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Abstract The synthesis of biogenic nanoparticles from
non-chemical resources has increased the drive toward
understanding infection biology. Accordingly, we aimed to
address the symbiotic antibiofilm effect of biogenic copper
and zinc oxide nanoparticles with antimicrobials against
multidrug resistant (MDR) pathogens. The minimum
inhibitory concentration (MIC) of copper nanoparticles
(CuNPs) and zinc oxide nanoparticles (ZnONPs) at the
range from 2 to 128 pg/ml was calculated against Gram-
positive and Gram-negative pathogenic bacteria using a
broth dilution method. Both nanoparticles have prime
antibacterial activity compared with standard antibiotics
(excluding against P.aeruginosa MTCC 741). A qualitative
assessment of biofilm formation and collegial effect was
performed using a modified test tube and the microtiter
plate-based method by measuring the optical density and
time kill of nanoparticles. The results demonstrated effi-
cient antibiofilm activity of CuNPs in its lowest concen-
tration than ZnONPs and antibiotics itself. In addition,
significant enhancing antibiofilm effect was also shown by
CuNPs in the presence of third generation antibiotics
against Gram-negative and Gram-positive bacteria. A
scanning electron microscopy (SEM) analysis was used to
investigate the effect of the nanoparticles on morphological
changes of Staphylococcus aureus. Current data highlights,
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biogenic CuNPs and ZnONPs could be used as an adjuvant
for antibiotics in the treatment of bacterial infections.
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Introduction

Biofilms are complex communities of microorganisms that
show resistance to the action of antibiotics and the human
immune system, due to their resistant nature and stability
[1, 2]. Biofilm infections are difficult to eradicate, espe-
cially in the case of multidrug resistant pathogens [3].
Recently, the number of infections associated with budding
antibiotic resistant bacteria has increased [4]. Remarkably,
bacteria—host interactions could raise the rate of infections
in which pathogens rapidly kill the host. Both Gram-posi-
tive and Gram-negative bacteria can form a biofilm on
medical devices, such as catheters, mechanical heart
valves, and prosthetic joints [5]. Biofilm-related diseases
are typically persistent infections characterized by slow
development, and these diseases have an ability to resist
both a host’s immune system and a transient response to
antimicrobial therapy [6].

Staphylococcus aureus, Staphylococcus epidermidis,
Escherichia coli, Klebsiella pneumonia, and Pseudomonas
aeruginosa are the most common biofilm forming bacteria
causing human disease, such as infection lesion in endo-
carditis, cystic fibrosis, and otitis media with effusion [7].
Biofilms have also been identified in most indwelling
medical device infections and in biliary tract infections,
periodontitis, and ophthalmic infections [8].
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Nowadays, treatment of biofilms with antibiotics has
been shown to be ineffective, since many agents fail to
reach the target cells embedded deep inside the biofilm
matrix. An alternative approach is needed to control the
diseases involving biofilms [9].

Various methods, such as use of bacteriophages and
designing of semi-synthetic analogs of natural products to
prevent bacterial biofilms, were considered to address the
ineffectiveness of antibiotics. In contrast to above-revealed
conventional methods, the nanotechnology-based approach
is one such efficient approach to combat biofilm formation.
The use of nanoparticles has been considered as a feasible
solution to stop infectious diseases due to their antimicro-
bial properties. There are numerous reports explaining the
multifaceted potential of nanoparticles as antimicrobial
agents. The ability of metals to target multiple sites in an
organism makes them superior to conventional antibiotics
[10].

Currently, nanoparticles are considered as active and
safe drugs to boost the antibacterial activity of conven-
tional antibiotics, through exploit these new antimicrobials
effectively with important antibiotics in synergistic com-
bination therapy against pathogenic microorganism [11].
The combination of nanoparticles with existing antibiotics
seems to be very enthralling option by combining the two
treatment modalities. Recent studies have revealed that the
combining nanoparticle with antibiotics not only reduces
the toxicity of both agents toward human cells by
decreasing the requirement for high dosages but also
enhances and restores their bactericidal properties [12].

Among the metal nanoparticles, CuNPs are supercon-
ductive, easily available, and cost-effective metal well
known for its variety of applications. CuNPs are also
considered as an effective nanoparticle against plant and
animal pathogens [13]. Most pathogens, including strains
of Clostridium difficile, Salmonella enterica, Campy-
lobacter jejuni, Escherichia coli 0157:H7, Pseudomonas
aeruginosa, Enterobacter aerogenes, Staphylococcus aur-
eus, methicillin-resistant S. aureus (MRSA), and van-
comycin-resistant Enterococcus (VRE), are killed when
exposed to the surfaces of copper and copper alloys have
been reported by Wilks et al. 2005 and Casey et al. 2010 in
their study [14, 15].

According to Borkow et al. (2010) to prevent the bac-
terial contamination on medical devices, CuNPs have also
been used as antimicrobial coating agents [16]. Inspite of
their bioactivity, the antibiofilm potential of CuNPs is
rarely explored [17]. Only a few reports are published in
the last year on, the use of copper-containing nanoparticles
in the treatment of biofilms [9, 18].
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According to Begum et al. (2009) and Guy Applerot
et al. (2012), using the inorganic metal oxide nanoparticles,
such as TiO,, ZnO, MgO, and CaO as an antibacterial
agent, has a major advantages due to its stability under
harsh process conditions but also generally regarded as safe
materials to human beings and animals compared to
organic materials such as conventional antibiotics [19, 20].
Studies on antibacterial activity among the various metal
oxides nanoparticles, zinc oxide nanoparticles, have been
found to be highly toxic. Many studies have shown that
selective toxic nature of ZnONPs toward bacteria shows
the minimal effect on human cells, which is suggested their
potential uses in agricultural, food industries, diagnostics,
surgical devices, and nanomedicine-based antimicrobial
agents [21-24]. Among the several metal oxide nanopar-
ticles, ZnONPs are emerged as booming nanoparticle due
to their attractive characteristics and ideal properties in
various biomedical applications.

The synergistic activity of ZnONPs with more than 25
different antibiotics against S. aureus and E. coli. con-
cludes that ZnONPs can enhance antibacterial activities of
penicillins, cephalosporins, aminoglycosides, glycopep-
tides, macrolides, lincosamides, gentamicin, clar-
ithromycin, ofloxacin, and ceftriaxone and tetracycline
[25, 26].

Our objective in this investigation is mainly focused on
use of biologically synthesized CuNPs and ZnONPs to
probe the antibiofilm activity of antimicrobials against the
panel of Gram-negative and Gram-positive human
pathogens.

Materials and method
Biogenic metal nanoparticles

Biogenic nanoparticles: copper (CuNPs) and zinc oxide
nanoparticles (ZnONPs) were biologically synthesized
from non-pathogenic Enterococcus faecalis by extracellu-
lar enzymatic method. Organism was obtained from
Medical Biotechnology and Phage Therapy Laboratory
(MBPT), Department of Biotechnology, Gulbarga
University, Gulbarga.

Enterococcus faecalis culture was inoculated in sterile
Luria—Bertani broth (HiMedia, Mumbai, India) and incu-
bated at 37 °C for 72 h. Culture was centrifuged at
10,000 rpm for 10-15 min to separate supernatant from
pellet. The bacterial supernatant was added separately to
the reaction vessels’ containing 100 mM (v/v) copper
sulfate (CuSO,, HiMedia, Mumbai, India) and zinc sulfate
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(ZnS0O,4. 7H,0, HiMedia, Mumbai, India), and controls
(only with bacterial supernatant) are maintained separately
to each reaction. The reaction was carried out for 24 h, at
37° C, pH: 7 in rotary shaker at 120 rpm in dark condition
[27, 28]. Furthermore, morphology and crystalline nature
of nanoparticles were confirmed and characterized through
TEM (Tecnai 20 G2, CSIR-CECRI, Karaikudi, India) and
XRD (PW3040/60 X’pert PRO, CSIR-CECRI, Karaikudi,
India) analysis.

Collection of bacterial strains

Clinical isolates, E. coli 03, K. Pneumonia 125, methicillin-
resistant S. aureus 20 (MRSA) were taken from stock cultures
of the Medical Biotechnology and Phage Therapy Laboratory
(MBPT), Department of Biotechnology, Gulbarga University,

Gulbarga. Standard MTCC cultures, E. coli MTCC 9537, K.
pneumonia MTCC 109, S. aureus MTCC 96, P. Aeruginosa
MTCC 741, S. flexneri MTCC 1457, and E. faecalis NCIM
5025 (Microbial Type Culture Collection and Gene Bank,
Chandigarh, India) were stored in Luria—Bertani broth cul-
tures with sterile glycerol at -20 °C (20 %, v/v) for further
studies.

Minimum inhibitory concentration (MIC) of CuNPs,
ZnONPs, and antibiotics

Minimal inhibitory concentration (MIC) was defined as the
lowest concentration of an antimicrobial agent that is
needed to inhibit the growth of a microorganism after 24 h
of incubation. The CLSI 2012 M100-S22 practice was
implemented to determine the MIC and to assess the

Table 1 Concentrations of

CuNPs, ZnONPs, and Pathogenic bacteria

CuNPs (pg/ml)

ZnONPs (pg/ml) Antibiotics (pg/ml)

antibiotics used against different
pathogenic bacteria

E. coli 03 10 10 Ceftriaxone 12
E.coliMTCC 9537 12 16 Ceftriaxone 12
K.pneumonia 125 18 08 Ceftazidime 14
K.pneumonia MTCC 109 10 12 Ceftazidime 14
S. aureus 20 16 16 Gentamicin 10
S.aureus MTCC 96 20 18 Gentamicin 10
E.faecalis NCIM 5025 20 18 Gentamicin 10
P.aeruginosa MTCC 741 64 64 Ceftazidime 14
S.flexneri MTCC 1457 12 10 Ceftazidime 14
.<_17'7 o b <— 25.11nm

Fig. 1 TEM images of biogenic CuNPs (a) and ZnONPs (b) synthesized from Gram-positive non-pathogenic bacterium Enterococcus faecalis
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Fig. 2 XRD pattern of biogenic CuNPs (a) and ZnONPs (b)

Table 2 MIC levels of CuNPs and ZnONPs nanoparticles and antibiotics in different pathogenic bacteria

Type of pathogen Pathogenic bacteria MIC level of MIC level of ZnONPs MIC level of antibiotics
CuNPs (pg/ml) (ng/ml) in (pg/ml)
Gram-negative bacteria E. coli 03 08 08 10
E.coliMTCC 9537 10 16 11
K.pneumonia 125 16 04 10
K.pneumonia MTCC 109 08 08 13
P.aeruginosa MTCC 741 >68 >64 12
S.flexneri MTCC 1457 10 09 13
Gram-positive bacteria S. aureus 20 >16 08 09
S.aureus MTCC 96 18 16 09
E.faecalis NCIM 5025 18 >16 09
Fig. 3 MIC levels of biogenic 80 1
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Fig. 4 Scanning electron
microscopy of S.aureus 20
(MRSA) untreated control cells
(a), cells treated with
gentamicin antibiotic (b), cells
treated with CuNPs (¢), cells
treated with

CuNPs + Gentamicin (d), cells
treated with Zinc ZnONPs (e),
cells treated with

ZnONPs + Gentamicin (f)

competence of CuNPs and ZnONPs in controlling patho-
genic bacteria (Gram-positive and Gram-negative) by broth
dilution method [29]. Each 6 h bacterial test strain was
cultured in Luria—Bertani broth that was supplemented
with 2, 4, 8, 16 up to 128 pg/ml of nanoparticles and
antibiotics separately, and each culture was incubated at
37 °C for 18 and 24 h. Absorbance was measured at
600 nm using BioPhotometer Plus (Eppendorf AG, Ham-
burg, Germany).

Scanning electron microscopy

The lethal effect of nanoparticles on the surface of bacteria was
imaged by performing scanning electron microscopy of the

CuNPs, ZnONPs, and antibiotic to treated test strain. They were
examined using an FEl QUANTA 650 FEG Scanning Electron
Microscope (National University of Singapore, Singapore).

Antibiofilm effect of CuNPs and ZnONPs
in combination with antibiotic against clinical
MDR’s and standard MTCC cultures

Antibiofilm assay by test tube method
A biofilm formation assay [30] and antibiofilm activity of
the biogenic nanoparticles used in combination with stan-

dard antimicrobials were detected by the simple and
modified test tube method and estimated by a

* @ Springer
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Table 3 Percentage inhibition of CuNPs in combination with antibiotics in the test tube method

Pathogenic bacteria Copper nanoparticles Copper sulfate

Antibiotic Copper

nanoparticles + antibiotic

18h  24h  48h  18h  24h
(%) (%) (%) (%) (%)

48h  18h 24h  48h 18h 24h  48h
(%) (%) (%) (%) (%) (%) (%)

E. coli 03 65 72.8 88.8 0.8 1.2 2.5 36.2 20.3 22.5 78 90 92
E.coli MTCC 9537 80.2 82 85.5 0.07 1.52 3.33 - - - 76.5 86 88
K.pneumonia 125 80.5 79.6 89.4 1.98 2.48 6.31 39.7 30.2 33.6 83.2 90.6 91.5
K.pneumonia MTCC  72.8 78 87.1 - - - 18.9 15.8 10 86.5 88.8 91.4
109
S. aureus 20 76.2 85 90.3 - - - 19.8 15.8 14.5 82.1 87.5 91.6
S. aureus MTCC 96  79.2 89 91.6 - - 0.2 17.9 14.9 15.8 90.5 92.6 94.7
E.faecalis NCIM5 84 82.6 85.5 17.2 14.6 16.3 29.7 24.8 0.5 90.6 90.8 95.9
025
P.aeruginosa MTCC  19.8 - 11.1 - - - - - - - 3.8 10.9
741
S.flexneri MTCC 50.6 45.8 55.7 9.6 4.9 6.3 29.9 28.9 242 75.6 67.9 71.5
1457
40% -
30%
%age Synergetic |
effect of 20%
CuNPs+Ab
10% ;
0%
Test Microtit
tube er plate
method method
Gram negative pathogens 12% 36.54%
W Gram positive pathogens 6% 28.74%

Fig. 5 Antibiofilm assay by the test tube method for S. aureus MTCC
96 at 48 h. (a untreated, b copper sulfate treated, ¢ antibiotic treated,
d CuNPs treated, ¢ CuNPs + Antibiotic)

spectrophotometer assay [31]. MDR and standard MTCC
bacterial cultures were mixed with 2 ml of tryptic soy broth
(TSB), and for each culture, the following five separate
plastic tubes were used; Tube 1: bacterial cul-
ture + TSB 4+ Cu/ZnO nanoparticles from 50 mg/ml
stock; Tube 2: bacterial culture + TSB + Antibiotics from
30 mg/ml stock; Tube 3: bacterial cul-
ture + TSB + 35 pg/ml of copper sulfate/zinc sulfate
solution from 100 mM stock; Tube 4: bacterial cul-
ture + TSB + Cu/ZnO nanoparticles + antibiotics; and
Tube 5: bacterial culture + TSB (control; as shown in

* @ Springer

Fig. 6 Graphical representation of the percentage of synergetic effect
of CuNPs + Ab shown in the test tube and microtiter plate method

Table 1). Experiments were designed separately for CuNPs
and ZnONPs.

Antibiofilm assay by microtitre plate method

Clinical isolates and MTCC cultures were grown overnight
at 37 °C in TSB supplemented with 0.2 % glucose [32].
The cultures were diluted 1:100 in medium, and 200 pl of
cell suspensions were used to inoculate separate wells of
sterile flat-bottomed 96-well polystyrene microtiter plates
(Corning Inc., Corning, NY, USA). For each organism, the
five wells were maintained separately and repeated in
triplicate. Additions of 0.3 pl of copper/zinc oxide
nanoparticles and antibiotics (concentrations as shown in
Table 1) and copper sulfate/zinc sulfate solution from
100 mM stock were incubated for 24 h at 37 °C without
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8 shaking. One hundred microliters of destaining solution
- \g; was measured at 490 nm using a microtiter plate reader
< § (iMark Microplate Reader S/N 12883 Biorad Pvt Ltd.
;g" " S e e o e e India). Media without inoculums were used as control. The
g9l = d-gweggw percentage of biofilm inhibition (1) and the percentage of
synergetic effect (2) were calculated using the following
2 equations [31]:
+ %age of biofilm inhibition
%@ 22 L. 0 _ (OD490in control— OD490in treatment) 100 (1)
e A N OD490 in control %
@ %age of synergetic effect
e _ [%biofilm inhibition for (NPs + Ab) — %biofilm inhibition for NPs] 100
§ % biofilm inhibition for (NPs + Ab)
§° (2)
‘_T_ (where: NPs; biogenic CuNPs and ZnONPs, Ab;
o S 230 s o antibiotic).
< IS A = n aaQ —
S - Results and discussion
2 |laz Ex-szos o N
In the present investigation, the Gram-positive non-
< pathogenic bacterium Enterococcus faecalis was found
b notable in producing CuNPs and ZnONPs of different sizes
§ g ranging from 1 to 100 nm in distribution. TEM analysis
g ?:D reports the presence of biosynthesized CuNPs and ZnONPs
g i from E. faecalis with core shell morphology of size
724 + 12-90 nm and spherical in shape for CuNPs and ZnONPs
% 9? o o ~ o © o - ranging from 16 to 96 nm with marginal variation and
5|d xS S22 23 aggregate form (shown in Fig. 1).
E Crystalline nature of the biogenic CuNPs and
f g ZnONPs was confirmed by X-ray diffraction analysis.
5 3 2 The XRD pattern clearly shows that the extracellular
218 o &2 NSRRI R|E synthesis of CuNPs and ZnONPs formed by the reduc-
é © o T T e T T elE tion of sulfate ions from 100 mM copper sulfate and
g © 2 zinc sulfate using culture supernatant of E. faecalis.
E|8 ) CuNPs exhibited four prominent Bragg reflections
5|5 = around 38.19°, 44.22°, 64.65°, and 77.7° (Fig. 2a). The
§ i ; fraction between the intensity of the (111) plane higher
% Z § than the (200), (220), and (311) diffraction peaks.
%2z o § S i 9 2 % Q“; Intensity of the (111) facets for the very sharp diffrac-
& U= |wa @ T oA s @ wn g tion peak at 38.19° is considered for the face centered
Z © cubic structure [33]. The (111) facet is extremely reac-
© A ~ o 3 8 o0 é tive and stable due to high rate of electron transfer. The
clde|3d s S E¥EIRQLER|E ; ;
g g XRD facets of the CuNPs compared and indexed with
g - _ % standard copper which was published by JCPDS file
£ = - ol E (JCPDS card No: 41-0254). The mean size of CuNPs
gn = S © § S < % was calculated using the Debye—Scherer equation by
£ 2 85 oszE& 913 determining the width of the (111) and the similar Bragg
2|2 5§ Eg é S g = = reflection was found to be around 32.54 nm. The
3 % S & 8 8 g 2 Ng SRS 5 absence of diffraction peak in ZnONPs sample (shown
2 fg“ § S g 88 %: s s AR in Fig. 2b) confirms the amorphous character of the
SIE lwdS9vadas3lE sample.

\g
’r @ Springer



336

J Nanostruct Chem (2016) 6:329-341

Table 5 Percentage of synergetic effect of CuNPs shown in the test tube and microtiter plate method

Pathogenic bacteria Antibiotics %Age of synergetic effect %Age of synergetic effect in Microtitre
in Test tube method plate method for 72 h
18 h (%) 24 h (%) 48 h (%) CuNP + Ab (%) CuNP + Ab +2 %glucose (%)
E. coli 03 Ceftriaxone 16.6 19.1 34 19.2 12.5
E.coli MTCC 9537 Ceftriaxone - 4.6 2.8 30.9 323
K.pneumonia 125 Ceftazidime 3.24 12.14 22 17.12 444
K.pneumonia MTCC 109 Ceftazidime 15.8 12.16 4.7 38.6 41.4
S. aureus 20 Gentamicin 7 2.8 1.4 30.9 389
S.aureus MTCC 96 Gentamicin 124 3.8 32 40.10 24.7
E.faecalis NCIM 5025 Gentamicin 7.2 9 10.8 38.5 28.6
P.aeruginosa MTCC 741 Ceftazidime - - - 36.7 52.11
S.flexneri MTCC 1457 Ceftazidime 33 32.5 22 20.8 24.7

Table 6 Percentage inhibition of ZnONPs in combination with antibiotics in the test tube method

Pathogenic bacteria ZnONPs Zinc sulfate Antibiotic ZnONPs + antibiotic
18 h 24 h 48 h 18 h 24 h 48 h 18 h 24 h 48 h 18 h 24 h 48 h
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
E. coli 03 80.3 85.4 89.7 4.89 3.6 7.5 36.2 20.3 22.5 82.7 88.8 89.7
E.coli 80.7 86.8 88 - - - - - - 92.8 89.9 91.1
MTCC 9537
K.pneumonia 125 93.8 89 93.6 9.6 9.8 9.4 39.7 30.2 33.6 99.1 98.5 95.7
K.pneumonia MTCC  96.8 92.7 91.4 - - - 18.9 15.8 10 98.5 96.4 94.2
109
S. aureus 20 97.5 96.4 94.8 10 - - 19.8 15.8 14.5 98.7 95.4 97.9
S.aureus MTCC 96 95.9 94.8 93.7 14.8 15.2 15.8 17.9 14.9 15.8 97.9 97.5 95.8
E.faecalis NCIM 94.7 89.6 90.8 9.6 9.6 9.1 29.7 24.8 0.5 96.8 94.8 93.8
5025
P.aeruginosa MTCC  10.7 - 9 - - - - - - 7.8 3.8 3.0
741
S.flexneri MTCC 97.5 96.7 93.6 3.8 2.8 23 29.9 28.9 242 96.9 95.8 93.7
1457

Where, ZnONPs zinc oxide nanoparticles, ZnSO, zinc sulfate

The antimicrobial activities of the biogenic CuNPs and
ZnONPs against Gram-negative and Gram-positive bac-
teria were estimated through MIC by the broth dilution
method. The tested concentrations for biogenic CuNPs and
ZnONPs were from 2 to 128 pg/ml, as shown in Table 2
and Fig. 3. The results demonstrated that effective doses
of biogenic CuNPs, ZnONPs, and antibiotics for both
Gram-positive and Gram-negative bacteria are different.
Biogenic nanoparticles are efficient inhibitors against both
Gram-positive and Gram-negative bacteria in contrast to
antibiotics. MIC values of CuNPs and ZnONPs against
Gram-negative bacteria include E. coli 03, E. coli MTCC
9537, K. pneumonia 125, K. pneumonia MTCC 109, and S.
flexneri MTCC 1457 ranging from 8 to 16 pg/ml. In

’r @ Springer

addition, 18 to >68 png/ml of CuNPs and ZnONPs showed
inhibition kinetics against Gram-positive pathogens,
including methicillin-resistant S. aureus 20, S. aureus
MTCC 96, E. faecalis NCIM 5025, and the Gram-negative
bacteria P. Aeruginosa MTCC 741. This disparity could be
due to differences in the membrane structure and the
composition of the cell wall, thereby affecting access of
the CuNPs and ZnONPs. Cell walls of both Gram-positive
and Gram-negative bacteria have negative charge because
of the presence of teichoic acids and lipopolysaccharides,
respectively [30]. Many researchers found that the
antibacterial effect of nanoparticles was more prominent
against Gram-negative bacteria than Gram-positive bac-
teria. This could be due to the excess of negative charges
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s on the Gram-negative bacteria which assists the burly
< \g; interaction between nanoparticles and cell wall compo-
f_ § nents of the bacteria [34]. Absolutely, the exact mecha-
B & - - - - nism of inhibition by the nanoparticles on the
%:‘_ E 5 ;:J g g :roo § E § microorganisms depends on their small size .and high
surface area to volume ratio (S/V), which permit them to
_ interact closely with the membranes of the microbe [34].
® Furthermore, the biosynthesized CuNPs and ZnONPs in
< this study displayed the promising antibacterial activity
+ against Gram-negative subsequent to Gram-positive bac-
% oo S v e e oo e teria, which could be attributed to their size less than
& ® g L2 Lggdl 100 nm and greatest surface area to volume ratio; there-
fore, the contact with bacteria is the greatest. This could be
9 the reason why they exhibit the best antibacterial activity.
§ These results also specify that there were no significant
gﬁ antibacterial activities observed at concentrations less than
o 8 pg/ml by any biogenic nanoparticles. In contrast, MIC
: =2 . - > levels of antibiotics were more similar to the nanoparticles
22| & w SN2 ,382 . : :
against several Gram-negative bacteria. The dissimilarity
in the MIC results against both Gram-positive and Gram-
g o “ a negative bacteria might be due to differences in cell wall
Q Q : 2RO S R T structure. Thus, it was concluded that CuNPs and ZnONPs
inhibited the growth of all the tested microorganisms.
B2
§ § Morphological analysis by scanning electron
o | & microscopy
= |
8 t Scanning electron microscopy was used to determine the
4:5) % e RS morphological changes of the S. aureus 20, after treatment
EINZ] = w» M = — 0 w0 with antibiotic, nanoparticles (NPs) alone, and antibiotics
£ with nanoparticle (Antibiotic + NPs). Cells without any
E § Y © % = o o = oo treatment (control) showed normal morphology, with a
f;.’. SRS S s Ivs g multilayered surface consisting of the outer membrane
2 = (Fig. 4a). In contrast, the cells exposed to >9 pg/ml con-
S|q kS centration of gentamicin and >16 pg/ml of CuNPs for
g g g 24 h showed increased cell size and change in cell shape
g Ry N (Fig. 4b). The cells treated with in combination of
‘§ i ; CuNPs + AnFibiotic (Fig. 4c,. d) showed deformed mor-
Jg & % phology l'acklng a cytoplasn‘nfz r.nembrane. For the cells
816~ ~ Qs =~ |2 treated with ZnONPs + Antibiotic (>8 4+ >9 ng/ml), the
E S8 € reeTesgd é outer membrane was progressively lost, and the cytoplasm
& S tended to spill out of the cell leading to cell death, which
e g corresponded to the final stage of cell disruption, plas-
N % ~ | © o <t o~ 0 N“ . . . .
ERESE RS cwargw | molysis, and partial disappearance of the cytoplasmic
g 8 membrane (in Fig. 4e, f). Finally, SEM studies proved that
§ o _ § CuNPs and ZnONPs used in combination with gentamicin
= = o S o | 8 had the highest antibacterial activity when compared with
% - 8 L 3 8 Tle CuNPs, ZnONPs, and antibiotics alone treatment.
: 85 $zEglE
i‘j 2 . = § § % = % § % é Antibiofilm assay
= £ g S 32 O ‘§ § g 3 3 § 3 % Various applications of nanoparticle-based therapies have
ElIfElud SN uaada 518 gained attraction across several biomedical fields. Due to
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Table 8 Percentage of synergetic effect of ZnONPs showed in the test tube and microtiter plate method

Pathogenic bacteria Antibiotics ~ %Age of synergetic effect in Test tube %Age of synergetic effect in Microtiter plate method for
method 72 h
18 h (%) 24 h (%) 48 h (%) ZnONP + Ab (%)  ZnONP + Ab + 2 % glucose (%)

E. coli 03 Ceftriaxone 2.9 3.7 0 16.23 14

E.coli MTCC 9537 Ceftriaxone 13 3.4 3.4 16.22 15.7

K.pneumonia 125 Ceftazidime 5.3 9.6 2.1 22.8 0.06

K.pneumonia MTCC 109 Ceftazidime 1.72 3.8 29 12.2 9.8

S. aureus 20 Gentamicin 1.2 - 3.1 19.6 17

S.aureus MTCC 96 Gentamicin 2 2.7 2.17 9.2 19.4

E.faecalis NCIM 5025 Gentamicin 2.1 5.4 3.1 3.6 8.3

P.aeruginosa MTCC 741 Ceftazidime - - - 40.13 42.48

S.flexneri MTCC 1457 Ceftazidime - - - 5.09 14.8

the resistant nature of biofilms, eradication of biofilm-re-
lated diseases/infection is challenging [35]. Efforts are
being made to use penetrating capacity of nanoparticles in
biofilm studies [36-38]. Further application of nanotech-
nology could be a way to combat biofilm infections.

This study investigated inhibition of biofilm activity by
biosynthesized nanoparticles. Activity of Gram-positive
and Gram-negative bacteria was ceased under in vitro
conditions, subsequently leading to the inhibition of bio-
film formation. Both CuNPs and ZnONPs have been used
to inhibit the initial stage of biofilm formation.

The results for both test tube and microtiter plate wells
showed that for all the bacterial strains tested (except for
P.aeruginosa MTCC 741), biologically synthesized
CuNPs and ZnONPs inhibited the activity of biofilm
formation at its irreversible adhesion stage (also known as
Initial stage). Interestingly, an inhibition of initial stage
biofilm activity was observed at the MIC values of CuNPs
and ZnONPs.

Furthermore, this study also revealed the synergistic
effect of CuNPs and ZnONPs of antibiofilm activity against
different pathogenic bacteria in the presence of antibiotics.
Biofilm production has been reported in all strains. The
results from the test tube method indicated that CuNPs
alone reduce the biofilm activity by approximately >9 %
in Gram-negative and >2 % in Gram-positive bacteria.
Combination of CuNPs and antibiotics showed more
effective biofilm inhibition activity in Gram-negative and
Gram-positive bacteria by 12 % and 6 %, respectively
(shown in Tables 3 and 5, Figs. 5 and 6). Samples treated
with antibiotics and positive control alone showed negli-
gible activity on biofilm prevention/inhibition. In the
microtiter method, 36.54 % and 28.74 % of antibiofilm
activity was recorded for Gram-negative and Gram-posi-
tive bacteria, respectively (Tables 4, 5; Fig. 6).

Antibiofilm activity of ZnONPs in combination with
antibiotic showed comparatively less activity against

’r @ Springer

25%
20%

15%
%age Synergetic

effect of

o
ZnONPs+Ab 10%

5%

4

0%

Test tube Microtiter plate

method method
Gram negative pathogens 5% 21.56%
Gram positive pathogens 4% 9.37%

Fig. 7 Graphical representation of the percentage of synergetic effect
of ZnONPs + Ab shown in the test tube and microtiter plate method

Gram-negative and Gram-positive bacteria in both the test
tube and the microtiter plate method compared to CuNPs.
In the test tube method, ZnONPs showed 5 and 4 % of
antibiofilm activity against Gram-negative and Gram-pos-
itive bacteria, respectively (shown in Table 6). Enhanced
antibiofilm activity was reported from the microtiter plate
method (21.56 % for Gram-negative and 9.37 % for Gram-
positive bacteria, as shown in Table 7). Using the micro-
titer plate assay method, we found that the synergetic
effects of CuNPs and ZnONPs (Table 8; Fig. 7) with
specific antibiotic in the presence of 2 % glucose are rel-
atively high compared with the treatment without glucose.
Due to bonding interactions, increased synergistic effects
among antibiotics and nanoparticles were observed. In
addition, the large surface area and presence of functional
groups, such as hydroxyl, amino, etc., lead nanoparticles to
interact with antibiotics by chelating reactions [39]. How-
ever, the mechanistic action of NPs with antibiotics in
biofilm-related studies has yet to be demonstrated. For the
NP therapies, the results indicates, microtiter plate assay
method is an accurate and reproducible method for
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antibiofilm screening, and assay serves as a reliable
quantitative tool for determining the antibiofilm potential
of nanoparticles in combination with antibiotic agents
against several clinical isolates. Collectively, these findings
conclude that the enhanced synergistic effect of biosyn-
thesized nanoparticles in combination with antibiotics
against pathogenic bacteria could be used as potent adju-
vant therapy against several bacterial infections.

The difference in the inhibitory activity may also be
explained by several factors, including efficacy in antimi-
crobial activity, biosorption-dependent manner, physical
properties, such as the size of the nanoparticle, penetration
abilities, and other chemical properties effecting the
affinity between the materials and the biofilms [40]. The
results suggest that CuNPs were better antibiofilm agents
against the Gram-negative and Gram-positive bacteria than
ZnONPs.

Conclusion

This study was designed to elucidate the enhanced anti-
biofilm effects of the third generation antibiotics with
biogenic CuNPs and ZnONPs (as shown in Fig. 8). The
need for higher dosage of NPs and antibiotics could be
reduced by the synergistic action of antimicrobial agents,
and this phenomenon also minimizes side effects. This
study demonstrated improvement of the bactericidal prop-
erty of nanoparticles by understanding their synergistic

Fig. 8 Graphical abstract on
“synergistic antibacterial and
antibiofilm activity of biogenic
CuNPs and ZnONPs-
antimicrobials against
pathogenic bacteria”

Antibiotics of different
chemical structure

effect with other antimicrobial agents to improve their
efficacy against various pathogenic microbes. The
increased antibiofilm activity of CuNPs was more
promising than that of ZnONPs for targeting Gram-nega-
tive and Gram-positive bacteria. The increased inhibition
activity of CuNPs on bacteria is associated with release of
free ions from nanoparticles. In addition, the potentiality is,
furthermore, enhanced by its small size (12-90 nm) and
high surface area to volume ratio which permits them to
interact intimately with microbial membranes. Antimicro-
bial activity is due to its affinity to instability between its
oxidation states. Differentiating copper ions from other
trace metals results in the production of hydroxyl radicals
that subsequently bind with DNA molecules and lead to
disorder of the helical structure by crosslinking within and
between the nucleic acid strands and damage essential
proteins by binding to the sulfhydryl amino and carboxyl
groups of amino acids and denatures the protein. The exact
mechanism behind is still not known and needs to be fur-
ther investigated. Based on all of these studies, antimi-
crobial characteristics of CuNPs is by denaturing affect of
Cu ion on proteins and enzymes in microbes [41]. In
addition, NPs could be used as an adjuvant therapy for the
treatment of various infectious diseases caused by Gram-
negative and Gram-positive bacteria. Thus, our findings
support the notion that NPs have effective antibiofilm
activity that could be used to enhance the action of existing
antibiotics against Gram-negative and Gram-positive
bacteria.
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