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ABSTRACT

Antimicrobial resistance (AMR) is a serious concern in pathogenic bacteria. As a new approach to addressing
AMR, we report here the green synthesis of vanillin capped gold nanoparticles (VAuNPs) using the popular fla-
vouring molecule vanillin (CgHgO3) as a reducing and capping agent. Physicochemical characterization revealed
that the synthesised VAuNPs were stable and crystalline in nature. VAuNPs were non-bactericidal even at high
concentration (>2000 pg/ml). The antibiotic potentiation activity was studied in combination with seven widely
used antibiotics against extremely drug resistant (XDR) Pseudomonas aeruginosa. Major reductions in minimum
inhibitory concentrations (MIC, 10-14-folds) of the antibiotics meropenem (10 fold) and trimethoprim (14 fold)
were observed in the presence of VAuNPs (50 pg/ml). Furthermore, it was found that VAuNPs in combination
with meropenem or trimethoprim provided 1.5-3-fold better potentiation effects than that of vanillin alone. Use
of an ethidium bromide agar cart wheel assay indicated that VAuNPs can block the activity of efflux pumps. High
reduction in the MIC of antibiotics was therefore attributed to the efflux pump repression activity of VAuNPs.
Further, RT-qPCR of clinically relevant MexAB-OprM efflux pump components showed down-regulation in mexB
and OprM transcripts in VAuNPs treated P. aeruginosa clinical isolates. Our results reveal that VAuNPs impart
susceptibility to the last line antibiotics meropenem, trimethoprim and few widely used antibiotics in XDR
P. aeruginosa clinical isolates that display resistance to these antibiotics. Therefore, this study indicate the ability
of VAuNPs and vanillin to be used as antibiotic adjuvants for inhibiting bacterial efflux pumps to potentiate
antibiotics for addressing AMR problem affecting human health and environment.

1. Introduction

antibiotic resistance in such pathogens is outpacing the launch of new
antibiotics (Ventola, 2015) and according to the Centers for Disease

Pseudomonas aeruginosa is a Gram-negative Gamma-proteobacteria,
that causes nosocomial infections in immunocompromised patients
suffering from cystic fibrosis, pneumonia and sepsis (Smith et al., 2016).
The innate and acquired resistance mechanisms to antibiotics make
P. aeruginosa a superbug capable of inactivating even the last line of
antibiotics (Breidenstein et al., 2011). To compound this, increased
antibiotic resistance results in elevated administration of antibiotics to
treat extremely drug-resistant (XDR) infections. Hence, the World Health
Organisation (WHO) has categorized P. aeruginosa as a critical priority
bacterium that needs immediate attention (WHO, 2017). Evolution of
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Control and Prevention Institute (CDC), Atlanta, USA, only six antibiotics
have been introduced to the market in the past ~45 years, a fact that
reiterates the complexity and seriousness of a potential post-antibiotic
era (CDC, 2014).

Antibiotics function by targeting vital cellular mechanisms of bacteria
(DNA, RNA, protein and cell wall synthesis). However, due to prolonged
and excessive misuse, these are now being neutralized by bacterial
resistance mechanisms (Lambert, 2002). In addition to investigating new
approaches to target bacterial vital processes with additional therapeu-
tics, targets within the underlying antibiotic resistance mechanisms can
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Fig. 1. (a) Chemical structure of vanillin, (b) Predicted structure of vanillin capped gold nanoparticles.

also be explored. Amongst these antibiotic resistance strategies, the most
effective approaches are the degradation/modification of antibiotic by
enzymes, removal by efflux pumps and exclusion due to increased
membrane permeability (Cabot et al., 2016). Although efflux pumps
confer low intrinsic resistance towards antibiotics, their overexpression
and/or accumulation of mutations in their corresponding genes makes
them potential targets for manipulating resistance mechanisms (Poole,
2007). Recently, reports on metallic nanoparticles like Ag, Cu, ZnO and
magnetite nanoparticles have surfaced with an ability to potentiate the
effect of conventional antibiotics by blocking bacterial efflux pumps
(Gupta et al., 2017a, 2017b). Nanoparticles of noble metals (gold and
silver) have emerged as potential delivery agents in the therapeutic field
for carrying small drug molecule(s), however, gold nanoparticles
(AuNPs) are yet to be explored for their antibiotic potentiation and efflux
pump inhibition activity.

Recently, AuNPs are under the purview of drug developers due to
their surface plasmon resonance, optical and tunable properties. Small
phytomolecule(s) delivered by capping onto AuNPs have been reported
to have enhanced stability, bioavailability and biocompatibility
compared to the carrier alone (Das et al., 2016; Zhao et al., 2010).
Various drawbacks in the use of phytochemicals as therapeutic agents are
often put forward, for example short half-life, delayed clearance, low
specificity and insufficient cell penetration (Singh et al., 2018). Many of
these can potentially be addressed by conjugation with AuNPs. For
instance, kaempferol conjugated to AuNPs displayed higher apoptosis
and anti-angiogenesis activity in MCF-7 breast cancer cells as compared
to kaempferol alone (Raghavan et al., 2015). Phytomolecules like cur-
cumin with proven antibiotic potentiation effects can be capped onto
AuNPs to get enhanced bioactivity with respect to curcumin alone
(Moghaddam et al., 2009; Sindhu et al., 2014). However, curcumin is
insoluble in water and degrades into its constituent and stable products
which include vanillin and ferulic acid. Interestingly, the bioactivities of
curcumin are now attributed to these constituent degradation products
(Bezerra et al., 2017; lannuzzi et al., 2017). Therefore we have chosen
vanillin to investigate as an antibiotic potentiating agent.

Vanillin (4-hydroxy-3-methoxybenzaldehyde; Fig. 1a) is the principal
and characteristic ingredient of the world's most popular vanilla flavour
isolated from Vanilla planifolia (Gallage and Mgller, 2018). Vanillin has
an aromatic ring with different functional groups, which includes alde-
hyde, hydroxyl and ether. Albeit known for its flavour and fragrance, it
also possesses diverse bioactive properties (Bezerra et al., 2016) which
include proposed neuroprotective, anti-inflammatory properties, along
with HIN1 neuraminidase inhibitory activity (Dhanalakshmi et al.,
2016; Edwards et al., 2017; Hariono et al., 2016; Khan et al., 2017).
Moreover, vanillin is a Food and Drug Administration (FDA) approved
food additive and has been classified with a ‘Generally Recognised as

Safe’ (GRAS) status by the FDA (https://www.accessdata.fda.gov/sc
ripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?fr=182.60, Accessed -
23/12/2018). In this study, we synthesized vanillin capped gold nano-
particles (VAuNPs) using vanillin as a reducing and capping agent in a
one-step synthesis process (Fig. 1b). The production of VAuNPs was done
for the purpose of enhancing the bioavailability and bioactivity of
vanillin. The VAuNPs were found non-bactericidal even at high con-
centrations (>2000 pg/ml), and importantly, these were effective in
potentiating the activity of antibiotics against XDR P. aeruginosa clinical
isolates. This study demonstrates the novel usage of VAuNPs and vanillin
for making XDR bacteria more susceptible to last line antibiotics such as
meropenem and trimethoprim and provides a new approach towards
addressing the AMR crisis affecting human health.

2. Materials and methods
2.1. Bacterial strains and chemicals

P. aeruginosa clinical isolates were collected from B. J. Medical Govt.
College, Pune, India and Golwilkar Metropolis Pathology Laboratory,
Pune, India. These isolates were characterized as XDR and evaluated for
the presence of MexAB-OprM efflux pump in our previous study (Arya et
al., unpublished). Selected isolates (i.e. PA11 and PA14) used for anti-
biotic potentiation and RT-qPCR analysis in this study were further
identified by 16S ribosomal (rRNA) sequencing. The 16S rRNA sequences
were submitted to the GenBank with accession numbers MH748607 and
MKO077676 for PA11 and PA14 respectively. In addition to PA11 and
PA14, isolates with high efflux pump activity, namely PA01, PA03, PA04,
PA07,PA09, PA12, & PA13 were taken for phenotypic detection of efflux
inhibition activity (Arya et al., unpublished). The clinical isolates were
grown in Muller Hinton Broth (MHB) and maintained on Muller Hinton
Agar (MHA) plates. Vanillin, chloroauric acid (HAuCly), trisodium cit-
rate, ethidium bromide was purchased from Sigma Aldrich, St. Louis,
USA and antibiotic powders were purchased from Sigma Aldrich, St.
Louis, USA and HiMedia Lab., Mumbai, India.

2.2. Green synthesis and physicochemical characterization of gold
nanoparticles

A stock solution of 50 mM vanillin and 100 mM HAuCl4 were pre-
pared in ultrapure water (Milli-Q; Millipore, GmbH). Formation of
vanillin-mediated green synthesized AuNPs was investigated by using
varying concentrations of both the reactants (0.25 mM-4 mM vanillin
and 1 mM - 2 mM HAuCly). The reactions were carried out at room
temperature. The effect of reaction time (0-12 h) on synthesis of VAuNPs
was investigated with the optimized concentrations of vanillin and
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HAuCly. Spectrophotometric (UV-2450, Spectrophotometer, Shimadzu,
Kyoto, Japan) analysis was performed to investigate the changes in sur-
face plasmon resonance (SPR) of the VAuNPs synthesized at varying
concentrations. Morphological details and chemical composition of
VAuNPs were analysed by using a transmission electron microscope
(TEM) and energy dispersal X-ray spectroscopy (EDX) (FEI Tecnai F20
TEM, Philips, Netherlands). Zeta potential and hydrodynamic size of
VAuNPs were analyzed by zeta sizer (Malvern Zetasizer Nano ZS, United
Kingdom). Surface capping and crystallinity of VAuNPs were investi-
gated by fourier transform infra-red spectroscopy (FTIR, Perkin-Elmer
Norwalk, USA) and X-ray diffraction (XRD, Bruker AXS Inc) respectively.

2.3. Chemically synthesized gold nanoparticles (CSAuNPs)

Gold nanoparticles used as control against VAuNPs were chemically
synthesized as per the protocol given by Bastus et al., with some modi-
fications (Bastts et al., 2011). Briefly, a solution of 2.2 mM trisodium
citrate in ultrapure water was heated in a 250 ml conical flask for 15 min
under vigorous stirring. After boiling, 1 ml of 25 mM HAuCl, was mixed
to the solution. The solution was heated until a pink colour had formed.
Chemically synthesized gold nanoparticles (CSAuNPs) were recovered
and characterized by UV-Vis spectroscopy.

2.4. Minimum inhibitory concentration of antibiotics, VAuNPs, vanillin
and CSAuNPs

Minimum inhibitory concentration (MIC) of antibiotics (Chloram-
phenicol-CIP, levofloxacin-LEV, ciprofloxacin-CIP, tigecycline-TGC,
meropenem-MRP, trimethoprim-TR and fosfomycin-FOS), vanillin,
VAuNPs and CSAuNPs were calculated by a micro-broth dilution assay in
96-well plates (Patel, 2017). Briefly, the wells were inoculated with 10°
cells/ml in MHB supplemented with increasing concentration of antibi-
otics, incubated overnight at 37 °C and the absorbance was measured at
Amax = 600 nm. The wells with absorbance values <0.01 were considered
as non-turbid. Similarly, the MIC was measured for vanillin, VAuNPs and
CSAuNPs.

2.5. Checkerboard assay, antibiotic potentiation and fold reduction in MIC

Checkerboard assays were performed to identify the most suitable
concentration of VAuNPs and vanillin to be used for antibiotic potenti-
ation experiments (Corbett et al., 2017; Lorenzi et al., 2009; Miladi et al.,
2016). For this, a 96-well plate was used, where MHB was added in each
well, with increasing concentrations of selected antibiotics in rows and
increasing concentration of VAuNPs and vanillin in columns. Wells were
then inoculated with a bacterial suspension of 10° cells/ml. These
96-well plates were incubated overnight at 37 °C. On the next day, the
MIC of the various combinations (antibiotic + VAuNPs/vanillin) was
calculated for primary non-turbid wells (no growth/lowest absorbance)
in each column and row of the 96-well plate. This represented the lowest
antibiotic and VAuNPs/vanillin combination required to inhibit the
growth of P. aeruginosa (planktonic cells). Similarly, to evaluate the an-
tibiotics potentiation effect of VAuNPs/vanillin and antibiotics (C, LEV,
CIP, TGC, MRP, TR and FOS), MHB supplemented with antibiotics and
VAuNPs/vanillin at sub-MIC (50 pg/ml) concentration was inoculated
with PA11 and PA14 clinical isolates in 96-well plates as mentioned
earlier. The absorbance was recorded after overnight incubation at 37 °C.
Likewise, antibiotic potentiation effects of chemically synthesised AuNPs
(CSAuNPs) were also evaluated as control for VAuNPs. Antibiotic
potentiation experiments were repeated three times.

Fold reduction in MIC of antibiotic was calculated as follows:

Fold reduction=MIC of ABX/MIC of ABX + VAuNPs

Similarly, fold reduction was also calculated for vanillin and
CSAuNPs.
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2.6. Fractional inhibitory concentration (FIC) index

To determine the extent of synergism and combinatorial inhibitory
effects of antibiotics and VAuNPs/vanillin/CSAuNPs, the FIC indexes
were calculated by the following formula (Berenbaum, 1978; Den Hol-
lander et al., 1998).

Fractional inhibitory concentration index: » , FIC = FICA + FICB

FICA = MIC of Cp in combination/MIC of Ca, FICg = MIC of Cg in
combination/MIC of Cg; where A and B are antibiotics and VAuNPs
respectively. FIC index value indicates synergistic (<0.5), additive (0.5 >
1) and antagonistic (>1) effects of the combinations used.

2.7. Scanning electron microscopy of P. aeruginosa

The scanning electron microscopic (SEM) analysis of P. aeruginosa
(untreated-control, treated-meropenem, VAuNPs and meropenem -+
VAuNPs) was performed as per Chao and Zhang with some modifications
(Chao and Zhang, 2011). Bacteria in exponential growth phase (1 x 10®
CFU/ml) were treated as control (a) and the test samples were grown
with 50 pg/ml VAuNPs (b) 200 pg/ml meropenem (c) and 50 + 20 pg/ml
VAuNPs + meropenem (d). These test samples were incubated for 4 h at
37 °C before centrifuging at 2,000 rpm for 10 min. The cell pellets were
washed twice in 0.1 % phosphate buffer saline (PBS) and fixed in etha-
nol/acetic acid (3:1) for 20 min at room temperature. After fixation, the
cells were washed in 0.1 % PBS, centrifuged and resuspended in steril-
ized ultrapure water for SEM analysis. Sample preparation was done as
per Dosunmu et al. and the SEM images were taken on FESEM (Field
Emission Scanning Electron Microscope, Nova Nano SEM 450, Thermo
Fisher Scientific, Waltham, MA, USA) (Dosunmu et al., 2015).

2.8. Ethidium bromide agar cartwheel assay

Efflux pump inhibition activity of VAuNPs, vanillin and CSAuNPs
were also assessed using an Ethidium bromide (EtBr) cartwheel assay.
EtBr is a substrate of efflux pumps and therefore used to detect efflux
pump activity by EtBr-agar cartwheel assay (Martins et al., 2013). MHA
supplemented with a range of EtBr concentrations (0-2.5 pg/ml) were
poured in Petri plates. Bacterial strains (10° cells/ml) were streaked in
cartwheel pattern on the plates. The plates were incubated overnight at
37 °C and observed under UV for fluorescence (Bio-Rad Gel-Doc XR
system, Hercules, CA, USA). Efflux pump inhibition activity of vanillin,
VAuNPs and CSAuNPs were also assessed by EtBr cartwheel assay.
Briefly, efflux pump active clinical isolates (10° cells/ml) were grown
overnight in MHB supplemented in the presence of 50 pg/ml VAuNPs
dissolved in ultrapure water. Further, these overnight grown cultures
(108 cells/ml) were diluted to 10° cells/ml and treated for 30 min in the
same concentration of VAuNPs, vanillin and CSAuNPs separately in
MHB. After 30 min of incubation, the cultures were streaked on EtBr and
50 pg/ml vanillin supplemented MHA plates. The same was followed for
vanillin and CSAuNPs.

2.9. Expression analysis of MexAB-OprM efflux pump components by RT-
gPCR

Expression of mexB and OprM genes was determined by RT-qPCR as
described previously with minor modifications (Mesaros et al., 2007).
P. aeruginosa clinical isolates (PA11 and PA14) treated with 50 pug/ml of
VAuNPs, vanillin and CSAuNPs separately and were grown overnight.
After overnight incubation, O.D. of the suspension was adjusted to 0.5
McFarland standard and was followed by total RNA extraction using
HiPurA™ Total RNA Purification Kit (HiMedia Lab, Mumbai, India).
cDNA was prepared from mRNA (500 ng) using Hi-cDNA Synthesis Kit
(HiMedia Lab, Mumbai, India) and was subjected to RT-qPCR. Mex-
AB-OprM mRNA transcription level was evaluated using Hi-SYBr Master
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Table 1

Primers used for MexAB-OprM efflux pump expression analysis.
Name Sequence Reference
MexB-F 5-GTGTTCGGCTCGCAGTACTC-3' (Yoneda et al., 2005)
MexB-R 5-AACCGTCGGGATTGACCTTG-3' (Yoneda et al., 2005)
OprM-F 5'-CCATGAGCCGCCAACTGTC-3' (Savli et al., 2003)
OprM-R 5'-CCTGGAACGCCGTCTGGAT-3' (Savli et al., 2003)
rpsL-F 5-GCAACTATCAACCAGCTGGTG-3' (Llanes et al., 2004)
rpsL-R 5-GCTGTGCTCTTGCAGGTTGTG-3' (Llanes et al., 2004)

Mix (HiMedia Lab, Mumbai, India). MexAB-OprM pump specific primers
were used for expression analysis (Table 1) (Llanes et al., 2004; Savli
et al.,, 2003; Yoneda et al., 2005). The fold-change in expression of
MexAB-OprM pump components between any two samples was calcu-
lated using the 2784Ct method (Schmittgen and Livak, 2008). To
normalize the transcriptional level of target genes, expression of the rpsL
gene (30S ribosomal gene) was also determined and calibrated against
corresponding mRNA expression. The experiments were performed with
two technical replicates.

2.10. Statistical analysis

The synthesis and characterization experiments of VAuNPs were
performed in triplicates. The potentiation studies were performed twice,
with each treatment conducted in triplicate. One-way ANOVA was used
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for statistical significance and a p-value < 0.05 was regarded as signifi-
cant. Gene expression studies - data are shown as mean average with
error bars representing standard error.

3. Results and discussion

3.1. Green synthesis and physicochemical characterization of gold
nanoparticles

The synthesis of VAuNPs at room temperature was performed by
reducing 1mM and 2 mM HAuCly solution with different concentrations
of vanillin (0.25 mM - 4 mM) (Fig. 2a). UV-Vis spectra originating from
the optoelectronic property SPR confirmed the synthesis of VAuNPs. A
SPR peak centred at around 560 nm was observed for 2 mM HAuCl, + 1
mM vanillin concentration. For lower concentrations of vanillin and 1
mM HAuCly, SPR peaks were either absent or very broad (Data not
shown). Higher concentrations (2 mM and 4 mM) of vanillin displayed
broader SPR peaks with bathochromic shift. Thus, 2 mM HAuCl4 + 1 mM
vanillin was considered as optimum concentrations for the synthesis of
VAuNPs (Fig. 2c). Reaction time optimization of this combination
showed no change in the SPR band intensity after more than 3 h of in-
cubation (Fig. 2b). Hence, 3 h reaction time was considered to be the
optimum and was used for bulk synthesis in this study.

TEM and EDX analysis of VAuNPs synthesized from 2 mM HAuCl4 + 1
mM vanillin revealed the morphological and elemental details. VAuNPs
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Fig. 2. UV-Vis spectra of VAuNPs synthesized by reacting 2 mM of HAuCl, with (a) different concentration of vanillin (0.25-4 mM) (b) different time of incubation
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Fig. 3. Characterization of VAuNPs: (a) Transmission electron micrograph (Size - 20-30 nm), (b) Energy dispersive X-ray spectroscopy (Presence of Au, C and O), (c)
Zeta potential (-31.5), (d) Size distribution (Average size - 35 nm), (e) FTIR spectra, (f) X-ray diffraction pattern.

were predominantly of hexagonal, triangular and spherical shapes
(Fig. 3a). As expected, the EDX analysis showed the presence of gold,
carbon and oxygen (Fig. 3b). The zeta potential and average size of the
synthesized VAuNPs were found to be -31.5 mV and 35 nm, respectively
(Fig. 3c and d). A low polydispersity index (PDI) value (0.376) indicated
high particle homogeneity. A size range of below 100 nm indicated
dimensional correctness; while high zeta potentials assured stability of
the VAuNPs. FTIR prominent peaks were observed at 2924 cm ™}, 1589
em™!, 1427 em™1,1026 cm ™! and 679 cm ™! (Fig. 3e). FTIR-ATR analysis
of VAuNPs showed the presence of different functional groups origi-
nating from the vanillin molecules capped on the surfaces of VAuNPs.
FTIR peaks observed at 2924 cm ™}, 1589 cm™?, 1427 cm™1,1026 cm ™!
and 679 em™! correspond to stretching vibrations of ~C-H, stretching
vibrations of C=C-C group, stretching vibrations of O—~CHs and bending
vibration of C=0, respectively (Fatoni et al., 2018).

XRD spectrum of VAuNPs displayed three Bragg reflections at 38.2°,

44.4° and 64.2° 20 angles. These reflections were indexed on the basis of
face-centered cubic (fcc) gold structure corresponding to (111) (200) and
(220) confirming the synthesis of crystalline AuNPs (Fig. 3f). CSAuNPs
synthesized by reducing HAuCl4 with trisodium citrate displayed SPR
band with a peak centred at 530 nm.

Surface capping of AuNPs with vanillin was well supported by EDX,
FTIR and bioactivity studies. Moreover, literature on AuNPs coated with
organic molecules such as curcumin also supports our findings, for
example, a recent report on curcumin functionalized gold nanoparticles
have hypothesized that di-carbonyl moieties of curcumin play a role in
reducing Au®" ions and subsequent capping of curcumin (Sindhu et al.,
2014). This result was further supported by time-dependent density
functional theory and antioxidant assay, where the carbonyl moieties in
curcumin displayed a crucial role in reducing Au>* ions to form curcumin
capped AuNPs (Singh et al., 2013). Similarly, vanillin has one reactive
carbonyl moiety and is prone to attack by various reagents, notably
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Fig. 4. Surface capping of gold nanoparticles with vanillin. Predicted reduction
of Au®* carbonyl moiety of vanillin. Reactive carbonyl moiety of vanillin in-
teracts with Au ion and reduces it to form VAuNPs.

nucleophiles (Frenkel and Havkin-Frenkel, 2006). Relating our present
findings with the available literature, it can be hypothesized that the
carbonyl moiety in vanillin reduces Au®>" ions to form vanillin capped
AuNPs. Fig. 4 showcases the most stable conformation of vanillin and
possible reduction of Au** with carbonyl moiety of vanillin (Balachan-
dran and Parimala, 2012).

3.2. Evaluation of MIC and checkerboard assay

The MIC concentration of VAuNPs vanillin, and CSAuNPs against
selected cultures (PA11 and PA14) was found to be > 2000 pg/ml.
Checkerboard assays were performed to evaluate individual and com-
bined MIC of antibiotics and sub-MIC of VAuNPs. Meropenem and cip-
rofloxacin were chosen to perform checkerboard assay and finalize the
sub-MIC of VAuNPs and vanillin for potentiation studies. Out of
various concentrations tested, 50 pg/ml concentration of VAuNPs and
vanillin was chosen for potentiation studies (Fig. 5a and b). Subse-
quently, the same concentration of VAuNPs, vanillin and CSAuNPs (i.e.
50 pg/ml) was used for further efflux pump inhibition and RT-qPCR
studies.

Phytochemicals are classified as bactericidal if the MIC ranges in
between 100 to 1000 pg/ml (Simoes et al., 2009). A high MIC of vanillin
and VAuNPs i.e. 2000 pg/ml supports a previous study into the antibiotic
modulatory activity of vanillin (Bezerra et al., 2017). Therefore, due to
non-bactericidal properties of VAuNPs and vanillin, they were further
assessed for antibiotic potentiation activity at sub-MIC concentrations.

3.3. Antibiotic potentiation, fold change in minimum inhibitory
concentration and FIC index

The checkerboard assay was performed for the antibiotic potentiation
studies. The VAuNPs and vanillin treated cultures showed reduction in
the MIC values of almost all the antibiotics used as compared to the
CSAuNPs treated and control PA11 and PA14 strains. In case of PA11, the
difference between MIC of VAuNPs + trimethoprim was up to 3-fold
more than that of vanillin + trimethoprim and 10-14-fold more for
VAuNPs + meropenem/trimethoprim as compared to the control. In case
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of PA14, VAuNPs and vanillin potentiated the activity of trimethoprim by
3-4.8-fold as compared to the control, however, no potentiation was
observed for meropenem. Overall, VAuNPs and vanillin showed signifi-
cant antibiotic potentiation against most of the antibiotics i.e. C, LEV,
CIP, C, TGC, MRP, TR, FOS as compared to control and CSAuNPs treated
strains (Table 2; Fig. 5¢c and d). Moreover, the antibiotic potentiation
obtained with VAuNPs was significantly better than that of vanillin, i.e.
for C, TGC, MRP, TR in case of PA11 and C, CIP, TGC, TR in case of PA14.
However, no significant difference was observed in the antibiotic
potentiation effects of vanillin and VAuNPs for LEV and FOS in case of
both PA11 and PA14 strains. In addition to the above findings, CSAuNPs
also showed slight potentiation of C and TR in both PA11 and PA14
strains.

We demonstrated that VAuNPs and vanillin can potentiate the ac-
tivity of C, LEV, CIP, TGC, and FOS; however, highest MIC reduction of
10-14-fold was observed for VAuNPs + MRP and TR against PA11l
clinical isolate. In a similar study it was demonstrated that vanillin can
selectively modulate the activity of antibiotics namely, gentamycin,
imipenem, norfloxacin, tetracycline and erythromycin against selected
gamma-proteobacteria (Bezerra et al., 2017). Through our study we
showed that vanillin can further potentiate the activities of C, LEV, CIP,
TGC, MRP, TR and FOS as well (Fig. 5c and d). Most importantly, VAuNPs
and vanillin could restore the activities of last line antibiotics like MRP
and TR to which PA11 was initially resistant (Avrain et al., 2013; Bryan,
2018).

The FIC index of VAuNPs and vanillin with the antibiotics used
showed synergism except for FOS (Table 2). VAuNPs and vanillin showed
synergistic activity with C, LEV, CIP, TGC, MRP and TR. A similar trend
was seen for vanillin in combination with norfloxacin belonging to flu-
oroquinolones against P. aeruginosa and imipenem belonging to carba-
penems against Staphylococcus aureus (Bezerra et al., 2017). However,
through the FIC index we can conclude that synergistic effect of VAuNPs
with antibiotics was superior to that of vanillin with antibiotics (as shown
in Table 2).

3.4. SEM analysis of ABX and VAuNPs treated P. aeruginosa

Scanning electron microscopy was performed for control, VAuNPs,
meropenem and VAuNPs + meropenem treated P. aeruginosa (PA11)
(Fig. 6). Control bacteria and those treated with VAuNPs (50 pg/ml)
showed no detectable morphological change (Fig. 6a and b), in contrast,
those subjected to 200 pg/ml of meropenem or even 50 pg/ml of VAuNPs
along with 20 pg/ml of meropenem where both of these treatment groups
displayed damaged cells (Fig. 6¢ and d). Importantly, Fig. 6¢c and b both
show similar cell damage indicating VAuNP's antibiotic potentiation
activity, as a similar level of damage can be viewed at a much lower
concentration of meropenem due to the presence of VAuNP (as was also
shown in Fig. 5c).

3.5. Phenotypic detection of efflux inhibition by EtBr agar cart wheel assay
and expression analysis of MexAB-OprM efflux pump components by RT-
qPCR

As >4-fold reduction in MIC of antibiotics in presence of potentiating
agent is considered an attribute of efflux pump inhibition, a phenotypic
assessment of efflux pump inhibition was performed (Azimi et al., 2016).
Efflux pump active P. aeruginosa cultures from our previous study (iso-
lates PAO1, PAO3, PAO4, PAO7, PA09, PA12, & PA13), in addition to
PA11 and PA14 used in the current study were selected to examine efflux
inhibitory activity of vanillin and VAuNPs (Arya et al., unpublished).
EtBr-agar cartwheel assay of control (untreated and 50 pg/ml; CSAuNPs)
and treated (50 pg/ml; vanillin and VAuNPs) cultures showed fluores-
cence in treated cultures as compared to the respective controls (Fig. 7).

Multiple approaches have been enlisted in order to inhibit or bypass
efflux pump activity, specifically by repressing the expression of efflux
pump genes, disrupt pump assembly, block outer membrane channels
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Fig. 5. Checker board assay for PA1ll (a)
Meropenem and VAuNPs, (b) Trimethoprim
and VAuNPs. Arrow indicates the optimum
concentration of VAuNPs identified for
potentiation experiments. The darkness of
blue is representative of the level of growth.
Antibiotic potentiation against (c) PA11 and
(d) PA14 with CSAuNPs, vanillin and VAuNPs,
were CSAuNPs are used as control for
VAuNPs. The tested antibiotics were chlor-
amphenicol (C), levofloxacin (LEV), cipro-
floxacin (CIP), tigecycline (TGC), meropenem
(MRP), trimethoprim (TR), Fosfomycin (FOS).
Reduction in MIC was observed for all the
antibiotics. >10-fold reduction was seen for
MRP and TR. One-way ANOVA was used for
statistical significance where, *p-value < 0.05,
**p-value < 0.01, ***p-value < 0.001.
(VAuNPs-Vanillin capped gold nanoparticles;
CSAuNPs-Chemically synthesized gold
nanoparticles).
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Table 2
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Fold reduction in MIC and FIC index of selected antibiotics in combination with VAuNPs, vanillin and CSAuNPs treated XDR PA11 and PA14.

Fold change in the minimum inhibitory concentration of antibiotics

Antibiotics XDR Pseudomonas aeruginosa clinical isolates

PAll PAl4

CSAuNPs Vanillin VAuNPs CSAuNPs Vanillin VAuNPs
Chloramphenicol 1.2 2.3 3.5 111 2.6 3.33
Levofloxacin 1 2 2.5 1 5 5
Ciprofloxacin 1 2.5 2.5 1 2.66 3.2
Tigecycline 1 2 4 1.2 3.7 5
Meropenem 1.11 6.6 10 1 1 1
Trimethoprim 1.16 4.6 14 1.33 3 4.8
Fosfomycin 1 1.2 1.2 1 1 1
Fractional inhibitory concentration index for synergetic activity
Antibiotics PA11 PA14

CSAuNPs Vanillin VAuNPs CSAuNPs Vanillin VAuNPs
Chloramphenicol 0.88 0.43 0.38 0.93 0.45 0.34
Levofloxacin 1.03 0.48 0.44 1.03 0.24 0.24
Ciprofloxacin 1.03 0.44 0.44 1.03 0.41 0.35
Tigecycline 1.03 0.43 0.29 0.86 0.29 0.24
Meropenem 0.93 0.18 0.11 1.03 1.03 1.03
Trimethoprim 0.89 0.25 0.11 0.78 0.36 0.25
Fosfomycin 1.03 0.83 0.83 1.03 1.03 1.03

Fold reduction — Highlighted values indicates the difference between VAuNPs and vanillin.
FICA = MIC of C4 in combination/MIC of C,, FICg = MIC of Cp in combination/MIC of Cg; where A and B are antibiotics and VAuNPs/vanillin/CSAuNPs respectively. FIC
index value indicates synergistic (<0.5), additive (0.5 > 1) and antagonistic (>1) effects of the combinations used.

(OprM), competitive inhibition of efflux affinity sites and alteration of
the chemical structure of antibiotics that are substrates of efflux pumps
(Venter et al., 2015). Expression analysis of MexAB-OprM efflux pump
components was conducted with vanillin and VAuNPs treated PA11 and
PA14 clinical strains. CSAuNPs treatment was used as a control for
VAuNPs. RT-qPCR analysis showed a reduction in the expression of mexB
and oprM genes. VAuNPs treatment showed repression of mexB and oprM
by 3.37 and 6.54-fold respectively, and vanillin treated PA11 showed
repression of mexB and oprM genes which was 1.93 and 2.32-fold
respectively (Fig. 8a). Similar response trends were observed in PA14
as well. VAuNPs treatment showed repressions of mexB and oprM by 2.31

and 5.96-fold respectively; whereas, vanillin treated PA14 showed
repression of mexB and oprM by 2.56 and 2.54-fold respectively (Fig. 8b).
Noteworthy is the repression of OprM component, which is
2.34-2.81-folds higher than observed in vanillin treated isolates. The
outcome of RT-qPCR data supports the previous claims of using AuNPs to
enhance the bioactivities of phytomolecules capped on them (Raghavan
et al., 2015). While the widely used RT-qPCR technique has the benefit of
being quick and sensitive and could be easily applied in clinical labora-
tory conditions (Dumas et al., 2006), further analysis of MexAB-OprM at
the protein level would help verify these observed reductions in gene
expression and regulation.

Fig. 6. SEM of P. aeruginosa (PA11): (a) untreated, (b) treated with VAuNPs- 50 pg/ml, (c) Meropenem- 200 pg/ml, (d) Meropenem and VAuNPs (20 pg/ml and 50 pg/
ml respectively), demonstrating that the addition of VAuNPs reduced the MIC of meropenem by 10-fold.
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Fig. 7. EtBr cartwheel assay of efflux pump overexpressing XDR P. aeruginosa clinical isolates (PA01, PA03, PAO4, PA07, PA09, PA11, PA12, PA13 and PA14) streaked
on plates with increasing concentrations of EtBr (0-2.5 pg/ml). (a,b,c,d,e,f) Control untreated cultures displaying high efflux activity (al,bl,c1,d1,el,f1) 50 pg/ml
Vanillin treated cultures showing fluorescence from 1.5 pg/ml EtBr concentration displays possible efflux inhibitory effects produced by vanillin. (g,h,i,j,k,1) CSAuNPs
treated cultures displaying no fluorescence in contrast to (g1,h1,il1,j1,k1,11) VAuNPs treated cultures which showed increased fluorescence from 1.5 pg/ml EtBr
concentration. The efflux pump active clinical isolates were streaked in the same orientation as described in the left column. (Arrow indicates the reduced MIC of EtBr

in the VAuNPs and Vanillin treated clinical isolates).

Efflux pumps are known to expel multiple classes of antibiotics from
the bacterial cells. P. aeruginosa is known to express multiple efflux
pumps, however amongst those, MexAB-OprM is a clinically relevant
efflux pump and has highest antibiotic substrate specificity (Piddock,
2006). Hence, designing efflux pump inhibitors (EPIs) against this pump
can restore the activities of several antibiotics. Recent research are
directed toward using nanoparticles and phytomolecule(s) as EPIs (Stavri
et al., 2006; Tegos et al., 2002). Various nanoparticles such as Ag, Cu and
ZnO and phytomolecules like curcumin, geraniol, conessine and daidzein
are reported to have efflux pump inhibitory activity and are also known
to rejuvenate bactericidal effects of conventional antibiotics (Gupta et al.,
2017b; Kaur et al., 2018; Lorenzi et al., 2009; Siriyong et al., 2017). In a
preliminary study, copper nanoparticles demonstrated efflux pump
inhibitory effects in MDR S. aureus and P. aeruginosa (Christena et al.,
2015). To date, only one report is available on modulatory effects of
silver nanoparticles on AcrB and TolC protein expression (components of
the AcrAB-TolC efflux pump) in MDR Enterobacter cloacae (Mishra et al.,
2018). Reports on antibacterial gold nanoparticles capped with different
molecules has been reviewed by Zhao and Jiang (2013). However, as
observed for antibiotics, such attempts of employing antibacterial AuNPs
will result in development of more resistant bacteria. Thus, our study
using non-bactericidal VAuNPs is the first report on employing AuNPs for
restoring the activity of antibiotics by efflux pump inhibition. In addition,
our findings of vanillin mediated efflux inhibition activities support
similar reports on other small phytomolecules like capsaicin, curcumin,
thymol, carvacrol, berberine and palmatine (Aghayan et al., 2017; Kalia
et al., 2012; Miladi et al., 2016; Negi et al., 2014). Recently, it was also

found that vanillin enhanced the internalization of spectinomycin into
MDR Escherichia coli cells (Brochado et al., 2018). However, our study
provides further details into vanillin mediated antibiotic potentiation
and also its efflux inhibitory potential. This supports the previous claims
of using gold nanoparticles to increase the drug target specificity,
clearance and cell penetration of phytomolecules, which in this case
might be operational for vanillin (Singh et al., 2018).

4. Conclusion

In this study, we demonstrated the one-step synthesis of stable and
crystalline VAuNPs by using vanillin as a reducing and capping agent.
Through antibiotic potentiation studies we also found that VAuNPs can
restore the activities of last line antibiotics such as meropenem and
trimethoprim. The antibiotic potentiation activity of VAuNPs was found
to be stronger than that of vanillin. We also observed that VAuNPs and
vanillin can suppress the expression of MexAB-OprM efflux pump genes.
Thus, the antibiotic potentiation effect may be attributed to the efflux
pump inhibitory activity shown by VAuNPs and vanillin. There is the
possibility that VAuNPs and vanillin may also affect other resistance
mechanisms; therefore, further analysis of other AMR mechanisms is
needed to evaluate the effect of VAuNPs and vanillin on these. However,
for the current outcome we can conclude that, VAuNPs and vanillin act as
efflux pump inhibitors and restore the activities of last line antibiotics
against XDR P. aeruginosa clinical isolates.
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Fig. 8. RT-qPCR analysis of MexAB-OprM efflux pump genes in vanillin, VAuNPs and CSAuNPs treated P. aeruginosa clinical isolates (a) PA11 and (b) PA14. CSAuNPs
treatment was used as a control for VAuNPs. VAuNPs treatment showed better repression of mexB and oprM genes as compared to that of vanillin. Data below bars
represent the fold change in gene expression compared to the controls. (Data are shown as mean average with error bars representing standard error).
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