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Abstract Hyaluronic acid (HA) is a mucopolysaccharide

with different applications in the medicinal field. Since HA

does not have antibacterial property, in this research a

bacterium with both abilities of HA and silver nanoparti-

cles (SNPs) production was used; HA containing SNPs

(HA/SNPs) was obtained and the toxic effect of HA/SNPs

was achieved using Limulus Amebocyte Lysate (LAL) and

3-(4,5 dimethyl thiazol-2yl)-2,5 diphenyl tetrazolium bro-

mide (MTT) assays. HA and SNPs were produced sepa-

rately by Streptococcus pyogenes. Then HA was analyzed

using fourier transform infrared (FTIR) spectroscopy and

transmission electron microscope (TEM), and SNPs were

analyzed using TEM and X-ray diffraction analysis (XRD).

In order to produce HA/SNPs complex, SNPs were added

to the supernatant containing HA and the complex was

precipitated using isopropyl alcohol. HA, SNPs, and HA/

SNPs were used for the antibacterial assay. Results proved

the formation of HA and SNPs in the bacterial culture

medium. SNPs sizes were around 5–30 nm and entered in

the structure of HA. Antibacterial test showed that unlike

the pure HA, SNPs and HA/SNPs had antibacterial activity.

LAL and MTT assays results showed that HA/SNPs had

low and dose-dependent toxic effects. In future, the use of

HA/SNPs scaffold in tissue engineering field is expected.

Keywords Antibacterial activity � Hyaluronic acid �
Silver nanoparticles � Streptococcus pyogenes

Introduction

Hyaluronic acid (HA) is a mucopolysaccharide that is

composed of b-glucuronic acid-[1 ? 3]-b-N-acetylglu-
cosamine-[1 ? 4] units. High levels of HA are detected in

skin, vitreous humor, cartilage, and synovial fluid of human

and animal bodies (Meyer and Palmer 1934). Because HA

has unique physico-chemical properties, it has many dif-

ferent applications in the medicinal field (Kogan et al.

2007). This natural polymer is traditionally extracted from

the rooster comb and other animal tissues but one of its

deficiencies is the impurity of the product. So the next step

in the industrial production of HA is the purification of it.

But this process is expensive, time consuming, and unclean

(Kanala et al. 2011). Another HA source is the microbial

fermentation. It is proved that some Streptococci strains are

able to produce this polymer as their capsular

exopolysaccharides (Wessels et al. 1991). It has been

reported that this type of HA has less immunogenicity and

toxicity therefore it can be used in vivo. Moreover, in

contrast to the traditional method of HA production,

microbial fermentation is cheaper and more environmen-

tally friendly (Chong et al. 2005). Nowadays, this product

is successfully produced on an industrial scale using

Streptococcus sp. such as Streptococcus zooepidemicus

(Kanala et al. 2011). However, bacterial HA does not have
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antibacterial activity at all and this may affect the in vivo

applications of the polymer. Therefore in order to achieve

better antibacterial activity, development of a new gener-

ation of bacterial HA with antibacterial properties is under

research. One method for achieving this aim is to

impregnate HA with the biologically produced silver

nanoparticles (SNPs). It has been shown that SNPs have

excellent antibacterial, antifungal, and antiviral activities

and are used for curing the multiple-drug-resistant infec-

tions (Zhou et al. 2012). So SNPs can be used in HA matrix

which will solve this problem.

There are different physical and chemical methods for

SNPs production. Although these methods are useful, they

have their own disadvantages. For example they are time

consuming and it has been reported that some of the

remaining chemical by-products on the surfaces of the

produced nanoparticles may cause some limitations in the

consumption of nanoparticles when they are used in vivo

(Yahyaei et al. 2014). Therefore, the third method for SNPs

production is introduced which is named the green syn-

thesis. In this approach, SNPs are produced by different

bacterial and fungal species by the use of some enzymatic

and non-enzymatic reactions. In the enzymatic reduction, it

has been reported that some NADH-dependent reductases

are responsible for the intra- or extra-cellular reduction of

the metallic ions (Zhang et al. 2005) and in the non-en-

zymatic one, some functional groups of the polysaccha-

rides or polypeptides such as aldehydes, ketones,

carboxyls, and amides are responsible for this process (Sun

and Xia 2002).

So in the recent research, in order to achieve the bac-

terial HA polymer with the antibacterial properties, a

bacterium with both abilities of SNPs and HA production

has been chosen. After biosynthesis of SNPs by Strepto-

coccus pyogenes, the colloidal SNPs were washed and

added to the bacterial culture supernatant that contained

HA, which was produced by the same bacterium, and the

mixture was precipitated using isopropyl alcohol. Finally,

the antibacterial properties of the produced HA/SNPs were

assessed against four routine pathogenic bacterial strains.

Limulus Amebocyte Lysate (LAL) and 3-(4,5 dimethyl

thiazol-2yl)-2,5 diphenyl tetrazolium bromide (MTT)

assays have been done in order to assess the toxicity of HA/

SNPs. In future, the results of this study may help the other

in vivo researches.

Materials and methods

Production of hyaluronic acid

Streptococcus pyogenes was purchased from Persian Type

Culture Collection (PTCC 1447), Iran. The bacterium was

cultured in the sterile brain heart infusion (BHI) agar

medium (Difco) and incubated at 37 �C for 24 h. For HA

production, a single bacterial colony was transferred to a

chemically defined medium that contained 20 g/L of glu-

cose, 10 g/L of yeast extract, 1.5 g/L of MgSO4�7H2O, 2 g/

L of NaCl, and 2.5 g/L of K2HPO4 (pH 7.0). The flask was

incubated at 150 rpm at 37 �C for 24 h (Huanga et al.

2006).

Isolation and purification of hyaluronic acid

The produced HA was purified as described earlier by

Kanala et al. (2011) with a few modifications. Briefly, the

bacterial culture was precipitated using isopropyl alcohol

(1:3 v/v). In order to reduce the viscosity of the medium,

the bacterial sediment was dissolved in 0.5 M of NaCl

solution. Later, the solution was mixed with 2 % of gran-

ular activated charcoal and stirred at room temperature for

1 h. Mixture was centrifuged (60009g, 15 min) and the

obtained supernatant was passed through 0.22 lm bacte-

riological filter (Millipore). HA was precipitated using

isopropyl alcohol (1:3 v/v) that was followed by centrifu-

gation process (14,7009g, 30 min) and finally freeze-

dried.

Characterization of hyaluronic acid

Fourier transform infrared (FTIR) spectroscopy

In order to characterize the obtained and purified HA, FTIR

spectroscopy was used. For better analysis, standard sam-

ple of Streptococcal HA was purchased (Sigma-Aldrich,

H-9390) and used as the control. For this test, each HA

sample was placed on a glass plate and measured using

Nicolet FTIR instrument (Kanala et al. 2011).

Transmission electron microscope (TEM)

TEM was used for better analysis of HA before and after

the purification process. For this aim, 30 lL of the sample

was placed on a carbon-coated copper grid and after 30 s

the excess of the solution was removed and the grid was

dried using infrared lamp. TEM images were obtained in

different magnification ranges (Pourali et al. 2013).

Biosynthesis of silver nanoparticles

Production of SNPs was performed based on the previous

published research article (Yahyaei et al. 2014). Briefly,

minimal inhibitory concentration (MIC) of AgNO3 (Sigma-

Aldrich) solution for S. pyogenes was determined by broth

micro dilution method. For this aim, a single colony of S.

pyogeneswas transferred into 1 mL of sterile normal saline,
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and optical density (OD) of the suspension was adjusted to

McFarland‘s standard No 0.5. A sterile 96-wells microtiter

plate was used and 50 lL of the sterile BHI broth was mixed

with 10 lL of the above bacterial suspension and the

obtainedmixturewas added to eachwell containing 50 lLof

the twofold serial dilutions of AgNO3 (1 M) in one row. The

negative control well contained 50 lL of the sterile BHI

broth plus 50 lL of AgNO3 (1 M), and the positive control

well contained 50 lL of the sterile BHI broth plus 10 lL of

the bacterial suspension. Plate was incubated at 37 �C for

24 h and MIC was calculated as the lowest AgNO3 con-

centration in the well in which no detectable growth of the

microorganisms was seen, and the neighbor well which had

measurable turbidity that indicated the growth of the bac-

terium was considered as sub-MIC concentration (Mourey

and Canillac 2002). For SNPs production, 100 lL of S.

pyogenes suspension (OD = McFarland’s standard No 0.5)

was cultured in 30 mL of the sterile BHI broth medium that

contained the sub-MIC concentration of AgNO3 solution.

The negative control flask contained the sterile BHI broth

medium with the same concentration of AgNO3 solution.

Flasks were incubated in the shaker incubator at 200 rpm at

37 �C for 24 h in dark condition. Change in the color of the

medium from yellow to brown was the symptom of SNPs

bioproduction (Yahyaei et al. 2014).

Characterization the biosynthesized silver

nanoparticles

Visible spectral analysis

Optical density of the flask with the dark brown color

which indicated SNPs was measured using visible spec-

trophotometer from 300 to 700 nm against the blank (the

sterile BHI broth medium). Presence of the maximum

absorbance peak around 400–450 nm proved the formation

of SNPs in the medium (Pourali et al. 2012).

Transmission electron microscope (TEM)

Sizes and morphologies of the produced SNPs were

obtained using Philips 420T TEM. The procedure was

described earlier in this research.

X-ray diffraction analysis (XRD)

In order to identify the crystalline structure of SNPs, XRD

was used. For this aim, the produced SNPs were freeze-

dried and the obtained powder was heated at 300 �C for

1 h. By this method, the obtained XRD peaks would be

sharpened. Data were recorded in the ranges of 30�–80� 2h
angles using Bruker D8 Discover X-Ray diffractometer

(Pourali et al. 2013).

Purification of silver nanoparticles

In order to clean the produced SNPs from the excess of

AgNO3 ions, enzymes, and other impurities of the bacterial

culture medium, the sample was washed three times with

ddH2O. For this aim, 1 mL of SNPs sample was centrifuged

under mild condition (20009g, 5 min) and the supernatant

was collected and centrifuged under strong condition

(14,87009g, 30 min). Then, the pellet was suspended in

1 mL of ddH2O and this step was repeated three times.

Finally, the obtained pellet was re-dissolved in ddH2O.

Impregnation of hyaluronic acid with the biologically

produced silver nanoparticles

HA isolation step was repeated but in the final step, before

precipitation of the supernatant that contained HA, 1 mL of

the purified SNPs sample was added into the mixture and

3 mL of isopropyl alcohol (1:3 v/v) was administrated. The

mixture was centrifuged (14,7009g, 30 min) and the

obtained pellet was suspended in 0.5 mL of ddH2O for

further analysis.

Transmission electron microscope analysis of hyaluronic

acid containing silver nanoparticles

Impregnation of HA with SNPs was analyzed using TEM.

In this step, the suspension of HA/SNPs in ddH2O was

used. The procedure was described previously in this

research.

Antibacterial susceptibility test

The tested bacterial pathogenic strains that were used for

antibacterial test were as follows: Staphylococcus aureus

(PTCC 1113), Bacillus cereus (PTCC 1015), Escherichia

coli (PTCC 1330), and Pseudomonas aeruginosa (PTCC

1310). Each bacterial single colony was transferred into

1 mL of sterile normal saline and OD of each of the sus-

pension was adjusted to McFarland’s standard No 0.5.

Using a sterile cotton swab, each bacterial suspension was

streaked onto a Mueller–Hinton agar (Merck) medium.

Later, four wells of 6 mm in diameter were made in the

agar medium and each well was filled by 50 lL of the

following suspensions: AgNO3 (at its sub-MIC, as a con-

trol), HA, HA/SNPs, and SNPs. Plates were incubated at

37 �C for 24 h and the growth inhibition zones were

measured. This experiment was done in triplicate, and the

statistical analysis was run using one-way analysis of

variance (ANOVA) with SPSS software version 22. Dif-

ferences in means between all the four tested solutions

were considered statistically significant when P values were

\0.05 (Pourali et al. 2014).
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LAL assay

In order to analyze the toxicity of HA/SNPs, endotoxin

levels were obtained using limulus amebocyte lysate

(LAL) assay kit (LAL Chromogenic Endotoxin Quantita-

tion Kit, Thermo Fisher Scientific Inc.).

MTT assay

In order to use HA/SNPs for the tissue engineering applica-

tions, MTT assay was performed and the toxicity of HA that

contained SNPs was determined. For this aim, 2 mg of the

freeze-dried HA/SNPs sample was weighed and dissolved in

1000 lL of the complete cell culture medium that was

Dulbecco’s Modified Eagle’s medium (DMEM, Sigma-

Aldrich) with 10 % Fetal Bovine Serum (FBS, Sigma-

Aldrich) and 1 % penicillin–streptomycin (Sigma-Aldrich).

Fibroblast cell line NIH-3T3 D4 was purchased from Pasteur

Institute of Iran and cultured in the above medium. After

achieving 80 % confluent monolayer cells and detachment of

the cells using trypsin-EDTA, 96 wells L-lysine coated

microtiter plate was seeded with 100 lL of the complete cell

culture medium that contained 2 9 104 live cells/well and

was incubated at 37 �C for 24 h with 5 % CO2. Then, 80 %

confluent monolayer cells were washed using sterile phos-

phate-buffered saline (PBS) and each well was filled again

with 100 lL of the complete medium plus 100 lL of the

twofold serial dilutions of HA/SNPs. Twelfth well that

contained only 200 lL of the complete medium has been

considered as the positive control well. After incubation, the

medium was removed and 10 lL 3-(4, 5-dimethyl thiazol-2-

yl) 2, 5-diphenyl tetrazolium bromide (MTT, Sigma-Aldrich)

dye solution (5 mg/mL in PBS) was added to all the tested

wells. Plate was incubated at 37 �C for 2 h with 5 %CO2 and

finally the dye was removed. Formazan crystals were dis-

solved in 100 lL of dimethyl sulfoxide (DMSO, Sigma-

Aldrich) and ODs of the wells were measured at 540 nm

using ELISA plate reader in NanoDrop spectrophotometer

and IC50 was calculated using the following formula:

IC50 ¼ OD of the maximal inhibition�50%

OD of the maximal inhibition�OD of the minimal inhibitionð Þ;

in which OD of the maximal inhibition was OD of the first

well that contained the highest concentration of HA/SNPs

and OD of the minimal inhibition was OD of the eleventh

well that contained the lowest concentration of HA/SNPs

(Prabhu et al. 2013). Then OD of HA/SNPs in the corre-

sponding well that was known as IC50 was achieved using

visible spectrophotometer at 570 nm. Finally, using

GraphPad prism 6.00 software, in non-linear regression

mode where Hill Slope was -0.1, standard curve, cell

normalized response, and variable slope were determined.

Results

Production of hyaluronic acid

The turbidity and viscosity of the bacterial culture medium

changed after incubation of the bacterial cells in the

chemically defined medium. This medium was used for HA

isolation.

Isolation and purification of hyaluronic acid

After precipitation of HA with isopropyl alcohol, white

fibers of HA were detected. HA sediment before the freeze-

drying process was white with a sticky texture.

Characterization of hyaluronic acid

Fourier transform infrared (FTIR) spectroscopy

In order to characterize the purified HA, FTIR was used.

FTIR spectra from ranges of 1000–4000 cm-1 for the test

and the control HAs have been shown in Fig. 1. Briefly, for

both of the tested HAs, five peaks were obtained that shared

similarities in their positions with each other. There was a

band at 1052.24 cm-1 for the control while a similar band at

1063.1 cm-1 was seen for the test sample that confirmed the

presence of C–O–C stretching. Another band at

1412.05 cm-1 was seen for the control, while this peak for

the test sample was detected at 1560.83 cm-1 that indicated

the combination of C–O with C=O. The third band was

detected at 1653.14 cm-1 for the control, whereas in the case

of the test sample this band was seen at 1655.06 cm-1 that

confirmed the presence of C=O carboxyl amid I group. The

next bands were observed at 2368.59 and 2368.39 cm-1 for

the control and the test samples, respectively, which indi-

cated the stretching ofC–H. Finally, the fifth bandswere seen

at 3451.07 and 3427.30 cm-1 for the control and the test

samples, respectively, whichwere due to the stretching ofO–

H. These results showed that the obtained HA sample that

was produced by S. pyogenes was structurally same as the

control HA, and FTIR results confirmed the successful pro-

duction of HA by the bacterium.

Transmission electron microscope (TEM)

TEM before and after the purification process was used for

HA analysis, and the obtained results have been shown in

Fig. 2. As it has been shown in Fig. 2A, before the

purification process, HA was impure and the bacterial cells

were attached to the polymer matrix (i.e., a diplococcus is

seen). After purification, as shown in Fig. 2B, C, the

polymer was pure and the bacterial cells were not attached

to the polymer structure.
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Fig. 1 FTIR spectra of the test and the control HAs. Five different peaks were obtained that shared position similarities with each other. The

exact peak positions are indicated

Fig. 2 TEM images before (A) and after (B, C) the purification of HA. (Scale bars for A, B = 200 nm and for C = 50 nm)

Appl Biol Chem (2016) 59(2):227–237 231

123



Biosynthesis of silver nanoparticles

The color of the bacterial culture medium changed from

yellow to dark brown in contrast to the negative control

after 24 h of the incubation which indicated the formation

of SNPs. This observation is due to the surface plasmon

resonance (SPR) of the produced SNPs. SPR is a physical

process when a plane-polarized light stimulates the con-

duction electrons of the permittivity materials. The culture

medium after SNPs production was transparent, and cen-

trifugation for isolation of the bacterial cells was not

required.

Characterization the biosynthesized silver

nanoparticles

Visible spectral analysis

The color changed supernatant had maximum absorbance

peak around 425 nm that confirmed the formation of SNPs

due to SPR of SNPs surface conducting electrons. Figure 3

shows the spectral analysis of the produced SNPs.

Transmission electron microscope (TEM)

TEM micrograph for the produced SNPs was obtained

which confirmed the formation of SNPs with average sizes

around 5–30 nm in the cubical and hexagonal shapes

(Fig. 4).

X-ray diffraction analysis (XRD)

XRD results confirmed the presence of sharp Bragg peaks

of the elemental silver that were obtained at 2h values.

These sharp peaks have been obtained due to the heat

treatment of SNPs (at 300 �C for 1 h). XRD spectrum and

the peaks that belong to the elemental silver have been

shown in Fig. 5. As the obtained SNPs were used directly

without any washing process, there were several

detectable peaks in the acquired XRD spectrum (Fig. 5).

These peaks confirmed the presence of the other elements

that belong to the impurities of the bacterial culture.

Impregnation of hyaluronic acid with the biologically

produced silver nanoparticles

After addition of the purified SNPs to the bacterial culture

supernatant that contained HA and using isopropyl alcohol,

brown fibers of HA/SNPs were seen in the mixture

(Fig. 6B). These brown fibers were precipitated using the

centrifugation process and the color of HA was shifted

from white (Fig. 6A) to dark brown (Fig. 6C) which indi-

cated the formation of HA/SNPs complex. These events are

shown in Fig. 6.

Transmission electron microscope analysis of hyaluronic

acid containing silver nanoparticles

TEM micrographs of HA containing SNPs were obtained.

As the results showed, after impregnation of HA with

SNPs, SNPs entered into the structure of HA. Figure 7

shows TEM images after the impregnation process.

Antibacterial susceptibility test

Antibacterial test indicated that unlike the pure HA, HA

which was impregnated with SNPs had antibacterial
Fig. 3 The spectral analysis of the produced SNPs. Maximum OD

was detected at 425 nm which was due to SPR

Fig. 4 TEM micrograph of the SNPs. Based on the presented Scale

bar, the average sizes of SNPs were around 5–30 nm with the cubical

and hexagonal shapes (Scale bar = 50 nm)
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Fig. 5 XRD results of the

produced SNPs after the heat

treatment. Peaks at 2h angles of

32.569�, 44. 220�, 64.340�, and
77.563� correspond to (1 1 1), (2
0 0), (2 2 0), and (31 1) planes

for silver, respectively

Fig. 6 Impregnation of HA

with the biologically produced

SNPs. (A) White HA tablets

after isolation, purification, and

freeze-drying processes. Drying

process caused deposition of

HA in the tablet forms in the

bottom of the test tubes.

(B) Brown fibers of HA/SNPs

after using isopropyl alcohol,

and (C) HA/SNPs after
centrifugation process

Fig. 7 TEM micrographs of

HA containing SNPs. HA has

been used as an anchoring

matrix for attachment of SNPs

probably by the use of some

physiochemical interactions

(Scale bars = 100 nm)
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activity against all the four tested bacterial strains. The

results of this assay have been shown in Table 1. Statis-

tical analysis using one-way ANOVA showed that the

produced SNPs had P value \0.05 and so had signifi-

cantly better antibacterial activity than HA/SNPs and

AgNO3 (AgNO3 concentration that was used for this test

was equal to the sub-MIC of AgNO3 that was calculated

for Streptococcus pyogenes). Also, there was significant

difference between the antibacterial activity of HA/SNPs

and AgNO3 (P value \0.05). Moreover, there was a

significant difference between the antibacterial activity of

the pure HA in contrast to the other groups. As described

in Table 1, there was no detectable antibacterial activity

for the pure HA.

LAL assay

Results from LAL assay, after obtaining the standard curve

at 405 nm based on the kit protocol, showed that the

endotoxin level in the sample was equal to 0.04 EU/mL.

This indicated that the purification process that was used

for HA and SNPs was acceptable.

MTT assay

IC50 of HA/SNPs was determined in the third well that

contained 0.25 mg/mL of the tested solution. OD of the

pure HA/SNPs at this dilution was measured using Nan-

odrop spectrophotometer at 425 nm which was equal to

0.2. Results showed that although HA/SNPs had some

toxic effects in the cell culture, this toxicity was dose-

dependent. Using GraphPad prism software we obtained

dose response inhibition curve, which showed that in

comparison to Hill slope variable slope had a standard

slope (-0.1032). Figure 8 shows the standard curve, nor-

malized response, and variable slope of the cells after

incubation with the twofold serial dilutions of the inhibitor

(i.e., HA/SNPs).

Discussion

HA with different molecular weights is isolated from var-

ious animal sources especially from vitreous humor of eyes

and rooster combs. HA has application in the medicinal

field such as radical scavenging role (Foschi et al. 1990).

Moreover, HA is injected to the patients who have joint

diseases, is used in Visco-surgery, and is utilized as a factor

for detecting disorders such as rheumatoid arthritis, tumors,

and liver diseases (Alkrad et al. 2003).

HA alone does not exhibit antibacterial property to

prevent the infections that may occur during its usage

in vivo. So in order to improve the antibacterial capacity of

this polymer, in the present study, SNPs were biologically

produced and were embedded into the structure of HA. In

order to analyze the capacity of the polymer for in vivo

applications, some additional tests such as MTT and LAL

assays were performed for detecting the toxicity of HA/

SNPs before in vivo experiments.

From the outcomes that were obtained in this study, the

next step is to produce a suitable scaffold that is made from

HA/SNPs for in vivo applications. There are different

available methods rather than microbial one for HA and

SNPs production but these strategies have their own defi-

ciencies. For example, the extraction of HA from different

types of animal tissues has been done for several years but

the procedure is time consuming and unclean and the

produced HA usually is impure (Kanala et al. 2011). Also

in the case of SNPs production there are different chemical

and physical methods. Although these methods are simple,

cheap, and fast,some chemical by-products that remain on

the surface of the produced SNPs usually have some toxic

effects when they are used in vivo (Yahyaei et al. 2014).

The third strategy for SNPs production is the biological

one. This method is safe, clean, and eco-friendly (Pourali

et al. 2014). There are limited bacterial strains with the

ability of HA production and the problem will be more

difficult when they are explored for the ability of SNPs

production too. Therefore, the aim of the present study was

to use a bacterium with both abilities of HA and SNPs

Table 1 Antibacterial

susceptibility test results
Tested bacteriaa Inhibition zones (mm) of

SNPs HA/SNPs AgNO3
c HA

Staphylococcus aureus 18 ± 0.33b 14 ± 0.22 13 ± 0.34 Not detected

Bacillus cereus 19 ± 0.22 16 ± 0.58 14 ± 0.56 Not detected

Escherichia coli 18 ± 0.46 14 ± 1.00 15 ± 0.33 Not detected

Pseudomonas aeruginosa 16 ± 0.33 12 ± 0.33 10 ± 1.00 Not detected

a Tests were done in triplicate
b Mean ± S.E.M
c The concentration that was used was equal to the sub-MIC of AgNO3 which was calculated for Strep-

tococcus pyogenes and utilized for SNPs production
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production, and to achieve this S. pyogenes was chosen.

Although S. pyogenes is an important human pathogenic

bacterium, due to these two abilities it was used in the

current experiment.

In the first step of this study, isolation and purification of

HA using S. pyogenes was performed. As the results

indicated, HA sediment after extraction and purification

processes was white and after freeze-drying the obtained

HA tablets were used for FTIR spectroscopy analysis. Five

different peaks for both of the control and the test samples

were obtained after FTIR experiment (Fig. 1). These peaks

shared position similarities with each other according to

Alkrad et al. (2003) and thereby confirmed the presence of

HA in S. pyogenes culture medium.

TEM images of HA showed that before the purification

process diplococci of bacterial cells were seen attached to

HA polymer (Fig. 2A). After the purification process, HA

polymer was seen separated and in an amorphous shape

(Fig. 2B, C).

Another experiment that was done separately was

assessment of SNPs production by S. pyogenes. As the

results displayed, after incubation of the bacterial cells in

BHI medium that contained AgNO3 (at its sub-MIC con-

centration that was obtained for the bacterium), the color of

the suspension turned from yellow to dark brown that

confirmed the production of SNPs. This simple and fast

technique for the production of SNPs was described earlier

in our previous work (Yahyaei et al. 2014). In this method,

AgNO3 at the obtained sub-MIC concentration for the

tested bacterium was used. So the nitrate ions slightly

inhibited the bacterial growth, and the bacterial cells

actively produced SNPs by an enzymatic reduction. How-

ever, non-enzymatic process may be involved in SNPs

production since it has the possibility of the presence of

some polymers (such as HA) and proteins in the bacterial

culture medium. Production of SNPs was confirmed using

visible spectrophotometery, TEM, and XRD tests, and the

obtained results have been indicated in Figs. 3, 4, and 5,

respectively. As described previously, before XRD analysis

the sample was heated at 300 �C for 1 h. In our previously

published work, it was reported that SNPs were joined

together by the heat treatment, and this process led to

increase in the sizes of SNPs which finally resulted in

sharper XRD peaks (Pourali et al. 2013).

In the next step, excess of AgNO3 from the surface of

the produced SNPs was cleaned, since silver nitrate ions

have antibacterial property and might interfere with the

antibacterial test results.

The result of the antibacterial susceptibility test showed

that HA/SNPs had less antibacterial activity than the

purified SNPs. In HA/SNPs complex, the surface of SNPs

was covered by HA polymer and therefore the exposure of

SNPs to the bacterial cell surface was reduced and this

finally caused that the complex of HA/SNPs had less

antibacterial activity than the purified SNPs (P value

\0.05) (Fig. 7).

One of the most important parts of SNPs production is

the use of some molecules as the capping agents. These

molecules are used to protect and coat the surface of the

produced nanoparticles, so that the nanoparticles in close

contacts with each other would either not be aggregated or

linked together (Sanghi and Verma 2009). In the biological

production of SNPs, it was reported that some bacterial

proteins and polymers are used as capping agents in the

reduction process and additional molecules were not

required (Pourali et al. 2013). In the previous experiments,

the pure HA was used as the capping agent (Abdel-Mohsen

et al. 2012; Kemp et al. 2009), but in our experiment the

bacterium in BHI broth medium produced capping agents,

and therefore HA and other proteins that might be present

in the culture medium were responsible for covering the

surface of the produced SNPs.

As described previously, HA/SNPs complex was

obtained through the interaction between the carboxyl

Fig. 8 GraphPad prism software obtained results. (A) Standard curve, (B) Normalized response to the inhibitor at different concentrations, and

(C) Variable slope of the cells after incubation with the twofold serial dilutions of HA/SNPs
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groups of HA polymer and the free amino groups that are

present on the surface of SNPs capping proteins. Unfor-

tunately, due to the presence of different types of proteins

on the surface of SNPs, FTIR analysis could not explain the

exact conjugating groups (data are not presented). Further

researches such as sodium dodecyl sulfate polyacrylamide

gel electrophoresis (SDS-PAGE) for understanding the

nature of the capping proteins and their interactions with

HA are recommended.

MTT assay result has shown that HA/SNPs had less

cytotoxic effect on fibroblast cell line that made it a suit-

able tool for in vivo applications. This result indicated that

HA/SNPs had dose-dependent toxic effect and the purifica-

tion process may decrease this influence. It is important to

calculate the non-toxic dose of HA/SNPs that would be used

in vivo because the toxic effect of HA/SNPs is dose-depen-

dent and using the toxic doses of HA/SNPs may have

undesirable result on the experimental animals. As it is

indicated in the results section, OD of HA/SNPs in the third

well (that corresponds to IC50) was 0.2 that was equal to SPR

of SNPs. Based on this result, in the future, for in vivo

analysis it is better to obtain OD of HA/SNPs at 425 nm and

adjust it at 0.2 and then the diluted HA/SNPs can be used in

the experimental animals for specific medicinal aim.

In order to achieve the inhibitory dose response curve of

the tested cells after MTT assay, GraphPad prism software

was used and result showed that the slopes of the variable

slope and Hill slope were near to each other (Fig. 8C).

Standard regression curve has shown that the variables had

normal distribution (Fig. 8A). Also Log of the inhibitor

(i.e., HA/SNPs) versus normalized response curve followed

the familiar symmetrical sigmoidal shape (Fig. 8B).

The purpose of this study was to use a bacterium with

both abilities of production of HA and SNPs. Streptococcus

pyogenes is a Gram-positive bacterium that does not have

lipopolysaccharide in its cell wall, and the produced HA/

SNPs did not exhibit high toxic effect based on the results

that were obtained from LAL and MTT assays.

In future, it is better to examine the cell shapes and

structures after exposing to HA/SNPs instead of using just

the indirect assays such as MTT.

Conclusion

This study has reported the successful impregnation of HA

with SNPs due to the selection of the bacterium with both

abilities of SNPs and HA production. HA/SNPs had

acceptable antibacterial property and the toxicity of HA/

SNPs in the cell culture was less and dose-dependent.

Additional studies are needed on screening of microor-

ganisms with both abilities of SNPs and HA production. In

future, the produced HA/SNPs can be used as the appro-

priate scaffold for tissue engineering studies.
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