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Background: An alternative to conventional antibiotics is needed to fight against emerging multiple drug resistant
pathogenic bacteria. In this endeavor, the effect of silver nanoparticle (Ag-NP) has been studied quantitatively on
two common pathogenic bacteria Escherichia coli and Staphylococcus aureus, and the growth curves were
modeled.

Methods: The effect of Ag-NP on bacterial growth kinetics was studied by measuring the optical density, and was
fitted by non-linear regression using the Logistic and modified Gompertz models. Scanning Electron Microscopy
and fluorescence microscopy were used to study the morphological changes of the bacterial cells. Generation of
reactive oxygen species for Ag-NP treated cells were measured by fluorescence emission spectra.

Results: The modified Gompertz model, incorporating cell death, fits the observed data better than the Logistic
model. With increasing concentration of Ag-NP, the growth kinetics of both bacteria shows a decline in growth
rate with simultaneous enhancement of death rate constants. The duration of the lag phase was found to increase
with Ag-NP concentration. SEM showed morphological changes, while fluorescence microscopy using DAPI
showed compaction of DNA for Ag-NP-treated bacterial cells.

Conclusions: E. coli was found to be more susceptible to Ag-NP as compared to S. aureus. The modified Gompertz
model, using a death term, was found to be useful in explaining the non-monotonic nature of the growth curve.
General significance: The modified Gompertz model derived here is of general nature and can be used to study any
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microbial growth kinetics under the influence of antimicrobial agents.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Study of microbial growth curve is a fundamental aspect of predic-
tive microbiology and is indispensable in diverse fields of biotech-
nology, genetics, ecology, etc. [1,2]. Predictive microbiology is a
combination of statistical, mathematical and microbiological principles
to quantify the behavior of a particular microorganism [3]. The most
common pattern for bacterial growth is a lag phase before replication,
followed by exponential growth to reach maximum population density,
which eventually goes to “death phase” [4]. Modeling of bacterial
growth kinetics enables one to describe the behavior of a particular
microorganism under different environmental conditions and hence
appropriate models are needed to extract parameters from such growth
curves [5]. Microbial growth curves are characterized by a sigmoidal

Abbreviations: Ag-NP, silver nanoparticle; H,DCF-DA, dichlorofluorescein diacetate;
DAPI, 4’,6-diamidino-2-phenylindole; PI, propidium iodide; FCC, face-centered cubic; ROS,
reactive oxygen species; OD, optical density
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shape and various mathematical models are proposed to fit the curves
[6,7]. Among various models, two popular mathematical models report-
ed in literature are the Logistic model and Gompertz model [8,9].
However, the inability of the Logistic model to generate a sigmoidal
curve on a semi-logarithmic plot led to the development of a modified
Logistic model [10]. The Gompertz model is one of the most extensively
used mathematical model which was originally introduced to describe
the mortality rate of humans [11]. Later on Gibson et al. modified
the Gompertz model to better fit the bacterial growth [12]. The mod-
ified Gompertz model is extensively used in predictive microbiology
software programs such as Pathogen Modeling Program introduced
by United States Department of Agriculture (http://www.arserrc.gov/
mfs/).

The last couple of decades have seen emergence of multiple-drug re-
sistant bacterial pathogens endangering human health [13,14]. Among
various pathogenic bacteria, some strains of Escherichia coli and Staphy-
lococcus aureus show resistance against 3-lactum containing common
antibiotics, such as penicillin, ampicillin, and methicillin [15,16]. This
has led to flurry of activities looking for appropriate alternatives to
treat various debilitating diseases; nanoparticles have been identified
as potential candidate in the field of clinical medicine [17,18]. Silver
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nanoparticles (Ag-NP) possess excellent biocidal properties against a
wide variety of microorganisms, and have attracted wide attention
[19,20]. Considering the importance of toxicity of engineered nano-
particles on physiological system, Ag-NP has been found to show higher
toxicity to microorganisms compared to human cells [21]. Recent liter-
ature reports interaction of Ag-NP with human immunodeficiency virus
type 1 via preferential binding to the gp120 glycoprotein knobs, thereby
inhibiting the virus from binding to host cells [22]. In the present paper,
the effect of Ag-NP on the growth kinetics of E. coli and S. aureus,
representing Gram negative and Gram positive bacteria, respectively,
has been made using the modified Logistic and the Gompertz models.
The incorporation of a “death term” in the latter model provides a quan-
titative approach to gain insight into the growth kinetics of two com-
monly used bacterial strains.

The antimicrobial action of Ag-NP occurs due to penetration of
nanoparticle inside bacterial cell membrane, thereby suppressing respi-
ratory enzymes [23]. Moreover, they interfere with DNA components
inside the bacterial cells resulting in the prevention of its replication
and transcription [24,25]. A series of experiments have been conducted
for the understanding of the mode of inactivation of the bacterial
growth by Ag-NP. Fluorescence based assays using fluorochromes are
widely used to detect the state of individual cells, such as membrane in-
tegrity, and intracellular enzymatic activity [26-28]. In the present
study we have used DAP], a cell-permeable dsDNA specific stain to con-
firm the morphology of nucleoids of both E. coli and S. aureus after treat-
ment with Ag-NP. Moreover, the surface morphology of the Ag-NP-
treated E. coli cells was compared with the untreated cells by scanning
electron microscope (SEM).

Flow cytometry is an extensively used method for determining
cell viability. In the present paper cell viability for both bacteria on
treatment with Ag-NP was assessed by staining with membrane
impermeant dye, propidium iodide (PI). The PI has its unique feature
of penetrating cell membrane of dead cells, but viable cells are excluded
[29]. There are reports on the formation of highly reactive oxygen spe-
cies (ROS), such as OH™, H,0, and 03—, which are responsible for the
antibacterial activity of Ag-NP, causing cell death [30]. In the present
study the inhibitory as well as lethal effects of Ag-NP on bacterial cells,
were assessed spectrofluorimetrically using H,DCF-DA.

2. Theory
2.1. Modeling bacterial growth kinetics incorporating death

The kinetics of the growth of bacterial populations (viz. E. coli and
S. aureus) has been modeled by the ubiquitous Logistic and the
Gompertz models [8,9]. The data were fitted using non-linear regression
to both these models. Bacterial growth by the Logistic model can be
given as

%’ =rN <1 - Nﬁ) (1)
where N is the number of bacterial cells present,  is an effective growth
rate constant for Logistic model and N, is the asymptotic value of N.
In the absence of competition and death, the growth rate of a bac-
terium would be exponential, and saturation indicates the presence of
these constraints. The effect of Ag-NP would be to enhance death, and
this perturbation can be introduced in this model as a first order term
(the death term) in N indicating an uncorrelated and random process.
It can be demonstrated here that the introduction of the death term
does not change the functional form of the Logistic equation, since,

dt N N/

X X
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where d is the death rate constant gives back a similar monotonic equa-
tion with changed parameters. Here

/

r=r—d (3)
and
Ny = Ny(r—d)/r 4)

and for ' > 0 the curve displays monotonic growth from Ny to a maxi-
mum value of N/, while for i’ < 0 it is a monotonic decline from N to
zero. Death is reflected in how r’ varies with the introduction of silver
nanoparticles. The solution of Eq. (2) is

U
= N, NONX 1\ p—T't (5)
o+ (Ny—Np)e
which is identical in form to the solution when the death rate is not
included.

The delay after which the bacterial growth curve rises sharply can be
quantitatively defined as the time where the tangent to the curve at the
maximum slope intersects the line parallel to time axis through Ny [31].
This delay time, which is an indicator of the duration of the lag phase, is
given for the Logistic model as

1. (N, 2(. 2N
figg = In (N—(X)—l)—7<1— N,O). (6)
X

The bacterial growth rates can also be modeled using the Gompertz
model as

R
= rbNe . (7)

Here, death (d) can be introduced in this model as

dN _ —rt
- rbNe Nd (8)

The solution of this equation is
N=a exp(—befrt—td) 9)

which is, however, non-monotonic. This has a maximum at

1 rb
=i (H) (10)
and
erb\ 4/
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Here the initial slope is No(—d + rb) which is positive for d < rb. The
delay time can be quantitatively given as

t,qg:—%ln<6+%+ é%) (12)
_ 2 {1 _e[—b—g In (cﬂf,;r ﬁﬁ) +%+§‘+\/}T,ﬂ] }
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where ¢ = d/br. In the absence of death, this delay is simply
}[ In(b/e) + e<_b“)].
It is thus evident that the Gompertz model, though simple, is amena-

ble to the incorporation of death in explaining the non-monotonic
nature of bacterial growth curves. One should also note that this feature
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affects the growth curve in the realm of the growth phase when the
mortality phase [9] (which takes place at much longer time-scales,
even in the absence of Ag-NP) has not yet set in.

3. Materials and methods
3.1. Materials

Silver nitrate (AgNO3) and sodium borohydride (NaBH4) were pur-
chased from SRL (Mumbai, India). DAPI and H,DCF-DA were purchased
from Sigma. These reagents were used without further purification. The
bacteria E. coli K12 and S. aureus MTCC 3160 used in this study were ob-
tained from the Institute of Microbial Technology (Chandigarh, India).

3.2. Synthesis and characterization of Ag-NP

Ag-NP was synthesized as reported previously using AgNO5 as metal
salt precursor [32].

The concentration of atomic silver ([Ag]) has been considered
here, while the corresponding concentration of silver nanoparticle
([Ag-NP]) would be

6M[Ag]
mpd3N,

[Ag-NP] = —4.76[Ag) x 10°° (13)

where p is the density of silver (10.5 g cm~> for the FCC structure), d
is the mean diameter of the nanoparticle (19 nm), M is the atomic
weight of silver (108) and N4 is the Avogadro number. This however as-
sumes that the nanoparticles are homogeneous solid spheres, without
voids or irregularities. Since only the concentration of silver (irrespec-
tive of its aggregation) can be provided unambiguously, while that of
Ag-NP depends on the size and the assumed density of the silver in
the nanoparticles, the molar concentration of silver will be used all
through the text.

The synthesized Ag-NP was characterized by UV-visible spectrosco-
py and Transmission Electron Microscopy (TEM). Spectroscopic studies
were carried out using Lambda-25, Perkin Elmer spectrophotometer
and TEM measurements were performed using JEOL 2010 microscope
with LaB6 filament operated at 200 kV.

3.3. Effect of Ag-NP on bacterial growth kinetics

Bacterial cells were cultured in 5 mL of Luria Bertani (LB) media at
37 °C for overnight. Cells from the overnight culture (2% inoculums)
were then transferred to 50 mL of LB along with varying concentrations
of Ag-NP and incubated at 37 °C with continuous agitation. The Ag-NP
concentration in culture media varied from 10 pM to 50 puM, which
was directly calculated from the final molar concentration of silver. A
flask without Ag-NP was kept as control to track the normal growth of
the bacterial cells. To monitor growth trends, samples were withdrawn
aseptically at each 30 min interval and OD of the cells was measured at
595 nm on a Shimadzu UV Spectrophotometer UV-1800. The reference
used was the same LB without bacteria.

3.4. Colony counting assay for bacterial susceptibility to Ag-NP

For colony counting assay bacterial suspensions from overnight cul-
ture (both E. coli and S. aureus) were inoculated in LB (concentration of
10° CFU/mL was used) and supplemented with different concentrations
of Ag-NP. The cultures at specified time interval were withdrawn
aseptically, and cell suspensions were serially diluted with sterile
Phosphate Buffer Saline (PBS, pH 7.2), and finally spread onto LB agar
plates. Ag-NP-free LB plates cultured under the same condition were
used as control. The plates were then incubated further at 37 °C for
24 h and the numbers of colonies were counted. The experiment was

carried out in triplicates and the number of colonies for a particular
set was averaged.

3.5. Assessment of cell viability after treatment with Ag-NP using flow
cytometry

Cells from overnight culture of both E. coli and S. aureus were inocu-
lated in fresh 5 mL of LB and shaken at 37 °C until the OD reached
0.4. Then cell cultures were incubated with requisite amount of Ag-NP
for 1 h and the cells were harvested at 4000 rpm at 4 °C. Likewise,
control cells without Ag-NP were also grown and harvested. The cell
pellets were washed and finally resuspended in cold 1x PBS and incu-
bated with RNase A (1 mg/mL stock) at room temperature for 1 h. Final-
ly the cell suspensions were incubated with 5 pl of PI in dark for 10 min.
The fluorescence was determined using a flow cytometer (FACSCalibur,
BD Biosciences), equipped with a 488 nm argon laser light source using
CellQuest software.

3.6. Detection of reactive oxygen species (ROS)

The detection of ROS generation by Ag-NP was carried out by
staining cells with H,DCF-DA [30]. A stock solution of 1 mg/mL was pre-
pared in molecular grade DMSO (Sigma) and stored at — 20 °C. Cells
were grown to about 10° CFU/mL in LB medium and incubated with
10 pg/mL of H,DCF-DA for 60 min. After centrifugation, cells were
washed and resuspended in sterile PBS. H,DCF-DA fluorescence was de-
termined in a Hitachi F-3010 spectrofluorimeter with a scanning speed
of 240 nm per min in 1 cm path length quartz cuvette having both exci-
tation and emission slit widths of 2.5 nm. Fluorescence emission spectra
were recorded from 500 to 600 nm with an excitation wavelength of
492 nm. The emission maxima were recorded at 523 nm. Samples
were run in triplicate.

3.7. Study of bacterial cells by fluorescence microscopy and scanning
electron microscope (SEM)

Both E. coli and S. aureus cells were grown in LB at 37 °C overnight.
From the overnight culture 2% inoculums were added to 5 mL of LB
and shaken at 37 °C until the O.D. was reached 0.5. Then Ag-NP of vary-
ing concentrations were added, and incubated at 37 °C for 1 h. The con-
trol was maintained under the same condition without Ag-NP. Cell
pellet was harvested at 5000 rpm for 10 min at 4 °C and washed twice
with ice-cold PBS. The pellet was then resuspended in PBS and fixed
in 2.5% of glutaraldehyde for 30 min at room temperature. The cell pellet
was again harvested at 5000 rpm for 10 min at 10 °C and washed with
ice cold PBS. Staining with DAPI (final concentration 2.5 pug/mL) was car-
ried out by gently shaking in the rocker for 30 min. Cells were then
washed twice with ice-cold PBS, and resuspended in PBS. Samples
were taken on glass slides overlaid with cover slips using Kaiser's glyc-
erol gelatin mix (Merck, India). Each slide was then viewed by Zeiss
Axiovert 200 M fluorescence microscope under 100x oil D.I.C. objec-
tives. DNA was visualized under 405 nm DAPI filter.

SEM was used to observe the morphological changes of E. coli cells
induced by Ag-NP. The nanoparticle treated cells (10° CFU/mL) were
centrifuged at 5000 rpm for 10 min and washed with PBS followed by
fixing with 2.5% glutaraldehyde. The fixed cells were again washed
with PBS and dehydration was carried out using 25, 50, 75, 90 and
100% of ethanol. After drying of the fixed cells, gold coating was carried
out and the treated samples were observed by SEM.

4. Results
4.1. Characterization of Ag-NP

For structural characterization of Ag-NP, UV-vis spectroscopy is one
of the most commonly used techniques. Fig. S1 (Supporting Information)
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shows the optical absorption spectrum of Ag-NP and the observed ab-
sorption maximum (Npax) at 397 nm is due to the dipolar surface plas-
mon of individual spherical silver particles. TEM was used to determine
the particle size and the size distribution of Ag-NP. Fig. S2 (Supporting
Information) provides the low magnification TEM micrograph and the
histogram of the measured size of many particles. The particle size dis-
tribution is fitted with Gaussian function and from the fitting the esti-
mated average particle size and standard deviation were 19 nm and
5 nm, respectively.

4.2. Bacterial growth kinetics at various Ag-NP concentrations

Assuming that the OD at 595 nm reflects the number density of
bacterial cells, its value was found to increase in a sigmoidal fashion in
the absence of Ag-NP. For E. coli cells, the usual sigmoidal growth was
observed at 0 uM concentration of Ag-NP, which at higher concen-
trations (10, 20 and 30 pM), changed to a non-monotonic nature,
reaching a maximum value and then declining with time (Fig. 1a).
Growth of S. aureus cells also showed a similar trend, with a sigmoidal
curve in the absence of Ag-NP, changing to a similar non-monotonic
form in the presence of 20, 30, 40 and 50 uM of nanoparticles (Fig. 1b).

The growth and the death rate constants for E. coli as obtained from
the modified Gompertz model are shown in Fig. 2a. The growth rate
constant (r) decreases with increasing concentration of Ag-NP and can
be represented as

r=0.065 + 0.081¢ 02AsN 1 (14)

1.2

o 0uM

oD

0.8

0.4

0 2 4 6 t (h) 8

0 2 4 6 t(h) 8

Fig. 1. Growth of (a) E. coli and (b) S. aureus cells with time. For both the bacteria the usual
sigmoidal growth was observed at 0 uM Ag-NP, which at higher concentration changed to
a non-monotonic form, reaching a maximum value and then declining.
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Fig. 2. Decrease in the growth rate constant (r) and increase of death rate constant (d) of
(a) E. coliand (b) S. aureus with increase in the concentration of Ag-NP, as derived from the
modified Gompertz model.

This probably implies that the E. coli cells adapt to the Ag-NP, and
continue to grow at a reduced rate. Similarly, the death rate constant
(d), for E. coli has been found to increase with increasing concentration
of Ag-NP and

d = 0.0037[Ag-NP| h ' (15)

The growth rate constant for S. aureus, however, shows a steady de-
cline (Fig. 2b) as evident from

r=0.11 — 0.0012[Ag-NP| h " (16)

which is probably indicative of lack of such an adaptation. The death
rate constant (d) for S. aureus (Fig. 2b) varies as

d = 0.0015[Ag-NP}h " (17)

The growth rate (r) and death rate (d) constants for both the bacte-
ria are shown in Table 1. The maximum value of bacterial concen-
tration is inferred from the maximum value of the OD. This, when
plotted as a function of the Ag-NP concentration, can be interpolated
to get the ICsq values for both the bacteria. The ICsq values for E. coli
and S. aureus were found to be 28 pM and 61 uM, respectively
(Table 1). The Logistic model displays a declining effective growth rate
term (1) with concentration of Ag-NP which could be due to a fall in
the growth rate term (r) or an increase in the death rate term (Fig. 3).
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Table 1
Growth parameters of E. coli and S. aureus and the effect of Ag-NP using the modified Gompertz model.
Parameters E. coli® S. aureus®
Without Ag-NP With 30 uM [Ag-NP] Without Ag-NP With 30 uM [Ag-NP]
Growth rate constant (r) (h™1) 0.15 0.07 0.11 0.08
Death rate constant (d) (h—") - 0.11 - 0.04
Delay time (h) 1.7 2.8 1.1 14
Onset of decline (h) - 6.2 - 6.1
Maximum growth rate (OD/h) 0.34 0.16 0.27 0.24
ICs0 (UM) - 28.1 - 61.0

¢ Based on Egs. (14) and (15).
b Based on Eqs. (16) and (17).

4.3, Significance of delay time or prolonged lag phase for Ag-NP treated
bacterial cells

The lag phase as described by Monod is one of the poorly under-
stood growth phases, which is controlled by unknown regulatory mech-
anisms [33]. This is the phase which allows the bacterial cells to adapt
to the new environmental condition. In order to ascertain the effect
of Ag-NP on lag phases of both E. coli and S. aureus, the growth rates
were measured at different concentrations of nanoparticle. This
prolonged lag phase can be alternatively expressed in terms of “delay
time” which is indicative of the time required for the bacteria to get to
the reproductive stage. Fig. 4 shows a remarkable increase of delay
time with increasing concentration of Ag-NP for both the bacteria. How-
ever, the increase in delay time of E. coli is more as compared to that of
S. aureus. The increase in the delay time with the introduction of Ag-NP
is indicative of a stress on the reproductive machinery for both bacteria
[34].

4.4. Antimicrobial activity of Ag-NP using colony counting assay

Antibacterial assay was carried out on LB agar plates containing
30 uM and 40 pM of Ag-NP for E. coli and S. aureus, respectively. Approx-
imately 10° CFU/mL of cells were applied to the both the control
(without Ag-NP) and Ag-NP treated plates. The number of bacterial col-
onies was reduced significantly in the presence of Ag-NP (Fig. S3).

4.5. Flow cytometric analysis of Ag-NP treated cells

Flow cytometry was used to study the cell viability of both E. coli and
S. aureus after treatment with Ag-NP. The highly fluorescent and polar
dye PI is commonly used for identifying dead cells in a population, be-
cause it only intercalates with the DNA of cells which lack membrane

2
® ® E coli
(] A S aureus
1.5
) A
o ® °
A A A
l .
=
_k
0.5 A
A
0 T T T
0 20 40 60 [Ag-NP]uM go

Fig. 3. The variation of growth rate constant from the Logistic model for E. coli and
S. aureus.

integrity [29]. This unique property of PI enables one to distinguish
between non-viable cells having bright red fluorescence from non-
fluorescent viable cells. In the present study, the density dot plot graphs
Ag-NP treated E. coli and S. aureus cells showed increase in red fluores-
cence signal as compared to control cells, with an increase in cell popu-
lations (by ~10-14%) from the lower left to the lower right quadrant
(Fig. S4), indicating cell death upon incubation with Ag-NP. This “cell
death” may be attributed to the generation of ROS causing DNA damage
after disruption of cell membrane (discussed below).

4.6. Detection of ROS in bacterial cells treated with Ag-NP

It has previously been reported that the antibacterial activity of Ag-
NP is associated with the generation of reactive oxygen species (ROS),
such as hydroxyl radical (OH ™) superoxide anion (0% ™) and singlet ox-
ygen (10,) [30]. Generation of ROS can induce damage of cell mem-
brane, resulting in modification of DNA, lipids and cellular proteins
leading to cell death [31]. To investigate the ROS generation in the bac-
terial cells after treatment with Ag-NP, a cell permeable dye H,DCF-DA
was used. After 1 h of incubation with H,DCF-DA, significant increase in
the fluorescence intensity was observed for Ag-NP treated bacterial
cells, as compared to the untreated control cells (Fig. 5).

4.7. Analysis of cell morphology of E. coli and S. aureus after treatment with
Ag-NP

Fluorescence microscopic analysis using DAPI stained E. coli and
S. aureus cells showed shrinkage of DNA upon treatment with Ag-NP
compared to untreated control cells (Fig. 6). This condensation of DNA
may arise from the leakage of cytoplasmic contents of the damaged
cells which is indicative of cell lysis caused due to increased cell mem-
brane permeability. Likewise, the SEM image of the Ag-NP treated

4
5 ° e
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o
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e} a
[u}
]
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0 T T
0 20 40 [Ag-NPIuM ¢

Fig. 4. Variation of delay time for E. coli and S. aureus as a function of the concentration of
Ag-NP, as modeled by the modified Gompertz model.
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Fig. 5. Formation of ROS in E. coli and S. aureus cells on treatment with Ag-NP. Both control
and Ag-NP treated bacterial cells were incubated with fluorescent dye H,DCF-DA for
30 min.

E. coli cells (Fig. 7) showed rupture, abnormalities in cell shape and in-
crease in length compared to untreated control cells.

5. Discussion

In this paper we have studied the bactericidal effect of Ag-NP on two
representative bacteria, E. coli and S. aureus, and how their growth
kinetics is affected by the presence of the nanoparticles. The bacterial
growth was measured spectrophotometrically using OD. The use of
OD for monitoring growth kinetics suffers from certain limitations,
notably because it does not discriminate between live and dead cells.
In spite of that, it still remains a widely used technique for its speed
and simplicity [35]. As our intentions had been to model the effect of
Ag-NP on the bacterial growth kinetics, and the incorporation of the
death term, we have used OD as it is a more direct probe. However, it

may be mentioned that the non-monotonic nature of the growth curves
remains the same even when CFU/mL is used instead of OD (Fig. S5).

While simulating the growth, we demonstrated how the enhance-
ment of death due to Ag-NP can be incorporated in the popular Logistic
and Gompertz models. With increasing concentration of Ag-NP the
growth kinetics of both bacteria show distinct decline in growth rate
constants and increase of death rate constants (Fig. 2). For E. coli death
ensued at about 10 uM, whereas in case of S. aureus cell death was evi-
dent around 20 pM of Ag-NP (Fig. 1).

Since lag phase has important implication for bacterial infection, the
effect of Ag-NP on lag phases for both E. coli and S. aureus has been in-
vestigated. The lag phase, which comprises of the “adaptation phase”
(lag1 phase) and the “first cell generation” (lag2 phase), increases in du-
ration with increasing concentration of Ag-NP. The lag phase, and equiv-
alently, the “delay time” have been found to increase for both the
bacteria (Table 1). However, the existence of “prolonged lag phase” is
found to be more for E. coli as compared to S. aureus, indicating higher
susceptibility of the Gram negative E. coli than the Gram positive one.

Both the Logistic and the Gompertz models are simple enough
to quantitatively describe the effect of Ag-NP on bacterial growth;
however, the Logistic model does not have the mathematical features
to explain the non-monotonic nature of the observed growth data. Ad-
ditionally, the Gompertz model provides estimates for the death rate
separately. Using the Logistic model no distinction can be made with re-
spect to the cause of the decline in growth rate constant due to the Ag-
NP, since from Eq. (3) the decline could be either due to the intrinsic
decline of the growth rate constant, or due to the increase in the death
rate, or both. The Logistic model has fewer parameters and hence the
errors in the parameters by regression are expected to be lower, com-
pared to Gompertz model. However, the Logistic model can only be
used to fit the rising portion of the curve.

Though the mechanism of bactericidal actions of Ag-NP is still not
well understood, several hypotheses have been proposed in the litera-
ture [36,37]. It is believed that the attachment of Ag-NP to the bacterial
cell membrane causes the formation of “pits” on the bacterial cell walls,
thereby allowing the nanoparticle to enter the periplasm of the bacterial

Fig. 6. DAPI stained (a) E. coli and (b) S. aureus cells (control in the left panel and 100 uM Ag-NP treated in the right panel) as viewed under Zeiss Axiovert 200 M fluorescence microscope.
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Fig. 7. SEM images showing the structure and morphology of (a) normal and (b) Ag-NP treated damaged E. coli cells. An isolated cell in the two cases is shown in (c) and (d), respectively.

cells [38]. As a result, subsequent alteration of DNA of Ag-NP treated
bacterial cells leads to loss of replication ability of DNA and as a result
the expression of proteins and enzymes essential for ATP production
becomes inactivated [39,40]. In the present paper DAPI stained cells of
both E. coli and S. aureus showed condensation of cellular DNA after
treatment with Ag-NP, which probably occurs due to leakage of the cy-
toplasmic component of the damaged bacteria (Fig. 6). The presence of
micromolar concentration of Ag™* along with Ag® in Ag-NP is thought to
be responsible for DNA damage [21]. Being a soft acid, Ag™ has a tenden-
cy to react with soft bases containing phosphorous and sulfur, viz. PR3, R-
SH, R-S-R etc. and hence can preferentially interact with phosphorus-
containing DNA and the sulfur-containing proteins of the cell [41].

In the present study E. coli cells have been found to be more sus-
ceptible upon treatment with Ag-NP, as compared to S. aureus, as
evident from the ICsg values. This difference of behavior may be attrib-
uted to the structural features of cell envelope of E. coli and S. aureus.
Being Gram positive bacteria, the cell envelope of S. aureus consists of
lipoteichoic acid along with thick peptidoglycan layer and cell
membrane. The essential function of this thick peptidoglycan layer
(30-100 nm thick) is to protect the cells against harmful reagents and
hence the penetration of Ag" ions into the cytoplasm of S. aureus is
prevented to some extent [37]. On the other hand, the cell envelop of
E. coli consists of thin peptidoglycan layer along with the cell membrane
and hence is more susceptible to Ag-NP [42].

The morphology of Ag-NP treated E. coli cells was studied using SEM.
Though the E. coli cells of control group were typically rod-shaped, after
treatment with Ag-NP, elongation and fragmentation of cells were ob-
served. The formation of cell fragments was probably due to increased
cell membrane permeability leading to the damage of cytoplasm [43].

The untreated and Ag-NP treated bacterial cells demonstrated no-
ticeable difference in the viability in the present study as revealed by
the antibacterial assay (Fig. S3). After treatment of Ag-NP, significant

oxidative stress has been found to occur in both bacteria as evident
from the increase in fluorescence intensity of H,DCF-DA treated cells
(Fig. 5). It may be anticipated that ROS (mainly H,0,) generation is fa-
cilitated after the intake of Ag™" ions from Ag-NP by the bacterial cells
which damages bacterial DNA and mitochondria, inactivates the bacte-
rial enzymes and finally leads to cell death [41,44].

6. Conclusion

Resistance of pathogenic bacteria to antibiotics is a serious threat to
public health. In this context Ag-NP has found a niche in our search for
antimicrobial agents [45]. In conformity with the earlier observations on
the toxic effect on bacteria we find that Ag-NP disrupts the cell mor-
phology, causes DNA condensation and leads to the generation of ROS.
The lag phase was found to increase in duration for the two bacteria
with the increase in concentration of Ag-NP. The salient feature of this
work is the modeling of the growth curves of E. coli and S. aureus after
incorporation of a death term by using two commonly used mathemat-
ical models (Logistic and Gompertz). The Gompertz model is amenable
to the treatment of death rate separately, which cannot be brought
within the ambit of the Logistic model. This modification would be use-
ful to model the effect of any bactericidal molecule. Additionally, muta-
tions in many of the house-keeping genes and repair proteins can be
lethal to an organism [46], and the effect of such a mutation on the
growth can be associated with the induction of death, thus showing
the wider ramification for the applicability of the modified model.
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Appendix A. Supplementary data

Additional results are given in five figures. Fig. S1 provides the ab-
sorption spectrum of Ag-NP. Fig. S2 describes the TEM data. Fig. S3 dis-
plays the colony counting assay of normal and Ag-NP treated E. coli and
S. aureus cells. Flow cytometric analyses are shown in Fig. S4. The graphs
representing the variation of OD and CFU/mL with time for E. coli and
S. aureus are shown in Fig. S5. Supplementary data to this article can
be found online at http://dx.doi.org/10.1016/j.bbagen.2014.10.022.
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