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Abstract

The present study is the first report on the application of silver nanoparticles for efficient bacterial transformation. EC50
value of 100 nm silver nanoparticles against E. coli DH5« cells was recorded as 4.49 mg L™! in toxicity assay. Competency
induction in E. coli DH5a cells by treatment with 100 nm silver nanoparticles at a concentration of 1 mg L~! for 60 min
and transformation using three plasmid vectors of different sizes, viz. pUC18, pBR322 and pCAMBIA resulted in tenfold
increase in the bacterial transformation efficiency, i.e. 8.3 x 10%, 8.0x 10* and 7.9 x 10* cfu ng~" of DNA, respectively, even
without heat shock compared to the conventional chemical method using 0.1 M calcium chloride (2.3 x 10* cfu ng™! of DNA).

Keywords Silver nanoparticles - Competent cells - Bacterial transformation - pUC18 plasmid - pBR322 - pPCAMBIA -
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Introduction

Efficient introduction of plasmid DNA into microbial cells
by transformation plays a significant role in recombinant
DNA technology (Kotnik et al. 2015). Natural genetic trans-
formation is absent in many bacteria mainly due to repul-
sions caused by the negative charges of both DNA and bac-
terial membrane and less porosity of the membrane (Asif
et al. 2017). Escherichia coli DH5a, the most commonly
used bacterial host for cloning has a three-walled membrane.
The pore-forming proteins (porins), which are present in
high copy number within the outer membrane, behave as a
molecular sieve and prevent the passive transport of hydro-
philic and high molecular weight molecules such as DNA
and proteins into the bacterial cell (Raghava et al. 2011).
Therefore, there is necessity for development of controlled
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artificial transformation methods in bacteria and many
approaches have been attempted.

Electroporation and chemical method are being used for
artificial microbial transformation (Yoshida and Sato 2009).
Cost of the equipment and requirement of very high cell
density are the main limitations of electroporation. Chemical
method in which calcium chloride is used for competency
induction in the cells is simple, cost effective and is widely
used. However, the major limitation of this method is the
low transformation efficiency (Panja et al. 2006; Liu et al.
2014).

Nanotechnology has evolved as a major interdisciplinary
science and has been explored for various biological pro-
cesses (Pinto-Alphandary et al. 2000). As nanoparticles are
smaller (nanoscale 10~ m) compared to large biological
molecules, such as enzymes, receptors and antibodies, they
offer unprecedented interactions with biomolecules both on
the surface and inside the cell (Cai et al. 2008). Nanopar-
ticle-mediated gene delivery is widely used in the medical
field for gene therapy, but its application in genetic trans-
formation in microbes is less exploited (Nagamune 2017).
Gold, iron oxide, zinc oxide and silica nanoparticles are the
most widely used nanoparticles in molecular biology. How-
ever, gold nanoparticles are costly and bacterial exposure to
nanoparticles such as zinc oxide increase the transformation
efficiency only by two-to-threefold (Wang et al. 2018).
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Silver nanoparticles are widely used in medical, phar-
macy, food industry, cosmetics, etc., due to its antimicrobial
property (Marin et al. 2015). Silver nanoparticles interact
with microbial membrane, penetrate inside the cell and
increase the porosity of the cell membrane (Dakal et al.
2016). There are no reports on the use of silver nanoparticles
for gene transfer in microbes. As silver nanoparticles affect
the membrane integrity of microbes they have the potential
to be used in gene delivery system with increased transfor-
mation efficiency. Hence, in the present study, an attempt
was made to evaluate the efficiency of silver nanoparticles in
facilitating the uptake of extracellular plasmid DNA of three
different sizes, viz. pUC18 (2.6 kb size), pBR322 (4.3 kb)
and pCAMBIA (12.3 kb) by E. coli DH5a cells.

Materials and methods

All the chemicals used for the preparation of the culture
medium were of analytical grade and procured from Sisco
Research laboratories (SRL), India. The antibiotics were
purchased from Himedia Laboratories, India. Silver nano-
particles of 100 nm particles size, citrate stabilized at a con-
centration 20 mg L™! were purchased from Sigma-Aldrich
Chemicals.

Toxicity assay of silver nanoparticles

Different concentrations of silver nanoparticles, viz. 0.01,
0.1, 1, 5, 10, 15 and 20 mg L™! prepared by diluting with
sterile deioninzed water, were used for evaluating the tox-
icity on E. coli DH5a cells. Toxicity assay was conducted
following the protocol of Ivask et al. (2014). Effective con-
centration 50 (ECs,) was calculated using the statistical
package SPSS.

Induction of competency in E. coli DH5a

Escherichia coli DH5a cells at the exponential phase (ODgy
0.1-0.2) were used for competency induction. The cells were
pelleted by centrifuging at 5000 rpm for 5 min in Hermle
7326K microcentrifuge and resuspended in 200 pL of sterile
deionized water. Silver nanoparticles at different concentra-
tions below ECs, alone or in combination with 0.1 M cal-
cium chloride and 0.1 M calcium chloride alone were used.
Untreated bacterial cells served as control.

In the first set of experiment for induction of compe-
tency, 10 pL of different concentrations of silver nanopar-
ticles (0.01, 0.1, 1, 2 and 4 mg L_l) was added to aliquots
of 200 uL of bacterial suspension and incubated at different
time periods, viz. 30 min, 60 min and 120 min. In the next
set, 0.1 M calcium chloride was added along with the dif-
ferent concentrations of silver nanoparticles. Competency
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induction by 0.1 M calcium chloride was done by following
the protocol of Green and Sambrook (2018).

Transformation of competent E. coli DH5a cells
using pUC18, pBR322 and pCAMBIA vectors

The competent cells prepared by different treatments were
transformed using pUC18 (2.6 kb size) plasmid vector. To
the 200 uL of bacterial cells made competent using silver
nanoparticles, 1 uL of 1 ug of pUCI18 plasmid DNA was
added, followed by 1 mL of Luaria Bertani (LB) broth and
incubated at 37 °C at 120 rpm for 1 h. The competent cells
prepared using combination of calcium chloride and silver
nanoparticles and calcium chloride alone were transformed
by standard heat shock method (Green and Sambrook 2018).

Efficiency of transformation was checked by culturing
the transformed cells by blue white screening in LB medium
containing ampicillin (60 mg L"), X-Gal (30 mg L") and
IPTG (24 mg L") following the standard protocol (Green
and Sambrook 2018). Transformation efficiency of the treat-
ments was compared by estimating the number of trans-
formed cells per unit weight of the vector used.

For confirmation of transformation, plasmid was isolated
from the white colonies grown in the selection medium, by
alkaline lysis method (Birnboim and Doly 1979) and sub-
jected to electrophoresis in 1% agarose gel.

Silver nanoparticle treatment which recorded highest
transformation efficiency in first set was used for compe-
tency induction in E. coli DH5a cells and transformed with
vector pBR322 (4.3 kb) and pCAMBIA (12.3 kb). Trans-
formation efficiency was estimated by counting the number
of transformed colonies in appropriate selective antibiotic
media for pBR322 (60 mg L™! ampicillin and 20 mg L~}
tetracycline) and pCAMBIA (50 mg L~! kanamycin).

Results

Toxicity assay of silver nanoparticles on E. coli DH5a
cells

There was a considerable variation in the response of E. coli
cells subjected to different concentrations of silver nanopar-
ticles (Table 1). Maximum inhibition of growth (100% mor-
tality) was recorded in E. coli cells treated with 10 mg L™,
15 mg L™" and 20 mg L™! of silver nanoparticles. Minimum
inhibition of growth (no mortality) was recorded in E. coli
cells treated with 0.01 mg L™! of silver nanoparticles. On
plotting the graph of inhibition vs. concentration of silver
nanoparticles (Fig. 1) and carrying out the probability analy-
sis using the statistical package SPSS, ECs, was estimated
to be 4.49 mg L1,
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Table 1 Dose response of E. coli DHS5a against silver nanoparticles

Concentration of  Initial popula-  Final popula-  Mortality (%)
AgNPs (mgL™")  tion (cfumL™") tion (cfu mL™")
0 3% 107 3% 107 0
0.01 3% 107 3% 107 0
0.1 3% 107 2.6%x 107 13.4
1 3% 107 2.5%x 107 16.6
5 3% 107 1.5%x 107 50
10 3% 107 0 100
15 3% 107 0 100
20 3x107 0 100
120

?100 ol

£ 80 }

"E 60

1

: .

(=] 40 '

=

20 >
0
O - v+ = 1n O n O
o

Concentration in mg L

Fig. 1 Dose response curve of E. coli DH5« cells

Transformation efficiency of competent cells using
pUC18, pBR322 and pCAMBIA vectors and induced
by different treatments using silver nanoparticles

Statistical analysis using ANOVA showed significant
difference in the transformation efficiency with pUC18
plasmid vector in the bacterial cells subjected to differ-
ent treatments (Table 2). Silver nanoparticles showed
an increase in transformation efficiency ranging from
2.6x10% to 8.3 x10* cfu ng™! of vector DNA compared
to the conventional method using 0.1 M calcium chloride
(2.3x10° cfu ng™! of vector DNA). Maximum transfor-
mation efficiency (8.3 x 10* cfu ng™! of vector DNA) was
observed when cells were treated with 1 mg L™! of silver
nanoparticles for 60 min. Silver nanoparticles in combina-
tion with 0.1 M calcium chloride increased the transforma-
tion efficiency compared to 0.1 M calcium chloride alone.
However, the transformation efficiency was less compared
to silver nanoparticles alone. No colonies were formed in
the selection medium from the cells not subjected to any
competency induction treatments (control).

Treatment with silver nanoparticles for competency
induction inhibited the lac Z gene expression of pUC18

plasmid vector. All the cells treated with silver nanoparticles
showed only white colonies in selection media. The colonies
from cells treated with calcium chloride alone, were blue in
colour, whereas colonies from cells treated with silver nano-
particles and calcium chloride showed the presence of both
white and blue colours (Fig. 2). Agarose gel electrophoresis
of the isolated plasmid from white colonies grown in selec-
tion medium gave bands of the expected size of commercial
pUC18 plasmid confirming transformation (Fig. 3).

Escherichia coli cells treated with silver nanoparticles
(1 mg L~! for 60 min) and transformed with pBR322 vec-
tor failed to grow in selection medium containing both
ampicillin and tetracycline (Fig. 4) as well as tetracycline
alone (Fig. 5). However, the cells showed tenfold transfor-
mation efficiency (8 X 10* cfu ng_1 of DNA), in selection
medium containing ampicillin alone compared to control
(2.3x10% cfu ng™! of DNA) (Fig. 6).

Treatment with 1 mg L™! silver nanoparticles for 60 min
on bacterial cells and transformation pCAMBIA vector
also showed increased transformation efficiency (7.9 X 10%
in selection medium containing kanamycin compared to cal-
cium chloride and heat shock method (2.3 x 10° cfu ng™! of
DNA) (Fig. 7).

Discussion

Silver nanoparticles at different concentrations, viz. 0.01,
0.1, 1, 5, 10, 15 and 20 mg L~! were used for testing their
toxicity on E. coli DH5a cells in exponential phase. The
linear increase in toxicity on E. coli cells on increasing the
concentration of silver nanoparticles is in accordance with
previous reports (Li et al. 2010; Rudakiya and Pawar 2017).
Dziedzic et al. (2016) reported that the toxicity of silver
nanoparticles was dose and time dependent.

Treatments including silver nanoparticles for competency
induction and transformation using pUC18 vector exhibited
increased transformation efficiency even without heat shock.
Concentration of silver nanoparticles and time of exposure
of cells to silver nanoparticles were found to affect the trans-
formation efficiency. Disruption of the cell membrane by sil-
ver nanoparticles might have resulted in increased porosity
of the bacterial cells, thereby facilitating increased uptake of
extracellular DNA resulting in increased transformation effi-
ciency. Silver nanoparticles at a concentration of 1 mg L™
exhibited maximum transformation efficiency compared to
lower (0.01 mg L™! and 0.1 mg L™") and higher concentra-
tions (2 mg L™! and 4 mg L") of silver nanoparticles. At
lower concentrations of silver nanoparticles lesser interac-
tion between the silver nanoparticles and the cell membrane
might have resulted in reduced induction of porosity and
lower transformation efficiency. Whereas low transformation
efficiency at higher concentrations of silver nanoparticles
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Table 2 Transformation

efficiency of competent cells
induced by different treatments

Treatment

Transformation
efficiency (cfu ng™! of
DNA)

0.01 mg L~ ! silver nanoparticles (30 min) 1.4x10°
0.01 mg L~! silver nanoparticles (60 min) 45x%10°
0.01 mg L' silver nanoparticles (120 min) 3.0x10°
0.1 mg L™ silver nanoparticles (30 min) 1.5x10*
0.1 mg L™ silver nanoparticles (60 min) 1.7x10*
0.1 mg L™ silver nanoparticles (120 min) 1.3x10*
1 mg L™ silver nanoparticles (30 min) 6.03x 10*
1 mg L™! silver nanoparticles (60 min) 8.3x10*
1 mg L™! silver nanoparticles (120 min) 45x%10*
2 mg L™ silver nanoparticles (30 min) 2x10*

2 mg L~ silver nanoparticles (60 min) 2.5x10*
2 mg L' silver nanoparticles (120 min) 2x10*

4 mg L~! silver nanoparticles (30 min) 1x10*

4 mg L~! silver nanoparticles (60 min) 1.5x10*
4 mg L~! silver nanoparticles (120 min) 1x10*
0.01 mg L~! silver nanoparticles +0.1 M CaCl, 2.6%x10°
0.1 mg L™! silver nanoparticles +0.1 M CaCl, 1.65x10*
1 mg L~! silver nanoparticles +0.1 M CaCl, 2.55x10*
2 mg L7! silver nanoparticle +0.1 M CaCl, 8x 10°

4 mg L~! silver nanoparticles +0.1 M CaCl, 7.01x10°
0.1 M CaCl, 23x10°
Control 0

(a) 0.1M calcium chloride

(b) 1mg L' silver nanoparticles for 60min

(¢) 0.lmg L' silver nanoparticles and 0.1M CaCl,

Fig.2 E. coli DH5a cells treated for competency induction and trans-
formed with pUC18 vector and grown on selection medium

might have resulted due to increased interaction between
the silver nanoparticles with cell membrane resulting in
increased disruption of the cell and increased release of sil-
ver ions causing cell damage (Vardanyan et al. 2015). In
the present study, the optimum period for the interaction of
1 mg L~! of silver nanoparticles with cell membrane and
the induction of porosity for facilitating extracellular DNA
uptake without cell disruption was recorded as 60 min.
Combination of calcium chloride and silver nano-
particles for competency induction and transformation
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L: 1kb DNA ladder
Lane:1 Commercial pUCI18 plasmid

Lane:2 Treatment with silver
nanoparticles alone

Lane: 3 Treatment with silver
nanoparticles and calcium chloride

Fig.3 Agarose gel profile of plasmid isolated from the white colonies
grown in selection medium

with pUC18 vector exhibited lesser transformation effi-
ciency compared to transformation efficiency exhibited
by silver nanoparticles alone. This might have resulted
due to greater damage caused in the cell membrane by
the interaction of both silver nanoparticles and calcium
chloride. Conventional method of competency induction
in bacterial cells using calcium chloride is reported to
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0.1M calcium chloride 1mg L silver nanoparticles for

60min

Fig.4 Competent E. coli DH5a cells transformed using pBR322 and
selected on LB agar media containing ampicillin and tetracycline

1mg L silver nanoparticles for
60min

0.1M calcium chloride

Fig.5 Competent E. coli DH5a cells transformed using pBR322 and
selected on LB agar media containing tetracycline alone

0.1M calcium chloride 1mg L silver nanoparticles for
60min

Fig.6 Competent E. coli DH5a cells transformed using pBR322 and
selected on LB agar media containing ampicillin

have reduced transformation efficiency (Liu et al. 2014).
In the present study also transformation efficiency of the
cells treated with calcium chloride alone was found to be
lowest among the different treatments tried. According to
Ding et al. (2016), higher transformation efficiency was
recorded while using nano alumina for transformation
of non-competent E. coli (7.4 10%) and Staphylococ-
cus aureus (2.9 x 10%) cells with pBR322. In the present
study, tenfold increase in the transformation efficiency was
recorded by treating the bacterial cells with 1 mg L™! of

0.1M calcium chloride

1mg L' silver nanoparticles for
60min

Fig.7 Competent E. coli DH5a cells transformed using pCAMBIA
vector and grown on LB agar media containing kanamycin

silver nanoparticles for 60 min for competency induction
compared to the conventional calcium chloride method.
Blue white selection of transformed cells was not pos-
sible when silver nanoparticles were used. The presence
of only white colonies from the cells treated with silver
nanoparticles and mixture of blue and white colonies in
the cells treated with combination of silver nanoparticles
and calcium chloride indicates inhibition of B-galactosidase
activity in the pUC 18 plasmid vector by the silver nanopar-
ticles. Inhibition of hydrolases, the enzyme class to which
[B-galactosidase belongs is also reported (Shin et al. 2012).
Borase et al. (2015) reported the inhibition of urease (hydro-
lases) enzyme activity by silver nanoparticles. According
to Peyrot et al. (2014), silver nanoparticles are capable of
inhibiting soil exoenzymes such as phosphomonoesterase,
arylsulfatase, f-D-glucosidase (hydrolases) and leucine-
aminopeptidase. Shin et al. (2012) reported the inhibition
of enzyme activity of urease, acid phosphatase, arylsulfatase
and p-glucosidase in the soil on treatment with silver nano-
particles. Ahmed et al. (2016) have also reported the inhi-
bition of enzyme activity of f-galactosidase by zinc oxide
nanoparticles in methicillin-resistant Staphylococcus aureus.
Tetracycline resistance was absent in E. coli cells
treated with silver nanoparticles and transformed with
pBR322 vector. Tetracycline-resistant gene of pBR322
encodes a 41-kDa inner membrane protein (TetA) which
acts as a tetracycline/+ Hantiporter (Allard and Bertrand
1992). The TetA (C) protein, encoded by the tetA (C) gene
of plasmid pBR322, is a member of a family of membrane-
bound proteins that mediate energy-dependent efflux of
tetracycline from the bacterial cell (McNicholas et al.
1992). Stensberg et al. (2011) reported that uptake of sil-
ver nanoparticles can stimulate the production of reactive
oxygen species (ROS), resulting in oxidative stress and
genotoxic effects. Production of ROS results in disruption
in the flux of ions and electrons across the mitochondrial
membrane. In the present study, the disturbance in the
bacterial cell membrane when treated with silver nano-
particles might have disrupted the efflux of ions in the
transformed cells. This would have resulted in the failure

Pigllase ¢l ay .
e e O) Springer



113 Page6of7

3 Biotech (2019) 9:113

of growth of the transformed cells in the selection medium
containing tetracycline. McShan et al. (2015) reported that
silver nanoparticles affect the growth of Salmonella cells
in medium containing tetracycline. The tetracycline and
silver nanoparticle complex interacts more strongly with
the tetracycline-resistant Salmonella cells and causes more
release of silver ions, thus creating a temporal high con-
centration of silver ions near the bacteria cell wall which
leads to growth inhibition of the bacteria. Luo et al. (2015)
reported highest photocatalysis efficiency for tetracycline
degradation by silver nanoparticles due synergistic surface
plasma resonance.

In the present study, although the cells treated with sil-
ver nanoparticles and transformed using pBR322 failed
to grow in selection medium containing tetracycline, they
could grow in the medium containing ampicillin. Penicil-
lin and ampicillin belongs to the same group of antibiotics.
Mcshan et al. (2015) have reported similar results in case
of pencillin. According to them, penicillin did not affect
the interaction of silver nanoparticles with the bacteria,
and there is no synergistic effect.

Treatment with 1 mg L™! silver nanoparticles for 60 min
on bacterial cells and transformation with pCAMBIA
vector also showed increased transformation efficiency
(7.9 x 10%) in selection medium containing kanamycin
(50 mg L™!) compared to calcium chloride and heat shock
method (2.3 X 10%) and are in similar with results reported
by Kumar et al. (2017) while using gold nanoparticles for
competency induction and transformation by pCAMBIA
1304 into E. coli DHS5a cells.

Conclusion

Escherichia coli DH5a cells treated with silver nanoparti-
cles alone resulted in significant increase in transformation
efficiency compared to the calcium chloride while using
plasmid vectors of different sizes, viz. pUC18, pBR322
and pCAMBIA. It suggests that silver nanoparticles can
aid in developing improved genetic transformation meth-
ods in microbes. The actual mechanism of inhibition of
B-galactosidase in pUC18 and tetracycline resistance gene
activity in pBR322 by silver nanoparticles in the present
study needs to be investigated further in future.
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