted the growth of C. gloeospor-
ioides. On the opposite side, the fungi grew normally outside
the film with OKG but almost could not invade the film after
3 days (Figure 8). This result indicates that OKG can inhibit
by direct contact with fungal cells possibly due to the carbonyl
groups that can interact with the fungal cell wall.

3.2.5. Antibacterial Activity. Figure 9 shows that after 4 days
E.coli grew fully on the agar and the films without cinnamalde-
hyde. Although KG has a slight antibacterial and enzyme deg-
radation activity [42], its content in the films (3.7% on a dry
basis) was too low to be effective. The incorporation of 5% cin-
namaldehyde in the films resulted in an inhibition zone
around each film from day 1 (images not shown), and the
diameters of the inhibition zones did not change afterwards.

The antibacterial action of cinnamaldehyde is known to
be dose-dependent and can differ for different bacteria. At
low concentrations, cinnamaldehyde interacts and damages
the bacterial cell walls while at high concentrations, it can
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Figure 7: UV-vis spectra of starch-KG films with and without 5% cinnamaldehyde.
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diffuse into the cell and denature proteins in important
enzymes in the cytoplasm, leading to cell death [43, 44].

4. Conclusion

This is the first report on periodate oxidation with and without
alkaline hydrolysis to chemically modify karaya gum (KG)
and develop new products from it. The hydrolysis increases
while periodate oxidation decreases the hydrophilicity of KG.
The carbonyl groups formed by periodate oxidation can give
KG the possibility to be further modified by redox reactions

or coupling with functional groups such as hydroxyl and
amine. The modified KG can be blended with different bio-
polymers and active components to be used as packaging
materials in the food and pharmaceutical industries.
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