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Herbo-metallic preparations such as bhasmas (ash) are being traditionally used in Indian and Chinese
medicinal systems. In Ayurveda, Swarna (gold) nanoparticles are used as Swarna Bhasma to treat
several clinical manifestations. While, Usnea longissima, a medicinal lichen ethno-botanically is
known for the treatment of tooth cleaning and infectious diseases. The study aims to develop a herbo-
metallic colloidal nano-formulation containing Swarna nanoparticles and polyphenols rich U.
longissima extract (ULE) and evaluation of its anti-quorum sensing (QS) property against
Streptococcus mutans never explored before, with a view towards combating the emergence of
antibiotic resistance often linked with QS-regulated virulence factors and biofilms. The synthesized
Uh-Au@Nano-CF was confirmed by a peak at 550 nm in the UV—visible spectrum. The obtained XRD
data confirmed the crystalline nature of nanoparticles of 28 nm size. TEM image revealed that all
particles were spherical with a narrow size range of 5-23 nm. The FTIR result clearly showed that the
ULE containing secondary OH as functional groups induces encapsulation of nanoparticles. HPTLC
and HPLC fingerprinting of ULE confirmed the presence of polyphenols including orcinol, arabitol,
apigenin, and usnic acid. The data from inhibition of violacein production in C. violaceum 12472
revealed that the Uh-Au@Nano-CF at sub-lethal concentrations (5, 10 and 15%) show potent anti-QS
activity. The treatment of Uh-Au@Nano-CF was found to inhibit the secretion of S. mutans virulence
factors, including acid production, ATPase, enolase, lactate dehydrogenase, protease, total
exopolysaccharide content, and glucosidase. The Uh-Au@Nano-CF in a concentration dependent
manner showed anti-biofilm activity, inhibiting biofilm formation. Eventually, it was also documented
that the Uh-Au@Nano-CF at 15% dilution enhanced the susceptibility of S. mutans towards to its

conventional antibiotics. This study introduces not only a novel antimicrobial herbo-metallic colloidal
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72 nano-formulation, but also explores its new biomedical application targeting QS-regulated virulence

73 factors and biofilm of S. mutans rather than its viability.

74
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1 Introduction

Herbo-metallic formulations are being traditionally used in Indian and Chinese medicines and have
several benefits including better stability, lower dosage, ease of storability and sustained availability .
These have been instrumental in their widespread use in treatment of different disorders by traditional
medicinal practitioners. In Ayurveda (ancient Indian system of natural and holistic medicine),
formulations containing metals called as bhasmas (ash containing metals and medicinal herbs) are
very common 2, Bhasma is unique ayurvedic metallic formulations prepared with herbal extracts or
decoction, and ignited for certain quantum of heat as per puta (calcination) system of Ayurveda *. It is
believed that the metal upon such special treatment processes gets converted to a bio-assimilable and
nontoxic form. Naga bhasma (lead sulphide ash), Swarna bhasma (gold ash probably in nano form),
and Ba-pao-neu-hwang-san (a Chinese traditional ash) are examples of traditional herbo-metallic
preparations contained metals and several herbal ingredients, have been used as oral medicines for the
treatment of diabetes, spleen enlargement, diarrhea, various kind of skin diseases, regulating blood
strain, and relieve ache .

From ancient times, gold has been used either as Swarna bhasma in vedic era in India to
manage several clinical manifestations including loss of memory, defective eyesight, infertility,
overall body weakness and incidence of early aging *. Swarna bhasma has been used by Ayurvedic
physicians to treat different diseases like tuberculosis, cancer, sterility, bronchial asthma, rheumatoid
arthritis, aging, diabetes mellitus, anemia, cough, debility, nervous disorders, and muscular dystrophy
etc. > °. Moreover, the ethno-botanical uses of Usnea species, a group of medicinal lichens is known
for the treatment of tooth cleaning, infectious diseases, and gastric ulcer etc. . Owing to vital role of

Swarna bhasma and Usnea species in Ayurvedic medicine an effort to develop a herbo-metallic



Page 5 of 35 RSC Advances

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

preparation is aiming the present study which is an economic protocol to provide Swarna and lichen
extract in a new colloidal nano form and opening avenue to explore its new biomedical application(s).

It is well documented that the emergence of antibiotic-resistant bacterial strains is increasing at
an alarming pace. Unfortunately, these microbes continue to adapt more rapidly than new therapeutic
agents can be developed to control them. However, medical community is now realizing on an
appealing approach to this problem which targets bacterial cell-to-cell communication system
associated with their virulence behaviors rather than essential cellular processes. Almost all bacteria
use a hierarchical quorum sensing (QS) systems to regulate tolerance to multiple antibiotics and

10-12

virulence behaviors . Tooth decay is one of the most common disease in human, being at the top

of the list of diseases related to QS-regulated biofilm formation '*. Streptococcus mutans is the leading

aetiological agent causing dental caries worldwide and is considered to be the most cariogenic of all of

14, 15

the oral streptococci The production of QS-controlled virulence factors and biofilms

118 The general

development is recognized as important pathogenicity weapons in this bacterium
therapeutic drugs towards dental decay are to use conventional antibiotics to treat underlying
infection. But, S. mutans within biofilms are significantly less susceptible to antibiotics and

1920 The overarching goal of developing a new

antimicrobial stressors than are planktonic stage
treatment for the leading dental carie-causing S. mutans, the discovery of QS inhibitors provides an
avenue for inhibiting virulence of this bacterium.

Advances in nanotechnology have given rise to the rapid development of novel nanomaterials

2122 Therefore, searching for potential nanomaterials with anti-

for their applications in biomedicine
QS and anti-biofilm activities may also be an attractive alternative to conventional antibiotics.

Identification of such QS inhibitors could present us with new opportunities for the development of

next-generation antimicrobials. In this sense, the anti-biofilm activity against a range of bacteria has
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120  been described for Swarna nanoparticles and polyphenols from U. longissima 2*

, can be a potential
121 source of QS-blockers or novel antimicrobial agents. However, to the best of our knowledge, no study
122 exploring the anti-QS potential of Swarna-based herbo-metallic nano-formulation against S. mutans
123 has been published.

124 Taking this into account, it seemed reasonable to develop a novel herbo-metallic colloidal
125  nano-formulation (denoted as “Uh-Au@Nano-CF”’) containing Swarna nanoparticles and polyphenols
126  rich extract of U. longissima, could have anti-QS and anti-biofilm properties. With this hypothesis, the
127  aim of this study is to evaluate whether our developed Uh-Au@Nano-CF could inhibit the secretion of

128  QS-regulated virulence factors and prevent biofilm formation in S. mutans.

129
130 2 Materials and methods

131 2.1 Materials

132 Chloroauric acid (HAuCl4.3H,0) was obtained from Sigma-Aldrich Chemical Inc. Clindamycin,
133 streptomycin, flucloxacillin, bacitracin, crystal violate, methylene blue, and nutrient culture media
134  were obtained from the HiMedia Laboratories, Mumbai for the cultivation of Streptococcus mutans,
135  Escherichia coli, Pseudomonas aeruginosa PAO1, Staphylococcus aureus, and C. violaceum 12472.
136  All other chemicals used were of the highest purity available from commercial sources.

137
138 2.2 Preparation of extract

139  The material of U. longissima collected by Dr. R. Bajpai from Govind Wildlife Sanctuary,
140  Uttaranchal, India (Latitude of N 31° 03” 08.16” & E 78" 11° 05.50”) in October, 2013 and deposited
141 in herbarium of the institute (LWG No. 29343) (Fig. 1A). The material was washed with distilled
142 water to remove the dust particles and then shade-dried to remove the residual moisture. The dried

143  material (10 g) was grinded into coarse size particle and boiled in a 250-mL glass beaker along with
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100 mL of sterile distilled water for 12 min. After boiling, the color of the aqueous solution changed
from watery to brown (Fig. 1B). The aqueous extract obtained by filtration with Whatman No. 1 filter
paper (Pall, USA) was then centrifuged at 2000 rpm for 5 min to remove heavy biomaterials. The U.

longissima extract (ULE) was used for the development of Uh-Au@Nano-CF using HAuCl,.

2.3 Development of Uh-Au@Nano-CF

In a typical reaction procedure, 10 mL of ULE was challenged with 90 mL of 3mM HAuCl, solution,
with stirring magnetically at 30 + 0.5 °C. The color of the mixture of HAuCl, solution and ULE at 2.5
min of reaction time changed very fast at room temperature after 10 min to a dark purple suspended

mixture. This indicated that ULE speeds up the development of Uh-Au@Nano-CF.

2.4 Characterization of Uh-Au@Nano-CF
The developed Uh-Au@Nano-CF was characterized by UV—vis spectrophotometer (Perkin Elmer,
USA). X-ray diffraction (XRD) measurement of thoroughly dried thin films of nanoparticles on
MiniFlex™ II benchtop XRD system (Rigaku, Tokyo, Japan) operating at 40 kV and a current of 30
mA with Cu Ka radiation (A = 1.54 A°) was carried out. The diffracted intensities were recorded from
20° to 80° 260 angles. The crystalline size (D) of nanoparticles embedded into the phytochemical(s) of
ULE was calculated following the Debye-Scherrer formula:

D = 0.90/BcosO
Whereas, A is the wavelength of X-ray,  is the broadening of the diffraction line measured half of its
maximum intensity in radians and 0 is the Bragg’s diffraction angle. The crystalline size of
nanoparticles was determined by full width at half maximum (FWHM) value of the (311) peak.
Transmission electron microscopy (TEM) of the Uh-Au@Nano-CF was carried out on JEOL 100/120

kV TEM (JEOL, Tokyo, Japan) with an accelerating voltage of ~150 kV. For this, a drop of Uh-
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168  Au@Nano-CF was placed on the carbon coated copper grid and air dried under dark. The obtained
169 TEM microphotographs were converted into an enhanced meta file format ». Characterization
170  involved FTIR analysis of the developed Uh-Au@Nano-CF by scanning it in the range from 400-4000
171 (cm’') wavenumber. These measurements were carried out on a Perkin Elmer FTIR Spectrum BX
172 (PerkinElmer Life and Analytical Sciences, CT, USA) one instrument in the diffuse reflectance mode
173 ataresolution of 4 cm ™' in KBr pellets.

174
175 2.5 HPTLC and HPLC analysis

176  The ULE (5 mg/mL) first was filtered using a 0.22 pum filter paper (Pall, USA) and used for HPTLC
177  analysis. Chromatography was performed on TLC pre-coated silica gel (60GF;s4; Merck) plate. The
178  ULE and reference compound was applied using Camag Linomat V automated TLC applicator with
179  nitrogen flow. Separation of targeted compound(s) was achieved in a Camag twin trough glass
180  chamber using a mobile phase of toluene: ethyl acetate: formic acid (9:1:0.1) till proper separation of
181  bands. The plate was derivatized by anisaldehyde and content of usnic acid was quantified by
182  measuring the band densities of reference compound (usnic acid) and compound detected in the ULE.
183 RP-HPLC (Shimadzu LC-10A; Kyoto, Japan) equipped with a dual-pump LC-10AT binary
184  system, UV detector SPD-10A (Shimadzu, Kyoto, Japan), and Phenomenex Luna RP, C;g column (4.6
185 x 250 mm) was also employed to complete characterization of ULE. A mobile phase comprising
186  methanol: water: phosphoric acid (80:20:0.9) under isocratic condition was used at the rate of 1
187  mL/min for the separation of compounds. Identification of compounds was obtained by comparison of
188  the peak at 254 nm with their respective reference compound.

189

190

191

192
193
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2.6 Preparation of stock culture

A clinical stain of S. mutans (MTCC 0497) was obtained from Microbial Type Culture Collection
(MTCC), Chandigarh, India and maintained on the slants of Luria-Bertani (LB) agar at 4 °C. The
primary culture of S. mutans was prepared from the stock slant into mLB broth medium and
incubated at 30 °C for 24 h under stationary phase. The primary culture (~1 mL) was re-inoculated
into 50 mL of fresh LB broth and grown for ~12 h up to mid-log phase (MLP; ~10° cfu/mL) at 30 °C.

The all experiments were performed in triplicates using the MLP culture of S. mutans.

2.7 Assessment of anti-QS potential of Uh-Au@Nano-CF

2.7.1 Anti-QS activity assay

A standard disk—diffusion assay was used to evaluate the anti-QS activity of Uh-Au@Nano-CF using
biomonitor strain of Chromobacterium violaceum (ATCC 12472) 7. This bacterium was cultivated in
or on Luria-Bertani (LB) broth (1% tryptone, 0.5% yeast extract, 0.5% NaCl) solidified with 1.2%
agar. Five milliliters of molten LB agar (0.25% w/v) was inoculated with 50 puL. MLP culture of C.
violaceum 12472 and then this mixture was immediately poured over the surface of LB agar plates.
Various concentrations of Uh-Au@Nano-CF (5, 10 and 15% dilutions) to be tested were pipetted on
sterilized paper discs. The plates were incubated overnight at 30 °C and examined for inhibition of
violacein pigment production. The QS inhibition was observed by a colorless and opaque halo zone of

inhibition around the disc.

2.7.2 Quantification of violacein production

1 For

Quantification of violacein pigment production was carried out as described elsewhere
extraction of violacein, C. violaceum 12472 cells were lysed using 10% sodium dodecyl sulphate

(SDS) and solution was incubated at room temperature for 5 min. Then, water saturated n-butanol was
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218  added for fractionating violacein, vortexed, and centrifuged at 13,000 rpm for 10 min. The n-butanol
219  phase was collected and quantified at ODsgs nm using a UV—Vis spectrophotometer (Thermo-
220  Scientific, USA).

221 2.7.3 Assessment of virulence factors production in S. mutans

222 The effect of Uh-Au@Nano-CF on degree of glycolytic pH drop by cells was quantified as described
223 earlier *°. The ATPase activity was examined by adding permeabilized cells of S. mutans to 10%
224 toluene followed by series of freezing and thawing as described elsewhere *'. To determine the lactate
225  dehydrogenase (LDH) activity, cells were incubated at 30 °C with Tris-HCI and the LDH activity was
226  measured by quantifying the rate of nicotinamide adenine dinucleotide (NADH) oxidation at Az nm
227 % Activity of enolase was measured in permeabilized cells and the results were expressed as
228  enzymatic activity relative to that of the untreated control *'. Total polysaccharide content was also
229  estimated using Phenol—sulphuric acid method **. Chromogenic substrates-based spectrophotometric
230 assay was used for the measurement of protease activity . To determine the gluconase activity,
231 laminarin-dinitrosalicylic acid method was employed *. The protein content was measured by the
232 Bradford method using bovine serum albumin (BSA) as the standard 3¢ Total carbohydrate was
233 assayed by the method of Dubois et al. *’.

234
235  2.7.4 Growth curve assay

236  The effect of Uh-Au@Nano-CF on growth of S. mutans and C. violaceum 12472 was determined by
237  monitoring the growth curve *®. Overnight culture of these bacteria (0.4 OD at Agy nm) were
238  inoculated in a 250-mL Erlenmeyer flask containing 50 mL of LB broth and supplemented with 10%
239 solution of the Uh-Au@Nano-CF. The flasks were incubated at 30 °C under 180 rpm in a rotatory
240  shaker. The cell density was measured by UV—visible spectrophotometry at different time intervals.

241

10
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2.7.5 Determination of anti-biofilm activity of Uh-Au@Nano-CF

The effect of Uh-Au@Nano-CF on S. aureus biofilm development was determined by measuring the
biofilm biomass using polyvinyl chloride (PVC) biofilm formation assay *. Briefly, MLP culture of S.
aureus having OD 0.4 at Ago nm was added into 1 mL of LB broth medium containing different
concentrations of Uh-Au@Nano-CF without agitation for 12 h. The wells were rinsed twice with
sterile distilled water to remove the planktonic cells. The surface-adhered cells were stained with 0.4%
crystal violate (CV) and 0.2% methylene blue (MB) solutions. After incubation of 2 min at room
temperature, excess solution was removed and plates were left for drying and visualized under a light
microscope at a magnification of 40x (Nikon Eclipse Ti 100, Tokyo, Japan). For quantification of
biofilm inhibition, CV was solubilized by adding 1 mL of 95% ethanol to each well and recorded the
absorbance at As;s nm by UV—visible spectrophotometer.

Inhibition of biofilm formation was further examined by confocal laser scanning microscopic
(CLSM) analysis. Briefly, MLP culture of S. mutans was seeded on the cover glasses under LB
medium submerged conditions in the absence or presence of Uh-Au@Nano-CF. After incubation of
12 h, biofilms formed on the cover glasses were stained with 20 mM SYTO-9 green fluorescent dye

and examined under CLSM (Model LSM510, Germany) and photographed.

2.8 Synergistic action of Uh-Au@Nano-CF with antibiotics

The synergistic action of Uh-Au@Nano-CF with conventional antibiotics was also determined by
synergistic assay. Briefly, 1% MLP cultures of test bacteria include Escherichia coli, Pseudomonas
aeruginosa PAO1, Staphylococcus aureus, C. violaceum 12472, and S. mutans (0.4 OD at Agpp nm)
were added to LB broth (1 mL) in 24-well plate and supplemented with antibiotics such as bacitracin
(10 pg/mL) for C. violaceum 12472, and S. mutans, clindamycin (12 pg/mL) for E. coli, streptomycin

(12 pg/mL) for P. aeruginosa PAOI, flucloxacillin (15 pg/mL) for S. aureus, and different

11



RSC Advances Page 12 of 35

266  concentrations of Uh-Au@Nano-CF. The controls were maintained with respective antibiotics and
267  without Uh-Au@Nano-CF. The plates were incubated at 30 °C for 24 h and the growth of test bacteria
268  was recorded at Agpp nm using a UV—visible spectrophotometer.

269
270 2.9 Statistical analysis

271 All experiments were performed in at least triplicates and the data obtained from the experiments were
272  presented as mean + standard error (SE). The difference between control and test sample was analyzed

273 by Student’s #-test.

274
275 3 Results

276 3.1 Characterization of Uh-Au@Nano-CF

277  The reduction of Swarna (Au’") ions occurred after 10 min of incubation as signified by the
278  development of dark purple colour, indicating the synthesis of Uh-Au@Nano-CF. Time dependent
279  development of colour is shown in Fig. 1C. The appearance of purple colour in the colloidal solution
280 occurs due to localized surface plasmon resonance (LSPR) absorption arising from collective
281  oscillation of free conduction electrons induced by an interacting electromagnetic field *°. The UV—vis
282  spectrum of the reaction mixture is shown in Fig. 1D. The spectra was recorded by UV-vis
283  spectrophotometer (Perkin Elmer Life and Analytical Sciences, CT, USA) and strong LSPR
284  absorption band (a characteristic peak) was observed at ~550 nm, indicating the synthesis of Swarna

.42 The control HAuCly solution

285  nanoparticles as also reported earlier for other biological systems
286  (without ULE) did not display the characteristic peak (data not shown), indicating that reduction of
287  HAuCly into Swarna nanoparticles did not occur. The effect of varying HAuCly concentrations on

288  nanoparticle synthesis was also examined. A dark purple color was observed when 3.0 mM

289  concentration of the HAuCly mixed with 10 mg/mL of ULE (data not shown).

12
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Biomedical application of nanomaterials depends mainly on shape and mono-dispersity which
control the optical properties of Swarna nanoparticles. The TEM analysis was used to determine the
morphology and size distribution of Uh-Au@Nano-CF. Fig. 1E shows the TEM micrograph of Uh-
Au@Nano-CF. The mean particle diameter of Uh-Au@Nano-CF is 14 + 0.81 nm showed variable
morphology, predominantly spherical. The micrograph observation also revealed that the polyphenols
rich ULE coated shells on synthesized Swarna nanoparticles resulting in the formation of small and
colloidal stable Swarna (Auo) nanoparticles. Thus, ULE was able to reduce Au’* to form PAu’ and
serve as a stabilizing agent to prevent agglomeration of nanoparticles.

XRD analysis was conducted to confirm the phase of the synthesized of Uh-Au@Nano-CF.
Fig. 2A shows the XRD pattern of Uh-Au@Nano-CF synthesized using ULE. The peaks at 20 values
38.0 °, 44.18° , 64.29°, and 77.19° correspond to (111), (200), (220), and (222) planes of metallic
Swarna (Au). The pattern was compared with JCPDS pattern (File No. 04-0784) and was indexed to
cubic of Swarna nanoparticles. The average size of Swarna nanoparticles was calculated to be ~28 nm
using the Debye—Scherrer’s formula by determining the FWHM of the (111) Bragg’s reflection *>**,

FTIR analysis was used to identify the possible bio-reducing biomolecules in the ULE. The
spectra showed strong bands at (1351 and 1450), (1617 and 1609), (1701 and 1721), (2928 and 2952),
and (3380 and 3395) cm™, respectively (Fig. 2B-a). The intense vibration peak at 3380 cm™ appeared
due to the stretching vibration of the aliphatic and aromatic OH groups. The broadness of this band
shows the intermolecular hydrogen bonding among the OH groups. The peaks in the range from 1609
to 1400 cm™ were due to presence of aromatic rings of phytochemicals in the ULE. The vibration
peak at 1351 cm™ was due to the in-plane bending of the OH groups.

In FTIR spectrum of the Uh-Au@Nano-CF, the stretching vibration due to the aliphatic and

1

aromatic OH groups became narrower and shifted to 3395 cm™ due to weakening of the

13
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313  intermolecular H-bonding (Fig. 3B-b). The in-plane bending frequency of OH group became much
314  weaker in case of Uh-Au@Nano-CF. These FTIR results clearly showed that the involvement of
315 ULE’s polyphenols in the synthesis of Swarna nanoparticles and their encapsulation through
316 interaction with OH group of phytochemicals which present in ULE. Next we examined the stability
317  of synthesized Uh-Au@Nano-CF (15% solution) in bacterial culture medium (LB broth) at 30 °C
318  through the change in LSPR characteristics using UV-vis spectrophotometer (Fig. 2C). No significant
319 changes such as absorbance and agglomeration were observed, suggesting encapsulation of
21,38

320 nanoparticles could be responsible for their prolonged stability

321
322 3.2 Characterization of phytochemical(s) in ULE

323  The brown coloured ULE was obtained by boiling of plant material in distilled water. Characterization
324  of phytochemical of ULE is given in Fig. 3A-D. The HPTLC analytical study of the ULE has resulted
325 in the identification of polyphenolic usnic acid at R¢ 0.79 representing 1.97% of the total extract.
326  However, other bands were also detected, suggesting that ULE contains other compounds.

327 More characterization of phytochemicals present in the ULE was further done by RP-HPLC
328  Separation of compounds was achieved with methanol: water: phosphoric acid (80:20:0.9) as a mobile
329  phase under isocratic condition. In addition to usnic acid, the HPLC fingerprinting also showed the
330 presence of other phytochemicals such as orcinol, apigenin, and arabitol (Fig. 3E).

331
332 3.3 Mechanism of Uh-Au@Nano-CF development

333 The mechanism involved in the development of Swarna-based colloidal nano-formulation is still
334  unclear. The overall mechanism for development of Uh-Au@Nano-CF using ULE is schematically
335 presented in an equation 1. The ULE mainly consists of polyphenolic compounds, predominantly

336  usnic acid. It has been reported that the water extract of U. longissima and its usnic acid component

14
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exhibit strong antioxidant activity under in-vitro and in-vivo studies °. Herein, the reduction of
HAuCly occurs due to antioxidant activity (transfer of electrons) from the polyphenols of ULE to the
Swarna ions, resulting in the development of Uh-Au@Nano-CF as follows:

HAuCly + Polyphenols (OH) —» Al + Polyphenols ("OH) + H" +4Cl ™ ...... (equation 1)
This antioxidant polyphenolic compounds are mainly responsible for the reduction of Swarna (Au’" in
HAuCl,) to Au’ (Swarna nanoparticle). The direct participation of usnic acid and other antioxidant

polyphenols in the synthesis of Swarna nanoparticles has been already reported *°.

3.4 Anti-QS activity of Uh-Au@Nano-CF
Anti-QS activity of Uh-Au@Nano-CF was evaluated using the bioindicator strain C. violaceum
12472. In this bacterium, production of a purple pigment, violacein, is under QS-control °. Inhibition
of purple pigment in C. violaceum 12472 is indicative of QS attenuation by Uh-Au@Nano-CF (Fig.
4A). An opaque and halo zone of inhibition around the disc was examined by Uh-Au@Nano-CF. It
was associated with the inhibition of QS, not due to inhibition of bacterium growth. Strong QS
inhibition was observed, when applied 15% solution of Uh-Au@Nano-CF. Control discs having
sterilized distilled water, gentamycine (12 pg/mL), and halogenated furanone (5 pg/mL) were
included. As expected, a zone of growth inhibition was observed with gentamycine, a zone of QS-
attenuation was seen with the furanone, and no inhibition was apparent with water (Fig. 4A).
Quantitative inhibitory potential of Uh-Au@Nano-CF on violacein production was also
determined spectrophotometrically. Fig. 4B shows the increasing concentrations of Uh-Au@Nano-CF
led to an incremental reduction in the violacein production in C. violaceum 12472. It was also
confirmed whether Uh-Au@Nano-CF at 15% concentration inhibits the growth of CV026 and the data
revealed non-cidal effect of Uh-Au@Nano-CF (Fig. S1). Free Swarna nano-colloidal solution (15%)

and free ULE (0.1g/mL) were also subjected to determine their anti-QS activity. Interestingly, both
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362 revealed very weak anti-QS activity, confirmed by disc diffusion (Fig. S2A and B) and violacein
363  pigment quantification (Fig. S2C and D) assays.

364 .
365 3.5 Effect of Uh-Au@Nano-CF on extracellularly secreted virulence factors

366  The glycolytic acid production by S. mutans found to be significantly reduced in the initial and final
367 rate of the pH by Uh-Au@Nano-CF (Fig. 5A). The onset pH 7.2 was decreased to 3.7 after 3 h of
368 incubation in the untreated control. The most significant change from acidic to near alkaline pH after
369 48 h of incubation was determined in 15% Uh-Au@Nano-CF treated culture, where the acidic pH 3.7
370  was increased to 7.0. This inhibitory effect of the Uh-Au@Nano-CF may be due to the inhibition of
371  bacterial QS signaling pathway.

372 It has been reported that ATPase controls acid tolerance of S. mutans by regulating pH
373  gradient across the membrane *°. It is evident from the data recorded, that the exposure of 5-15%
374  solutions of Uh-Au@Nano-CF showed remarkable reduction in ATPase activity ranged from 9.7 to
375  74.6% as compared to untreated controls (Fig. 5B). Therefore, the inhibition of ATPase activity may
376  contribute to increased acidity in cytoplasm resulting in decreased acid adaptation *’. Meanwhile,
377  alkaline pH of cytoplasm is important for normal functioning of a series of enzymes involved in
378 physiological processes, while its acidification could lead to potential mortal effect on S. mutans.

379 Besides, a similar pattern of decline was also examined for LDH activity as shown in Fig. 5C.
380 The Uh-Au@Nano-CF at 15% dilution was found to decrease the activity of LDH by 51.9%. Fig. 5D
381 shows the inhibitory effect of Uh-Au@Nano-CF on enolase activity. Treatment of 15% Uh-
382 Au@Nano-CF caused 49.4% reduction in the activity of enolase, when compared to untreated control.
383  The Uh-Au@Nano-CF suppressed the total polysaccharide levels ranged from 7.8 to 48.5% in a
384  concentration dependent manner (Fig. 5E). Figures 5F and G show substantial decline in the

385  production of hydrolytic enzymes such as protease and glucosidase, respectively. The Uh-Au@Nano-
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CF reduced the activity of protease by 65.4%, whereas glucosidase activity by 55.2%, when compared
to their respective untreated controls. Moreover, the protein content for samples treated with 15%
solution of Uh-Au@Nano-CF was 2.7 mg/mL, while for control sample was 3.4 mg/mL (Fig. S3). In
addition, a weak inhibitory effects of free Swarna nanoparticles (15%) and free ULE (0.1 mg/mL) on
the secretion of these virulence factors were observed (data not shown). Hence, our investigation
confirms that the inhibition of virulence factors production in S. mutans is a net result of QS inhibition

by Uh-Au@Nano-CF.

3.6 Anti-biofilm activity of Uh-Au@Nano-CF

S. mutans forms biofilm, a QS controlled phenomenon, in which cells are organized into layers and
enmeshed in a matrix of mucoid polysaccharides ****°. A switch to the biofilm mode of growth confers
increased antibiotic resistance and creates a considerably more severe infection in the skin and teeth of
patients with dental carries. We sought to examine weather Uh-Au@Nano-CF could inhibit biofilm
formation in S. mutans. Direct observations by microscopy of biofilms could provide valuable
information on biofilms organization; therefore light microscopy analysis was performed. We treated
the cells with Uh-Au@Nano-CF and examined the biofilm formation using CV, SYTO-9, and MB
staining techniques. A dark staining of CV due to thick coating of biofilms was examined in controls.
However a visible reduction in numbers of microcolonies was examined in the biofilms of S. mutans
treated with Uh-Au@Nano-CF (Fig. 6A). Moreover, Uh-Au@Nano-CF deteriorated the architecture
of the biofilm too, as it was more evident from CLSM analysis (Fig. 6B) as well as MB staining (Fig.
6C). The anti-biofilm activity of Uh-Au@Nano-CF against using a standard quantitative microtiter
dish biofilm formation assay and showed a concentration-dependent reduction in biofilm formation of
S. mutans. A significant inhibition was examined which ranged from 24.92% to 94.17%, when cells

were exposed to 5-15% solutions of Uh-Au@Nano-CF (Fig. 6D).
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410 We next investigated whether Uh-Au@Nano-CF alters biochemical composition of S. mutans
411  biofilm matrix. Carbohydrates are main components of bacterial biofilm matrix. It forms a three
412  dimensional, gel-like, highly resistant and locally charged environment in which the cells are largely
413  immobilized. Total carbohydrate content was found to decrease in Uh-Au@Nano-CF-treated biofilms
414  of S. mutans (Fig. S4). The effect of Uh-Au@Nano-CF on S. mutans growth using growth curve
415  analysis was also examined. The treated and untreated cultures of S. mutans were grown to early
416  stationary phase and the obtained data revealed that the cell densities did not differ between untreated
417  control and Uh-Au@Nano-CF treated cultures (Fig. 6E). The results indicate that inhibition of QS and
418  biofilm formation by Uh-Au@Nano-CF was not associated with its cidal effect. Our results are very

%054 Free Swarna nanoparticles and free ULE

419  well corroborated with the findings reported earlier
420  exhibited low anti-biofilm activity, compared to Au@Nano-CF (Fig. S5A and B). Usnic acid from the
421  U. longissima is known for anti-biofilm by inhibiting biofilm formation or by eradicating preformed
422 biofilms at higher concentration >. Several studies have reported the synergistic effect of biogenic
56,57

423  metal nanoparticles and plant extracts on the biofilm of clinical isolates of bacteria

424
425 3.7 Synergistic activity of Uh-Au@Nano-CF with antibiotics

426 It is well documented that increased sensitivity towards antibiotics depends on the process of QS.
427  Most of the bacterial pathogens are generally resistant or less sensitive towards antibiotics. In the
428  present investigation, we exposed the Escherichia coli to clindamycin, Pseudomonas aeruginosa
429  PAOI to streptomycin, Staphylococcus aureus to flucloxacillin, C. violaceum 12472, and S. mutans to
430  bacitracin. The enhanced susceptibility of all test bacterial pathogens towards respective antibiotics
431  was examined in the presence of Uh-Au@Nano-CF. The obtained results revealed that increasing
432 concentration of Uh-Au@Nano-CF (5-15%) with antibiotics enhanced the susceptibility of test

433  pathogens towards respective antibiotics (Table 1).
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4 Discussion

The virulence of S. mutans is owed to its capacity to degrade host tissue with production of organic
acid, enzymes and toxins, and to avoid antibiotic attack by forming biofilms. Biofilm formation and
the virulence factors examined in this study are under QS control **. Thus, the Uh-Au@Nano-CF was
evaluated for its ability to interfere with QS-dependent production of S. mutans virulence factors
acidogenesis, enolase, protease, LDH, glucosidase, and polysaccharide production. In addition, we
examined the ability of Uh-Au@Nano-CF to inhibit biofilm formation.

Antibiotic-based antimicrobial therapies which suppress the growth of certain bacteria have the
drawback of developing resistance against the drugs. QS is a key regulator of virulence factors

production in S. mutans and other medically relevant bacteria '® * %,

In this sense, inhibiting only
secretion of virulence factors of bacteria without affecting their growth, seems to be an attractive
alternative that would reduce the risk of selecting resistant bacteria as well as could be an appealing
approach for the prevention of S. mutans persistence and pathogenesis. The potential of herbo-metallo
colloidal nano-formulation to interfere with QS of bacteria is new and it has not been previously
described by other authors. Therefore, the purpose of the present study is to explore the newer
pharmacological activity of the Uh-Au@Nano-CF. It was interesting to observe that the Uh-
Au@Nano-CF was able to decrease acid production and activities of ATPase, LDH, enolase, protease
and glucosidase. Acid production and acid tolerance are QS-regulated vital virulence factors of S.
mutans *’. Even in highly acidic conditions, it emerges out to be most prevalent inhabitant of
cariogenic plaque. Hence, stress tolerance plays a key role in its pathogenesis. Hasan and colleagues
reported that the cariostatic effect can be controlled by regulating bacterial acidogenesis and the

enzyme associated with the glycolysing systems ¥ ATPase is known to regulate acid tolerance in S.

mutans via maintenance of pH gradient across the membrane % LDH is well documented for lactic
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457  acid production and promotes pathogenicity of S. mutans *. The suppression of LDH activity induces
458  NAD'/NADH imbalance and accumulation of glycolytic intermediates in the cell, which act as toxin

459  for S. mutans > ¥

. Hence, it would result in reduced alkali condition in cytoplasm and inhibited
460  glycolysis with reduced ATP pools, leading to compromised adaptation to environmental stress and
461  decreased cellular functions, thereby increasing cell death by the antimicrobial agents. Enolase, a key
462 enzyme of glycolysis which regulates the formation of phosphoenolpyruvate . Therefore, the
463  suppression of enolase activity could not only result in reduced glycolysis but could also decrease the
464  downstream production of phosphoenolpyruvate, resulting in inhibited acid production. Protease and
465  glucosidase activities are believed to play a major role in pathogenesis via host tissue degradation.
466  This confirms the inhibitory effect of Uh-Au@Nano-CF on secretion of virulence factors which was
467  associated with attenuation of QS signaling in S. mutans.

468 U. longissima is rich in usnic acid, and its antimicrobial activity has been well described **.
469  The ethnobotanical use of this lichen in herbal tooth powder is also known. On the other hand,
470  antimicrobial potential of Swarna nanoparticles has been previously reported by other researchers ®"
471 * It would therefore be plausible that antimicrobial Swarna nanoparticles and usnic acid present in
472 Uh-Au@Nano-CF could be related to the inhibition of S. mutans virulence factors.

473 Biofilm formation in S. mutans is suggested to be positively controlled by QS signaling. Since,
474  Swarna nanoparticles and usnic acid demonstrated inhibition of biofilm formation in certain bacteria;
475  we further hypothesized that our developed Uh-Au@Nano-CF may also influence the biofilm
476  formation in S. mutans. Indeed, the Uh-Au@Nano-CF showed potent anti-biofilm activity, inhibiting
477  biofilm formation. Disruption of the QS system using usnic acid isolated from Usnia species has also

478  been shown to inhibit biofilm formation 2®. Earlier studies carried out with Swarna nanoparticles
p

479  revealed a qualitative modification in biofilm morphology and a reduction in thickness **. Moreover,
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S. mutans growth was not affected by Uh-Au@Nano-CF treatment under experimental conditions.
Together, these results seem to suggest that the Uh-Au@Nano-CF exhibits anti-biofilm activity in
non-growth inhibitory fashion and plausibly in QS dependent manner. But, biofilm formation is a
complex multi-factorial process, which is controlled by a combination of environment and genotype.
Therefore, the possibility of Uh-Au@Nano-CF acting via some other factors cannot be negated.
Recently our group has reported that enhanced sensitivity towards antibiotics relies on the
process of QS '°. S. mutans is generally resistant or less sensitive to its respective antibiotics. In this
study, Uh-Au@Nano-CF was found to enhance the susceptibility of S. mutans towards its respective
antibiotics. Similar to the reports of Hentzer and Givskov, wherein halogenated furanone compounds
act synergistically with tobramycin to destruct P. aeruginosa biofilms 6, Similarly, green fruit extract
of Lagerstroemia speciosa found to enhance the susceptibility of P. aeruginosa PAO1 towards
tobramycin (Singh et al., 2012). Given the widespread occurrence of QS systems, it has been showed
that interfering with the cell-to-cell communication system may pave way to prevent the development

of biofilm formation and subsequent tooth infections.

5 Conclusion

This study presents a novel antimicrobial herbo-Swarna colloidal nano-formulation and demonstrates
its new biomedical use for combating infections through attenuation of virulence of S. mutans rather
than viability. Opening the possibility of a new anti-pathogenic effect through interference with the
bacterial QS, the anti-virulence ability of Uh-Au@Nano-CF may be related to the synergistic effect of
Swarna nanoparticles and polyphenols particularly usnic acid of U. longissima that could inhibit QS
systems of S. mutans. Further studies should be performed to validate the results and to realize the
application of this anti-QS colloidal nano-formulation for combating microbial infections caused by S.

mutans.
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Legends of figure

Fig. 1 Plant material of U. longissima (A) and its aqueous extract (B). (C) Illustrates the
development of Uh-Au@Nano-CF is completed in 10 min. (D) UV-visible spectrum of
developed Swarna nanoparticles at different time intervals showed peak at 550 nm. (E) TEM
image of Swarna nanoparticles synthesized by ULE.

Fig. 2 (A) Representative XRD profile of synthesized Swarna nanoparticles. (B) FTIR
spectrum of ULE and Swarna nanoparticles shows possible interaction between the
nanoparticles and phyto-molecules present in ULE. (C) Prolonged stability of Swarna
nanoparticles at room temperature confirms encapsulation of nanoparticle by phyto-
molecules of ULE.

Fig. 3 HPTLC and HPLC fingerprinting of ULE. After derivatization of TLC plate pre-
coated with silica gel (60GF,s4) by anisaldehyde, the plate was photographed under UV at
254 nm (A) and 366 nm (B). Then plate was scanned at 280 nm for detection of reference
compound (C) and compounds present in ULE (D) using CAMAG HPTLC instrument. (E)
RP-HPLC chromatogram of ULE shows the presence of orcinol, arabitol, apigenin, and usnic
acid. R, reference compound; S, plant extract (ULE).

Fig. 4 Anti-QS activity of Uh-Au@Nano-CF using C. violaceum 12472, a biomonitor strain.
(A) A white halo zone/or inhibition of violacein production around the disc indicates an anti-
QS activity. Control discs containing sterilized distilled water, gentamycin (12 pg/mL), and
halogenated furanone (5 pg/mL). (B) Quantification of violacein production in C. violaceum
12472 treated with indicated dilutions of Uh-Au@Nano-CF for 48 h. Data are mean and SE
(n=73).

Fig. S Impact of Uh-Au@Nano-CF on extracellularly secreted virulence factors in S. mutans.
Cells were exposure to indicated times and dilutions of Uh-Au@Nano-CF and examined the

inhibitory effect on (A) pH drop, (B) ATPase activity, (C) LDH activity, (D) enolase activity,
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(E) polysaccharide synthesis, (F) protease activity, and (G) gluconase activity in S. mutans.
Data are means and SE (n = 6).*Significant difference compared with the untreated control
(P<0.01).

Fig. 6 Effect of Uh-Au@Nano-CF on S. mutans biofilm development. Bacterial biofilms
were grown in the absence or presence of indicated dilutions of Uh-Au@Nano-CF. Images of
(A) CV-stained light microscope, (B) CLSM, and (C) MB-stained light microscope. (D)
Quantitative analysis of anti-biofilm activity of Uh-Au@Nano-CF. (E) Cells were grown in
the absence and presence of 15% Uh-Au@Nano-CF. Samples were taken at indicated time

intervals and recorded the growth of S. mutans at ODgo nm. Data are means and SE (n = 6).
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Table 1. Synergistic action of Uh-Au@Nano-CF with antibiotics

Bacterial pathogen

Antibiotic

% Growth reduction
(Antibiotic alone)

% Growth reduction (Uh-Au@Nano-CF +Antibiotic)

5% 10% 15%
E. coli Clindamycin (12 pg/mL) 51.62£2.11 52.84£1.83 67.92 £3.17 82.16 £4.76
P. aeruginosa PAOI Streptomycin (12 pg/mL) 4781 +3.49 48.11 +3.27 55.64 +£2.19 76.83 £2.61
C. violaceum 12472 Bacitracin (10 pg/mL) 41.83 £2.57 43.61 £3.52 63.41 £ 3.66 88.48 £ 5.51
S. mutans Bacitracin (10 pg/mL) 51.72£4.16 52.38£3.86 65.71 £3.18 82.81 £3.81
S. aureus Flucloxacillin (15 pg/mL) 42.81 +£2.73 43.72 £2.63 65.83 £63.2 91.26 £ 6.82

Each value is expressed as means £ SD (n = 6)
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