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ABSTRACT: Degradation of native x-carrageenan was performed using acid hydrolysis aided with microwave heating. Combined with
nonofiltration membrane (cut-off molecular weight 250 Da) separation, 1. 400 Da - 50 kDa low-molecular-weight (LMW) k-carra-
geenans were obtained. Narrow molecular weight distribution of LMW k-carrageenans could be prepared under pH 2.18 during the
microwave power range investigated. The in vivo anti-influenza virus (IV) activity of three kinds of LMW k-carrageenans (3, 5, and
10 kDa), their acetylated derivatives (acetylation degree of 1.5), as well as an acetylated and sulfated derivative of 3 kDa carrageenan
(acetylation degree of 1.0 and sulfation degree of 2.4), were investigated using FM1-induced pulmonary oedema model. These LMW
K-carrageenans showed significant inhibition against FM1-induced pulmonary oedema as compared with the virus control, although
their activities were inferior to that of positive control, Rabivirin. Introduction of acetyl groups greatly increased their anti-IV activity.
The acetylated 3-kDa Kk-carrageenan exhibited comparative activity with Rabivirin at both doses of 6 and 30 2. mg/kg-d, and the
acetylated and sulfated derivative of 3 kDa carrageenan displayed higher activity than Rabivirin at the dose of 30 mg/kg-d. These
results disclosed that 3 kDa k-carrageenan with proper acetylation degree and sulfation degree was a potential candidate against
influenza virus. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000-000, 2012
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INTRODUCTION K-Carrageenan is made up of o(l—4) b-galactose-4-sulfate
(G4S) and f(1—3) 3,6-anhydro-p-galactose (AG)."®° Earlier
report by Ehresmann et al. has shown that native x-carrageenan
can protect fertilized eggs against IV type B.'” Our previous

Influenza viruses (IV) can cause acute respiratory diseases in
humans and animals with high morbidity and morality rates.

Several influenza pandemics in recorded history have infected
and killed tens of millions of people all over the world. Even in study also demonstrated that sulfated depolymerized K-cara-
the 21st century with advanced medical science, the outbreak of ~ 8€€Tans with molecular weight (MW) of 50 kDa and 90 kDa
highly pathogenic avian influenza in 2003 and HIN1 in 2009  Were more effective against IV A than native k-carrageenan,
also brought people into deep panic, revealing the fact that ~With three to six times the treatment index of amantadine
there is still lacking amply and effective drugs when humans are ~ hydrochloride in an embryonated chicken egg model,"" imply-
confronted with constant mutations of surface proteins on IV. ing that the anti-IV activity of x-carrageenan could be potenti-
All of this underscores the necessity of looking for new drugs ated by changing its sulfate content and MW. In fact, many evi-
against IV. dences have demonstrated that the MW of sulfated
polysaccharides was closely related to their biological activ-

Carrageenans (k-, -, and t-), a family of linear sulfated poly- ities."”™"” However, the underlying mechanism has not been

saccharides extracted from red seaweeds, are made up of galac-
tans with alternating «(1—3) linkages, f/(1—4) linkages, and
occasional 3,6-anhydro-p-galactose units.' They have been  Different methods for depolymerizing carageenans such as acid
shown to inhibit the replication of various enveloped viruses  hydrolysis,">'®** enzymatic hydrolysis,” " ultrasonic depoly-
such as herpes simplex virus (HSV), human cytomegalovirus  merization,® 7-irradiation,” and microwave heating’® have
(HCMV), and human immunodeficiency virus (HIV).>” been reported. The traditional acid hydrolysis is cheap, simple,

clarified so far.

© 2012 Wiley Periodicals, Inc.
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and easy to stop. However, brown products resulting from long-
period heating greatly limit the wide application of acid hydro-
lysis. Microwave heating can remarkably enhance the reaction
rates in hydrolysis procedures, but a high pressure is needed.’
In the current contribution, microwave-aided acid hydrolysis
under atmosphere was developed as an alternative approach for
depolymerizing native k-carrageenan. x-Carrageenans with MW
less than 50 kDa were prepared in this method and some of
them were acylated and /or sulfated. The potential and chal-
lenges of the anti-IV activities of these LMW x-carrageenans
and their derivatives were evaluated using FM1-induced pulmo-
nary oedema model.

EXPERIMENTAL

Degradation of Native x-Carrageenan

k-Carrageenan of food grade was purchased from commercial
resources in China. Five percent (wt %) rK-carrageenan solution
was prepared in 1 L distilled water, and heated in a 800 W
microwave oven (Glanz, China) at high fire for 7 min to obtain
homogenous solution.

After the solution cooled down, 120 mL distilled water and cer-
tain amount of 2M sulfuric acid were added into the solution
under vigorous stirring for adjusting its pH value (FiveEasy pH
meter, FE20K, resolution 0.01, accuracy *0.01, Mettler-Toledo).
Then the solution was subjected to microwave heating at differ-
ent fires (powers) for different minutes (as shown in Table I
below). After the microwave heating, the reaction was termi-
nated by titrating 1M sodium hydroxide (NaOH) in an ice-
water bath until a pH value of 3.5 was reached. The solution
was diluted with 5 L distilled water and then filtered using a
250 Da (cut-off MW) nanofiltration membrane system (Sundar
Membrance Sci. technology Co. Ltd, Xiamen, China) to remove
salts and monosaccharides. The cut-off solution was then con-
centrated and lyophilized to obtain white degraded K-carra-
geenan powder.

Determination of Molecular Weight of Degraded
k-Carrageenans

The MW and MW distribution of these degraded x-carrageenans
were determined by high-performance size chromatography
(HPSEC) on a Waters515 unit equipped with a refractive index
detector and a TSK-GEL G3000PWXL (7.8 mm X 300 mm)
column. The column temperature was set at 30°C. Dextran
standards (Sigma-Aldrich Company, Shanghai, China) with MW
ranging from 1000 to 50,000 were used to calibrate the system.
Na,SO, (0.7%) in deionized water was used as mobile phase at a
flowrate of 0.6 mL/min. The eluate was monitored by
refractometry.

Preparation of LMW k-Carrageenan Acetylates and Sulfates

Two grams of LMW k-carrageenan (corresponding to 14.1
mmol OH groups) was suspended in 30 mL pyridine, and 11
mL (78.9 mmol) triethylamine and 0.43 g (3.52 mmol) 4-dime-
thylaminopyridine (DMAP) were added together. Additionally,
1.32 g (4.99 mmol) 18-crown-6 (used as phase transfer catalyst)
and acetic anhydride (in the case of 3 kDa, 3.5-fold moles of
OH groups in the k-carrageenan; in the case of 5 kDa, 6.5-fold;
in the case of 10 kDa, 10.0-fold) were added to the solution.
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Table I. Average Molecular Weights of Depolymerized k-Carrageenans
Under Different Depolymerization Conditions (Da)

pH

Heating model (HM) 208 218 2.30

20 min at middle-low fire (HM1) 4900 10,200 53,100

3 min at high fire and 10 min 2000 7900 30,400
at middle-low fire (HM2)

3 min at high fire and 20 min 780 4500 9150
at middle fire (HM3)

10 min at high fire and 10 min 570 3450 5200
at middle fire (HM4)

20 min at high fire (HM5) 375 900 3900

The mixture was stirred continuously at room temperature for
20 h. After cooling in ice water, 5% sodium hydrogen carbonate
was gradually added until the mixture is weak alkaline. The so-
lution was concentrated in vacuo to remove pyridine, triethyl-
amine, and most of water. The residue was dialyzed against dis-
tilled water for 2 days and the solution was then concentrated
and lyophilized to give O-acetyl LMW (3, 5, and 10 kDa)
K-carrageenans.

The acetylated and sulfated derivative of 3-kDa carrageenan was
prepared as follows. Then 3-kDa carrageenan was first acetylated
with acetic anhydride corresponding to 2.2-fold moles of OH
groups in the carrageenan as mentioned above. In this way, ace-
tylated 3 kDa carrageenan with acetylation degree of 1.0 was
obtained. This acetylated derivative was further sulfated as
below. About 6.5 mL of chlorosulfonic acid was slowly dropped
into 50 mL pyridine (PY) under vigorous stirring and cooling
in an ice-water bath and thus the sulfation agent, SO;-PY was
obtained. Then 1.0 g lyophilized acetylated 3 kDa carrageenan
was added to the sulfation agent and the mixture was stirred at
80°C for 4 h. After reaction, the mixture was cooled to room
temperature by an ice bath, neutralized with 30% NaOH solu-
tion, and concentrated under reduced pressure to evaporate the
solvent. The concentrate was dialyzed against distilled water for
2 days and the solution was then concentrated and lyophilized
to give O-acetyl and O-sulfate LMW x-carrageenan.

Determination of Acylation and Sulfation Degrees

and IR Spectra

The acyl group content was determined according to the
method described by Yamada et al.*® The GC analysis was con-
ducted on a Varian 3300 gas chromatograph equipped with a
flame ionization detector (FID), using a fused silica capillary
column (30 m x 0.25 mm) coated with SE-30. Chromatogra-
phy was run according to column temperature program: 80°C
(1 min), 20°C/min to 210°C, 30°C/min to 260°C. Nitrogen was
used as the carrier gas at a flow rate of 1 mL/min and a split ra-
tio of 80 : 1. The acetylation degree stood for acetyl moles per
mole of repeating disaccharide in k-carrageenan.

The sulfate content was determined according to the method
described by Kawai,”’ and the sulfation degree was defined as
sulfate moles per mole of repeating disaccharide in k-
carrageenan.
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The infrared spectra of LMW k-carrageenans and their deriva-

tives in KBr pellets were determined with a FTIR Spectrometer

(PerkinElmer, SPECTRUM 2000) in the range of 500-4000
—1

cm

Virus and Animals

Mouse adapted influenza virus A/FM/1/47(HIN1), hereafter
referred to as FM1, was provided by Institute of Virology,
Chinese Academy of Preventive Medicine, and preserved at
—80°C. Before infection, the virus was inoculated into allantoic
fluid of 9-day chicken embryos to cultivate for 48 h at 37°C. At
the end of culture, the allantoic fluid containing FM1 was col-
lected and its virulence was evaluated using agglutination. ICR
mice (SPF grade) of either sex were purchased from Shanghai
Laboratory Animal Center. The test mice were anesthetized by
aether (Shanghai Chemicals Inc, China) and challenged with 40
uL FM1 virus suspension with titer 1 : 640 (10LDs,) by nasal
drip.

Mice Treatment

Mice were randomly divided into following groups: virus con-
trol group (virus+distilled water), normal control group (dis-
tilled water), Ribavirin group, and LMW K-carrageenan or its
derivative groups. Each group consisted of eight mice.

Solutions of LMW «k-carrageenans and their derivatives were
prepared in concentrations of 1, 5 mg/mL with deionized water
and sterilized. Ribavirin (made by Fuzhou Haiwang Fuyao Phar-
maceuticals Co. Ltd, National Drug Approval No H19993231)
in concentrations of 1, 5 mg/mL was prepared too. Mice
received 40 puL of LMW K-carrageenans or their derivatives or
Ribavirin or distilled water three times daily by nasal drip for 7
days. Viral infection was performed on the second day. At the
end of each treatment the test mice were sacrificed and their
lungs were taken out for the assay of inhibition on FMI-
induced pneumonia.

Inhibition of FM1-Induced Pneumonia

FMI-induced pneumonia was indicated by the pulmonary
oedema, which was described as lung index (LI). The LI was
calculated according to the formula LI = LW (mg)/BW (g),
where LW was the lung weight and BW the body weight of the
test mouse. The inhibition rate on FMI-induced pneumonia
was calculated according to (LI yirus control — Lltest)/Llvirus control
x 100%.

RESULTS AND DISCUSSIONS

Degradation of Native x-Carrageenan

It was reported that x-carrageenan was resistant to desulphation
under acid (pH 2) hydrolysis,” and microwave degradation
almost did not change the structure and constitutions of the
A-carrageenan under low stress (<15 atm)."” Therefore, acid
hydrolysis aided with microwave heating under atmosphere
is suitable and applicable for the degradation of native
K-carrageenarn.

The MW of native k-carrageenan reaches up to 4000-5000 kDa.
When the concentration of native x-carrageenan was 5.0%, the
system became heterogeneous and showed some gel characteris-
tics because of high viscosity of native x-carrageenan.
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K-Carrageenan was degraded under different microwave heating
models (HM) and pH values as shown in Table I. From HM1
to HMS5, heating was intensified gradually. Obviously, the aver-
age MW of depolymerized x-carrageenan increased with the
increase of pH value, whereas decreased with the increase of
heat intensity. For example, when the pH value decreased from
2.18 to 2.08, the average MW dropped by half under HM1, by
four times under HM2, and by five times under HM3, respec-
tively. On the other hand, when the pH value increased from
2.18 to 2.30, the average MW increased nearly five times under
HM1, four times under HM2, and two times under HM3,
respectively. As shown in Table I, the lowest average MW (375
kDa) approached the MW (424 kDa) of repeating disaccharide
in K-carrageenan, implying that nanofiltration had removed
molecules with MW less than that of disaccharide.

When only acid hydrolysis was carried out, the hydrolytic reac-
tion was very slow. For instance, 4,800 kDa k-carrageenan was
degraded for 120 min by acid (pH 2) hydrolysis at 35 and
55°C, and 4000 and 510 kDa k-carrageenans were obtained,
respectively.”” In contrast, the required degradation time by acid
hydrolysis aided with microwave heating in our study was much
shorter, approximately several tens of minutes (Table I).
Although microwave degradation in airtight environment was
much quicker, as was shown by Zhou et al.,'”” who reported
that 652 kDa A-carrageenan was degraded into 9.3 kDa by
microwave under 15 atm for 6 min, a special high-pressure
equipment was needed and was difficult to operate. Since acid
hydrolysis aided with microwave heating can be performed in a
domestic microwave oven, so it is superior to microwave degra-
dation in airtight environment.

Figure 1 presents the MW distributions of depolymerized x-car-
rageenans under different depolymerization conditions. The dis-
tributions under pH 2.08 and 2.30 tended to bimodal or multi-
modal. Narrower MW distribution can be observed at pH 2.18.
Generally, lower pH easily leads to broader MW distribution.
The multimodal distribution under higher pH may attribute to
the nonhomogeneous degradation because of high viscosity of
native or primarily degraded x-carrageenans. In comparison to
mild acid hydrolysis** and enzyme specific hydrolysis®’, the
LMW k-carrageenans obtained by microwave-aided acid hydro-
lysis combined with nanofiltration had narrower MW
distribution.

It was also observed that 3-10 kDa LMW k-carrageenans with
narrow MW distribution can be obtained under pH 2.18. To
investigate the anti-IV activity of LMW «k-carrageenans, prod-
ucts produced under pH 2.18 by HM4, HM3, and HM1 were
selected and designated as 3, 5, and 10 KDa carrageenans in the
following discussion, respectively.

Infrared Spectroscopy

As shown in Figure 2(a), the typical IR spectra of LMW k-car-
rageenan displayed the characteristic peaks of native carrageenan
at 3457, 1250, 1042, 930, and 848 cm™',* verifying that acid
hydrolysis with microwave heating might not change the chemi-
cal components. The broad band at 3457 cm™' was because of
stretching of —OH groups in x-carrageenan. The bands
observed at 1250, 1042, 930, 848 cm ™' can be attributed to the
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Figure 1. MW distributions of depolymerized k-carrageenans under different depolymerization conditions.

asymmetric stretching of S=O, glycosidic linkage, 3,6-andydro-
p-galactose, and D-galactose-4-sulfate, respectively. The struc-
tural difference between the typical acetylated LMW k-carra-
geenan [Figure 2(b), 3 kDa, its acetylation degree, Da, was 1.5]
and LMW k-carrageenan [Figure 2(a), 3 kDa] was illustrated by
the new sharp bands at 1747 and 1357 cm ™', which arose from
carbonyl stretching and symmetrical bending vibration of
methyl in the introduced acetyl groups, confirming the forma-
tion of acetylated products. All other acetylated LMW K-carra-
geenans displayed similar IR spectra modes.

Transmission

L | 1 | 1 1 1 1 1 1 1 1 1 |

4000 3500 3000 2500 2000 1500 1000 500
-1
wavelength (cm™)

Figure 2. Typical IR spectra of (a) LMW x-carrageenan, (b) acetylated
LMW k-carrageenan, and (c) acetylated and sulfated LMW x-carrageenan.
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Comparison between the IR spectra of the acetylated and sul-
fated derivative [Figure 2(c), 3 kDa, its acetylation degree, Da,
and sulfation degree, Ds, were 1.0 and 2.4, respectively] and the
acetylated LMW «k-carrageenan [Figure 2(b)] revealed that the
S=O vibration band at 1250 cm™' of the sulfated derivative
became wider and stronger. Instead of the sharp peak originally
appearing at 848 cm™ ' in Figure 2(b), a wide band was detected
at 760-880 cm ™! [at the position of 816 cm™ ! in Figure 2(c)],

Table II. Inhibitory Effects of LMW k-Carrageenans Against
FM1-Induced Pulmonary Oedema

Dose Inhibition
Groups (mgl(kg d)) Lung index rate (%)
Normal control 0.88 = 0.13 —
Virus control 2.33 = 0.61°
Ribavirin control 6 1.04 = 015> 554
30 0.89 +0.21° 61.9
3 kDa 6 138 = 0.43°> 407
K-Carrageenan
30 1.40 + 0.50° 398
5 kDa 6 164 +063°> 297
K-Carrageenan
30 154 +067° 338
10 kDa 6 174 + 0.45°> 254
K-Carrageenan
30 151 + 0.20° 353

3P < 0.01 verus normal control, °P < 0.01 verus virus control.

WILEYONLINELIBRARY.COM/APP
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Table III. Inhibitory Effects of LMW k-Carrageenan Derivatives Against
FM1-Induced Pulmonary Oedema

Dose Inhibition
Groups (mgl(kg d)) Lung index rate (%)
Normal control 0.99 = 0.27 -
Virus control 279 = 087% -
Ribavirin control 6 1.09 + 0.37° 60.8
30 0.89 + 0.21° 619
3 kDa x-carrageenan 6 117 + 0.42°° 57.8
(Da =1.5)
30 1.06 = 0.35°° 621
5 kDa k-carrageenan 6 1.85 + 0.55°4 33.8°
(Da =1.5)
30 1.08 + 0.39°° 61.1
10 kDa k-carrageenan 6 1.99 + 0.94°9 285
(Da=1.5)
30 112 +=0.35°° 597
3 kDa k-carrageenan 6 0.80 = 0.10°° 61.7
(Da=1.0, Ds = 2.4)
30 0.89 + 0.16°¢ 65.7

3P < 0.01 verus normal control, °P < 0.01 verus virus control, °P >
0.05 verus Ribavirin, 9P < 0.01 verus Ribavirin.

which might cover the peaks corresponding to the already exist-
ing 4-sulfate on G4S (848 cm™'), newly formed 2-sulfate on
G4S C-2 (830 cm™ ') and 2-sulfate on AG C-2 (805 cm™')."”

Activity Against FM1-Induced Pulmonary Oedema

Although there have been many researches on the anti-virus activ-
ities of carrageenans, the related study on LMW or oligo- carra-
geenans was comparatively deficient. Only Yamada et al.*® investi-
gated the anti-HIV activity of LMW k-carrageenans (MW > 10%).
Recently, k-carrageenan oligosaccharides were reported to behave
as elicitors in the cell-cell recognition process that involve host—
pathogen interactions in marine plants.”” In this study, LMW car-
rageenans such as 3, 5, and 10 kDa carrageenans (can be called
oligo- K-carrageenans) were tested for their inhibitory effects
against FM1-induced pulmonary oedem. It was apparent that the
lung index of the virus control group was much higher (2.33 =
0.61) than that of the normal control group (0.88 = 0.13) (Table
II). Ribavirin treatment at doses of 6 and 30 mg/kg-d greatly
reduced the lung index to 1.04 = 0.15 and 0.89 * 0.21, with
corresponding inhibition rates of 55.37% and 61.87%, respec-
tively. As for the LMW k-carrageenans, all of them produced
lower (versus Ribavirin control) but obvious inhibition on
pulmonary oedema as compared with the virus control
(P < 0.01). All these results showed that these LMW «-carra-
geenans were potential agents against anti-IV.

LMW «k-carrageenans have better water-solubility than native x-
carrageenan due to the great decrease in MW. To further increase
their bioavailability, all of them were acetylated with an acetyla-
tion degree of 1.5 (Da = 1.5). Table III presents the inhibitory
effects of these acetylated LMW K-carrageenans against FM1-
induced pulmonary oedema. As compared with Table II, the anti-
IV activity of LMW k-carrageenans was noticeably improved after
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acetylation in most cases. Compared to the virus control, most
treatments produced remarkable inhibitory effects on pulmonary
oedema. In comparison with Rabivirn control, the acetylated 3
kDa rk-carrageenan exhibited comparative inhibition rates at both
doses of 6 mg/kg d and 30 mg/kg-d, implying that acetylated 3
kDa k-carrageenan could be an effective inhibitor against pulmo-
nary oedema. These findings supported the necessity of acetyla-
tion of the sugar chain in improving its anti-IV activity.

The original sulfation degree of 3 kDa x-carrageenan was only
0.9 (a little lower than the sulfation degree of native x-carra-
geenan, 1.0), which kept almost the same after acetylation. Since
sulfate groups contribute to the activity of sulfated polysaccha-
rides, a special 3 kDa K-carrageenan with an acetylation degree
of 1.0 and a sulfation degree of 2.4 was prepared. As shown in
Table III, its anti-IV activity was obviously increased at the dose
of 30 mg/kg-d in comparison to Rabivirn. This suggested that
increase of sulfate content was necessary for enhancing the anti-
IV activity of 3 kDa k-carrageenan.

In spite of the good anti-IV activity achieved by these LMW -
carrageenans and their derivatives, their mode of action is not
clear at present. Further study is needed to clarify the relation-
ship between chemical structure, properties, and anti-IV activity,
and to elucidate the mode of action.

CONCLUSIONS

1. 400 Da-50 kDa LMW k-carrageenans can be readily pre-
pared by microwave-aided acid hydrolysis combined with
nanofiltration. The average MW of LMW k-carrageenans
decreased with increasing microwave heating intensity and
decreasing pH value. Narrow distributions of LMW k-car-
rageenans ranging from 3 to 10 kDa can be obtained
under pH 2.18 using a domestic microwave oven.

2. LMW x-carrageenans displayed identical IR characteristics
as that of native x-carrageenan, which suggested that hy-
drolysis aided with microwave treatment might not change
the structure and constitutions of x-carrageenan. The IR
spectra of the acetylated and/or sulfated derivatives con-
firmed the introduction of acetyl and sulfate groups.

3. k-Carrageenans (3, 5, and 10 kDa) manifested obvious in-
hibition of pulmonary oedema as compared with the virus
control and their anti-IV activity was noticeably intensified
after acetylation in most cases. The acetylated 3 kDa k-
carrageenan (Da = 1.5) showed similar anti-IV activity
with control drug, Ribavirin at both doses of 6 and 30
mg/kg-d. The acetylated and sulfated 3 kDa «-carrageenan
(Da = 1.0, Ds = 2.4) presented higher anti-IV activity
than Ribavirin at the dose of 30 mg/kg-d.
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