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CA, USA) had a significant inhibitory effect on caries 
(p = 0.0008 and 0.0001, respectively), while for long-term 
use (3 months), only Dex410 showed significant inhibitory 
effect on dental caries (p = 0.005). The dextranase Dex410 
from a marine-derived Arthrobacter sp. strain possessed 
the enzyme properties suitable to human oral environment 
and applicable to oral hygiene products.
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Introduction

Dextrans are high molecular weight exopolysaccharides 
composed of α-d-glucopyranose units, of which at least 
50 % form linear α-1,6 linkages, and the rest are linked by 
α-1,2, α-1,3 and α-1,4 branching bonds [11]. Dextrans are 
synthesized from sucrose mainly by Streptococcus mutans, 
constituting the glucan matrix of dental plaque where dex-
trans are essential for adhesion and cariogenicity of the 
dental plaque. Dextrans play a crucial role in the develop-
ment, proliferation, and structural integrity of the dental 
plaque [8, 19].

Solutions to remove or prevent dental plaque mainly rely 
on mechanical cleaning, antimicrobial agents, and degra-
dation of the plaque matrix that contains protein, dextran, 
and lipids [24, 27]. Degradation of the dextran with dextra-
nase (EC 3.2.1.11) has been identified as a safe and effec-
tive way to prevent dental plaque and further caries [2, 4]. 
Microbial dextranase is produced mainly by bacteria and 
fungi and has been proven to be effective in preventing den-
tal caries [13]. Fungal dextranase showed higher optimum 
temperature that ranges between 50 and 60  °C compared 
to bacterial dextranase that averages 40 °C [11]. Bacterial 
dextranase was considered to be more stable and effective 
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at the oral temperature (around 35.5  °C) and suitable for 
industrial application as a dental caries-preventing agent 
[13, 22]. Thus more new bacterial dextranases are desired 
to be explored for preventing dental caries.

The dextranase added in current commercial dextranase-
containing mouthwashes is largely from fungi, such as Peni-
cillium lilacinum and Chaetomium erraticum [6, 19]. Due to 
the fact that marine enzymes have properties like high salt 
tolerance, hyperthermostability, and low optimum tempera-
ture, the marine bacterial dextranase should be suited for the 
human oral environment. Thus, the effectiveness of current 
commercial dextranase mouthwashes in preventing dental 
caries could be enhanced by replacing the fungal dextra-
nases with marine bacterial ones. In future development of 
efficient dextranase-containing anticariogenic products, the 
marine bacterial dextranase must be greatly emphasized.

In this study, a dextranase (Dex410) from marine Arthro-
bacter sp. was purified and characterized. The effective-
ness of Dex410 on prevention and reduction of S. mutans 
biofilm was assessed. The inhibitory effect of a Dex410 
solution (Dex410S) at the mean MBIC90 (6 U/ml) on den-
tal caries developed with multiple oral strains was evalu-
ated by rat experiment. The time course of S. mutans bio-
film formation in the presence of Dex410 was examined by 
light and scanning electron microscopy. Biofilm coverage, 
biomass, water-soluble and insoluble glucans of the biofilm 
grown for different lengths of time within 24 h were also 
determined.

Materials and methods

Isolation of dextranase‑producing marine bacterial strains

The screening was carried out with samples of beach mud, 
fishes, and seaweeds from the lower part of the intertidal 
zone of Lianyungang port, China. Gills and intestines of 
the fishes and the seaweeds were sheared and triturated 
separately in a mortar with sea sand to homogenate. The 
beach mud and the homogenates from seaweeds and fishes 
were diluted in appropriate volumes of sterile distilled 
water. The dilutions were spread evenly over the screen-
ing medium plates containing (g/l): peptone 5, yeast extract 
1, blue dextran 2, dextran T2000 8, agar 20, dissolved in 
filtered seawater through a 0.45-μm-pore-size mixed cel-
lulose ester filter (Millipore, Bedford, MA, USA), pH 
8.0. After incubation of the plates at 25 °C for 2 days, the 
microorganisms showing an extracellular dextranase activ-
ity were screened by observing the transparent circles. Col-
onies with a clear halo were further isolated and identified. 
The producing strains in the same inoculum size were then 
cultured in 250-ml Erlenmeyer flasks containing 100 ml of 
the screening medium (without agar) with shaking at 25 °C 

for 24 h at 180 rpm. Dextranase productivity of the strains 
was evaluated by measuring the enzyme activity of the 
supernatant of the cultures.

Identification of a dextranase‑producing marine bacterial 
strain Arth410

A dextranase-producing marine bacterial strain Arth410 
was first identified by colonial morphology and micros-
copy. A series of biochemical reactions were then per-
formed according to Bergey’s Manual of Determinative 
Bacteriology (9th Edition, Baltimore: Williams & Wilkins), 
such as methyl red (MR) test, Voges-Proskauer (VP) test, 
indole test, and catalase test. The genomic DNA of the 
strain Arth410 was extracted using a SK1201 DNA extrac-
tion kit (Sangon, China). PCR amplification of 16S rRNA 
gene was performed using the primers 27F (5′-AGAGTTT-
GATCCTGGCTCAG-3′) and 1492R (5′-GGTTACCTTGT-
TACGACTT-3′) [26]. The PCR reaction mixture contained 
1× Ex Taq buffer (Takara Bio Inc., Japan), 0.2 mM each 
dNTP, 0.02  U/μl Ex Taq polymerase, and 0.1  μM each 
primer. The PCR condition was one cycle of pre-denatur-
ation at 94 °C for 2 min, 34 cycles of denaturation at 94 °C 
for 30  s, annealing at 60  °C for 45  s, and elongation at 
72 °C for 45 s, and one cycle of post-elongation at 72 °C 
for 7 min. The 16-s rRNA gene amplicon was sequenced 
and compared with the reported sequences in GenBank 
using BLASTN with default setting.

Determination of enzyme properties of Dex410

Enzyme preparation and in‑gel activity assay

One-day culture of the strain Arth410 in a 250-ml flask 
was centrifuged at 10,000 rpm for 10 min. The supernatant 
was collected and filtered through a hollow-fiber cross flow 
filtration cartridge (30-kDa nominal molecular weight cut-
off) with a Quixstand Benchtop System (GE Healthcare, 
Waukesha, WI, USA). The filtrate was further purified by 
column chromatography on DEAE-Sepharose (Pharmacia) 
pre-equilibrated with 10 mM sodium phosphate buffer, pH 
7.0. Dextranase was eluted using a linear gradient with an 
increasing concentration of sodium phosphate. A 5-μl ali-
quot of the eluate was applied to 10  % SDS–polyacryla-
mide gel electrophoresis (PAGE) to estimate purity and 
apparent molecular mass of the dextranase. The purified 
protein was desalted, concentrated by filtration as described 
above, and then lyophilized to powder and stored at −20 °C 
until use. For in-gel activity assay, the dextranase prepara-
tion was applied to 10 % native PAGE gel containing 0.5 % 
blue dextran and the dextranase activity was detected as a 
clear band on blue background.



19J Ind Microbiol Biotechnol (2014) 41:17–26	

1 3

Enzyme properties and activity assay

Dextranase activity was measured by incubation of 20 μg/
ml of Dex410 in 50 mM sodium acetate buffer (pH 5.5) with 
1 % (w/v) dextran T2000 (Pharmacia) at 45 °C for 15 min. 
The amount of reducing sugars liberated was measured by 
the 3,5-dinitrosalicylic acid method [20]. One unit of dex-
tranase enzyme activity was defined as enzyme that released 
1 μM of isomaltose per minute under the assay conditions.

The effect of pH on enzyme activity was determined at 
a pH of 4–9 and temperature of 45 °C. The pH of 4.0–5.5, 
6.0–7.5, and 8.0–9.0 were maintained by sodium acetate 
buffer (50  mM), sodium phosphate buffer (50  mM) and 
Tris–HCl buffer (50 mM), respectively. The effect of tem-
perature on enzyme activity was determined by incubating 
the reaction mixture at 0–60 °C for 15 min in 50 mM NaAc 
buffer (pH 5.5).

End‑product analysis

Six units of Dex410 per milliliter was incubated with 1 % 
dextran T2000 in 50  mM NaAc buffer (pH 5.5) at 25  °C 
for 24 h. The hydrolysis product of Dex410 were analyzed 
by thin layer chromatography (TLC) using a silica gel 60 
plate (Merck, Darmstadt, Germany) developed in a solvent 
system of chloroform/methanol/water, 3/3/1 (v/v/v) with 
glucose and isomaltooligosaccharides (from isomaltose to 
isomaltoheptaose, purchased from Seikagaku Co., Japan) 
as the standards. A mixture of dextran T2000 and heat-
inactivated Dex410 was used as a control. The sugars were 
visualized by spraying onto the plate a diphenylamine/ani-
line/phosphate reagent and followed by heating at 85 °C for 
10 min [1].

Assessment of inhibition and reduction effects of Dex410 
on S. mutans biofilm

Streptococcus mutans ATCC 25175 was inoculated into 
brain heart infusion (BHI) medium in test tubes and grown 
for 24 h at 37 °C to OD600 of 1.0. The 24-h culture was then 
used as an inoculum, and 20 μl of which was inoculated 
in wells of a 96-well polystyrene microtiter plate (Falcon 
3072, Becton–Dickinson, San Jose, CA, USA), each well 
containing 180 μl of BHI medium supplemented with 1 % 
(w/v) sucrose (BHIS). Dex410 was sterilized by filtration 
(Amicon 10-kDa molecular weight cut-off membrane; 
Millipore Co., MA, USA) and added to the wells to final 
concentrations ranging from 1 to 10 U/ml. Biofilms of S. 
mutans ATCC 25175 (n = 3 for each the concentration of 
Dex410) were formed on inner walls of each well by cultur-
ing at 37 °C and 5 % CO2 for 24 h without agitation [25]. 
After incubation, the medium was decanted and the biofilm 
in wells was rinsed three times with stroke-physiological 

saline solution to remove loosely attached cells. The bio-
films were then fixed with methanol for 15  min and then 
stained with 200 μl of 0.1 % (w/v) crystal violet for 10 min 
[25]. After staining, the biofilms were rinsed with distilled 
water to remove excess dye, and followed by adding 200 μl 
of 95 % ethanol to each well. The plate was then shaken 
horizontally at room temperature for 30  min. The inhibi-
tory effect of Dex410 on S. mutans biofilm was quantified 
by measuring the absorbance at 595 nm with an enzyme-
linked immunosorbent assay microplate reader (model 
3550; Bio-Rad Laboratories, Richmond, CA, USA). Each 
assay was performed in triplicate. Wells containing 200 μl 
BHIS without the inoculum and Dex410 were used as 
blank controls after staining. Wells containing 90 % BHIS, 
20  % inoculum, and no Dex410 were negative controls. 
Wells containing 0.4, 0.8, 1.2, 1.6, and 2.0 mg/l chlorhex-
idine (Sigma Chemical Co., St. Louis, MO, USA) were 
used as positive controls. The percentage of inhibition or 
reduction was calculated using the equation (1–A595 of the 
test/A595 of non-treated control) 100 [25]. The minimum 
biofilm inhibition concentration (MBIC50) was defined as 
the lowest Dex410 concentration that showed 50 % or more 
inhibition on the formation of biofilm [25].

To assess the reduction effect of Dex410, the 24-h S. 
mutans biofilm was formed in the wells of a 96-well pol-
ystyrene microtiter plate containing 200 μl TSB medium 
per well in the absence of Dex410. The developed biofilms 
were rinsed three times with stroke-physiological saline 
solution. Fresh prepared BHIS media containing gradient 
Dex410 at concentrations of 1–10 U/ml were added to the 
biofilms. The plate was then incubated at 37 °C for 24 h. 
The biofilms were then quantified as described above. 
Minimum biofilm reduction concentration (MBRC50) was 
defined as the lowest Dex410 concentration that showed 
reduction of the biofilm by 50 % or more [25].

Microphotography of formation of S. mutans biofilm 
treated with Dex410 at the concentration of MBIC90

Twenty-microliter aliquots of the overnight culture 
(OD600  =  1.0) were dispensed to each well of a 24-well 
polystyrene microtiter plate, each seeded with an 8 × 8-mm 
coverslip in a horizontal position, containing 180  μl of 
BHIS and 6  U/ml Dex410. Biofilms of S. mutans ATCC 
25175 (n = 4 for each time point) were formed on the cov-
erslips by incubation without disturbance at 37 °C and 5 % 
CO2 for 3, 6, 9, 15, 18, 21, and 24 h. Biofilms grown on 
the surface of the coverslips for different times were rinsed 
three times with distilled water, fixed in 2.5 % glutaralde-
hyde for 2 h, and followed by post-fixation in 1 % osmic 
acid dissolved in 0.1  M cacodylate buffer for 1.5  h. The 
biofilms were then dehydrated through an ethanol gradient 
from 50 to 90 %, air dried, and sputter coated with aurum. 
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The samples were photographed by SEM (Hitachi S-4000; 
Hitachi Instruments Inc., San Jose, CA, USA).

Assay for biomass, biofilm coverage, water‑soluble glucan 
(WSG), and water‑insoluble glucan (WIG) of the biofilms

Biofilms formed at the different time points (as described 
above) were gently rinsed with distilled water to remove 
the unattached cells. The biofilms were each placed in 2 ml 
of distilled water, and the biofilm mass was harvested by 
scraping with a sterile spatula and aspiration. The biofilm 
mass was then freeze-dried. The dry weight (μg/mm2) was 
determined in triplicate for each experiment. Coverslips not 
inoculated with S. mutans ATCC 25175 (n = 3 for each of 
the time points above) were used as blank controls.

Biofilms were observed under a Nikon 90i microscope 
and photographed with a DXM1200F camera at a magnifi-
cation of 10×. Images from five random microscopic fields 
per coverslip (n =  3) were captured. Biofilm coverage at 
the different time points was analyzed using the Image Pro-
Plus image processing and analysis software, v. 6.0 (Media 
Cybernetics, Bethesda, MD, USA) and represented as the 
mean of coverage (biofilm area per image area,  %) per 
microscopic field. The data represent mean ± SD of three 
experiments performed in triplicate. For measuring water-
soluble glucan (WSG) and water-insoluble glucan (WIG), 
biofilms were grown in BHIS supplemented with [14C-glu-
cose] sucrose (0.02  μCi/ml; PerkinElmer) according to 
Koo et al. [16]. WSG and WIG of the biofilms (n = 3) at 
each of the time points were quantified. The biofilms were 
sonicated in distilled water for homogeneous dispersion. 
One milliliter of the cell suspension was centrifuged at 
12,000  rpm for 10 min at 4 °C. The supernatant was col-
lected. The cell pellet was resuspended in 1 ml of distilled 
water, centrifuged, and the supernatant was collected, and 
this procedure was repeated twice. All the supernatants 
were pooled and three volumes of cold ethanol were added. 
The mixture was placed at 4 °C overnight. The precipitate 
(containing WSG) was recovered by centrifugation and 
washed three times with cold ethanol and lyophilized. The 
WIG in the washed cell pellet was extracted using 0.5 mol/l 
NaOH as detailed by Koo et al. [5]. The extract (containing 
WIG) was precipitated with three volumes of cold ethanol 
and lyophilized. Both the WSG and WIG were determined 
by scintillation counting as described by Koo et al. [17].

Animal experiments

Streptococcus mutans ATCC 25175, Streptococcus san-
guis ATCC10556, Streptococcus salivarius ATCC 13419, 
Actinomyces viscosus ATCC 15987, and Latobacillus casei 
ATCC 393 were separately cultured in BHI medium at 
37 °C and 5 % CO2 until the OD600 of each culture reached 

1.0. Then the five cultures were pooled in equal volume to 
generate a mixed-strain inoculum for the rat experiment. A 
6 U/ml Dex410 solution (Dex410S) in 50 mM sodium ace-
tate buffer (pH 5.5) was prepared for treating rats that were 
fed a cariogenic diet.

The animal study was approved by the local animal eth-
ics committee and conformed to the animal protection law 
of the People’s Republic of China. Female Wistar rats, 32 
for the 1.5-month (M) experiment and 32 for the 3-month 
experiment were all weanling rats (21  days of age). The 
inoculation of all 64 rats was performed once a day for 
three consecutive days by adding 100 μl of the multiple-
strain cell suspension to their oral cavity with a micropi-
pettor (from 24–28 days of age). All 64 rats were fed with 
a normal pellet cereal-based diet LAD1000G (TROPHIC 
Animal Feed High-tech Co Ltd, Nantong, China) and dis-
tilled water during the first 3 days of inoculation and then 
fed a cariogenic diet LAD1000G supplemented with 50 % 
(w/w) sucrose. Both for the 1.5- and 3-month treatment, the 
rats at the age of 24 days were randomly divided into four 
groups (8 for each of the groups) and treated once a day 
with Dex410S, Biotene PBF mouthwash (Laclede Profes-
sional Products, Gardena, CA, USA), deionized water, and 
the 50 mM sodium acetate buffer, respectively. The treat-
ment was performed by adding 200 μl of each of the four 
liquids to the oral cavity of rats with a micropipettor.

The rats (at the age of 66 days in 1.5-month treatment 
and 81 days in 3-month treatment) were killed by decapita-
tion. The jaws were removed and autoclaved at a pressure 
of 10 Ib/in2 for 10 min to facilitate removal of the muscle 
and connective tissue. The teeth were cleaned by removing 
the periodontium and immersed in 2 % ammonium hydrox-
ide for 30  min, and finally stained with 0.4  % murexide 
for 12 h. Dental caries in the crown and cervical region of 
maxillary and mandibular molars were observed in a Nikon 
SMZ 1500 stereomicroscope. Scoring of caries was per-
formed according to Keyes’ method [12]. The statistical 
significance of the difference between the groups was eval-
uated by Student’s t test. Statistically significant tests were 
set at a p value of <0.05.

Results and discussion

Identification of the strain Arth410

The strain Arth410 was a non-sporeforming, Gram-pos-
itive bacterium without flagella. The strain fermented glu-
cose and no acid or gas was produced. The strain Arth410 
was catalase positive, MR test negative, VP test negative, 
and indole test negative. The strain could not survive incu-
bation with 5  % skimmed milk at 65  °C for 30  min. The 
detailed physiological properties were consistent with the 
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Arthrobacter genus (Table 1). The 16S rRNA gene sequence 
(1, 485 bp) was submitted to GenBank under an accession 
number of JX481352 and showed 99 % identity to that of 
the most Arthrobacter sp. deposited in GenBank. Thus, the 
strain was preliminary identified as an Arthrobacter sp.

Arthrobacter sp. has begun to be a main source of dex-
tran hydrolases that act mainly on the α-1,6 glycosidic 
bond, such as dextranase from A. oxydans [14, 18], gluco-
dextranase (EC 3.2.1.70) from A. globiformis T-3044 and 
I42 [21, 23], and isomaltodextranase (EC 3.2.1.94) from 
A. globiformis T6 and A. dextranolyticus [9, 10]. All dex-
tranase-producing Arthrobacter sp. strains that have been 
reported so far are from terrestrial environments. To our 
knowledge, this is the first report on a dextranase produced 
by marine Arthrobacter sp.

Enzyme properties of Dex410

The calculated molecular weight of the Dex410 was 
64 kDa on a 10 % SDS-PAGE gel and the Dex410 protein 
appeared homogeneous by Coomassie stained SDS-PAGE 
(Fig. 1). TLC analysis showed that the major end-products 
of dextran T2000 hydrolysis by Dex410 were isomaltotri-
ose, isomaltotetraose, and isomaltopentose (Fig.  2). Thus, 
Dex410 was identified as an endo-hydrolyzing dextranase 
that had been shown to have higher efficiency in degrading 
plaque matrix than exo-type dextranase [13]. The specific 
activity of Dex410 was assayed as 11.9 U/g. The optimum 

pH and temperature of Dex410 were 5.5 and 45 °C, respec-
tively (Fig. 3).

The commercial dextranase dextranase 50  l from P. 
lilacinum showed optimum temperature of 55  °C and pH 
4.5, and retained <50 % of its maximum activity at 37 °C 
and pH 6 [19]. However, Dex410 retained more than 85 % 
of its maximum activity at 37  °C and pH 5.5. Compared 
with Dex410 50  l, Dex410 should be more suitable to be 

Table 1   Physiological and biochemical characteristics of the dextra-
nase-producing strain Arthrobacter sp. Arth410

+, positive reaction; −, negative reaction

Item Result Item Result

MR test − Nitrate reduction +
V–P test − Sugar fermentation

Nitrate reduction + Fructose +
CO2 from glucose − Glucose +
Catalase test + Lactose +
Lysine decarboxylase − Mannitol +
Tryptophan decarboxylase − Sucrose +
Arginine dihydrolase − Cellobiose −
Ornithine decarboxylase − Sorbitol −
Gelation liquefaction − Dulcitol −
Starch hydrolysis + Inositol −
Growth in 2 % NaCl + Lyxose −
In 4 % NaCl + Fucose −
In 6 % NaCl − Trehalose +
At 0 °C + Maltose +
At 20 °C + Raffinose +
At 40 °C + N-acetyl-D-glucosamine +
At 60 °C − Melibiose +

Fig. 1   a A Coomassie-stained 10  % SDS–PAGE gel showing the 
purity and size of the dextranase Dex410. M Molecular weight stand-
ard (Fermentas, SM0431); L1 Dex410 preparation; L2 crude fermen-
tation broth of Arthrobacter sp. strain Arth410. b Clear band showing 
the dextranase activity of Dex410 on a 10 % native PAGE gel con-
taining 0.5 % (w/v) blue dextran. The numbers on the left indicate the 
size of the markers

Fig. 2   TLC of dextran hydrolysis with the dextranase Dex410. The 
reaction consisting of 1  % dextran T2000, 6  U/ml of Dex410, and 
50 mM NaAc buffer (pH5.5) was incubated at 25 °C for 24 h. Lanes 
1–7, the standards glucose, isomaltose, isomaltotriose, isomaltotet-
rose, isomaltopentose, isomaltohexaose, isomaltoheptaose, respec-
tively; lane 8, the heat-inactivated control; lanes 9–11, the enzymatic 
digest for 6, 12, and 24 h, respectively. Development was done with a 
solvent system of chloroform/methanol/water, 3/3/1 (v/v/v)
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used in the oral environment in terms of the fact that dental 
caries usually form at a pH in plaque lower than 5.5 [3].

Though with exactly the same nucleotide sequence reg-
istered in GenBank (Accession no. DQ497801), Arthro-
bacter sp. dextranase Dex2 reported by Kim and AODex 
reported by Lee showed different optimum pH, tempera-
ture, and specific activity when subjected to different con-
ditions such as reaction buffers and the enzyme/substrate 
ratios [14, 18]. It is therefore impractical to compare 
Dex410 with Dex2 in enzyme properties despite the fact 
that they are both endo-type dextranases and have similar 
end-products.

Effect of different concentrations of Dex410 on the 
inhibition and reduction of S. mutans biofilm

The inhibition on formation of S. mutans biofilm and the 
reduction on developed S. mutans biofilm in vitro are 

shown in Fig. 4. Dex410 of different concentrations was 
incubated with S. mutans in vitro for a non-physiologi-
cally relevant incubation time (24 h), and the data gained 
might not reflect the practical time course of inhibition 
or reduction by in vivo treatment, since agents in oral-
care products always contact the biofilms in very short 
times.

The inhibition enhanced gradually with increasing 
concentrations of Dex410. MBIC50 of Dex410 was in the 
range of 1–5  U/ml (1.27–6.35  μM) and the mean 2  U/
ml (2.54 μM). MBIC90 of Dex410 was 4–8 U/ml and the 
mean 6 U/ml. The reduction of 24-h S. mutans biofilms by 
50 % or above was achieved in the presence of Dex410 at 
MBRC50 of 3–7 U/ml (3.81–8.89 μM). The MBRC50 was 
lower than that of chlorhexidine (>20  μM), an effective 
antibacterial widely used in oral hygiene products. The 
mean MBIC50 of Dex410 (2.54 μM) was similar to that of 
chlorhexidine (2.6 μM).

In the presence of 6 U/ml Dex410, the formation of bio-
film by planktonic S. mutans cells was significantly inhib-
ited by about 90 % (p < 0.05). In contrast, at the same con-
centration, Dex410 reduced by only about 60 % the formed 
S. mutans biofilm (Fig.  4). The results suggested that 
Dex410 was more effective in inhibiting biofilm formation 
than removing developed biofilm.
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Fig. 4   Inhibition and reduction of S. mutans biofilm by Dex410 at 
different concentrations. The closed diamonds and triangles refer to 
inhibition of biofilm formation and reduction of developed biofilm, 
respectively. For assessment of growth inhibition effect of Dex410, 
the S. mutans biofilms were cultured in 96-well microtiter plates 
at 37 °C for 24 h in the presence of Dex410 at different initial con-
centrations. For assessment of reduction effect of Dex410, 24-h 
S. mutans biofilms were developed as described in the text. BHIS 
medium with different concentrations of Dex410 was added to the 
biofilms, followed by a further incubation at 37 °C for 24 h. Cultures 
without Dex410 were control. The biofilm assay was performed as 
described in the text. Mean values from the Dex410-treated cultures 
were expressed as a percentage of control values. Data represent the 
mean and SD of two independent tests with duplicates for each
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Inhibitory effect of 6 U/ml Dex410 on the formation of S. 
mutans biofilm

For the control group, microscopical analysis showed that 
a conditioning film was formed on the coverslip surface 
at 3 h (Fig. 5). No apparent aggregation of the S. mutans 
cell observed during 3–6  h and the surface was largely 
unattached. The cells begun to adhere to the pellicle and 
aggregate quickly to form patches at 6  h. Then the cells 
spread the entire field of the surface and formed an inte-
grate biofilm at 9 h. The coverage at 9 h reached approxi-
mately 100  %, and the fluid channel of a biofilm could 
be observed. The biofilm became dense and more com-
plex from 9 to 24  h with the coverage stabilized around 
100 %. For the treatment group, the time-course coverage 

of biofilm on coverslips from 0 to 24 h was suppressed to 
the range of 10–21 % (Fig. 6a). It was not until at 9 h that 
patches formed leaving more than 95 % of the surface unat-
tached from 9 to 24 h. The biofilm coverage increased to a 
maximum about 21 % at 9 h but thereafter decreased from 
18 h to a minimum about 10 % at 24 h.

In the presence of Dex410, the WSG content of the 
24-h biofilms was inhibited by more than 95  % com-
pared with the control group (Fig.  6b). The WSG con-
tent of the Dex410-treated biofilms was suppressed to no 
more than 10 μg/ml during 24 h of growth and a mini-
mum of 1.131  ±  0.5  μg/ml at 24  h. The average WIG 
content (76.787  ±  3.8) of the Dex410-treated biofilms 
grown for 24-h was close to that of the control group 
(78.606 ± 3.9).

Fig. 5   SEM micrographs of the S. mutans biofilm formation on cov-
erslip surface for 0–24 h. Biofilms were grown in BHIS in the pres-
ence or absence of Dex410 (6 U/ml). All images shown were taken at 
a magnification of 3,000×. The selected images were chosen as the 
best representatives of the amount of biofilms on the coverslip sur-
faces. Each image is marked with experimental group and biofilm age 

in the top-left corner where “T” and “C” refer to the treated and the 
control biofilms, respectively. The images were acquired at a gray-
scale resolution of 8 bits and an image size of 1,280 ×  960 pixels. 
Biofilm patches smaller than 10 pixels were omitted from our analy-
sis
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Biofilm mass of the control group increased steeply 
from 6 to 9  h and thereafter slowly to a maximum value 
of 12.313  ±  1.719  μg/mm2 at 24  h (Fig.  6c). Biofilm 
mass of the Dex410-treated group reached a maximum of 

1.172 ± 0.938 μg/mm2 at 9 h and then decreased modestly 
to 0.606 ± 1.25 μg/mm2 at 24 h. Meanwhile, the WSG and 
WIG only slightly increased from 9 to 15  h in the control 
groups. The results implied that the cells of the control bio-
films increased quickly from 9 to 15 h in terms of the com-
plete glucan matrix formed in the biofilms. However, during 
the same period, cells could not effectively accumulate in the 
Dex410-treated biofilms, as the adhesiveness of the glucan 
matrix was reduced due to the hydrolysis by Dex410 [19].

Assessment of inhibitory effect of Dex410 on dental caries 
by animal experiment

In the 1.5- and 3-month treatment groups, caries mainly 
occurred in the occlusal pits, fissures, and proximal regions 
of teeth. No caries was observed in lingual or buccal aspect 
of the crown of all the molars and incisors. In the 1.5-
month treatment, caries affected only the crown of all the 
molars. No caries was observed in the cervical region of all 
the molars. In the 3-month treatment, both the crown and 
cervical region of all the molars were affected by caries.

The statistical analysis showed that in the short-term 
treatment (1.5 months), both Dex410S and Biotene had sig-
nificant inhibitory effect on caries (p = 0.0008 and 0.0001, 
respectively) compared with the control. The average scores 
of the Dex410S and the Biotene group were 1.667 ± 1.221 
and 1.333 ± 0.816, respectively (Fig. 7). However, in the 
long-term treatment (3  months), only Dex410S showed a 
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Fig. 7   Mean caries scores from rats infected with five oral strains 
after treatment with Dex410 for 1.5 and 3  months. The blank and 
filled columns refer to the 1.5- and the 3-month experiments, respec-
tively. All groups were fed a cariogenic diet and distilled water. Con-
trol, treated with deionized water; Dex410S, treated with Dex410 
buffer solution; Biotene, treated with commercial Biotene mouth-
wash; Buffer, treated with the Dex410-free buffer. All four jaw quad-
rants from each rat were scored for caries by the method of Keyes 
[12]. Stars above the error bars indicate groups that are statistically 
different from control groups in caries scores. *p  <  0.05 compared 
with the 3-months control; **p < 0.001 compared with the 1.5-month 
control. The strains used were S. mutans ATCC 25175, S. sanguis 
ATCC10556, S. salivarius ATCC 13419, A. viscosus ATCC 15987, 
and L. casei ATCC 393



25J Ind Microbiol Biotechnol (2014) 41:17–26	

1 3

significant inhibitory effect on caries (p = 0.005). Both in 
the 1.5- and 3-month experiments, there was no statistically 
significant difference between the buffer and the control 
groups. The results indicated that Dex410 could be suitable 
for long-term prevention of dental caries.

Biotene is a dextranase-containing mouthwash that had 
shown caries prevention capability [7, 15]. The dextranase 
in Biotene was from C. erraticum at a concentration of 
0.0013 % (w/w) according to the manufacturer’s specifica-
tion. The optimum temperature of the dextranase was 50–
60 °C and the specific activity of it at 40 °C and pH 4.5 was 
6,356.3  U/g [6]. The specific activity was about 0.3  U/g 
by converting to the unit defined in this study. Thus, the 
dextranase activity of Biotene was about 0.004 U/ml, and 
much lower than that of Dex410 (6  U/ml). Despite other 
antiseptic enzymes added in Biotene like lactoperoxidase, 
glucose oxidase, and lysozyme, the low dextranase units 
per milliliter of the Biotene could account for its ineffec-
tiveness in long-term prevention of dental caries.

Conclusions

Dextranase Dex410 from a marine-derived Arthrobacter 
sp. strain possessed the enzymatic properties suitable for 
the oral environment and applicable for oral hygiene prod-
ucts. Dex410 hydrolyzed dextran T2000 resulting in an 
end-product mainly as isomaltotriose by endo-type mech-
anism. Dex410 showed a better performance in inhibiting 
S. mutans biofilm formation than reducing the biofilm that 
had already formed. Dex410 effectively inhibited the S. 
mutans biofilm coverage, biomass, and WSG by more than 
80, 90, and 95 %, respectively. Dex410 was more effective 
in inhibiting dental caries for long-term use than the com-
mercial Biotene mouthwash. 
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