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Abstract: Persister bacterial cells are great at surviving antibiotics. The phenotypic means by
which they do that are underexplored. As such, atomic force microscope (AFM) was used to
quantify the contributions of the surface properties of the outer membrane of multidrug resistance
(MDR)-Escherichia coli Strains (A5 and A9) in the presence of ampicillin at minimum inhibitory
concentration (MIC) (resistant cells) and at 20× MIC (persistent cells). The properties quantified
were morphology, root mean square (RMS) roughness, adhesion, elasticity, and bacterial surface
biopolymers’ thickness and grafting density. Compared to untreated cells, persister cells of E. coli A5
increased their RMS, adhesion, apparent grafting density, and elasticity by 1.2, 3.4, 2.0, and 3.3 folds,
respectively, and decreased their surface area and brush thickness by 1.3 and 1.2 folds, respectively.
Similarly, compared to untreated cells, persister cells of E. coli A9 increased their RMS, adhesion and
elasticity by 1.6, 4.4, and 4.5 folds, respectively; decreased their surface area and brush thickness
by 1.4 and 1.6 folds, respectively; and did not change their grafting densities. Our results indicate
that resistant and persistent E. coli A5 cells battled ampicillin by decreasing their size and going
through dormancy. The resistant E. coli A9 cells resisted ampicillin through elongation, increased
surface area, and adhesion. In contrast, the persistent E. coli A9 cells resisted ampicillin through
increased roughness, increased surface biopolymers’ grafting densities, increased cellular elasticities,
and decreased surface areas. Mechanistic insights into how the resistant and persistent E. coli cells
respond to ampicillin’s treatment are instrumental to guide design efforts exploring the development
of new antibiotics or renovating the existing antibiotics that may kill persistent bacteria by combining
more than one mechanism of action.
Keywords: adhesion; AFM; antibiotics; biopolymers; conformations; E. coli; elasticity; multidrug
resistance (MDR); persister cells; morphology; resistant cells; roughness

1. Introduction
Multidrug-resistance (MDR) is acknowledged as a global health threat [1,2]. According to the US
Centers for Disease Control and Prevention (CDC), two million people experience antibiotic-resistant
infections annually and more than 23,000 people die because of such infections [1]. Bacteria can
develop resistance to antibiotics through various mechanisms such as the modification of antibiotic
target sites on the bacterial surface, inactivation of antibiotics through the production of β-lactamase
or similar enzymes, increase in cell wall impermeability to antibiotics, development of efflux pump at
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the bacterial cytoplasmic membrane to move antibiotics out of cell, and strong adhesion and biofilm
formation to impede antibiotic diffusion within cells and biofilms [3–6].
In addition to the above mechanisms, bacterial resistance to antibiotics can be traced to their
abilities to form persister cells [7,8]. Bacterial persistence describes the ability of bacterial cells to get
into a dormant, metabolically inactive state, to evade antibiotic stress [9,10]. This phenomenon is
exhibited by only ~1% of a given bacterial population. Persister cells were discovered by Hobby et al.
in 1942 [10]. Hobby et al. showed that penicillin was not able to kill metabolically non-growing
Staphylococcus aureus created through reduction of culture temperature [10]. Hobby et al. concluded
that the action of penicillin appears to be effective only when the cells are multiplying [10]. By growing
Staphylococcus pyogenes in a non-nutritive medium, Bigger confirmed that the small population of cells
that is “metabolically dormant” and non-dividing survived the effects of penicillin [9]. These cells
developed persistence by entering into a physiological dormant state in the presence of stresses such
as antibiotics [7–9,11,12]. This dormancy has been claimed to be partially responsible for challenges
associated with eradicating biofilm infections associated with persister cells [7,8].
Many studies investigated the mechanisms of antibiotic resistance of persister cells in biofilms [8,13–19].
To quantify eradication rates of persister cells by antibiotics, growth rates of cells were quantified for bacteria
grown using nutrient rich or nutrient deprived media [12,20,21]. The presence of nutrients affected the
abilities of persister cells to form biofilms. The heterogeneity in the distribution of cells within the
biofilm allowed for local microenvironments that vary in the concentration of metabolites, oxygen,
waste products and signaling compounds to exist [22–24]. Microscopic studies showed evidence
of how cells residing within such local microenvironments in the biofilms varied in their metabolic
pathways and means of antibiotic tolerance [23,25]. For example, cells within the periphery of nutrients
consumed favorable substrates more than cells growing inside the biofilm core; allowing them to form
stronger biofilms that were more resistant to antibiotics [23,24]. These studies suggest that nutrient
gradients mediate the survival and creation of persister cells in biofilms [23,24].
Furthermore, some studies unveiled genetic basis for the formation of persister cells and,
subsequently, their underlying mechanisms of multidrug resistance [26,27]. Genetic basis of persister
cells’ tolerance to antibiotics dates back to 1983 when high persistence protein A (hipA) gene mutations
were discovered in E. coli [26]. Recent studies showed that hipA encodes the toxin of type II hipAB
toxin-antitoxin (TA) locus [27,28]. High persistence protein B (HipB) is the corresponding antitoxin to
HipA [27,28]. HipA is generally believed to interrupt the translation of mRNA via phosphorylation
and efficiently inhibits cell growth thereby provoking antibiotic resistance [29]. Evidence suggests that
bacterial Strains carrying the hipA7 allele produce persister cells at a frequency of ~1% when exposed
to ampicillin [30].
In addition to genetic means of persistence to antibiotics, it is important to explore the phenotypic
physical mechanisms employed by persister cells to resist antibiotics. These mechanisms reflect
contributions of bacterial cell morphology, roughness, adhesion, elasticity, and conformational
properties of bacterial surface biopolymers to persister cells’ means of MDR development. Studies
in the literature that explored the roles of physiochemical properties of persister bacterial cells on
MDR are largely lacking. Without such fundamental knowledge, our ability to guide design efforts
aimed at developing effective antibiotics will be hindered. Previously, we explored how resistant
Strains of MDR E. coli change their physiochemical properties in response to ampicillin at MIC [31,32].
We extended our investigation to explore how persister cells respond to ampicillin at a much higher
ampicillin concentration (20× MIC) for a relatively long exposure period (25 h). We hypothesized
that persister cells will resist ampicillin through collapsing their surface biopolymers to minimize
their interactions with antibiotics as well as to increase their membrane rigidity and impermeability to
antibiotics. To test our hypothesis, we used AFM to study changes in bacterial morphology, roughness,
adhesion, elasticity, and conformational properties of the persister E. coli bacterial surface biopolymers
upon exposure to ampicillin.
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Figure 1. Growth curves of Strains (A) A5 and (B) A9 as a function of ampicillin treatment. Strains A5
and A9 started with 56 × 103 and 58 × 103 CFU/mL of viable colonies, respectively. Error bars represent
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error of
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2.2. Effect of Ampicillin on Bacterial Morphology and Dimensions as Probed by AFM and SEM
the standard error of the means from a three-biological replicate.

AFM height images of bacterial cells captured in water with tapping mode are shown in Figure 2.
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respectively (Table S1, p < 0.001). As shown in Figure 2, cells were swollen and resolving their
ultrastructure and surface features such as their surface asperities can be very challenging [34].
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Figure 2. Representative AFM height images showing morphological differences among: (A,D) natural
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disrupt the A5 cell membrane. Consistent with AFM and SEM images, we showed previously using
fluorescence imaging that cells of both Strains A5 and A9 do not lyse their cell membranes or release
their DNA content when treated with ampicillin at MIC for 3 h [31]. The morphologies of A5 resistant
and persistent cells were always elliptical and slightly smaller in surface area as well as in surface area
to volume ratio compared to those of untreated cells (Figures 2 and 3 and Table S1). The reduction in
cellular dimensions suggests that cells are adopting dormancy as a survival mechanism through which
they conserve their energy [37]. When cells of A9 were considered, despite elongation being observed
when cells were treated at MIC and shrinkage when cells were treated at 20× MIC, the bacterial
membrane integrity did not seem to be affected in all conditions (Figure 2). Cells of Strain A9 treated
at MIC are thought to resist ampicillin through increased contact with surfaces. Such better contact is
expected to allow them to form stronger biofilms [31,32]. At 20× MIC, cells might become dormant to
conserve their energy in order to resist ampicillin.

SEM imaging are consistent with those of AFM height images (Figure 2). The SEM images depicted
a portion of persister cells with a normal elliptical surface morphology that is intact for both Strains
investigated and a portion of cells with membrane damage due to the treatment with ampicillin
(Figure 3). Even though the SEM images provided qualitative representation of the ultrastructure of
the bacterial surfaces, caution should be used in interpreting such images due to the harsh and
Antibiotics 2020, 9, 235
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multiple sample preparations required prior to imaging the cells [35,36].
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Figure 3. Representative SEM images of: (A, D) MDR E. coli untreated cells of Strains A5 and A9,
respectively; (B, E) cells of Strains A5 and A9 exposed to ampicillin at MIC for 3 h, respectively; and
(C, F) persister cells of Strains A5 and A9 exposed to ampicillin at 20× MIC, respectively. Red arrows
on images C and F for both Strains show intact cells with expected surface morphologies, while blue
arrows on images C and F indicate cells with ampicillin-induced damage, n = 3 independent cultures.
Note the elongation of A9 cells when treated at MIC (image E).

The AFM and SEM images (Figures 2 and 3) suggest that at MIC, treatment with ampicillin did
not disrupt the A5 cell membrane. Consistent with AFM and SEM images, we showed previously
using fluorescence imaging that cells of both Strains A5 and A9 do not lyse their cell membranes or
release their DNA content when treated with ampicillin at MIC for 3 h [31]. The morphologies of A5
resistant and persistent cells were always elliptical and slightly smaller in surface area as well as in
surface area to volume ratio compared to those of untreated cells (Figures 2 and 3 and Table S1). The
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MDR E. coli A5 and A9 untreated cells, cells exposed to ampicillin at MICs and persister cells exposed
MDR E. coli A5 and A9 untreated cells, cells exposed to ampicillin at MICs and persister cells exposed
to 20xMIC, respectively. (A,C) For Strain A5, 45, 30, and 34 cells were probed, respectively, whereas, for
to 20xMIC, respectively. (A, C) For Strain A5, 45, 30, and 34 cells were probed, respectively, whereas,
Strain A9, 38, 45, and 39 cells were plotted, respectively. * Values are statistically significant between
for Strain A9, 38, 45, and 39 cells were plotted, respectively. * Values are statistically significant
the untreated and treated cells, p < 0.001, n = 3 independent cultures.
between the untreated and treated cells, p < 0.001, n = 3 independent cultures.

How bacterial cells construct their shapes depends largely on their environments and genetic
How bacterial cells construct their shapes depends largely on their environments and genetic
makeup [38–42]. It is assumed that upon exposure to stimuli, many bacterial species keep their shapes
makeup [38–42]. It is assumed that upon exposure to stimuli, many bacterial species keep their shapes
unchanged while varying their volumes [39]. For example, the volumes of E. coli can increase or
unchanged while varying their volumes [39]. For example, the volumes of E. coli can increase or
decrease based on the ionic strength of the media they grow in while their shapes remain elliptical in all
decrease based on the ionic strength of the media they grow in while their shapes remain elliptical in
media investigated [39]. Changes in volume can lead to changes to the surface area to volume ratio [39].
all media investigated [39]. Changes in volume can lead to changes to the surface area to volume ratio
The above held true for our study. Cells of both Strains maintained always elliptical geometries upon
[39]. The above held true for our study. Cells of both Strains maintained always elliptical geometries
exposure to ampicillin for different times and at different concentrations. However, their volumes and
upon exposure to ampicillin for different times and at different concentrations. However, their
surface areas were quite dependent on the treatment conditions used (Table S1 and Figure 4).
volumes and surface areas were quite dependent on the treatment conditions used (Table S1 and
Studies in the literature investigated how bacterial cells change their dimensions in response to
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were not done on persister cells, findings from them are helpful for us to explain some of our findings.
nutrient starvation [43], genetic modifications [44], and antibiotics [41]. Even though these studies
For example, it is well accepted that bacterial cells increase their length just before they divide [42,45].
were not done on persister cells, findings from them are helpful for us to explain some of our findings.
Furthermore, because the time needed to replicate the chromosomes as well as the time required
For example, it is well accepted that bacterial cells increase their length just before they divide [42,45].
for cells to divide is constant, it is expected that faster-growing cells elongate and become more
Furthermore, because the time needed to replicate the chromosomes as well as the time required for
rod-like than slow-growing cells [42,45]. This phenomenon could explain the variations in cell lengths
cells to divide is constant, it is expected that faster-growing cells elongate and become more rod-like
observed between the persister cells and resistant cells when compared to untreated cells for both
than slow-growing cells [42,45]. This phenomenon could explain the variations in cell lengths
strains (Table S1). The shorter cells in our study include persister cells of both Strains and resistant A5
observed between the persister cells and resistant cells when compared to untreated cells for both
cells. All these cells have lengths that are below the lengths of their counter untreated cells. Being short
strains (Table S1). The shorter cells in our study include persister cells of both Strains and resistant
may be the result of slow DNA replication in these cells [42]. Exposure to ampicillin at 20× MIC for 25 h
A5 cells. All these cells have lengths that are below the lengths of their counter untreated cells. Being
decreased cell viability (CFU/mL) by 4.0 (75%) and 5.0 folds (80%) for Strains A5 and A9, respectively
short may be the result of slow DNA replication in these cells [42]. Exposure to ampicillin at 20× MIC
(Figure 1). This means that these cells are possibly slow growers. Antibiotics corrupt metabolic
for 25 h decreased cell viability (CFU/mL) by 4.0 (75%) and 5.0 folds (80%) for Strains A5 and A9,
processes in rapidly growing cells and induce cell death. This is why keeping the cells short might be a
respectively (Figure 1). This means that these cells are possibly slow growers. Antibiotics corrupt
mechanism employed by cells to minimize the effects of antibiotics on their metabolism [7,11].
metabolic processes in rapidly growing cells and induce cell death. This is why keeping the cells short
On the contrary, this phenomenon cannot be used to describe the elongation mechanism observed
might be a mechanism employed by cells to minimize the effects of antibiotics on their metabolism
for resistant A9 cells. Our results indicate that, at this treatment concentration and time, the growth of
[7,11].
cells of Strain A9 was inhibited, as evident from the 230 × 103 CFU’s/mL lower viable colonies than
On the contrary, this phenomenon cannot be used to describe the elongation mechanism
that quantified for untreated cells (Figure 1). This finding supports studies that showed that antibiotics
observed for resistant A9 cells. Our results indicate that, at this treatment concentration and time, the
corrupt metabolic processes in rapidly growing cells and induce cell death3 [19,46]. Therefore, cells
growth of cells of Strain A9 was inhibited, as evident from the 230 × 10 CFU’s/mL lower viable
of Strain A9 may benefit temporarily from their elongation when exposed to ampicillin at MIC by
colonies than that quantified for untreated cells (Figure 1). This finding supports studies that showed
increasing their surface areas to enhance adhesion to potential surfaces and to form biofilms that
that antibiotics corrupt metabolic processes in rapidly growing cells and induce cell death [19,46].
can survive the harsh treatment with antibiotics [31]. However, as the elongation come with its own
Therefore, cells of Strain A9 may benefit temporarily from their elongation when exposed to
drawbacks, cells attempt to recover their short dimensions with longer exposure to antibiotics (8 h in
ampicillin at MIC by increasing their surface areas to enhance adhesion to potential surfaces and to
our previous studies [31,32] and 25 h here).
form biofilms that can survive the harsh treatment with antibiotics [31]. However, as the elongation
come with its own drawbacks, cells attempt to recover their short dimensions with longer exposure
to antibiotics (8 h in our previous studies [31,32] and 25 h here).
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ampicillin. Ampicillin inhibits the PG synthesis by interfering with PBPs leading to cell lysis [61,62].
For the work presented by San-Serramitjana et al. and Laskowski et al., it is likely that the disruption
of the cell wall allowed the AFM tip to penetrate inside the cell cytoplasm resulting in contacting more
biomolecules that enhanced adhesion forces [49,59]. Ampicillin is known to induce a disruption in
the membranes of susceptible cells and that may result in increased adhesion [49,59]. In our work
and within the AFM resolution, it appears that ampicillin treatment at MIC or at 20× MIC did not
disrupt the membranes of cells. Therefore, the increased adhesion observed here for the MDR E. coli
and persister cells of Strain A5 and the MDR cells of Strain A9 is likely due to the increase in the
biopolymers’ grafting densities and expression of diverse population of biopolymers.
Another strategy the bacterial cells may use to increase their surface adhesion to the Si3 N4
upon ampicillin treatment is through surface modifications of their hydrophobicities [49]. In our
previous study, we demonstrated that exposure to ampicillin enhanced the hydrophilicity of Strain A9
while made Strain A5 slightly more hydrophobic [31]. For Strain A9, masking their hydrophobic PG
layer completely may result in higher adhesion to the hydrophilic Si3 N4 tip [49]. This mechanism is
important in hindering the ampicillin from reaching the PG [31]. Since Si3 N4 is a hydrophilic substrate
in water [63], ampicillin is also hydrophilic [64]. The increased adhesion observed for cells exposed
to antibiotics requires increased hydrophilicity, which was the case here for A9 [31]. We showed
previously that the surface interactions of Strains A5 to Si3 N4 were dominated by electron acceptor
(γs + ) and a very low electron donor (γs − ) surface energies in the presence and absence of ampicillin,
respectively [31]. However, it is important to note that a high surface energy of the bacterial cell wall
does not always guarantee a high cellular adhesion or biofilm formation to a hydrophilic surface [65].
In the future, wettabilities of persister cells should be quantified to detail the roles of acid–base forces
in governing how persister cells interact with surfaces.
2.6. Variations in the Thicknesses and Grafting Densities of Bacterial Surface Biopolymer Brushes in Response
to Ampicillin at Different Concentrations and Times
The thicknesses and grafting densities of bacterial surface biopolymer brushes for both Strains in
all conditions ranged from 178 to 403 nm and from 11,426 to 30,871 µm−2 , respectively (Figures 7, S3
and S4). Upon treatment with ampicillin at MIC for 3 h, the average brush thicknesses for biopolymers
of cells of Strains A5 and A9 increased by 1.1 (5%, p > 0.001) and 1.4 folds (29%, p < 0.001) compared
to untreated cells (Figure 7A,B). The increase in these thicknesses was associated with an increase in
grafting densities of 2.6 folds (61%, p < 0.001) in Strain A9, but did not show any significant differences
in Strain A5 (1%, p > 0.001) from untreated cells (Figure 7C,D).
The biopolymers of the persister cells collapsed on their surfaces leading to a decrease in their
brush thicknesses by 1.2 (15%, p < 0.001) and 1.6 folds (38%, p < 0.001) when compared with thicknesses
of untreated cells’ biopolymer brushes of Strains A5 and A9, respectively (Figure 7C,D). Similarly, the
average brush thicknesses of the persister cells decreased by 1.1 (11%) and 2.3 folds (56%) for Strains
A5 and A9, respectively, when compared to cells exposed to ampicillin at MIC (p < 0.001, Figure 7C,D).
The collapse of the biopolymer brushes of the persister cells was associated with a significant increase
in their apparent grafting densities as compared to those of untreated cells (p < 0.001, Figure 7C,D).
The average apparent grafting densities of the persister cells were only significantly different from
those treated at MIC in Strain A5 where a 2.0-fold (51%) increase was observed (p < 0.001, Figure 7C).
The reduction in the average thickness of the surface biopolymer brush observed for persister cells was
inversely proportional to adhesion forces (Figure S6A) and to bacterial surface roughness (Figure S6B).
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2.7. Variations in the Elasticities of Bacterial Cells in Response to Ampicillin at Different Concentrations and
Times
Exposure to ampicillin at MIC decreased the average elasticity of cells of Strain A9 by 1.4 folds
(27%, p < 0.001) and did not influence the elasticity of cells of Strain A5 (8%, p > 0.001) when compared
to elasticities of untreated cells (Figures 8A,B and S5). These results are consistent with our previous
work [32]. In comparison, the persister cells increased their elasticities by 3.3 (70%) and 4.5 folds (78%)
when
compared
untreated,
and by 3.0 (67%) and 6.1 folds (84%) when compared to cells treated
Antibiotics
2020, 9,to
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MIC for A5 and A9, respectively (p < 0.001, Figure 8A,B).
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demonstrated the ability of ticarcillin to disorganize the cell membrane at 4 mg/mL, resulting in a
reduction of resistant Strain elasticity from 500 ± 100 to 300 ± 66 KPa [76]. In another study, Perry et
al. demonstrated that Young’s moduli of E. coli ATCC 9637 cells decreased from 2.2 ± 0.09 to 1.1 ± 0.13
MPa upon exposure to ampicillin at 25 µg/mL [77]. In a third experiment, Longo et al. measured the

Antibiotics 2020, 9, 235

12 of 23

reduction of resistant Strain elasticity from 500 ± 100 to 300 ± 66 KPa [76]. In another study, Perry et al.
demonstrated that Young’s moduli of E. coli ATCC 9637 cells decreased from 2.2 ± 0.09 to 1.1 ± 0.13 MPa
upon exposure to ampicillin at 25 µg/mL [77]. In a third experiment, Longo et al. measured the
mechanical stiffness of susceptible E. coli DH5α upon exposure to ampicillin [79]. Growing E. coli in LB
supplemented with ampicillin below the MIC at 0.18 µg/mL caused dramatic changes in the bacterial
morphology ranging from membrane deflation to lysis [79]. The elasticity of the cells was reduced from
300 ± 70 to 100 ± 20 KPa after exposure to ampicillin, indicating softening in the cell membrane [79].
However, we did show in our previous study that some of the MDR Strains decreased their elasticities in
response to ampicillin while others increased them. In both circumstances, their membranes remained
intact [32]. Here, we showed that longer exposure to ampicillin resulted in stiff persister cells that can
protect the cell membrane possibly through limiting high diffusion of antibiotics into the cells.
2.8. Possible Mechanisms Employed by MDR E. coli Resistant and Persistent Cells to Resist Ampicillin
Due to their perseverance, many studies have investigated the possible means through which
persister cells resist antibiotics at the macroscale [8,14–19]. For example, Shal et al. differentiated E.
coli persister cells resulting from ofloxacin treatment at 5 µg/mL from their wild-type based on their
gene expressions [8]. The authors hypothesized that persister cells are slow growing cells with a
low level of proteins’ synthesis [8]. By analyzing the cells using fluorescence activated cell sorting
(FACS) with green fluorescence protein (GFP), Shah et al. demonstrated that a small subpopulation
of cells has no detectable fluorescence and labeled that population as persisters. The bright majority
of cells were the growing cells [8]. Other means by which persister cells can be eradicated were also
investigated [12,20,21]. For example, Sultana et al. made an electrochemical scaffold (e-scaffold) that
generates hydrogen peroxide (H2 O2 ) to increase persister Pseudomonas aeruginosa PAO1 susceptibility
to tobramycin in a biofilm [12]. The e-scaffold designed above completely eradicated persister cells
with no evidence of viable cells remained [12]. According to the authors, the e-scaffold induced
the generation of a hydroxyl radical (OH− ) which increased the permeability of the cell membrane
and killed the cells via oxidative damage [12]. Although the macroscale studies discussed above
are interesting, they do not provide the mechanistic details by which persister cells differed in their
phenotype from MDR cells treated at MIC or from untreated cells. Such fundamental mechanistic
details are essential to designing effective antibiotic treatments capable of targeting persister cells
based on their cellular properties. These mechanisms can be largely investigated using AFM. AFM
studies in the literature which investigated how bacterial cells respond to antibiotics were limited
to susceptible cells to antibiotics [77,79] and to cells resistant to antibiotics at MIC, including our
own prior work [31,32]. For example, AFM was used to study the effect of ampicillin on the surface
morphology [77,79,80], cell elasticity [77,79], and adhesion [49] of E. coli mostly using concentrations of
antibiotics that are below MIC. Another study compared the effects of antibiotics on the cell membranes
of susceptible and resistant Pseudomonas aeruginosa [76]. Their results demonstrate the abilities of
antibiotics to disorganize the cell membrane at 4 mg/mL of ticarcillin, 0.25 mg/mL of tobramycin,
and 32 mg/mL of tetra paraguanidinoethylcalix (CX1) [72]. To our knowledge, this study is the first
AFM or nanoscale mechanistic study that investigated how persister cells respond to antibiotics in the
literature. When all results of this study are combined, the following two mechanisms are proposed as
a means by which persister cells resist ampicillin.
2.8.1. Mechanism 1: Dormancy
Maintaining an appropriate cell shape is essential for the survival of persister cells. When cells
keep an elliptical-like shape upon exposure to ampicillin, their small surface area to volume ratio is
utilized to decrease their metabolic activities, conserve their energies, and avert their division, allowing
them to go into dormancy [7,11,19,46]. Furthermore, we observed that the decrease in the cell surface
area was directly proportional to the increase in membrane rigidity and in the grafting density of the
surface biopolymers (Figure S7B). By increasing the volume and decreasing the bacterial surface area,
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persister cells may be decreasing their interactions with antibiotics while conserving their energies [37].
It may also be possible that the decrease in the surface area helps the cells to close their membrane pores
and become more impermeable. It has been shown that many mutations which affect the synthesis of
the bacterial cell wall PG are associated with changes in cell shape [81]. Changing from rod-like to less
rod-like may alter the mechanism of PG insertion, turn off the elongation mode, and prevent β-lactams
from accessing the PBPs [81].
2.8.2. Mechanism 2: Increase in Cellular Elasticity
To increase cell elasticity, persister cells are expected to increase their surface roughness, collapse
their surface biopolymers on their surfaces, and increase their apparent grafting densities. This indicates
that, at long exposures to a high concentration of ampicillin (20× MIC), persister cells utilized their
rigidity to resist ampicillin. Considering the link between cell shape and mechanical properties, it has
been shown that, in some species, size reduction exhibited in non-dividing cells is a mechanism
of survival [37]. The contraction of the cell membrane may change the molecular dynamics of the
PG architecture [82] and possibly lead to a stiffer bacterial surface. In addition, upon the collapse
of biopolymers on the bacterial surface, the likelihood of ampicillin meeting the PBPs is reduced.
These findings likely explain why infections associated with persister cells are difficult to treat.
2.9. Implications of Our Findings on the Design of Effective Antibiotics against Persistent E. coli Cells
Administering antibiotics at MIC resulted in biofilm formation and at 20 times MIC resulted in
more persister cells [31]. This finding points to an important problem that is faced when treating
MDR infections. Therefore, development of new antibiotics should consider the complex properties of
the bacterial surface. In this study, we showed that persister cells are stiffer than their resistant and
untreated cells. Therefore, design of antibiotics that can break the stiffness of the cells and induce
permeability should be considered. An example of success on that is the e-scaffold. Sultana et al. made
an electrochemical scaffold (e-scaffold) that generates hydrogen peroxide (H2 O2 ) to increase persister
Pseudomonas aeruginosa PAO1 susceptibility to tobramycin in a biofilm [12]. This e-scaffold completely
eradicated persister cells with no evidence of viable cells remaining [12]. According to the authors, the
e-scaffold induced the generation of a hydroxyl radical (OH− ) which increased the permeability of
the cell membrane and killed the cells via oxidative damage [12]. Similarly, because of the possible
reduction in permeability of cellular membranes, as cells were exposed to 20× MIC, design of small
antibiotics capable of diffusing within the collapsed biopolymer structures of the bacterial surfaces
should be a priority.
3. Materials and Methods
3.1. Cells and Chemicals
Domestic multidrug-resistant Escherichia coli (MDR E. coli) Strains arbitrarily labeled as A5 and
A9 were obtained from Prof. Douglas R. Call of the Paul G. Allen School of Global Animal Health,
Washington State University. Ampicillin (100 mg/mL) and gelatin G2500-100G were acquired from
Sigma-Aldrich, St. Louis, MO, USA. Luria–Bertani (LB) broth and agar were obtained from RPICorp,
IL, USA. The LB broth was prepared by dissolving 10 g of NaCl, 5 g of yeast extract, and 10 g of
tryptone into 1 L of deionized (DI) water per manufacturer’s instructions.
3.2. Choice of MDR E. coli as the Bacterial Model
The two Strains of MDR E. coli A5 and A9 were chosen because of their ability to form biofilms
and their resistance to multiple antibiotics. The Strains were originally obtained from household
samples in Tanzania under which they were exposed to water and were arbitrarily given the code
names A5, and A9, respectively. In our previous publications [31,32], the means by which the
physical characteristics of four Strains of MDR E. coli to resist ampicillin at or beyond minimum
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inhibitory concentration (MIC) were investigated. The two Strains investigated here were among
the four previously studied. The characteristics previously explored were bacterial morphology,
surface roughness, adhesion strength to a model surface of silicon nitride, biofilm formation, cellular
elasticity, and the conformational properties of the bacterial surface biopolymers represented in terms
of biopolymers’ brush thickness and grafting density.
Our previous studies [31,32] suggested two patterns with regards to how MDR E. coli cells resisted
ampicillin at MIC. The first pattern involved cells increasing their surface area, enhancing their adhesion
strengths to model surfaces and ability to form biofilms, elongating the thicknesses of their surface
biopolymer brushes, and decreasing their elasticities [31,32]. With longer biopolymers and softer
cellular membranes, cells were hypothesized to attach to surfaces well and to form stronger biofilms
that enable them to impede the penetration of ampicillin within cells or biofilms [31]. The second
pattern involved cells decreasing their dimensions and adhesion to surfaces, suggesting that cells go
into dormancy [31]. For this group of MDR E. coli cells, a higher percentage of persister cells is to
be expected [12,46,83,84]. Here, one MDR E. coli Strain representative of each pattern was selected
to further explore their persistence means, especially at much higher MIC concentrations. Cells of
E. coli Strain A9 represent the first pattern while cells of E. coli Strain A5 represent the second pattern
discussed above.
The MICs of A5 and A9 were determined in our previous study to be 50 and 45 µg/mL,
respectively [31]. Briefly, the guidelines of the Clinical and Laboratory Standard Institute for planktonic
cultures were followed [85]. Per Strain, three individual colonies taken from three different LB plates
were cultured in 5 mL LB at 37 ◦ C and 150 rpm shaking for a day. Then, 100 µL of MDR E. coli
cells were allowed to grow overnight each in the presence of a given concentration of ampicillin
(0.2–400 µg/mL). Evidence of turbidity in a given test tube was indicative that cellular growth was not
completely suppressed by the concentration of ampicillin used. The MIC was then taken as the lowest
concentration of ampicillin required to prevent cellular growth. Once determined, newly cultured
cells were challenged with the assessed MIC and no growth of cells overnight was used to confirm
that the MIC quantified was accurate. Here, the cells were exposed to 20 times their MIC to induce
persistence. The morphology, roughness, adhesion, elasticity, and conformations of bacterial surface
biopolymers of persister cells isolated from Strains E. coli A5 and A9 were quantified and compared to
those previously quantified by us for the resistant E. coli A5 and A9 cells [31,32].
3.3. Choice of the Model Antibiotic-Ampicillin
The choice of model antibiotic selected for this study was the β-lactam, ampicillin [31]. In this
group of antibiotics, the basic structure consists of the β-lactam ring and a side chain [31]. The ring
resides in the core structure and is responsible for the antibacterial activity through meddling of the
function of Penicillin Binding Proteins (PBPs). PBPs are responsible for the synthesis of peptidoglycans
(PGs) that form the rigid cell walls of bacteria such as E. coli [74]. The side chain of the β-lactam
structure controls the range of antimicrobial activity as well as the compound’s pharmacokinetic
properties [86]. Ampicillin is suitable for this study because its mode of action targets bacterial cell
wall properties which can be easily probed with AFM [77,80]. AFM is a surface imaging technology,
and thus is limited to characterizing changes that occur to the bacterial surface [77,80].
3.4. Bacterial Growth Conditions and Isolation of Persister Cells
For growth kinetics and persister cells’ isolation, two colonies of each MDR E. coli Strain from
streak plates were cultured overnight in 5 mL LB broth each at 37 ◦ C with continuous shaking at
220 rpm for a period of 12 h [87]. Subsequently, 0.5 mL each from the samples above were cultured in
50 mL of LB in a 125-mL round bottom culture Pyrex flask with continuous shaking at 220 rpm for
24 h until the optical density (OD) reached approximately 0.6 [8,87,88]. Cells were then collected by
centrifugation at 16,000 g for 5 min and the pellets were resuspended in fresh 25 mL of LB without or
with ampicillin at 20× MIC and incubated at 37 ◦ C with continuous shaking at 220 rpm for a period of
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25 h [87]. Cultures were grown in duplicates. One group of persister cultures was used for the AFM
experiments and the second group was used to obtain the growth kinetics [87]. A negative control of
untreated cells (no exposure to ampicillin) and a positive control of cells treated with ampicillin at
MIC (resistant cells) were harvested after 3 h for AFM studies [31,32]. To obtain growth kinetics for
persister cells, samples were left for 25 h and tested at time points, 0, 5, 10, 15, 20, and 25 h, respectively.
For each time point, a 10-fold serial dilution of 0–10−6 was performed. A drop of a 10 µL of a bacterial
suspension from each dilution was dropped onto an LB solid agar plate. The liquid suspension was
spread on a large surface area for colonies to grow [87]. Three LB agar plates were incubated at 37 ◦ C
for a period of 24 h and the concentration of the colony forming units (CFU) per mL was determined
for each plate [87].
3.5. AFM Experiments
All AFM measurements were performed in DI water with a Multimode AFM equipped with a
Nanoscope IIIa controller and extender module (Bruker AXS Inc., Camarillo, CA, USA). Preceding any
measurement, a 1 mL bacterial suspension cultured in LB in the presence or absence of ampicillin was
pelleted by centrifugation at 5000 g for 5 min and washed three times with deionized water (DI) water.
Three types of suspensions were pelleted. These were suspensions of untreated cells, those of cells
treated at MIC that were harvested at OD of 0.5–0.7 (~800 × 103 CFU/mL) (resister cells), and finally
ones of persister cells treated at 20× MIC and harvested at an OD of ~0.1 corresponding to ~50 × 103
and 30 × 103 CFU/mL for Strains A5 and A9, respectively. Suspensions with bacterial cells taken from
three different cultures and independent colonies were prepared. Each pellet was then resuspended in
a 500 µL DI water. Then, 100 µL of the new suspension were dropped onto a fresh gelatin-coated mica
surface prepared following our previously published protocol [31]. Bacterial cells were allowed to
attach to the gelatin at room temperature for 10 min under DI water. Loosely attached bacterial cells
were rinsed away from substrates with DI water. Per Strain and per treatment, three gelatin-coated
mica substrates were prepared. For each Strain, 15 cells were probed per treatment. A triplicate
was investigated adding up to 45 cells unless otherwise stated. Due to the expected heterogeneity of
the bacterial surface, force measurements were made on locations that covered the entire bacterial
surface. To do that, 25 points that spread over the entire bacterium were selected for measurements.
To perform the AFM imaging and force measurements, silicon nitride (Si3 N4 ) cantilevers were used
(DNP-10, Bruker Inc., Santa Barbara, CA). These cantilevers were chosen for two reasons. First, they are
hydrophilic [89]. Since ampicillin is hydrophilic [64] and forces are measured in the hydrophilic water,
the adhesion forces measured would be expected to be significant and, as such, easy to be measured by
AFM. Second, these cantilevers are easily available in the market. To calibrate the measured forces, the
spring constant of each cantilever was determined prior to measurements using the method of the
power spectral density of the thermal noise fluctuations in DI water [50,90]. On average, the spring
constant was found to be 0.08 ± 0.03 N/m (n = 6), in good agreement with the manufacturer’s value
of 0.06 N/m. The deflection sensitivity was measured on a cleaned mica surface in water and found
to be 43.4 ± 5.7 nm/V (n = 6). All images of bacterial cells were captured at an average scan rate of
0.40 ± 0.04 Hz (n = 12) and at a resolution of 256 samples per line [31]. Since it is soft and can easily be
damaged by the shear applied by the cantilever on cells upon contact, all force measurements on the
bacterial surface were performed in tapping mode [91]. Here, approach curves were analyzed for cell
elasticity, biopolymer brush thickness, and grafting density while retraction curves were analyzed
for adhesion forces. When the cantilever contacts the biopolymers of the bacterial surface, a risk of
contamination develops. To ensure that such contamination did not occur, force measurements on a
clean mica background were always performed before and after measurements on bacteria. Equality
of these forces measured between mica and the non-contaminated Si3 N4 cantilevers confirmed that the
tips were not contaminated. If measurements were different, a new tip was used [92].
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3.6. Scanning Electron Microscopy (SEM) Imaging
To obtain the SEM images shown in Figure 3, cells were grown in LB supplemented with
ampicillin at 45 or 50 µg/mL (MIC) for 3 h or in LB supplemented with ampicillin at 20× MIC for
25 h. Prior to imaging, cells were fixed with 2% paraformaldehyde and 2% glutaraldehyde in 0.1 M
phosphate buffer at pH 7.2 overnight following a series of ethanol dehydration at 50%, 60%, 70%, 80%,
and 2 × 100% [93–95]. Samples were finally dried in hexamethyldisilazane (HMDS) and sputter coated
for 4 min to make a thin gold film of 7–10 nm 49–51. Images were captured with Tescan VEGA3 in a
high vacuum mode using 30 kV.
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3.7. Bacterial Morphology Analysis
bacterial morphology upon exposure to ampicillin, AFM height and phase images were captured
Determining the morphologies of the bacterial cells and quantifying bacterial dimensions are
concurrently in every single scan. Using the standard AFM Nanoscope Analysis 1.5 software (Bruker,
crucial for understanding of many bacterial functions such as division and adhesion [96]. To assess
Camarillo, CA, USA), the dimensions (length, width, and height) of individual bacterial cells were
bacterial morphology upon exposure to ampicillin, AFM height and phase images were captured
characterized [31]. The surface area (SA) and the surface area to volume ratio (SA/V) of individual
concurrently in every single scan. Using the standard AFM Nanoscope Analysis 1.5 software (Bruker,
cells were also estimated by assuming an elliptical cell geometry, as detailed in our prior publication
Camarillo, CA, USA), the dimensions (length, width, and height) of individual bacterial cells were
[31].
characterized [31]. The surface area (SA) and the surface area to volume ratio (SA/V) of individual cells
were also estimated by assuming an elliptical cell geometry, as detailed in our prior publication [31].
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3.10. Estimating the Length and the Grafting Density of a Bacterial Surface Biopolymer Brush using the
Steric Model
The repulsive steric interaction forces expected between the negatively charged MDR E. coli cell
surface biopolymers and the negatively charged model surface of the AFM Si3N4 cantilever and
measured by AFM in the approach data were fitted to a steric model [91,99–101]. Steric interactions
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3.11. Estimation of the Young’s Modulus of the Bacterial Cell
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the AFM Nanoscope Analysis 1.5 software (Bruker, Camarillo, CA, USA) [92,104].
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3.12. Statistical Analysis
In this study, boxplots were used to represent the data because of their ability to showcase the
heterogeneities expected in cellular properties in response to variable ampicillin treatments [11,50,66,67].
Boxplots display variations within a statistical population without making any assumptions of the
underlying statistical distribution within the population [106]. The spacing between the different
parts of the box plot reflect how many data contribute to each quartile and as such provide a quick
visualization of the dispersion and skewness in data [106]. In addition to boxplots, histograms of all
measured data were plotted and included in the Supplementary Materials as Figures S5–S8. Variations
in cellular properties amongst untreated cells, resister cells, and persister cells were determined using
One Way Analysis of Variance (ANOVA) available in Sigma Plot 11.0 (Systat Software Inc., San Jose,
CA, USA). Because treatment groups were not always equal in size, Dunn’s test was used to compare
the groups of interest. Statistical significance was considered at 99% confidence interval (p < 0.001).
4. Conclusions
Here, we demonstrated the potential of AFM to characterize the phenotypic morphological
changes of MDR and persister cells in response to ampicillin at MIC and at 20× MIC, respectively.
The phenotypic changes quantified were utilized to suggest mechanisms through which MDR and
persister cells resist antibiotics. Our findings indicate that persister cells resist antibiotics by increasing
their roughness, grafting densities of biopolymers, adhesion, and elasticities and by decreasing
their surface areas to volumes ratio. We also observed that persister cells are heterogeneous. This
heterogeneity can also be considered as a survival mechanism for exposed cells to antibiotics. Overall,
our results underscore the importance of characterizing the roles of persister cells’ phenotypic means to
resist ampicillin. Such better fundamental understanding is essential for the development of antibiotics
capable of efficiently invading cell membranes and as such leading to eradication of persister cells.
Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6382/9/5/235/s1,
Figure S1: The percentage survival of persister cells for Strains A5 (red line) and A9 (gray line and black symbols)
over 25 hours period of exposure to ampicillin at 20× MIC, corresponding to 1000 and 900 µg/mL, respectively.
Error bars reflect standard deviations from a triplicate, Table S1: Calculated cell dimensions for MDR-E. coli
persister cells exposed to ampicillin at 20× MIC, resistant cells exposed to ampicillin at MIC and untreated cells.
* Values are statistically significant from the untreated and treated groups. *ˆ Values are statistically significant
from untreated cells but not from the treated groups, p < 0.001, n = 3 independent cultures. N is the number of
cells characterized per group, Figure S2: Histograms displaying heterogeneities quantified in the adhesion force
measured data between biopolymers of E. coli untreated (A and D), treated at MIC (B and E) and persister (C
and F) cells for Strains A5 and A9, respectively. Solid lines are the normal distributions fits to the data. SD is
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standard deviation, Figure S3: Histograms displaying heterogeneities quantified in the estimated biopolymer
brush thickness resulting from fitting the steric model (Equation (1)) to the approach distance-force data for E. coli
untreated (A and D), treated at MIC (B and E) and persister (C and F) cells for Strains A5 and A9, respectively.
Solid lines are the normal distributions fits to the data. SD is standard deviation, Figure S4: Histograms displaying
heterogeneities quantified in the estimated biopolymer brush grafting density resulting from fitting the steric
model (Equation (1)) to the approach distance-force data for E. coli untreated (A and D), treated at MIC (B and
E) and persister (C and F) cells for Strains A5 and A9, respectively. Solid lines are the normal distributions
fits to the data. SD is standard deviation, Figure S5: Histograms displaying heterogeneities quantified in the
estimated Young’s modulus of elasticity resulting from fitting the Hertz model (Equation (2)) to the approach
indentation-force data for E. coli untreated (A and D), treated at MIC (B and E) and persister (C and F) cells for
Strains A5 and A9, respectively. Solid lines are the normal distributions fits to the data. SD is standard deviation,
Figure S6: Scatter plots between bacterial polymer brush thickness and A) adhesion force and B) root mean
square (RMS) roughness. Scatter plots between grafting density and C) adhesion force, D) root mean square
(RMS) roughness, E) polymer brush thickness and F) elasticity, Figure S7: Scatter plots of bacterial surface area
(SA) versus A) adhesion force, B) elasticity, and C) grafting density. D) Bacterial surface root-mean-square (RMS)
roughness versus adhesion force. Data used were taken from both Strains, and Figure S8: Representative retraction
curves of untreated cells, cells treated at MIC (resistant) and cells treated at 20× MIC (persisters) collected A) for
Strain A5 and B) for Strain A9 in water.
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