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Abstract

Multidrug-resistant(MDR) Acinetobacter baumannii has recently emerged
as a challenging problem and major cause of healthcare-associated infections
(HAIs) because of its antimicrobial resistance and propensity to cause multi-
facility outbreaks. The ability to develop antimicrobial resistance mechanisms
and tolerance to desiccation are at the basis of the epidemiological success
of A. baumannii. Therefore, desiccation tolerance is thought to contribute
significantly to the persistence for an extended period of time and the spread
of these bacteria in the healthcare environment. Despite the relevance of long-
time desiccation tolerance of A. baumannii, the molecular and morphological
basis of this phenomenon remains elusive.

Alternatively, desiccation resistance can vary between different strains of
A. baumannii specimen. In this regard, it has recently been proven that the
adapted strains to the hospital environment like A. baumannii ACICU cells can
survive desiccation far better than the laboratory strains, however, most of the
studies have been restricted to the laboratory strains such as A. baumannii
ATCC19606. Considering the basic function of the bacterial cell membrane, as
the outer layer of cell structure, that maintains the bacterial shape and protects
the bacterial components against environmental stresses, it plays a significant
role to tolerate desiccation. Thus, elucidating the structure and alterations
of the cell envelope is important to unravel not only the complexities of cell
morphology and maintenance of integrity but also how desiccation leads to cell
damage and death.

Therefore, this Ph.D. thesis was aimed to study the consequences of desiccation-
induced stresses on A. baumannii ACICU bacterial cell envelope under the
simulated-hospital conditions. The following main questions were asked:

• What is the overall morphology of A. baumannii ACICU bacterial cells?

• Is there any relation between the cell morphology changes and cell des-
iccation survival?
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• Which growth factors can significantly influence the shape of A. bauman-
nii ACICU cells?

• What is the effect of different degrees of desiccation stresses and long-time
storage on bacterial cell morphology?

To address these questions, the advanced Atomic Force Microscopy (AFM)
technique was employed, which has produced a wealth of new opportunities in
nanobiotechnology and has emerged as a key platform enabling the simultane-
ous morphological and mechanical characterization of biological systems. The
evolution of the bacterial cell under different growth phases, distinct cultural
growth conditions, and in various growth media as the effective parameters
on cell morphology changes were assessed. Then different degrees of environ-
mental stresses on the bacterial cell membranes were examined to discover
the cell membrane changes and resistant mechanism of A. baumannii ACICU.
Meanwhile, the desiccation survival of the cells before and after drying, during
prolonged desiccation, and different storage conditions were examined. Fur-
thermore, a new AFM approach (SFMSF) was implemented to explore the
specified-bacterial cell over time.

The presented results in this thesis revealed growth phase-independent mor-
phology for A. baumannii ACICU cells, displaying a coccus morphology. Con-
versely, the cell morphology was found to significantly depend on growth con-
ditions concerning oxygen availability during cultivation. Taken together both
results of morphology alterations and cell viability assessment demonstrated
that the cells with minimal footprint and lower surface-to-volume ratio are
more resistant to desiccation. The cell membrane pores and intracellular ma-
terial leakage were observed as a sign of the cell death pathway. Additionally,
deformation of the outer cell membrane, and reduction in cell volume was found
to be dependent on the stresses caused by different drying methods. Moreover,
it was observed that although the maintenance of the cells in water can help to
retain their viability for long-time, osmotic stress causes cell membrane weak-
nesses.
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Chapter 1

Introduction

1.1 General background of microorganisms

Microorganisms are a group of several distinct classes of living beings that
existed on Earth for billions of years. The organisms that constitute the mi-
crobial world, based on their similarity or the examination of their difference in
the internal cellular organization, have been divided into two groups, namely
prokaryotes and eukaryotes. The discriminative parameter is that eukaryotic
cells have a distinct nucleus containing the cell’s genetic material, the compart-
mentalization of the intracellular environment in intracellular organelles (e.g.,
nucleus, Golgi apparatus), while prokaryotic cells do not have a nucleus and
have free-floating genetic material instead. All bacteria are included in the
prokaryotic organism. However, changing the global environments, evolution,
genetic exchanges, gave rise to fundamentally different cell wall formats in the
bacteria to survive.

Gram staining classification

Historically, the bacteria are divided into two main groups based on their
Gram-stain retention characteristics. In 1884, Christian Gram developed a
cell-staining procedure for light microscopy to differentiate these two groups of
bacteria, which was later named him. The entire perception of gram-positive
and gram-negative bacteria based on their response to gram staining because
of their chemical composition and structural the cell wall (Beveridge, 1999). In
the Gram-staining procedure, after heat fixation on glass slide, the bacteria are
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stained by solutions of carbol gentian violet and iodine (Lugol solution). Then
ethanol is added until no further dye is eluted from the layer. Subsequently,
the bacteria are re-stained with a diluted ethanolic fuchsine solution. The
bacteria appearing dark blue to purple under the microscope are designated
gram-positive, red one gram-negative. The difference in stainability between
typical representatives of both groups depends on the structure of their cell
walls. Fig. 1.1 represents the Gram-positive and Gram-negative response to
staining along with electron microscopy image and schematic diagram of their
cell wall structures (Dror, 1964). Most Gram-positive bacteria are bounded by
a single cell membrane, generally featuring a relatively thick and resilient pep-
tidoglycan layer in the cell walls, which do not allow the crystal-violet stain to
be removed and, consequently, the Gram-positive bacteria appear purple un-
der the microscope lenses (Fig 1.1a). In contrast, most gram-negative bacteria
are surrounded by two different cell membranes separated by a thin peptido-
glycan layer in the periplasmic compartment existing between the inner and
outer membranes (Fig. 1 b) (Gupta, 1998; Sutcliffe, 2010). This thin layer
does not retain the stain. Therefore, the decolorizing alcohol step of Gram
staining washes the primary stain (crystal violet) from the cells afterward, the
secondary stain (carbol fuchsin or safranin) colors the bacteria pink. Despite
the vast majority of bacteria adhere to the color differentiation of the Gram
stain, some bacteria do not obey this classification; these are called gram-
variable bacteria, which cannot be easily differentiated by staining (Beveridge,
2001).Indeed, the staining response of gram-variable bacteria are also due to
their cell wall composition and structure. Accordingly, advances in identifying
gram-negative cell wall components by using a modern molecular technique
well describe the specific gram-negative and gram variable cell walls. Gram-
staining is widely used in clinics and microbiology laboratory to distinguish
between monoderms (having one membrane, Gram-positive) and diderms (two
membranes, Gram-negative); and confirmed by the molecular and microscopy
techniques for enabling a thorough investigation of the cell structure, as we can
see in Fig 1.1 c-f.

Gram-negative cell wall structure

The gram-negative cell wall is a remarkable structure, which protects the con-
tents of the cell from harsh environments. On same cases of gram-negative
bacteria, the cell wall is strong enough to withstand turgor pressure, tough
enough to endure extreme temperatures and pHs and sufficiently elastic to
expand several times their normal surface Area (Koch and Woeste, 1992).

2
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Figure 1.1: Cell wall of bacteria. (a,b) Schematic diagram of Gram-positive
and Gram-negative cell wall. (c,d) and (e, f) showing transmission electron
microscopy images (TEM) and scanning electron microscopy of a gram-positive
and gram-negative bacterium, respectively. (Image adapted from Madigan et
al., 2015)

As it is shown in Fig. 1.2, gram-negative bacteria have an outer membrane
(OM) situated above a thin peptidoglycan layer. Sandwiched between the
outer membrane and the plasma membrane, a concentrated gel-like matrix, in
the periplasm, defines the periplasmic space, which contains the peptidoglycan
(PG) layer (Beveridge and Graham, 1991). Since the periplasm is located above
the plasma membrane (cytoplasm membrane), it is not part of the protoplast

3
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Figure 1.2: The gram-negative cell wall

and is not part of the “outer world” either since it is separated from the external
environment by the outer membrane. Together with the plasma membrane
and the cell wall containing the outer membrane, a peptidoglycan layer, and
periplasm constitute the gram-negative envelope (Beveridge, 2001; Beveridge
and Graham, 1991).

With the aid of electron micrographs, three or four electron-dense regions
in the gram-negative cell envelope are shown in Fig. 1.3. Moreover, sometimes
the outermost region of gram-negative cell walls can be presumably formed by
the S-layer as a fourth layer (Fig. 1.3 b). The following parts describe the
structure and composition of gram-negative cell walls in detail.

Outer membrane The cell surface of Gram-negative bacteria plays a myriad
of roles in the physiology of these organisms, including transport of molecules
in and out of the cell, interaction with and sensing of the extracellular en-
vironment, and protected from external stresses (Silhavy et al., 2010). As
shown in Fig. 1.2, the bacterial cell surfaces are composed primarily of lipids,
lipopolysaccharide, carbohydrates, and proteins, the diversity in the molecular
composition and arrangement of these structures has vast implications for vir-

4
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ulence in pathogenic bacteria.

Figure 1.3: (a): Transmission electron micrograph of gram-negative cytoplas-
mic membrane and wall (Medigan et al., 2015) and (b): Electron micrograph of
the gram-negative cell envelope (Beveridge, 1999). A gram-negative cell wall
structure PM: Periplasmic membrane; PG: Peptidoglycan; OM: outer mem-
brane; S: S-layer

Lipopolysaccharide Lipopolysaccharide (LPS) is the first barrier of many
gram-negative bacteria and the major component of the outer leaflet of the
outer membrane (OM). LPS exhibits a complex structure encompassing three
domains; a highly conserved lipid-A embedded within the membrane is at-
tached to a core oligosaccharide, which linked to a heterogeneous O-antigen
side chain (Raetz and Whitfield, 2002). As seen in Fig. 1.3. (b), the outer

5



1. Introduction

membrane comprises phospholipids, proteins, preferably contain polysaccha-
rides, and linked polysaccharides to complex form (LPS). Besides the impor-
tance of LPS on rendering strength to the gram-negative cell, the biological
activity of LPS as an immune molecule result in toxicity to the animals. The
toxicity of gram-negative cells is associated with the LPS layer, in particular,
Lipid A.

Periplasm The periplasm is a gel-like matrix because of the high concentra-
tion of proteins, which is located in a space between the cytoplasmic membrane
and the outer membrane. The periplasm contains the peptidoglycan layer and
many different classes of proteins depending on the organism. The proteins
which function in transport are called periplasmic binding proteins.

Peptidoglycan The peptidoglycan is an electron-dense, rigid structure with
varying thickness, as shown in Fig. 1.1 (c, d) and 1.3, The peptidoglycan
(murein) is a polymer consisting of sugars and amino acids that forms a mesh-
like layer outside the plasma. According to the most accepted model, the basic
structure of peptidoglycan consists of glycan strands arranged parallel to the
cell surface, which is cross-linked by peptide bridges and thus form a stable
net-like layer. Gram-negative cell walls mainly contain only one such layer
(thickness 2-2.5 nm), while the gram-positive ones possess several of them
arranged in layers that are connected to each other (thickness 30-40 nm). In
the case of gram-negative bacteria, the thickness of the layer corresponds to the
height of one turn of the polysaccharide helix, which is necessary for complete
cross-linking.

Membrane Structure The cytoplasmic membrane surrounds the cytoplasm.
If the cytoplasmic membrane is damaged, the integrity of the cell is destroyed,
the cytoplasm leaks into the environment, and the cell dies. The cytoplasmic
membrane is structurally weak and confers little protection from osmotic lysis,
but it is an ideal structure for the major function in the cell. The cytoplasmic
membrane is only 8 - 10 nanometers wide, but is still visible in the transmission
electron microscope (refer to Fig. 1.3 a). The outer surface of the cytoplasmic
membrane faces the environment, and in gram-negative bacteria interact with
a variety of proteins that bind substrates or process larger molecules for trans-
port into the cell. The inner surface of the cytoplasmic membrane is in contact
with the cytoplasm and interacts with proteins and other molecules in this
milieu. Bacterial proteins are mainly produced in the cytoplasm, where they
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have transport to the respective destination sites cytoplasm, cytoplasmic mem-
brane, periplasmic space, outer cell membrane, or secretion in Gram-negative
bacteria; (cytoplasm, cytoplasmic membrane, cell wall inclusive periplasm-like
space, or secretion in Gram-positive ones).

The general structure of the cytoplasmic membrane is a phospholipid bi-
layer. Phospholipids are composed of both hydrophobic (fatty acid) and hy-
drophilic (glycerol–phosphate) components. The cytoplasm is a solution of
salts, sugars, amino acids, nucleotides, and many other substances. The hy-
drophobic portion of the cytoplasmic membrane is a tight barrier to the dif-
fusion of these substances. Although some small hydrophobic molecules pass
the cytoplasmic membrane by diffusion, polar and charged molecules do not
diffuse but instead must be transported.

Cell shape classification

Bacterial species also can be classified based on their shape or morphology.
The Microscopy examination by revealing the cell shape and size can be a use-
ful technique to identify different bacteria (Medigan et al., 2015). Diversity
in bacterial cell morphology is the consequence of adaptive pressures optimiz-
ing bacterial fitness. Although cell shape rarely has phylogenetic relevance,
it affects many biological aspects of bacteria, including nutrient acquisition,
motility, dispersion, stress resistance, and interactions with other organisms.
The basic morphology of the bacterial cells is classified in coccus for their
spherical shape, bacilli for their rod-shaped and spirochetes for their spiral
shapes. There are some other cell shapes that immediately recognizable by
their unusual cell shapes such as spirochetes, appendages, bacteria, or filamen-
tous bacteria. It became increasingly clear that the peptidoglycan as one of the
essential components of the cell wall plays a significant role in maintaining the
shape, mechanical stabilization of the form of the cell, and protecting against
the osmotic pressure (Cabeen and Wagner, 2005). Furthermore, the availabil-
ity of nutrient or growth state may cause morphological changes, indicating
that bacteria can manipulate morphology to their advantage. The general
classification systems of bacterial were addressed until now. As the subject
of this thesis is" the morphological investigation of desiccation tolerance of A.
baumannii ”, which is gram- negative and diderm bacteria, we described in de-
tail the gram-negative bacterial cell structure and composition. The remaining
part of this chapter will outline the importance of pathogenesis and virulence
of A. baumannii as a Multi-Drug-Resistant (MDR) bacterium, which leads to
the nosocomial infections by its peculiar capability of desiccation tolerance.

7
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Accordingly, the targets of desiccation damage into the bacterial cell and their
resistant mechanisms will be addressed.

1.2 General background of Acinetobacter baumannii

Acinetobacter spp was initially described by Beijerinck in 1911 and assigned the
name Micrococcus calcoaceticus (Howard et al., 2012). The organism shared
characteristics with Moraxella spp and was classified in the same group for some
time; however, significant differences were identified and led to the designation
of this organism as Achromobacter spp (Peleg et al., 2008). Hence, in 1954
the name Acinetobacter was first proposed by Brisou and Prevot (1954) from
the Greek word “Akinetos” that literally translates to “non-motile” or unable
to move (Almasaudi, 2015). This name was suggested in order to separate the
motile species within the genus Achromobacter and grouping the non-motile
species under the new genus, Acinetobacter. Nevertheless, more recent studies
have shown that some strains belong to the Acinetobacter genus can display
surface, or twitching, motility (Antunes et al., 2011).

Natural habitat

The natural habitat of Acinetobacter spp has been investigated extensively
in the past few years. They can be isolated after enrichment from the soil,
water, vegetables, animals, and human body lice (reviewed by Peleg et al.,
2008; Giamarellou et al., 2008; La Scola and Raoult, 2004). A. baumannii,
in particular, have been isolated from animal specimens (Francey et al., 2000;
Vaneechoutte et al., 2000) and body lice specimens obtained from homeless
persons (La Scola and Raoult, 2004). The presence of Acinetobacter spp in
these different habitats led to the consideration of this genus as a ubiquitous
organism in nature (Fournier and Richet, 2006).

In general, the results indicate the wide distribution of A. baumannii may
provide insight into its potential natural habitat as well as providing a route
for the dissemination into the hospital setting. The hospital environment pos-
sesses the moist conditions and temperature allowing for the development A.
baumannii, A. pittii (formerly known as geno.sp.3), and A. nosocomialis (for-
merly known as geno.sp. 13TU) to disseminate (Nemec et al., 2011; Peleg
et al., 2008; Dijkshoorn et al., 2007). Despite that, among all Acinetobacter
baumannii complex species, which cause nosocomial infections, only A. bau-
mannii displays a high capability to resist desiccation stresses; and can persist
on inanimate surfaces for prolonged durations up to several months.
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Furthermore, the hospital environment provides a large number of hosts
that A. baumannii can infect. Acinetobacter spp are easily grown on common
solid and liquid growth-media. On solid agars, they have a smooth, grayish-
white colony that could sometimes be mucoid and have a diameter of 1.5 to 3
mm after overnight incubation (Peleg et al., 2008). Most species in this genus
grow well in temperatures ranging from 25 ◦C to 45◦C , with optimal growth
at 37 ◦C for species implicated with human infections.

The genus Acinetobacter

Acinetobacter is a genus belonging to the family Moraxellaceae, which has un-
dergone extensive taxonomic changes ever since the first time it was discovered
in 1911 (Peleg et al., 2008). This genus comes from a wide variety of envi-
ronments and has various roles in ecological and clinical environments. The
Acinetobacter baumannii complex species is difficult to distinguish by conven-
tional phenotypic methods (since) the members of this genus can adapt to most
substrates and thus results in confusion in the interpretation of biochemical
tests (La Scola et al., 2006). Moreover, the Acinetobacter genus share several
characteristics among one another. They appear by Gram staining as Gram-
negative coccobacilli that could be in diploid formation or chains of variable
length. However, they are difficult to de-stain, and therefore could be mistak-
enly observed as Gram-negative or Gram-positive cocci (Peleg et al., 2008).
After identification of the first genus of Acinetobacter in 1911, many common
characteristics were found between those bacteria. In 1968, it became widely
accepted to group them under the current genus name, Acinetobacter, after
an extensive review of their phenotypic characteristics. Interestingly, around
that time, the first clinical isolate of Acinetobacter was isolated from the Inten-
sive Care Units (ICUs) in 1969 (Stirland et al., 1969). Due to more advanced
molecular methods such as DNA-DNA hybridization performed by Bouvet (in
1986), 12 genospecies identified which had more than 70% DNA-DNA related-
ness (Peleg et al., 2008).

Currently, 51 species within this genus have been identified and given valid
or provisional names (Al Atrouni et al., 2016a). Among them, the A. baumannii
species is the most clinically relevant because it is the most frequently identified
(MDR) isolate, followed by A. pittii and A. nosocomialis that is also clinically
relevant, but to a lesser extent compared to A. baumannii (Dijkshoorn et al.,
2007). More recent genome-wide analysis has shown A. baumannii is well
separated from the other members of the Acb-complex and those of the complex
from the remainder of species in the genus.
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1.3 A. baumannii importance

The genus known as Acinetobacter has undergone significant taxonomic modifi-
cation over the last 30 years. Its notable representative, Acinetobacter bauman-
nii, is a non-fermentative, gram-negative, non-motile, oxidase-negative (coc-
cobacillus) bacillus and aerobic that classified as a diderm bacteria. A. bau-
mannii has emerged as one of the most troublesome pathogens for health care
institutions globally that display ever-increasing rates of multidrug resistance.
As such, it is identified as one of the most resistant bacteria to all classes of
antimicrobials and multi-drug-resistant (MDR), forcing clinicians to use last
resort antibiotics such as colistin (Garnacho-Montero et al., 2015; Bassetti and
Righi, 2015; Saun et al., 2017). The emergence of A. baumannii as an im-
portant nosocomial pathogen is multifactorial. The metabolic versatility and
resistance to various environmental stresses allow this pathogen to survive for
extended periods in hospital settings. Besides, the number of virulence factors
affords the bacterium the ability to adapt to and successfully infect the host
(Dijkshoorn et al., 2007; Antunes et al., 2011; Roca et al., 2012; Weber et
al., 2016). In summary, both desiccation tolerance and multidrug resistance
may contribute to the maintenance of the species in the hospital setting and
may partly explain its propensity to cause prolonged outbreaks of nosocomial
infections (Gayoso et al., 2014; Zeidler et al., 2019).

Nosocomial infections

A nosocomial infection is defined as infections that occur within forty-eight
hours after hospital admission, three days after discharge, or thirty days af-
ter surgery. It is estimated that one in ten patients admitted to a hospital is
affected by a nosocomial infection (Inweregbu et al., 2005). Patients in ICUs
are particularly susceptible to nosocomial infections, mostly due to mechanical
ventilation, invasive procedures, and their immunocompromised status (Chat-
terjee et al., 2016). A. baumannii has been associated with high mortality rates
of nosocomial infections from research dating back to the 1970s. This still true
today since this pathogen is causing a wide range of infections, especially among
critically ill patients. Despite the well-documented cases, the origin of this in-
fection remains elusive due to the absence of a well-defined natural source of
A. baumannii. Nosocomial infections caused by A. baumannii include pneumo-
nia, ventilator-acquired pneumonia (VAP), bloodstream infections, skin, soft
tissue infections, wound infections, urinary tract infections (UTI), and rarely
gastrointestinal tract (GIT) infections (Zarrilli et al., 2009) provided in Fig.
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1.4 (A). Patients at risk of developing A. baumannii infection are those with
immunosuppression, prolonged hospitalization, critically ill patients in (ICUs),
and resident in nursing homes (Dijkshoorn et al., 2007; Fishbain and Peleg,
2010). As shown in Fig. 1.4 (B), the primary mode of transmission through
hospital staff coming in contact with patients and hospital equipment.

Figure 1.4: (a) A. baumannii host infections and colonization and (b) the
increasing threat in hospitals multidrug-resistant A. baumannii, Image adapted
from (Dijkshoorn et al., 2007)

The utmost A. baumannii nosocomial infection reported when its outbreak
strains were traced back to dust filters found on respiratory ventilators and
hemofiltration devices. The ability of A. baumannii to survive under such con-
ditions may foster the resistance and virulence characteristics of this bacteria,
which has allowed it to advance quickly as a nosocomial pathogen (Dijkshoorn
et al., 2008).
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Desiccation tolerance

Desiccation resistance is defined as the ability of the bacteria to maintain
its viability under dry conditions or low water availability. This capability
has enabled A. baumannii to become a successful opportunistic pathogen in
the nosocomial environment. Compared to other Gram-negative pathogens
commonly found in the nosocomial environment, A. baumannii clinical strains
generally display better ability to survive desiccation in laboratory tests. In
particular, the high desiccation resistance, which is unusual for gram-negative
bacteria, has been reported for A. baumannii strains to survive on dry and
inanimate surfaces from a few days to months. (Jawad et al., 1996 ; Wendt
et al., 1996 ; Jawad et al., 1998 ; Antunes et al., 2011 ; Giannouli et al.,
2013 ; Chapartegui-Gonzalez et al., 2018). This ability promotes persistence
and spread in healthcare facilities such as bed rails, pillows, mattresses, tables,
and medical equipment (Fournier and Richet, 2006; Zeidler and Muller, 2019).
However, desiccation tolerance is highly strains-specific and can be variable
among the A. baumannii strains (Nocker et al., 2012). Accordingly, previous
studies have demonstrated that A. baumannii strains isolated from clinical or
environmental sources exhibit significantly higher desiccation resistance than
the laboratory strains (Jawad et al., 1998; Giannouli et al., 2013).

How much water is in a bacterial cell? Water is essential for all living
organisms as it is crucial for many biomolecular processes, including protein
folding and stability, enzyme-substrate interactions, and the maintenance of
cell structure. Independent measurements made since the 1950s on different
forms of bacteria have all provided somewhat similar values of the water in the
cells. For example, it has been broadly reported that the protoplasm of E. coli
contains 70 % water and 30% solids (Potts, 1994).

The water inside and outside the cells This water can be distributed
among several structurally distinct cell compartments and namely the cyto-
plasm, the periplasm, and, if present, the capsule or extracellular investments.
Living cells can achieve a dynamic state that is characterized by temporal and
transitory shifts in the net concentrations of intracellular water, salts, lipids,
macromolecules, trace metals, and cofactors (Potts, 1994). It can be argued
that bacterial cells, while not bags of enzymes, are membrane-bound bags of
water (Potts, 1994). These “bags of water” also contain the different proteins,
one or more chromosomes in several millimeters in length when uncoiled, many
different mRNAs, and ribosomes. While there is no notion of how these com-
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ponents dispersed throughout the aqueous solvent, these findings point to the
importance of water in the cell. Hence, removing the water from the cell can
affect the cell viability and create severe challenges to the bacterial cells. There-
fore, the bacteria that can survive against such harsh environmental conditions,
desiccation, are collectively named Xerotolerant bacteria (Lebre et al., 2017).

Targets of desiccation damage

Desiccation or lack of water induces many biochemical, physical, metabolic,
and physiological stresses to the bacterial cells. This condition can cause a
cell viability loss that is related to damage to the cell-wall and cytoplasmic
membrane. (Janning et al., 1994). Since not all the cells in a population re-
spond to water deficit in the same way, the physiological status of the bacterial
cell at the time of drying, slow or rapid, and also during drying seem to be
a potential source of the variation in the desiccation sensitivity (Potts, 1994).
Apparent changes associated with desiccation at the level of the bacterial ag-
gregation may lead to a change in the surface area of a bacterial community,
its shrinkage, a change in texture, precipitation of salts, change in shape, and
change in color through oxidation of pigments. At the level of the single cell,
the shrinkage of capsular layers, increase in intracellular salt concentrations,
crowding of macromolecules, changes in volumes of cell compartments, reduced
fluidity (increased viscosity), damage to external layers (e.g., pili, membranes),
acquisition of static charge, and change in physiological processes (Potts, 1994).

In this regard, Figure 1.5 demonstrates the effects of desiccation briefly in
a bacterial cell. Desiccation decreases turgor pressure and biochemical changes
that can damage cell membranes by generating cell shrinkage and mechani-
cal stress, which linked to the rapid loss of cytoplasmic volume (Mortel and
Halverson, 2004; Scoffoni et al., 2014). It can also cause denaturation of in-
tracellular proteins and conformational changes to DNA (Potts, 1994; Wolfe
and Bryant, 1999). Other challenges faced by desiccating the cells are loss of
enzyme activity, the formation of molecular aggregates, the accumulation of
reactive oxygen species (ROS) that causes oxidative stress, consequently, cell
death (Kranner and Birtic, 2005).

Contributing factors to desiccation tolerance

Desiccation tolerance is a multifaceted trait involving mechanisms range from
cellular protection to repair of desiccation-induced damage, and many physio-
logical and environmental factors can influence its impact on bacterial survival.
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Figure 1.5: The effects of desiccation (lack of water) on the physiology and
biochemistry of bacterial cells (Lebre et al., 2017)

To date, few factors contributing to the extraordinary desiccation resistance of
this organism have been identified. Besides the fact that the biofilm-forming
strains survive longer on dry surfaces (Espinal et al., 2012; Orsinger-Jacobsen
et al., 2013; Gayoso et al., 2014), RecA, a protein involved in DNA repair,
(Aranda et al., 2011) as well as the acylation of lipid A, a component of the
A. baumannii outer membrane, (Boll et al., 2015) have been reported to be in-
volved in desiccation resistance. Additional studies have suggested that BfmR,
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as part of the two-component regularity systems, in addition to controlling
the stress responses of A. baumannii during stationary phase and long-term
drying, plays an essential role in the morphology and biofilm formation of this
organism on abiotic surfaces. Together, these findings demonstrated the reg-
ularity link between the A. baumannii ability to persist in the environments
and pathogenicity (Tomaras et al., 2008; Farrow et al., 2018). While these
studies have provided valuable insights into desiccation tolerance associated-
factors, they do not provide a comprehensive understanding of the A. bauman-
nii protection-repair strategy. Further investigations are necessary not only to
explore the crucial factors that influence bacterial survival entirely, but also to
decipher the A. baumannii mechanisms of desiccation tolerance.

Mechanisms of desiccation tolerance

In response to desiccation, bacteria have developed a variety of mechanisms to
mitigate the damage from drying. Some species can differentiate into dormant
forms such as endospores or cysts, which are incredibly desiccation-resistant,
but this strategy requires a significant expenditure of time and resources (Le-
bre et al., 2017). Other species have developed mechanisms that either help
protect sensitive cellular components from damage or that sequester water in
an attempt to avoid dehydration. These mechanisms include the alteration of
membrane composition or LPS modification to help stabilize membranes dur-
ing drying, and the accumulation of compatible solutes such as trehalose, which
can protect cytoplasmic and membrane constituents (Potts, 1994; Farrow et
al., 2018).

Further studies demonstrated that the bacteria react to changes in the en-
vironment, specifically to air-drying, by entering a reversible form of dormancy
(Jones and Lennon, 2010; Rittershaus et al., 2013), EPS and biofilm formation
(Anderson et al., 2011; Flemming et al., 2016), modification of cell membrane
(Brown et al., 2000; Mortel and Halverson, 2004), accumulation of compatible
solutes (Santos and Costa, 2002; Zeidler and Muller, 2019), as well as metabolic
and molecular adaptation (Lebre et al., 2017). Despite the well-documented
investigations, the morphological and molecular mechanisms of desiccation re-
sistance remain poorly understood.
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Chapter 2

Experimental setup

History of atomic force microscopy

Atomic-force microscopy belongs to the great family of scanning probe mi-
croscopy (SPM) with resolutions of the order of fractions of a nanometer.
Scanning tunneling microscopy (STM) was the first technology to enable true
3D topographic imaging at atomic resolutions, invented in 1981 by Binnig. A
major limitation of the STM is the necessity of the sample to be conductive.
A few years later, in 1985, Binnig and Rohrer developed an atomic force mi-
croscope based on the same design as their STM to overcome this limitation.
It had the properties of surface imaging and surface force measuring down to
the nano-scale, but this time, contrary to the STM, the instrument was not
restricted to one type of surface. It could be used in different environments
going for the ultra-high vacuum to the liquids, to study any kinds of surfaces,
including biological samples. Together, STM and AFM can be considered the
main innovations behind the birth of nanotechnology. The AFM technique
contours surface of the recording of interaction forces between a very sharp
tip at the end of a flexible cantilever and the sample surface with piconewton
sensitivity. With the right choice of parameters, it has enough resolving power
to visualize single atoms, hence its name.

2.1 AFM in biology

Progress in Nanobiotechnology strongly relies on the development of scan-
ning probe techniques, particularly atomic force microscopy (AFM) (Muller
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et al., 2008). Indeed, the invention of AFM is a milestone in the history of
nanotechnology (Gerber and Lang, 2006) and created new opportunities in
physics, chemistry, biology and medicine. The unique flexibility of AFM to
image, probe and manipulate materials made it the most versatile instruments
in Nanoscience and nanotechnology, and stimulated numerous discoveries and
technologies (Gerber and Lang, 2006).

The possibility to operate in liquid environments and at ambient temper-
ature moved AFM towards biology, and led to the analysis of biomolecules
and cells at (sub-) nanometer resolution (Horber and Miles, 2003). Since its
invention, AFM has become one of the keys enabling technologies for studying
materials and biological research at the nanoscale (D. Y. Abramovitch, et al.,
2007; Viljoen et al., 2020). The advantages of AFM allow to measure the inter-
action force accurately at high resolution in a physiological environment and
most media, including air, water and solutions without the need for fixation
or staining and adapted to work over a vast temperature (Gerber and Lang,
2006; Horber and Miles, 2003).

Figure 2.1: Timeline of key inventions, starting from the birth of AFM in 1986
to the latest AFM imaging modes in molecular and cell biology (Dufrene et al.
2017)

The first AFM image of living cells obtained in 1991. Additionally, AFM
has also been used to image many other biological objects, including single
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DNA molecules, purified proteins and membrane proteins in reconstituted or
native membrane (Y. Dufrene, et al., 2017). Over recent decades, variety of
AFM modes have been developed to address the wide complexity of biological
systems, which can range from nucleic acids and proteins in cells and tissues,
a variety of AFM modes have been created over the years (Fig.2.1)

Besides imaging, AFM enables mechanical manipulation and measurement
of samples. The probe can also be used to push into or pull away from the
surface. This has been used to investigate the role of forces for everything
from tissues down to single proteins to characterize the micro-scale stiffness.
Over the past few years, AFM has been used widely to measure the mechanical
properties of soft biological tissues and cells. Moreover, nonmechanical analysis
of cells is becoming increasingly important in cancer research (Dufrene et al.,
2017).

2.2 Working principle

The principle behind the atomic force microscopy is the measurement of the
interactive force between a tip and the sample surface using special probes
made by an elastic cantilever with a sharp tip on the end (Fig. 1.6). The
force applied to the tip by the surface, results in bending of the cantilever. A
laser beam is focused on the back of the cantilever measuring the cantilever
deflection, and detecting the laser reflection by a photodiode detector, make it
possible to evaluate the tip–surface interactive force. The displacement of the
reflected beam corresponds to amount of cantilever deflection during scanning.
The sample is placed on a piezo scanner which is capable of three-dimensional
movement in response to an applied voltage. The cantilever deflection is con-
verted to an electric signal, which is used to adjust the distance between the
sample and the cantilever.

The three basic concepts that one must be familiar with in order to un-
derstand the operation of an AFM are piezoelectric transducers (piezoelectric
scanners), force transducers (AFM probe), and feedback control. Basically,
the piezoelectric transducer moves the tip over the sample surface, the force
transducer senses the force between the tip and the surface, and the feedback
control feeds the signal from the force transducer back in to the piezoelectric,
to maintain a fixed force between the tip and the sample.

Piezoelectric transducers Typically, the scanners used for moving the
probe relative to the sample in an AFM are constructed from piezoelectric
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Figure 2.2: A schematic representation of an AFM

materials. This is because such piezoelectric materials are readily available,
easily fabricated in desirable shapes, and cost effective. The piezoelectric ma-
terials are used for controlling the motion of the probe as it is scanned across the
sample surface by converting the electrical potential into mechanical motion.
The relative position of the tip over the sample is thus controlled by the ap-
plication of voltage to the electric contacts of the piezo, resulting in extension,
squeezing or bending of the piezoelectric material. Piezoelectric scanners can
be designed to move in the three dimensions by expanding in some directions
and contracting in others.

Force transducers The force between an AFM probe and a surface is mea-
sured with a force transducer. Usually, a flexible cantilever which ended by a
small sharp tip located at its free end, is used as a sensor. The shape of the
tip is generally either a pyramid or a cone, but can also be a ball when the
AFM tip in the shape of either pyramid or cone, comes into contact with the
surface, Forces acting between the AFM tip and the sample surface result in
deflections of the cantilever Depending on the forces, a torsion and/or a bend-
ing of the cantilever take place while scanning a sample. Force transducers
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may be constructed that measure forces as low as 10 piconewtons between a
probe and a surface. Typically, the force transducer in an AFM is a cantilever
with integrated tip (the probe), and an optical lever.

Feedback control The reason an AFM is more sensitive than a stylus pro-
filer that simply drags a tip over the sample surface, is that feedback control is
used to maintain a set force between the probe and the sample. As illustrated
in Figure 1.6, the control electronics take the signal from the force transducers,
and use it to drive the piezoelectric so as to maintain the probe–sample dis-
tance, and thus the interaction force at a set level. Thus, if the probe registers
an increase in force (for instance, while scanning the tip encounters a particle
on the surface), the feedback control causes the piezoelectric to move the probe
away from the surface. Conversely, if the force transducer registers a decrease
in force, the probe moves towards the surface.

Probes

The atomic force microscope sensing the surface using special probes made
of cantilever with a sharp tip on the end and measure the interaction force
between it and the surface being scanned. The cantilever sensitivity and the
sharpness of its tip play a significant role and affect the resolution of the AFM,
combined with other factors such as step size and the number of scanning lines.

The body of the cantilever is usually manufactured from silicon or silicon
nitride and the back of the cantilever is coated with different materials such as
aluminum or gold to enhance the reflectance of the laser beam to the detector
area.

Cantilevers are produced in different shapes, either rectangular or V-shaped,
and integrated by a tip microfabricated at the free end, while in some applica-
tions there is no need for a tip at all. In order to make handling simple, the
cantilevers are attached to a cantilever substrate or chip.

Typically, the length of the cantilever ranges from 100µm to 200µm and
the width from 10µm to 40µm , while the thickness is in the range from 0.3µm
to 2µm.

The curvature radius of AFM tip apex is of the order of 1÷ 50 nanometers
depending on the type and on the technology of manufacturing. The interaction
force F of a tip to the surface can be estimated from the Hooke law:

F = k.∆Z (2.1)
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Figure 2.3: Illustration of AFM cantilever, probe and substrate (Eaton and
West.2010).

Where k is the cantilever elastic constant; δZ is the tip displacement corre-
sponding to the bending produced by the interaction with the surface. The k
value is largely depends on the cantilever material and geometry. Moreover, in
the oscillating mode, the cantilever resonance frequency which can be obtained
as follows:

ωri =
λi
l2

√
EJ

ρS
(2.2)

Where l is the cantilever length; E the Young’s modulus; J the inertia
moment of the cantilever cross-section; ρ the material density; S the cross
section; λ a numerical coefficient (in I the range 1÷100), depending on the
oscillation mode.
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)−1
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Figure 2.4: AFM triangular cantilever (Eaton and West.2010)

Probes with triangular cantilever have higher stiffness and, hence, higher
resonant frequencies. They are usually used in oscillating AFM techniques.
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Cantilever specifications include resonant frequency, spring constant, and the
Q-factor and have a large influence on the resulting data quality. To obtain
high-resolution images, it is important to choose the most appropriate tip and
cantilever depends on the sample and the AFM operation mode.

The shape of the cantilever and its dimensions, together with the man-
ufacturing material, determine its spring constant, where the shorter and the
thicker the cantilever is, the higher its resonant frequencies and spring constant.
In general, cantilevers with a high resonant frequency and spring constant are
suitable for imaging biological samples using non-contact- or intermittent con-
tact–mode AFM, whereas cantilevers with the lowest possible spring constant
are most suitable for contact-mode operation.

In contact mode, to be able to feel the surface with atomic resolution, the
stiffness of an AFM cantilever should be much smaller than the spring constant
that maintains the atoms confined together on the surface.

Figure 2.5: AFM probe shapes

In general, soft cantilevers are used in contact mode to avoid damage to
the sample. On the other hand, stiff cantilevers are preferred for imaging in
dynamic mode to overcome capillary forces. Ideally, cantilevers of high resonant
frequency and low spring constant are preferred. The Q-factor is a measure of
the sharpness of the resonance spectrum and is defined as:

Q = f0/∆f (2.4)

Where f0 is a resonant frequency, δf is frequency bandwidth within which
the amplitude drops to 1/

√
2 times the peak value. Cantilevers with higher Q-

factors are more sensitive to deflections of the probe, resulting in an improved
signal-to-noise (S/N) ratio for the detection signals, which leads to improved
AFM image quality.
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Force-curve

Besides imaging, the other key capability of AFM is to measure the surface
mechanical properties such as stiffness and adhesion via force distance curves.
A typical force distance curve has a full cycle containing an approach curve and
retract curve. Force–distance curves are measured by monitoring the deflection
of the cantilever as it approaches, touches, and withdraws from the sample. By
default, therefore, they are measured in contact mode. The cantilever starts
from a free level position in ‘A’ and moves towards the surface. At position ‘B’
the cantilever is attracted to the surface without a real load on it. This surface
area is called the ‘snap in’ region.

Figure 2.6: Scheme of Force-distance curve

While the cantilever is moving further into the sample, it starts to bend
with an increasing the loading force. When the cantilever reaches the maximum
predefined loading force, the approach curve ends and the retract curve starts.
The cantilever moves in a reversed direction to move away from the sample.
Due to the adhesion, the tip may not leave the surface as it is attracted to the
surface at position ‘B’.
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The cantilever remains in contact with the surface until the maximum ad-
hesion force is reached and the tip is detached from the sample. With a quanti-
tative calibration of detector sensitivity (nm/V) and cantilever spring constant
k (N/m), using Hooke’s Law (F=-kx) the measured cantilever deflection can
be converted to the fore. Therefore, a quantitative output of the maximum
loading force, adhesion force, snap-in force, and stiffness (with further calcu-
lation) can be achieved by applying the force distance curve mode. (Eaton et
al., 2010; Voigtlande, 2015)

2.3 AFM operation modes

After the invitation of AFM, a variety of operating modes of AFM include
contact mode, tapping (intermediate) mode, and non–contact have been devel-
oped. They are distinguished according to different operating force ranges as
shown in Figure 1.11. Contact mode and tapping mode are two most widely
used AFM modes in the ambient environment. The methods that the AFM
can acquire images can be considered as: Contact mode (C-AFM) -non con-
tact mode (NC-AFM) and Intermittent-contact mode (IC-AFM) which has
been known as tapping mode.

Figure 2.7: (a): diagram of the potential energy between probe and sample,
(b): AFM operation modes.

To describe the operating AFM modes, the main interaction forces between
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the tip and the sample, coming from the Lennard-Jones potential:

u(r) = u0

[
−2
(r0
r

)6
+
(r0
r

)12]
(2.5)

Here the first term describes the long-range attractive Van-der-Waals forces
and the second term takes into account the short-range repulsion due to the
Pauli Exclusion Principle. The parameter r0 is the equilibrium distance be-
tween atoms, the energy value of the minimum.

Contact mode

As indicated by its name, the contact mode (C-AFM) corresponds to the state
that tip is in contact with the sample surface under repulsive forces. The to-
pographic image of the surface can be produced by operating in the constant
force mode or constant height mode. In the constant force mode, the force
between the tip and the surface is simultaneously measured and kept constant
via a feedback loop controlling the vertical position of the sample relative to
the tip. Thus, the scanner responds instantaneously to topographical changes
by keeping the cantilever deflection constant. For the constant height mode,
the measured data are the cantilever deflection, whereas the relative distance
between the tip and the surface is kept constant via the feedback loop. The
deflection of the cantilever is thus directly used to reconstruct the topogra-
phy of the sample. A constant height mode can be employed for atomically
smooth surfaces. Cantilevers used in contact-mode have relatively small stiff-
ness, allowing to provide high sensitivity and to avoid the undesirable excessive
influence of the tip on the sample) Mironov, 2007).

Non-contact Mode

In the non-contact (NC-AFM) mode, also called dynamic mode, Attractive
Van der Waals forces acting between the tip and the sample are detected, and
topographic images are constructed by scanning the tip above the surface in the
distance about 10 to 100 nanometers with no contact. The dominant forces
in the non-contact (NC) mode substantially weaker than the forces used by
contact mode, therefore the tip must be given a small oscillation. However,
it makes NC mode suitable for soft materials to avoid damaging the sample.
In this mode, the cantilever vibrates near its resonant frequency, depending
on its spring constant, with amplitude around hundreds of angstroms (Å). The
separation between the tip and the sample surface is monitored by the feedback
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loop, either using a constant frequency or a constant amplitude technique.
However, this mode provides less resolution and the scanning is relatively slower
than the contact mode. In general, the fluid contaminant layer is substantial,
which are thicker than the range of the Van der Waals force gradient, therefore,
attempts to image the true surface with non-contact AFM fail as the oscillating
probe becomes trapped in the fluid layer or hovers beyond the effective range
of the forces it attempts to measure.

Figure 2.8: Response curve of oscillating the cantilever close to the sample
surface in (a): in intermittent mode (IC-AFM), and (b): Non-contact mode
(NC-AFM)

Intermittent-contact (Tapping mode)

Intermittent-contact (IC) or tapping mode works like NC mode where the
cantilever is near the sample surface and vibrates at its resonant frequency,
however, at the bottom of the vibration the cantilever touches or hits (taps)
the sample surface which does not happen in NC mode. In tapping mode (or
intermittent contact mode), the cantilever tip is oscillated at larger amplitudes,
thereby crossing into both the attractive and repulsive force regions of the tip-
sample interactions. In order to explain Tapping Mode operation, it can be
useful to examine the dynamics of the operation. Assuming air damping is the
dominant factor, the movement of the cantilever can be described using the
(sinusoidal) driven damped harmonic oscillator mode:

m∗ ∂
2z

∂t2
+ b

∂z

∂t
+ kz = F0 (2.6)
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with m∗ being the effective mass of the cantilever, z the displacement of
the lever, b the damping coefficient, k the spring constant, and F0 the driving
force (F0 = kA0). With the natural frequency:

ω0 =

√
k

m∗ and the relaxation time τ0 =
m∗

b
(2.7)

We can write the amplitude of the lever as:

A (ω0) =
A0√(

1−
(
ωd

ω0

)2)
+ 1

(ω0τ)
2

(
ωd

ω0

)2 (2.8)

The separation between the tip and the sample is controlled in the same
way as in the NC mode. This potent mode overcomes problem associated
with friction, adhesion and electrostatic forces and has many advantages; it is
suitable for larger scan sizes than the NC mode, it is faster than NC mode and
less damaging to the sample than the contact mode, therefore it is widely used.
The lateral resolution is better compared with both contact and NC modes.

Peak force tapping mode

During scanning in contact mode or Tapping Mode, the probe applies vertical
and lateral forces to the cell surface. The vertical force is needed to feel the sur-
face, but the lateral forces are usually unwanted as they often cause obscuring
in the image because of dragging and pushing of flexible surface structures.

Also, the vertical forces have a lower resolution because the minimum force
is required to bend the cantilever is sufficient to deform very soft structures
lead to uncertain height and shape. Even in tapping mode (TM), reduction
and localization of the vertical interaction require the use of small amplitudes,
which results in lateral dragging through the spatially extended, soft structures,
presented by the cell surface.

In the past years, there have been major breakthroughs in developing new
quantitative AFM-based imaging techniques. Among these, quantitative imag-
ing and peak force tapping (PFT) methods allow researchers to image the struc-
ture and the physical properties (e.g., Elasticity and adhesion) of the sample
simultaneously at high speed and high resolution by controlling vertical forces
in the range of some tens of Pico-Newton (PN). In PFT, the tip is oscillated in
the vertical direction with an amplitude of 100-300 nm and at a frequency of
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0.25, 0.5, 1.0, or 2.0 kHz. The z piezo is driven with a sinusoidal rather than a
triangular waveform in conventional force-distance (F-D) curves for each image
pixel.

Figure 2.9: Scheme of peak force tapping mode (a) the heartbeat curve, (b)
force-curve of peak force mode, (c) tip approach to the surface (Image adapted
from Bruker, 2011)

This oscillating system allows direct force control of damaging lateral forces,
which is very useful for the structural imaging of soft samples. In addition,
individual force curves can be analyzed to generate adhesion and mechanical
maps to a much better resolution than in conventional Force-Volume (FV)
imaging (at best 64 pixels × 64 pixels). A remarkable feature of PFT is that
F-D curves are recorded at frequencies that are 3 orders of magnitude higher
than in FV imaging.

As a result, the imaging speed is similar to that of topographic imaging
(8 min for a 512 × 512 pixel image), which is much faster than conventional
FV imaging (80 min for a 64 × 64 pixel image).Images are reconstructed by
using the z-piezo position at the moment the tip touches the surface (zero-force
image).The combination of sinusoidal modulation and background subtraction
conducted for each probe–sample interaction provides PFT with highly sensi-
tive force control, which allows the use of low imaging forces. The maximum
probe–sample interaction force (peak force) of each curve is used to control
vertical forces.
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PFT is also capable of operating at frequencies of up to 1 kHz of live cells
as compared with the force-volume, which has shown a maximum frequency
of ∼100Hz. As FV uses a triangular motion to move the probe in and out of
contact with the sample surface, Because of the short delay in the feedback
loop it has difficulty maintaining low set points or imaging forces at higher
frequencies.

So, it is possible that force-curve mode distorts or effectively change the
apparent structure of the cell surface. PFT mode has been successfully applied
to image various delicate biological samples like cells (Berquand et al., 2010;
Heu et al., 2012; Pletikapic et al., 2012), membrane proteins (Medalsy et al.,
2011; Alsteens et al., 2012), vesicles (Hardij et al., 2013), and amyloid fibrils
(Adamcik et al., 2011). In the present work, we used PFT, which allows reduc-
tion of both vertical and lateral forces in order to achieve unrivaled resolution
of microvilli on live epithelial cells (Schillers et al.,2016; Alsteens et al.,2012).

ScanAsyst mode

ScanAsyst uses the PFT mechanism, which decouples cantilever response from
resonance dynamics, to automatically adjust all critical imaging parameters.
Because the peak force feedback directly controls the interaction force, there is
no distinction for peak force for soft or hard parts of the sample. A real-time
feedback loop constantly monitors and adjusts the gain to keep the data quality
within a predefined noise level (unlike manual gain adjustment where usually
one gain is used for a whole image).

ScanAsyst optimizes the gain according to the current sample condition at
different locations. The algorithm also optimizes the set-point to the mini-
mum force required to track sample surfaces, controls the scan rate, and can
automatically lower the z limit if necessary. This results in extremely high-
quality images without user adjustment of imaging parameters and without
the normally problematic AFM user interfaces exhibiting numerous and often
confusing parameters. In addition, ScanAsyst also sets the actual scan speed
and the z-limits
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Chapter 3

Material and methods

Bacterial strain

The A. baumannii ACICU strains (Iacono et al., 2008) as a prototype of the
MDR strains used in this study belong to European Clone (EC) II isolated from
the hospital. Three single colonies of A. baumannii ACICU strains were har-
vested from the agar plates and suspended in Luria Bertani (LB) rich medium.

3.1 Bacterial strain preparation

All the experiments of this work were performed following the same cultural
conditions, except when specified in the text. Briefly, A. baumannii ACICU
were grown in Luria-Bertani broth (LB) and incubated overnight at 37◦C in
a tube with vigorous shaking (i.e., 250 rpm). After the incubation, bacterial
culture was refreshed 1:100 and re-incubated at 37◦C based on the experiment
purposes we focused on. The bacterial growth was monitored during time by
measuring the absorbance at 600 nm ( OD600 = 1) to obtain the growth curve.

Growth phase-dependent

To investigate the morphological feature variations depending on the growth
phase, the overnight bacterial culture was refreshed 1:100 in a flask contain-
ing LB medium and re-incubated at 37◦C under vigorous shaking (i.e., 250
rpm). The bacterial growth was measured as absorbance at 600 nm for up to
48 hours. Based on growth curve obtained, an aliquot of bacterial culture was
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collected at different time points assigned to different growth phases (i.e., at
3, 6, 14, 24, and 48 hours of incubation at 37◦C), washed twice with sterile
distilled water and diluted to reach a final OD600 = 1 ( corresponding to ca.
5x108 CFU/ml). Twenty µl of the bacterial suspension ( corresponding to ca.
107 CFU for each glass slide) was then spotted on a microscope glass slide
(Thermo ScientificTM SuperFrostTM Microscope slides 76 ×26 mm, with 1
mm thickness) and air-dried under the laminar flow hood. The prepared bac-
terial samples, then measured with AFM in ambient conditions. Cell viability
was monitored by viable count on LB agar plate (LA) before and immediately
after air-drying.

Growth conditions-dependent

Flask-shaking bacterial cells

The overnight A. baumannii ACICU bacterial culture was refreshed 1:100 in
a 350 ml flask containing 50 ml of LB medium and incubated at 37◦C under
vigorous shaking (i.e., 250 rpm).

Tube-static bacterial cells

The overnight bacterial culture was refreshed 1:100 in a 15 ml tube containing
5 ml of LB medium and incubated at 37◦C in the static condition. In both
conditions, bacterial growth was monitored for two days by measuring the ab-
sorbance at 600 nm ( OD600 = 1). Based on the growth curves obtained, the
bacterial cells were collected at time points which are assigned to the logarith-
mic and stationary growth phases. Likewise, A. baumannii ACICU cells grown
in flask under shaking after 3 h and 14 h of inoculum, while the cells grown
in static conditions were harvested at 14 h and 30 h after inoculum. In each
growth condition, bacterial cells were washed twice with sterile distilled water
and diluted to reach a final OD600=1. Twenty µl of the bacterial suspension
was spotted on a microscope glass slide and air-dried under the laminar flow
hood. The cell viability assessment before and after air-drying besides the
AFM measurement was performed for the prepared bacterial samples.

Bacterial cell suspended in different mediums

In order to study the nanoscale surface variations of A. baumannii ACICU
cells in different media, the bacterial culture was washed twice with sterile
distilled water and diluted to reach a final OD600 = 1 in different media such
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as LB, Casamino acid (CAA), Saline solution (0.9% NaCl), sterile distilled
water and 1 mg/ml Bovine Serum Albumin (BSA) solved in water. Then,
20µl of the bacteria re-suspended in the aforementioned liquids were poured
on a microscope glass slide and directly imaged by AFM in the first minutes
of air-drying in their environments.

3.2 Drying methods

Given that A. baumannii strains have emerged as a desiccation-resistant bac-
terium, we aimed to investigate the changes in morphology and survival of
these cells subjected to various environmental stresses, using different drying
methods; freeze-drying, air-drying, and maintenance of water that will be ex-
plained in the following sections. For this purpose, the overnight bacterial
culture was refreshed 1:100 in a flask containing LB and re-incubated at 37◦C
under vigorous shaking (i.e., 250 rpm).

The bacterial growth was obtained by measuring absorbance at 600 nm,
and cell viability and live-dead cell counts were performed at different time
points. According to the acquired results, the bacterial cells with maximum vi-
ability and cell density were detected after 6 hours of growth in the LB medium.
Therefore, bacterial cells were harvested 6 h post-refresh, washed twice with
sterile distilled water, and diluted to reach a final OD600 = 1. For each sam-
ple, twenty µl of the bacterial suspension (corresponds to ca. 107 CFU) was
collected to prepare the samples and dried under different drying methods for
cell viability assessment and AFM measurements. The dried bacterial samples
after preparation were stored in a 16-liter vacuum bell containing 50 g of silica
gel with an average temperature of 20 ± 0.6 ◦C and average relative humidity
of 13 ± 6%. Moreover, we designed our experiment for a two-month exami-
nation of the samples dried under various drying methods. Therefore, to have
an identical experimental condition, twelve samples were prepared for each
drying method and measured at 1h, 6h, 24h, 48h, 72h, one-week, two-week,
one-month, and two-month after desiccation.

Freeze-drying

Twenty µl of the bacterial suspension (corresponds to ca. 107CFU) was spot-
ted on twelve microscope glass slide/ coverslip for AFM/viable counts mea-
surements, then all of them immediately pre-frozen at -80◦C for 15 minutes.
Next, all the samples were put into the freeze-dryer instrument to freeze at
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-50◦C and dry under vacuum until the complete drying (water evaporation)
approximately for 30 minutes. Finally, all the glass slides placed in covered
Petri dishes and were stored in a 16-liter vacuum bell containing 50 g of silica
gel with an average temperature of 20 ± 0.6◦C and average relative humidity
of 13 ± 6%, recorded by digital thermo-hygrometer at each time points. The
coverslips were also placed in a covered Petri dishes and stored similarly in a
sealed vacuum chamber with a same amount of silica gel.

Air-drying

Likewise, twenty µl of the bacterial suspension (corresponds to ca. 107 CFU)
was spotted on twelve-microscope glass slides and coverslips, and dried under
laminar flow laminar hood for about 20 minutes. All the air-dried glass slides
and coverslips placed in a covered Petri dishes and were stored in a 16-liter
vacuum bell containing 50 g of silica gel with an average temperature of 20 ±
0.6 ◦C and average relative humidity of 13 ± 6%, recorded by digital thermo-
hygrometer at each time points.

Maintenance in water

The hydrated bacterial cell preparation was similar to air-dried A. baumannii
ACICU cells prior to drying under a laminar flow hood. In other words, after
the bacterial culture were washed with distilled water and adjusted to OD600 =
1, the bacterial suspensions were kept in two separate Falcone tubes for AFM
measurements and viable count assays, for a two-month examination. At each
determined time points, twenty µl of the bacterial cell was collected and spread
on glass slides to measure in ambient conditions.

3.3 Bacterial storage conditions

To evaluate the desiccation survival of A. baumannii ACICU cells under sim-
ulated hospital conditions, we used saturated salt and silica gel compounds to
control humidity for long-term storage of bacterial samples. To do this, the
overnight bacterial culture was refreshed and re-incubated in flask containing
LB at 37◦C under vigorous shaking (i.e., 250 rpm). The bacterial cells were
collected at different time points (i.e., at 3 h, 6 h, 14 h, 24 h and 48 h of
incubation at 37◦C), then washed twice with sterile distilled water and diluted
to reach a final OD600 = 1. Twenty µl of the bacterial suspension corresponds
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to ca. 107 CFU was spotted on a microscope glass slide and dried under the
laminar flow hood.

Storage with silica gel

The air-dried A. baumannii ACICU cells were placed in a covered Petri dishes
and stored in a 16-liter vacuum chamber containing a 50 g white silica gel
to provide the humidity below 30% inside the chamber. A digital thermos-
hygrometer was recorded a relative humidity inside the chamber 15 ±4% RH
and temperature of 20 ± 2◦C during the three months experiment.

Storage with salt

To storage the air-dried cells with salt, the bacterial sample were placed in a
covered Petri dishes separately and maintained in a 16-litre vacuum chamber
containing a CaCl2 × 6H2O saturated salt in an open glass beaker for three
months. A digital thermos-hygrometer was recorded a relative humidity inside
the chamber 23± 4% RH and temperature of 20 ± 2◦C during the experiment.

Long-term storage with salt (Jawad et al. protocol)

The bacterial sample was prepared according to Jawad et al., 1998 protocol
to study the morphology changes during long-term desiccation under simu-
lated hospital conditions. In this way, the bacterial culture was grown in LB
medium in falcon tube and incubated with vigorous shaking at 37◦C. A. bau-
mannii ACICU cells harvested after 18 hours by centrifugation (5,000 g × 5
minutes) and washed twice with sterile distilled water and diluted to reach a
final OD600 = 1. Twenty µl of the bacterial suspension was spotted on a mi-
croscope glass slide and air-dried under the laminar flow hood. Then bacterial
samples were put in a petri dishes and maintained by the presence of a satu-
rated salt solution (CaCl2 × 6H2O) for 31% RH in tight transparent plastic
box.

Desiccation survival of bacteria was assessed by cell viability counts during
two months storage as described in the following sections (i.e., at 0h, 6h, 24h,
48h, 72h, one-week, two weeks, and two months).
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3.4 Desiccation survival assays

The desiccation survival assay is described as a procedure that followed to
determine the length of time that bacterial strains could survive on glass cov-
erslips when kept at 31% relative humidity (RH). For this purpose, the cell
viability assessment is carried out by counting the viable cells (colony forming
units CFU) before air-drying, immediately after air-drying, and at different
time of storage under dry conditions.

Cell viability before drying

Bacterial desiccation survival was determined by viable counts for original
bacterial cultures prior to placing on the coverslip. To do so, the aliquot of
overnight bacterial culture was harvested, centrifuged and washed twice with
distilled water. Then the bacterial suspension was diluted to reach OD600 = 1
corresponds to ca. 5×108 CFU/ml. For cell viability twenty µl of the bacte-
rial suspension (corresponding to ca. 107 CFU for each glass slide) placed on
LB agar plate (LA) to monitor the viable counts which consider as bacterial
survival before desiccation.

Cell viability after drying

To evaluate desiccation survival of bacteria immediately after air-drying, twenty
µl of the bacterial suspension, adjusted to OD600 = 1 was spotted on the cov-
erslip and allowed to dry under a laminar flow hood.

After the complete drying of bacterial cells on the air, within half an hour,
the samples were re-hydrated by distilled water and placed on the LB agar
plate (LA) to determine the viable counts after air-drying.

Cell viability during prolonged desiccation

Prolonged desiccation survival of air-dried A. baumannii ACICU cell is mea-
sured by cell viability assessment for the stored cells under dry conditions in
the presence of either saturated salt or silica gel to control humidity below
31% RH. With this aim, the air-dried coverslips at different storage times (i.e.
6h, 24h, 48h, one-week, two-week, and three-week, one-month, two-month and
three-month after desiccation) were re-hydrated in distilled water and placed
on the LB agar plate (LA) to monitor the viable counts.
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3.5 Sample preparation for AFM measurement

The bacterial samples were prepared for AFM measurements in two different
methods depending on experiment goals. Twenty µl of diluted bacterial sus-
pension adjusted to OD600 = 1 was spread on a microscope glass slide (Thermo
ScientificTM SuperFrostTM Microscope slides 76 × 26 mm, with 1 mm thick-
ness). Then dried bacterial samples with different drying methods were stored
in a sealed chamber to measure at determined time points. For the bacterial
cells which were required to measure immediately after desiccation or even be-
fore complete drying, the bacterial cells were kept in a Falcone tube in a liquid
state (i.e. hydrated cells and re-suspended cell in different mediums).

According to measurement time points, an aliquot of bacterial suspension
was placed on a glass slide and allowed to dry in room conditions. Immediately
after water evaporation under an optical microscope of AFM, the imaging was
carried out.

Atomic Force Microscopy (AFM) measurement

Atomic force microscopy measurement was performed using a Dimension ICON
AFM (Bruker, Santa Barbara, USA) set to Peak Force Tapping mode. We
used the ScanAsyst-Air Bruker tip in the present study by a nominal spring
constant of 0.4 Nm−1 and sharpened silicon tip with a nominal radius of 2 nm.
The AFM images are recorded at room temperature, mimicking the hospital
environments ranged from 20–24 ◦C. The oscillation frequency and oscillation
amplitude of the cantilever are set to 1 kHz and 150 nm, respectively.

The obtained AFM images were analyzed and processed with the free Gwyd-
dion Software (http://gwyddion.net). The bacterial cells scanned in different
size from 3 µm × 3 µm for single cells to the maximum 98 µm × 98 µm in large
scale. The tip scan rates varied from 0.4 to 1 Hz depending on the bacterial cell
preparation conditions. For each measurement, height sensor and peak force
error images were recorded simultaneously. The height sensor image specifies
biophysical cell parameters, while the peak force error image emphasizes the
bacterial cell morphology. Multiple images were recorded at each measurement
to validate our observations.

AFM calibration and setup

ScanAsystTM is the first automatic image optimization technology of atomic
force microscopy (AFM), with the core technology of Peak Force Tapping mode.
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This technique by performing a very fast force curve at every pixel and using
the peak of each force curve as an imaging feedback signal, enables users to
rapidly obtain high-quality images. Moreover, direct control of the force as an
advantage of ScanAsyst mode allow us to operate the small force during the
measurement which helps protect delicate samples from damage and tip wear.

Together, these capabilities make ScanAsyst the most powerful and pro-
ductive way to use AFM for imaging of any samples in either air of fluid (Su et
al., 2012). Hence, in this work the ScanAsyst TM was applied to examine the
bacterial cell morphology exposed to the air with a simple calibration before
each measurement, explained as follows:

Mounting a tip on the cantilever One of the crucial requirements for
accurate measurement is choosing a suitable probe with an appropriate can-
tilever holder depending on the imaging mode and sample property. With
the intention of minimizing the imaging force to the bacterial cell, we used
the ScanAsyst-Air tip of the silicon nitride cantilever by enough stiffness for
appropriate deformation of the sample that retains high force sensitivity.

Laser alignment After mounting the ScanAsyst probe with a V-shaped can-
tilever on cantilever holder, we placed them together under the AFM scanner.
Then the laser beam was aligned on the back of the cantilever by the control
knobs whereas the laser spot was visible on it. Then laser spot was adjusted to
the center of the photodetector in order to obtain the maximum sum, ranged
from 4.5 to 5 Volts for the silicon nitride cantilever, and to verify the laser spot
on the probe

Approach to the sample surface After focusing on a tip and setting the
cross-lines on the V-shaped cantilever, we loaded the sample under scanner
place by using the scroll-joystick or Bioscope software. During approaching,
in the close distance between the scanner and sample to avoid a tip broken or
cell damage, the scanner speed was reduced or auto finding surface was used
to reach the sample. With the aid of the optical, we searched a sample surface
to find the interest area of study, including a number of bacterial clusters or
cells. Before engaging, we calibrated the probe and deflection sensitivity by
thermal tune process to define the set point for measurement. The laser spot
again readjusted to the center of a photodetector which may have drifted. The
thermal tune calibration and readjusting the laser spot are routinely conducted
after a few imaging.
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Determination of scan parameters

After all the above steps, we engaged to the region of interest and set the initial
scan parameters such as scan size, aspect ratio, sample/line, either ScanAsyst
auto control or feedback gain/ peak force set point. Normally we used the
scanned the clusters in size about 20 µm with the scan rate of 1 Hz and sam-
ple/line of 512 to image the sample. These parameters can be influenced to
some extent of the sample type and preparation method.

Search find procedure (SFMSF)

By using a diamond pen, we drew the perpendicular-lines on the corners of
the glass slides as a reference a bit far from the edges. Glass slides were
cleaned with ethanol and dried with pure nitrogen to remove the fingerprints
and remaining glass particles. Next, we dispread an aliquot of bacterial samples
over each reference region and allowed them to dry under the laminar hood.
Each region/reference was labeled as A, B, C and D from the top left side of
the glass slide respectively.

Search : In order to find the reference marks, we employed the optical mi-
croscope of AFM to reach one of them in a corner of the glass slide. Given
that in which reference region we are (A, B, C or D), we searched the area of
interest containing several clusters with an appropriate size around those lines
(horizontal, vertical or inner part of crossed-line).

Find : After specifying the desired cluster with the aid of an optical micro-
scope of AFM, prior to engaging we utilized the manual navigation controls
with a determined speed which allows us to adjust the tip to the intended po-
sition, for counting the steps and movement direction from the reference mark
to the desired cluster. All the required information was recorded for the next
measurement, including the reference label, the number of steps, direction of
movement, even by attention to either vertical-line or horizontal-line of the
reference, accompanied by optical images of the region of interest.

Measurement : Considering the subsequent measurement of the selected
cluster it is essential to record the scanning parameters to have accurate anal-
ysis, such as the scan size, aspect speed, samples/line, feedback gain, and peak
fore set point.
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Storage : After the measurement, we stored the samples in a controlled
condition in terms of humidity and temperature, the sealed chamber containing
silica gel or salt, for re-measuring at different time intervals.

Find : To re-find our desired cluster we pursued the recorded information.
To do so first the tip must be adjusted to the reference region (A, B, C or
D) then, according to the number and direction of the steps with the same
movement speed the determined cluster will be found. Pursuing the imaging
parameters, the same as possible to the first measurement and recording optical
images beside the accurate information about finding the cluster are strongly
recommended. This method enables us to pursue the morphological changes
of the specific clusters over time. Although the examination of the different
clusters giving us some statistical information about their behavior in response
to drying, it does not provide a detailed insight into the response of each cell
or bacterium exclusively.

Figure 3.1: SMSF procedure for pursuing a cluster at different time intervals.

Figure 3.1 describes the SFMSF procedure to pursue a specified bacterial
cell morphology changes during the time. As an example, one referenced mark
on a glass slide is shown while the crossed-line is located on the edge of the
reference as a start point for searching. After finding the intended cluster (step
2) the location can be determined by measuring the distance of the cluster from
the reference edges or center of as indicated in figure 3.1 (step 3).
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3.6 Post-processing of AFM-acquired images

Image leveling process

All acquired images of AFM, particularly the height images which are required
for statistical analysis were initially processed by Gwyddion software. To do
this several stages were applied in this order: removing the strip noises, re-
moving the horizontal lines, leveling in flatten base, removing the background
(in case of cell roughness analysis), fitting the plane to zero value, and finally
selecting the appropriate color spectrum to display the bacterial cell and fea-
tures.

In following we will show a two essential stages of leveling the AFM height
images. As demonstrated in figure 3.2, flattening the images enables us to
visualized interesting bacterial substances and intercellular materials around
the cells (see the inset) and provide real value of cell parameters. The red
arrows point to the cell profile distance from the substrate before and after
flattening the image.

Figure 3.2: The first level of image flattening of air-dried A. baumannii ACICU
(a) and the respective cell profile before and after leveling (b).

There are several leveling modes that can be selected and applied depending
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of the obtained image as shown in figure 3.3, the image distortion or tilt can
be remove by plane leveling.

The effect of growth medium like BSA in figure 3.3 can be reduced con-
siderably to avoid unreal cell height, arising from the substances exists on the
substrate and the distorted substrate (see the arrows). All the above surface
leveling modes are applied to all the obtained images to make them ready for
analyzing.

Figure 3.3: A 3D images of air-dried A. baumannii ACICU in Bovine Serum
Albumin (BSA) medium to distorted cell surface before and after leveling (a)
with a 2D image after processing (b).

Figures 3.2 and 3.3 represent the importance of image leveling in terms of
cell morphology clarity and precise data analysis.
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Determination of biophysical parameters of cells

Cell dimension After leveling the AFM height images, in order to measure
the real biophysical parameters of cells, we performed a metrological analysis of
the cell dimensions, volume, surface area, and surface roughness. For instance,
we indicated the A. baumannii ATCC 19606 cell dimensions by plotting the
lines over the cell surface as shown in figure 3.4.

The elongated horizontal axis is assigned to the cell length (L), which rep-
resented in white color, and the short horizontal distance, in red color, is con-
sidered as the cell width (W) in figure 3.4.

Since the AFM images are flattened, so the vertical axis in each of the
length and width profiles represented the cell height (H), demonstrating by the
blue dashed-line in profile1 of figure 3.4.

Figure 3.4: Characterization of A. baumannii ATCC19606 cell length (white
solid-line) corresponds to the distance of green lines in figure 3.4, cell width
(red-solid line) represented by profile 2 and bacterial cell height.

Notably, Cell surface depression and pore depths were measured from the
highest protruding rim, the cell surface, relative to the lowest concave edge
according to the plotted line.

Cell volume and surface area Thanks to Gwyddion software, enabled us
to measure the cell-volume and cell-surface by applying a mask to the entire
cluster, over a single-cell and even on the individual cell in a cluster. The
ratio of cell surface to volume give us many important information about the
biological properties of the bacteria.

Figure 3.5 shows different size of the mask on bacterial cells from the entire
cluster to even doubling cells (C2). In fact, the cell-volume represents somehow
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the space occupied by the intracellular materials, which can be interpreted as
a set of curves, each belonging to one pixel in the XY plane.

Figure 3.5: Measuring the cell volume and surface by applying the mask with
Gwyddion software.

Cell surface roughness The surface roughness was obtained by measuring
the root mean square (RMS) of flattened images in the scale of 400 nm×400 nm
for at least ten different areas of each cell and made an average on them. Figure
3.6 demonstrates the flattening and removing the background of bacterial cells
to obtain the cell roughness. Because of the small size of the cells and depression
in A. baumannii ACICU cells, it was essential to remove the background and
flatten the image to obtain a real cell surface for roughness measurement.

The procedure of removing background of bacterial cell image is indicated
in figure 3.6 along with the surface roughness before and after a background
removal.

Statistical analysis : All the AFM data are reported as an average of at
least 25 to 50 cells, analyzing ± standard deviation error (SD), unless otherwise
indicated.
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Post-processing of AFM-acquired images

Figure 3.6: The AFM background removal of bacterial cell surface in order to
measure the cell roughness (Rms)
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Chapter 4

Growth factors-dependent A.
baumannii ACICU morphology

In the first chapter, we introduced A. baumannii as a gram-negative bacterial
pathogen with a peculiar ability to survive on dry surfaces, which contribute
to a range of nosocomial infections. With particular attention to the targets of
desiccation damage, we reviewed the structure of the gram-negative cell wall
and its components in addition to the amount of cellular water distribution.
Considering the basic function of the cell wall, which is the main barrier against
the environment1 and confers the bacteria their shape, it is clear that cell mor-
phology alteration may be correlated to the cell survival (Harding et al., 2017).
Indeed, it has demonstrated that the bacterial cell morphology, can be influ-
enced by many environmental features (Jacobs et al., 2012) such as transition
under the growth phases (Soon et al., 2011), growth and re-hydration mediums
(Morgan et al., 2006), nutrient levels (James et al., 1996), bacterial culture con-
ditions (Gupta et al., 2016), and significantly by desiccation methods (Potts,
1994), which in turn cause multifaceted stresses to the bacterial cells (Van
Teeseling et al., 2017).

Interestingly, it has been observed a large variance of the desiccation re-
sistance among different A. baumannii strains, with isolates adapted to the
hospital environment being more resistant than laboratory strains (Giannouli
et al., 2013), such as the prototype of the International Clone II A. baumannii
ACICU that has been selected to study the effect of desiccation and osmotic
stress (Iacono et al., 2008). However, most of these morphological investiga-
tions have been conducted on A. baumannii ATCC19606 strain, with no data
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on A. baumannii ACICU reported, insofar.
In order to bridge this literature gap, in this section, we employ the ultra-

fine resolution and physical sensitivity of the AFM technique (Scheuring and
Dufrene, 2010; Viljoen et al., 2020) to characterize the A. baumannii ACICU
bacterial cell morphology as a function of their growth phases, growth condi-
tions, and preserving media. We then search for a correlation between the cell
shape changes and these biophysical parameters and how the shape impacts
its clonogenic capability. We subsequently investigate the effect of desiccation
stress on the cell morphology and survival capability, as a function of their
growth phase and conditions. Finally, we shall see how the bacteria morphol-
ogy is influenced by the preserving medium.

4.1 Growth phase-dependent morphology

It is well-established that the growth phase is associated to physiological and
metabolic states of the bacterial cell, from the cell division in the logarith-
mic phase to nutrient starvation in the stationary phase (Cabeen et al., 2005;
Rodriguez et al., 2008). Owing to the dynamic nature of the outer cell mem-
brane and its components that continually developed during cell growth, there
exist dependencies between cell shape to the velocity of their growth and divi-
sion. Nonetheless, the morphology of A. baumannii ACICU at different growth
phases and their response to desiccation have yet to be thoroughly character-
ized and understood. Hence, we aim to explore the effect of growth phases on
A. baumannii ACICU cell morphology, we have used AFM technique operat-
ing in peak force TM mode in ambient conditions similar to those found in
hospital environment (relative humidity below 30% and temperature of 22◦C).
The cell viability assays (Colony Forming units, CFU) were carried out before
and after air-drying to determine cell survival to examine the response of cell
morphology changes to desiccation.

Bacterial growth curve

In order to determine the different growth phases of A. baumannii ACICU
bacterial cell, we initially obtained the bacterial growth curve. To do this,
the bacteria were grown in LB medium under vigorous shaking in a flask at
37◦C, as explained in section 3.1. We monitored the evolution of bacteria for
48 hours by measuring the optical density (OD) absorbance at the wavelength
of 600 nm. As shown in Figure 4.1A, we observe the occurrence of an early
logarithmic (tgrowth <1 h), logarithmic (1 h <tgrowth <4 h), late-logarithmic (4
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h<tgrowth<6 h), stationary (6 h<tgrowth< 32 h), and death phase (tgrowth>32
h), under our experimental conditions. Accordingly, we assigned the bacteria to
the logarithmic, late-logarithmic, stationary, late-stationary, and death-phase
after 3, 6, 14, 24, and 48 hours of growth, respectively, highlighted by different
color bands.

Figure 4.1: Growth curve of A. baumannii ACICU (a): indicating differ-
ent growth phases in color; lag phase (yellow), logarithmic (green), late-
logarithmic(pink), stationary (blue) and death phase(purple). The bacterial
cell viability, according to each growth phase, was obtained employing the
counting form colony units (CFU) by the relevant color of each phase (b).

We also assessed the bacterial cell viability at defined growth phases by
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counting the number of colony-forming units (CFU) before air-drying, to ex-
amine the effect of growth phase on the survival of bacterial cells. Given the
cell viability protocol, described in section 3.4, it is worth recalling that the via-
bility of the cells at each growth phase was assessed using twenty µl of bacterial
suspension adjusted to OD600 = 1, corresponding to 107 CFU. As indicated in
Figure 4.1B, we observe nearly constant viability (approximately 107 CFU) in
all the growth phases for the cells analyzed immediately after their extraction
from the growth medium, except for those collected during the death-phase.
Taken together, both growth curve and cell viability results suggest that this
condition can be considered as an optimal condition for A. baumannii ACICU
growth.

Morphological changes of the cell during growth

To investigate the cell morphology at different growth phase, we harvested an
aliquot of bacterial broth culture for each growth phases and washed them with
distilled water. Then a droplet of bacterial suspension was placed on a glass
slide and allowed to dry under the laminar flow hood (see section3.1).
We performed the AFM measurements in ambient conditions (with relative
humidity below 30% and 20-22◦C temperature) using the peak force technique
in ScanAsyst mode. (See sect. 3.2 for details). The height and peak force
images are primarily used for carrying out the quantitative analysis and dis-
playing surface morphology changes, respectively. In Figure 4.2 we show the
AFM height and peak force images of A. baumannii ACICU cells at different
phases of growth. The color bar in the height images represents a different
height of bacterial cells (brown color for a low zone, like substrate, blue, and
white colors for high zones), and is adjusted to the range of 0-540 nm in all the
images to facilitate the cell height comparison.

From Figure 4.2, we observe a tendency of all investigated samples to con-
densate in clusters, with only a few sparse individual bacteria, probably due
to the driving force of the evaporating water (similar to the coffee-stain mech-
anism). At the first look, the AFM height images show that A. baumannii
ACICU cells in the logarithmic phase feature typically a larger height (blue
color) as compared with cells belonging to other growth phases. After pass-
ing through the logarithmic phase, the height of A. baumannii ACICU cells
decreased and remained nearly constant in the later growth phases. More-
over, we realize sizably larger cells in the logarithmic growth phase by visual
examination of bacterial morphology in peak force images.

50
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Figure 4.2: The AFM height and peak force error images of A. baumannii
ACICU cell morphology at different growth phases. The color bar of height
images is set to the 540 nm, and the scale bar is 5 µm.

Statistical analysis of cellular parameters To gain insight in the cell
morphology, we have performed a statistical analysis of the bacteria length,
width, surface, height, and volume. It is worth noting that the latter two quan-
tities cannot be measured by means of other “standard” microscopy technique
such as electron or light microscopy. The advance ability of AFM to provide
three-dimensional data and images, enabled us to characterize all above bio-
physical parameters of A. baumannii ACICU bacterial cell as are summarized
in Table 4.1.

The length and width parameters presented in this table were measured by
a tool embedded in the Gwyddion software. For this purpose, cell length and
width profiles are obtained by drawing a line respectively along the elongated
and shortened horizontal axes. Likewise, the height of the cell was measured
using the maximum vertical distance of the length (or width) profile to the
substrate. More information on cell morphology is given by applying a mask
over the individual cells in the cluster, providing cell-volume (3D) and cell-
surface (2D) data from the entire cell.

As reported in Table 4.1, we realize that all cellular parameters decrease
during bacterial growth. For all parameters, this decrease does not occur
uniformly, nor at the same rate. To further address the cellular parameters
changes, Figure 4.3 depicts the variation of cell surface area (as a function of L
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Table 4.1: Cellular dimensions of A. baumannii ACICU at different growth phases

& W) and the length-to-width ratio at different growth phases. In this figure,
we can see that the cell surface changes occur in two different stages, divided
by a dashed line. Initially, the cell surface decreases as the cell pass through
the logarithmic phase and reaches the minimal surface and footprint in the
stationary phase. Subsequently, the cell experiences an increase in the surface
area at the late-stationery and death-phases. Furthermore, we notice that all
the investigated A. baumannii ACICU cells show a coccus morphology in all
samples, with an oval surface projection featuring an average length-to-width
ratio of L/W=1.2 ± 0.02, which is growth-phase independent.

If the overall cell morphology is not observed to change, nonetheless, cells
in the logarithmic phase have a larger volume, height, and surface. In contrast,
the cells at the stationary phase characterized by a similar height, a sizably
smaller volume and footprint. This indicates a more spherical coccus shape
for the stationary cells, given the minimal surface to volume ratio observed, as
compared to those of bacteria in the other growth stages.

In light of the CFU counts results above discussed, we can then argue
that the cells having the minimal surface are associated to a higher resistance
to desiccation. This observation is in line with the report of Madigan and
his colleagues, suggesting that smaller cells can tolerate adverse conditions far
better than the large cells (Madigan et al.,2015). Our findings confirm that the
A. baumannii ACICU cells generally feature a coccus shape and particularly
appear to be more spherical coccus morphology in the stationary growth phase.
However, it is important to notice that we sporadically detected 4 µm-long
rod-shaped cells in the logarithmic-phase stage, in agreement to other studies
reporting a bacillus-like morphology for cells belonging to the rapid growth

52



Growth phase-dependent morphology

Figure 4.3: Statistical analysis of A. baumannii ACICU cell-surface variation
during its growth phase.

phase (Public Health Image Library, 2012).
Figure 4.4 indicates an example of elongated-cells in the late-logarithmic

phase indicated by black arrows. From the high magnification 3D rendering
of a rod-shaped cell given in the inset, we can observe a sizeable lower height
and a far larger footprint as compared to the surrounding coccus cells. To
estimate the population of rod-shaped cells over the growth, we carried out
quantitative analysis on more than twenty independent clusters for each phase.
Based on the image analysis, the abundance of elongated-cells observed in the
logarithmic growth phase < 0.3%, increasing to ∼ 1.5% in the late-logarithmic
growth phase.

Interestingly, we detected no rod-shaped cell in the samples collected at
incubation time longer than 6 h. After the logarithmic growth phase, the
elongated A. baumannii ACICU cells surprisingly disappeared and not found
in the stationary growth and dead phases. This phenomenon, disappearing the
rod-shaped cells, might be explained by the fact that for a given amount of
nutrients available to support growth, a larger population of small cells than of
the large cells is possible, which in turn cause evolution (Madigan et al.,2015).

Our observations regarding the evolution of A. baumannii ACICU cells
during the growth are in agreement with the studies on other A. baumannii
strains, reporting the appearance of rod-shaped (bacillus) cells in exponen-
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Figure 4.4: The population of rod-shaped A. baumannii ACICU cells at the
late-logarithmic growth phase. The black arrows point out to the rod-shaped
cells, whereas the white square shape zoomed the rod-cell in a high order of
magnitude. Rod-shaped morphology displayed in peak force error and 3D
images.

tial phase and more coccus shape in stationary growth phases (Potts, 1994;
Madigan et al., 2015; Public Health Image Library, 2012).

Growth phase-dependent desiccation survival

The stresses that bacteria experience during the incubation and those stresses
imposed by water removal from the cell, both contribute to a lesser resistance
of bacteria against desiccation. In this section, we therefore evaluate the A.
baumannii ACICU cell viability before and after air-drying at different growth
phases by CFU counts, to analyze the effect of growth phase on desiccation
survival of bacterial cells. The CFU measurements after desiccation allow to
correlate the viability to the morphology results, simulating the exposure to
air drying of the cells on the glass plate during the AFM scans.

We harvested the bacteria cell at different growth phases, washed them with
distilled water, and adjusted to OD600 = 1. Twenty µl of bacteria suspension,
corresponding to 107 CFU, was used for cell viability assessment before air-
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drying, and the same amount of bacterial suspension was dried in the air to
perform the cell viability after air-drying. Figure 4.5 demonstrates the survival
rate of A. baumannii ACICU cells before and after air-drying as a function of
the growth phase.

Figure 4.5: Desiccation survival of A. baumannii ACICU at different growth
phases: before air-drying in the gray column, and immediate after air-drying
in dark-gray.

As we discussed earlier (See figure 4.1), the viability for cells before air-
drying at all growth phases is nearly constant and close to the maximum via-
bility (i.e., 107 CFU), except for those cells belonging to the death-phase. The
latter showed a one-log decrease in cell viability before drying. Therefore, in
order to make a more tangible comparison between cell viability before air-
drying and after air-drying, we calculated the percentage of viable cells after
air-drying relative to the initial cell viability, i.e., .107 CFU, as demonstrated
in Figure 4.5.

We observe from Figure 4.5 that the survival of the logarithmic phase
cells after drying is significantly reduced so that the desiccation-induced stress
causes a reduction of more than 90% in their viability. Conversely, we notice
a slight decrease in the survival of the cells in the stationary phase after air-
drying, with only a 30% loss of viability due to water-removal stress. These
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results indicate that the logarithmic phase cells are highly susceptible to drying
while the stationary phase cells show much better desiccation resistance than
all other phases. Our findings are in accordance with the studies on other A.
baumannii strains, stating that the cells in the logarithmic phase are more sus-
ceptible to desiccation (Farrow et al., 2018; Ziedler et al., 2018). As the growth
phase causes structurally and physiologically changes in the cell, it may also
enhance desiccation resistance. Hence, in the light of CFU results, we focus on
the morphological analysis of AFM to find a correlation between the cellular
evolution process and the survival of desiccation during growth. Given the cells
at the stationary phase have a minimal footprint with the lowest surface-to-
volume ratio and also indicate the maximum survival rate, we can conclude
that the smaller cells can tolerate desiccation better, suggesting the shrinkage
of the cells as a resistance mechanism to withstand desiccation.

Summary Observations showed that A. baumannii ACICU bacteria predom-
inantly appeared as a coccus morphology with a length-to-width ratio of 1.2.
In the logarithmic phase, the cells were found to be larger in size and height
compared with other growth phases, however, bacterial cells became smaller as
they reached the stationary phase, thereby occupying the lowest cell surface.
On the other hand, analyzing the desiccation survival showed that the cells
in the stationary phase are able to survive considerably against multi-faceted
drying stress while logarithmic cells are highly susceptible to desiccation, reduc-
ing their cell viability by one log in CFU counts immediately after air-drying.
Overall, the characteristic alterations of A. baumannii ACICU cell morphol-
ogy during the growth, together with cell viability assessment, propose that
the bacterial cell can enhance its ability to tolerate desiccation by reducing
the cell surface. This finding, in turn, implies that factors that are important
for desiccation tolerance in A. baumannii ACICU are regulated in a growth
phase-dependent manner

4.2 Growth condition-dependent morphology

Bacterial cell morphology may also be influenced by other factors like tem-
perature, oxygenation (Gupta et al., 2016), an abundance of carbon dioxide,
light, pH (Morgan et al., 2006), relative humidity (Jawad et al., 1996), and the
salt concentration (Carvalho et al., 2004) they experience during their growth
(Chien et al., 2012). Indeed, shape drives the interactions between a bacterial
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cell and its environment, and morphology modifications reflect the bacterial
response to a given environmental change (Yang et al., 2016).

Consequently, after having discussed the influence of the growth phase on
the morphology and resistance to desiccation of cells prepared in identical con-
ditions, we now examine the impact on the cell morphology of bacterial culture
conditions. Given the A. baumannii ACICU is an aerobic bacterium, we realize
two extremely distinct growth conditions, in particular for what concerns the
oxygen availability. To this aim, in addition to the vigorous flask-shaking used
to prepare the bacteria discussed in the previous section, we investigate the cell
viability and morphology of bacteria grown in tube-static conditions in which
the amount of available oxygen is lesser than the flask-shaking ones.

Furthermore, as stated earlier, since most cellular changes during growth
appear in the logarithmic and stationary phases, we design our experiments
under different growth conditions focusing on these two phases. By doing
so, we are not only able to monitor all cell changes in each growth condition
but also allowed us to evaluate the effect of these two factors (i.e. growth
phase and conditions) on cell morphology simultaneously. Hence, we initially
need to obtain the growth curve of bacteria in order to harvest the samples at
logarithmic and stationary growth phases.

Bacterial growth curve

We obtained the growth curves of the A. baumannii ACICU cells in flask-
shaking and tube-static conditions using overnight bacterial culture broth. The
bacterial suspension then refreshed 1:100 in a 15 ml tube containing 5 ml of LB
and in a 350 ml flask containing 50 ml of LB and incubated at 37◦C in static
conditions or under vigorous shaking (250 rpm), respectively. The culture cell
density was determined for 48 hours by measuring the absorbance of the cells
at the wavelength of 600 nm ( OD600 = 1) for both conditions.

The growth curve for flask-shaking conditions was previously shown in Fig-
ure 4.1A and discussed in detail in section 4.1. Figure 4.6, hence, displays
the bacterial growth curve for the tube-static conditions in which each growth
phase is characterized by a distinct color. It can be seen that the bacteria in
tube-static conditions experience an exponential growth phase from 4h to 28h,
describing logarithmic (4 h<tgrowth< 24 h) and late-logarithmic phases (24
h<tgrowth< 28 h). Conversely, the stationary growth phase, which lasts only 4
hours, occurs between 28 to 32 hours of growth (28h<tgrowth< 32 h). Hence,
we harvest the cells in tube static/ flask-shaking conditions after 14h/3h and
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30h/14h of incubation, corresponding to the logarithmic and stationary growth
phases, respectively.

Figure 4.6: Growth curve of A. baumannii ACICU in static tube indicating
different growth phases in color; lag phase (yellow), logarithmic (green), late-
logarithmic (pink), stationary (blue) and death phase (purple).

The tube-static growth curve shows distinct dissimilarities from the flask-
shaking growth curve, as immediately evident by comparison against Figure
4.1A. First, the obtained cell density for the bacteria, ca OD600 = 1.5, is 4×
lower than that of the flask-shaking case. Furthermore, the cells in the tube-
static conditions grow at a slower pace experiencing a rather long logarithmic
phase of more than 24h, reaching the stationary phase after 30 hours of growth,
i.e. at a time 5× longer. Given the higher cell density and the rapid transition
of the cells from the logarithmic to stationary phase, these observations sug-
gest the flask-shaking conditions as an optimal circumstance for A. baumannii
ACICU cell growth.

Morphological changes under different growth conditions

We now move to the examination of the tube-static and flask-shaking prepared
cells by employing the advanced AFM peak force technique operated in the
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Scan-Asyst mode in the air. To validate our observations multiple images in
different sizes are collected in several areas of glass slides. Figure 4.7 illustrates
the AFM height and peak force images of A. baumannii ACICU cells grown
under flask-shaking (panel A) and tube-static (panel B) conditions, for both
logarithmic and stationary growth phases. At first glance, we notice the large
decrease of cell height in tube-static conditions in comparison to the flask-
shaking based on the color bar. We argue that this is not due to the death
of the cells since we observe the opposite behavior in the flask-shacking ones,
where the tallest cell observed belongs to the logarithmic phase characterized
by a minimal survival rate after desiccation (see section 4.1).

Figure 4.7: Comparison between A. baumannii ACICU bacterial cell at loga-
rithmic and stationary growth phases, which grown in flask-shaking with av-
erage oxygen level (a) and grown in tube-static with low oxygen level (b).
The height and peak force error images of AFM are employed by peak force
scan-asyst mode.

On the other hand, further visual inspection of cells at different growth
phases in flask-shaking (Figure 4.7A) and tube-static (Figure 4.7B) conditions
expectedly shows that cell height decreases when entering the stationary phase.
However, this reduction is more evident for the cells cultivated in flask-shaking.
To give more insight into how the cell morphology changes under such cultiva-
tion conditions, we carried out a statistical analysis of bacterial cell biophysical
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parameters, summarized in Table 4.2 for the tube-static and in Table 4.1 for
the flask-shaking ones. The obtained results allow us to quantify in 2/3 the
cell height reduction of the tube-static cells, 0.244±0.31, as compared to for
flask-shaking, 0.397±0.11, in the corresponding logarithmic growth phase.

Moreover, quantitative analysis confirms our observations regarding a re-
duction of cell height during the transition from the logarithmic to the station-
ary growth phase, calculated as 8nm and 22 nm in tube-static and flask-shaking
conditions, respectively. Another striking feature is the different shape char-
acterizing the tube-static bacteria, which appear to be more elongated. From
the quantitative analysis of the bacteria morphology (see Table. 2), we ob-
tain a cell aspect ratio of L/W=1.6 implying elongated cells in tube-static
conditions, which is comparable with those cells grown in flask-shaking with
L/W=1.2, representing coccus cells (see table 4.1).

It is worth noticing that the morphology of the cells in the case of tube-
static is also growth-phase independent. Moreover, closer scrutiny of the peak
force images highlights the presence of a mild depression dividing the outer
surface of the cells into two halves, as typical of diplococcus bacteria.

Besides, damaged and disintegrated rod-shaped cells with collapsed outer
cell membrane can be observed in both phases of tube-static cells. In com-
parison, in the case of flask-shaking, the peak force images of the cells mainly
indicate a coccus morphology with a slight depression in the central part of the
outer cell membranes.

Table 4.2: Cellular dimensions of A. baumannii ACICU grown in static tube (ST)

All cell parameters in the tube-static conditions, similar to their counter-
parts in the flask-shaking, decrease with the bacterial transition from logarith-
mic to stationary phase except for the surface and surface-to-volume parame-
ters that indicate the opposite trend. This is probably because the bacterium
has spent a shorter time in the stationary phase and immediately enters the
death phase, resulting in the cell collapse and subsequently increasing surface
and surface-to-volume. Comparison between Tables 4.1 and 4.2 reveals that the
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tube-static cells have larger lengths, width, and surface area than flask-shaking
ones do, giving rise to a greater footprint for this set of cells.

On the other hand, in the case of the tube, the cells show a lower height and
similar volume compared to the flask-shaking leading to a larger footprint and
surface-to-volume ratio. In this respect, this value was calculated on average
to be about 5.42 µm−1 in tube-static and about 3.02 µm−1 in flask-shaking
conditions. In the following sections, we will argue that the larger footprint
and surface-to-volume ratio may contribute to a lesser resistance to desiccation
of cells prepared in tube-static.

The results of experiments show that the morphology of the bacterium can
change under two factors of the growth phase and growth conditions. These
changes can occur either in the cellular features or in the structure and shape
of the cell. The cell analysis demonstrates that the bacterium basically retains
its general shape when undergoing different growth phases, but this transition
is necessarily accompanied by a decrease in cell height. For example, according
to Tables 4.1 and 4.2, the decrease in height from the logarithmic phase to the
stationary phase was measured from about 20 to 30 nm. On the other hand,
cell changes under different growth conditions not only resulted in a much more
pronounced decrease in height (about 150 nm decrease in tube length) but also
affected the overall shape and structure of the cell.

As observed, the morphology of the cell alters from coccus in flask-shaking
conditions to rod-shaped in tube-static. Consequently, these findings and ob-
servations indicate that bacterial growth conditions play a more determinant
role in changing cell morphology than the growth phase does. It was therefore
decided to get an insight into the cell surface features before studying the des-
iccation survival of the cells grown in tube-static and flask-shaking conditions.

Cell surface characterization In an attempt to scrutinize the impact of
described growth conditions on cell surface features, we show in Figure 4.8, a
high magnitude AFM peak force images (704 ×704 pixels per line) of prepared
cells in the logarithmic and stationary phases by two incubation methods.

These images further highlight the difference in bacterial morphology ob-
tained by flask-shaking and tube-static conditions. The visual inspection of
the cell surface in flask-shaking (Panel A) evidence the presence of a smooth
layer covering the bacteria and connecting them (see white arrows). This layer,
which is absent in the tube-static case (Panel B), can be formed by polysac-
charides and can play a role in enhancing the chance of survival of the bacteria
under desiccation, protecting it from the harsh environment.
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Instead, cells in tube-static conditions are found with two surface charac-
teristics featuring a ripple structure and the cells with a smooth surface having
pores on their outer cell membrane (see dashed circles).

These pores, to the best of our knowledge not yet reported in the literature,
have an average depth of 20-30 nm and a similar diameter of about 100-150
nm, which are large enough to allow the leakage of intracellular material, such
as proteins.

It is worth noticing that the observation of a very thin layer of materials
left-over in the neighborhood of the tube-static cells, shown by black arrows in
Figure 4.8, can be associated with the release of these intracellular materials.
Panel C illustrates a high magnitude image of such materials releasing from
the cells in tube-static conditions.

Cell surface roughness Additionally, we carried out the analysis of surface
roughness (Rms) on at least twenty different bacterial cells in the area of 400
nm × 400 nm. The image processing for roughness measurements has been
explained in section 3.6. Figure 4.9 displays representations of cell roughness
in 3D-AFM height and the related probability density function (PDF) for both
growth conditions. First, we identify small spherical particles with 30-40 nm
in size in the case of flask-shaking (Panel A), pointed by arrows, which can
be associated with cell proteins mostly found in the depression area of the cell
outer membrane. The measured roughness shown in Figure 4.9 represents a
normal distribution for all growth phases and conditions. Surface roughness for
the cells prepared in flask-shaking conditions are distributed in a wide range
from 0.5 to 4.5nm, with the mode in the class RMS=2 to 2.5nm and RMS=1
to 1.5nm for logarithmic and stationary growth phase respectively (a uniform
class interval 0.5nm is used). On the other hand, for the roughness measured in
tube-static cells characterized by a narrower range from 0.6 to 2.2 nm, the most
probable value occurs in the class RMS= 1 to 1.2 nm for both growth phase.
Furthermore, quantitative analysis shows that surface roughness decreases dur-
ing cell evolution so that the average of this parameter varies from 2.23 nm to
1.94 nm for flask-shaking and from 1.22 nm to 1.11 nm for tube-static cells by
the transition from logarithmic to stationary phase. Surprisingly, the acquired
AFM images reveal a rougher topography with a ripple structure for tube-
static cells on visual inspection (Fig. 4C). However, this apparent roughness
is not reflected by quantitative roughness analysis, displaying a lesser surface
roughness for tube-static cells compared to the flask-shaking conditions. This

62



Growth condition-dependent morphology

Figure 4.8: Cell surface alterations of A. baumannii ACICU strains depending
on a different level of oxygenation during culture condition (a) in flask-shaking,
(b) in tube-static, and intracellular materials surrounding the tube-static clus-
ter (c).

contradiction between apparent surface roughness and quantitative measure-
ment has also been reported for A. baumannii ATCC19606 by Soon et al. in
2009.
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Figure 4.9: Cell surface roughness for the flask-shaking (a) and tube-static (b)
growth conditions with the roughness distributions for both logarithmic and
stationary growth phases.
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Growth condition-dependent desiccation survival

To evaluate desiccation resistance of the A. baumannii ACICU cells grown in
different conditions, we initially harvested the bacteria incubated in tube-static
after 14h and 30h corresponding to the logarithmic and stationary phase in or-
der to compare with the flask-shaking results obtained in section 4.1. In Figure
4.10, we demonstrate the cell viability assessment for the cells grown in both
conditions before air-drying (in gray columns) and after air-drying (in black
columns). As we demonstrated in section 4.1, for the flask-shaking conditions
the bacterial cells in the logarithmic phase are found to be highly susceptible to
desiccation, whereas the stationary phase cells tolerate desiccation much better
(see Figures 4.5 and 4.10).

Figure 4.10: Desiccation response of A. baumannii ACICU cells grown in dif-
ferent culture conditions. Asterisks indicate statistically significant differences
between before and after air-drying conditions (* P <0.05; ** P <0.01; *** P
<0.001; **** P <0.0001).

For tube-static cells, the same pattern is observed (Fig. 4.10), where the
cells display a decrease of 2- logs for logarithmic and one- log for stationary
phase after air drying. It is worth noticing that the reduction of cell viability up
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to ca, CFU=105 indicates a lesser resistance against desiccation which may be
associated with the stresses that bacteria experience during the incubation. To
better understand the effect of growth conditions on cell resistance to drying,
we calculate the percentage of cell survival for tube-static conditions, similar
to what shown in Figure 4.5 for flask-shaking cells.

The results reveal a desiccation-induced reduction of cell viability up to
99% and 88% for the logarithmic and stationary phases in the tube-static cells.
These values can be compared with the corresponding viability of 90% and 30%
for its counterparts in flask-shaking conditions. Interestingly, lesser survival
desiccation of the tube-static cells is linked to their relatively larger footprint
which correlates well with our observation stating that the stationary cells in
flask-shaking have the highest desiccation resistance by occupying the minimal
surface area. Given the significant decrease in cell viability after drying (up
to ca, CFU=105), it is speculated that we may have observed dead cells in all
cases except for those cells harvested at the stationary phase from flask-shaking
conditions.

Summary Our results propose that the availability of oxygen in bacterial
cultural growth plays an essential role in desiccation survival of bacteria, cell
surface characteristics, and also changes in cell morphology. We notice that the
A. baumannii ACICU cell morphology under different growth conditions can
be altered significantly from coccus shape to rod-shaped cells depending on the
high and low oxygen availability, respectively. It is found that bacterial cells
grown in low oxygen levels(tube-static) undergo serious changes in their mor-
phology such as decreasing cell height, cell elongation, and the emergence of cell
membranes pores. Moreover, the inconsistency of apparent surface roughness
with quantitative roughness value is another striking finding to report. Evalu-
ation of desiccation survival shows that cells grown in low-oxygen availability
are highly susceptible to drying, whereas those cells with adequate access to
oxygen show better desiccation tolerance. We also demonstrate that a lesser
desiccation resistance is linked to a larger cell footprint and surface-to-volume
ratio. Eventually, comparing the cell morphology changes under the growth
phases and different growth conditions reveals the latter as a predominant fac-
tor in cell modifications.
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4.3 Bacterial mediums-dependent morphology

Recently, many studies have defined the effect of the growth medium, nutri-
tional sources, and their relative protective agents on desiccation survival of
the cells (Huang et al., 2015; Costa et al., 2000; Wang et al., 2019; Carvalho
et al., 2004). Nevertheless, the role of different environmental conditions in
bacterial cell morphology is still unclear. Therefore, here we intend to find out
if various liquid solutions can change the morphology of A. baumannii ACICU
cells or can even play a role in protecting the bacterial cells from environmental
stress such as desiccation.

For this purpose, we use the overnight A. baumannii ACICU bacterial cul-
ture grown in LB under optimum growth condition, as described in the previous
section 3.1. The bacterial suspension is washed twice with sterile distilled water
and diluted to reach a final OD600 = 1 in different media such as LB, Casamino
acid (CAA), Saline solution (0.9% NaCl), Bovine Serum Albumin (BSA), and
sterile distilled water (see section 3.1). We employ the AFM peak force tech-
nique to scan the bacterial cell directly in their physiological conditions during
desiccation. An aliquot of suspended bacteria in the above liquids is then
poured on a glass slide and directly imaged by AFM technique in the first
minutes of air-drying in such environments. Figure 4.11 displays the images
collected by the AFM optical microscope immediately after water evaporation
and before measuring the cells.

Figure 4.11: The optical images of the substrate surface (glass slide) covered
by different liquid-solutions.

For cells suspended in the LB environment, leaf-like structures are formed
on the sample substrate by drying in the air that sometimes is visible even
with the naked eye. In the case of protein serum, a thin layer of BSA medium
covers the cells so that the bacteria sink into it, except for the areas with
bubbles shown in Figure 4.11. Drying in the air for the cells in saline solutions
(NaCl 90%) is accompanied by immediate forming the huge salt crystals as soon
as the water is evaporated. These large crystals are formed on the substrate
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and visible without a microscope, making difficulties in cell measurement due
to covering most cells and clusters (see a cubic crystal in Figure 4.11). In the
case of CAA, we observe the cells mostly in single cells or small aggregation in
contrast to the cells in distilled water, where the cells can be easily found in
large clusters.

Cellular changes of drying bacteria in the physiological
environment

In order to explore the protective role of different media on the morphology of
A. baumannii ACICU cells, we performed the AFM measurements using scan-
asyst mode in the air immediately after water evaporation. The bacterial cells
are monitored for 4 hours while drying in various physiological environments;
the SFMSF approach (see section 3.5) is also used to follow the specified cell
changes. It is worth noting that as the cells in the first minutes of imaging are
not thoroughly dry, the scan rate must be decreased and adjusted to capture
the cells accurately (to 0.4 Hz in our set-out). Figure 4.12, provides represen-
tative AFM height images of the drying process for two different A. baumannii
ACICU cells in physiological LB medium.

Figure 4.12: Drying process of A. baumannii ACICU in LB environments.

In the top panel, we observe the drying process of the bacterial cells in LB
environments, surrounded by a mass of nutrients. One of striking results is
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that by drying the cells, the mass of nutrients form leaf-like structures so that
the bacterial cells are either trapped inside or covered by them. The panel
below shows the distribution of leaf-like structures on the substrate with the
cells placed at the center and top of these materials, making the cells appear
taller. Cells are continually tracked for up to 4 hours, but no specific changes
are detected due to the cell coverage by nutrients. Interestingly, we character-
ize the coccus morphology often without depression on the cell membrane for
the cells suspended in LB. Given we prepare the overnight culture from the
cells grown in LB medium under flask-shaking conditions, in section 4.1, this
morphology was expected. The same measurement process was carried out for
other liquid solutions, i.e., CAA, BSA, 0.9% NaCl, and sterile water. Similarly,
the morphology of the cells in BSA and saline solutions not change over time,
however, the latter prevent cells from being measured due to the creation of
large salt crystals.

Morphology of suspended bacteria in different physiological
environments

The morphology of A. baumannii ACICU cells in different physiological envi-
ronments, along with the profile of cell changes in CAA and sterile water, is
shown in Figure 4.13. What is evident from AFM height images is a remark-
able difference in the height of the cells in various environments. The reason
for the higher height of the LB and CAA cells can be attributed to the cells
being placed on nutrients, whereas in saline solutions, the high cell height is
due to the formation of crystals on the cell surface. Instead, the low height for
the BSA cell caused by the BSA gel-like layer covering the sample substrate,
rendering it inaccessible (see the red color around the cells). The lack of nu-
trients for the cells suspended in water result in low cell height, indicating the
actual height of the A. baumannii ACICU cells.

By considering the alterations of A. baumannii ACICU cell morphology in
various physiological environments relative to the cells suspended in water, we
can recognize the protective role of liquid solutions in preserving the cells. As
earlier stated, the cells in LB displayed a coccus morphology, most with an
egg-shaped surface and some with depression in their outer membrane. More-
over, the nutrients formed a leaf-like structure and covered the cells during the
drying process, as shown in Figure 4.12. In the case of CAA, the cells are
observed in coccus and diplococcus morphology while surrounded by accumu-
lated nutrients that formed capsules. The thick and long fibers among the cells
are also detectable that seemed to connect the bacterial cells.
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Figure 4.13: Morphology diversity of A. baumannii ACICU suspended in var-
ious liquid solutions.
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Furthermore, we realize that the depression of the outer cell membrane re-
stored after the cells were dried, which is evident in the cell profile before and
after drying. This unexpected phenomenon was also characterized in other
cells and might be related to the protective agents of CAA medium in capsules
around the cells. Interestingly, we observed the phenotypic diversity of the cells
in BSA protein serum, including diplococcus (in Figure 4.13), rod-shaped, and
relatively elongated cells (from other images). Despite this diversity, all cells ap-
peared with untouched morphology and without depression in cell membranes,
whereas no changes were observed in their cellular features even after hours of
drying. Measurement of the cells in saline solution (containing 0.9% NaCl) had
a certain limitation for direct scanning the cells. Indeed, the formation of large
salt crystals that had covered the sample substrate and cell surfaces caused
difficulties in the imaging process. Examination of the A. baumannii ACICU
cells suspended in sterile water, which suffered the lack of nutrients, showed
the apparent depression in the inner part of their cell membrane with relatively
low cell height. Moreover, during the desiccation process, the bacterial cells
demonstrated a slight shrinkage in cell dimensions, as can be seen in the cell
profile.

It is worth noticing that we observed the cells suspended in water in rela-
tively larger clusters than the cells in LB, CAA, and BSA mediums that were
mostly found either in single-cell or small aggregations. This finding is in ac-
cord with the study of James in 1995, who showed that the A. baumannii
bacterial cells in low level of nutrients tend to aggregate in cluster form and
remain firmly attached whereas in high nutrients show a dispersive behavior
(James et al., 1996; Sutherland, 1998; Morgan et al., 2006).

Furthermore, in all LB, CAA, and BSA physiological conditions, we found
the bacterial cells either in single-cell or small aggregations in contrast to the
cells without nutrients (in water), which may be related to the higher nutrient-
level. Taking to account all the above observations suggest that the most
prominent morphological alteration in the absence of nutrients is the outer
cell membrane depression, which is detectable in all cells suspended in water.
Although the cells with depression in their outer membranes were randomly
observed in other physiological conditions, all of the cells suspended in protein
serum (BSA) displayed intact morphology. Particularly, it has been reported
in the literature that Acinetobacter cells suspended in BSA survived longer on
dry surfaces than cells suspended in distilled water (Jawad et al., 1996).

To the best of our knowledge, no attempt has been made yet to explore
the A. baumannii ACICU cell morphology in protein serum (BSA) medium.
However, further studies need to be carried out to investigate the protective
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role of these mediums in cell morphology and desiccation survival. Another
noticeable aspect of this experiment is the capability of AFM technique for
operating in various environments, which has great importance and enables us
to measure the bacterial cell directly in its biological conditions.

Summary Our observations are interesting in several aspects. First, by tak-
ing advantage of a particular ability of AFM, we successfully able to measure
the bacteria cell in their environment. Second, we detect distinct morphology
of A. baumannii ACICU cells suspended in protein serum (BSA) with an intact
cell surface. The latter might be correlated with a different level of desiccation
tolerance, as reported on literature by Jawad et al., 1994 a relatively better
survival of A. baumannii strains in BSA protein serum.

The formation of the leaf-like structures surrounding the cells is another
interesting result. The protective role of liquid solutions from cells against
desiccation is characterized by comparing the morphology of the cells under
different conditions with those suspended in water, which suffered from the lack
of nutrients. An evident depression in the cell outer membranes is identified as
the main effect of nutrient removal on bacterial cell morphology.
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Chapter 5

The effect of desiccation-induced
stresses on bacterial cell

morphology

Desiccation expresses the removal process of water from cells that can occur
either slowly or rapidly. The removal of the water from the bacterial cell,
depending on the quantity removed, causes mild, moderate, severe water deficit
(Potts, 1994). Therefore, desiccation imposes multifaceted stresses, including
biochemical, metabolic, physical, and physiological stress on the bacterial cell
that markedly impedes the function and survival of cells (Gayoso et al., 2013;
Farrow et al.,2018; Lebre et al., 2017). Indeed, most bacteria cannot tolerate
such stresses, however, a few of them can tolerate a water deficiency through the
various physiological responses and resistant mechanisms, but our knowledge
about the resistance mechanisms of the bacterial cell against desiccation stress
is really poor.

It is documented in the literature that desiccation, in the level of the cell,
leads to the shrinkage of capsular layers, changes in volumes of cell compart-
ments, cell texture, and damage to external layers (e.g., pili, membranes).
Given the important role of the bacteria cell wall in preserving the cell against
desiccation and maintaining the cell shape, as the first barrier of the cell faced
with the environment, it is becoming ever more important to understand how
bacterial cells cope with desiccation.

A. baumannii has emerged as a global concern due to its peculiar ability to
tolerate long-term desiccation on abiotic surfaces (Wendt et al., 1997; Jawad
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et al., 1998, Giannouli et al., 2013), especially in hospital environments (Peleg
et al., 2008; Rice, 2008). Studies over the past decades have provided impor-
tant information on the desiccation survival of Acinetobacter species, most are
focused on metabolic and biological features involved in bacterial desiccation
tolerance (Jawad et.al, 1998; Giannouli et.al, 2013; Gayoso et al., 2013; Du
et.al, 2017; Farrow et.al, 2018; Zeidler and Muller, 2018). Interestingly, it has
been demonstrated that there is a large variance of the desiccation resistance
among different A. baumannii strains; so that isolates adapted to the hospital
environment, like A. baumannii ACICU strains as the prototype of the Inter-
national Clone II, are more resistant than laboratory strains (Giannouli et al.,
2013). So far, no studies have been conducted on the morphological changes
of A. baumannii ACICU bacterial cells against desiccation.

Accordingly, in this chapter, we aim to scrutinize the morphological alter-
ations of A. baumannii ACICU, as adapted bacteria to the environment, to
desiccation with two main objectives. Firstly, we study the impact of different
dissection procedures on the bacterial cell. Secondly, the prolonged desiccation
effect on the bacteria that are exposed to such drying stresses will be addressed.
We, therefore, designed a series of experiments in which bacteria are exposed to
environmental stresses including osmotic (in water) and metric water stresses.
To do this, the bacterial samples are prepared by keeping in water (hydrated),
freeze-drying, and air-drying methods.

Bacteria maintained in water (hydrated sample) undergo osmotic stress and
are exposed to air for a short time before conducting each measurement. On
the other hand, freeze-dried and air-dried samples are subjected to desiccation,
during which freeze-dried samples after the freezing process are dried slowly
in a vacuum and the air-dried samples are dried in the ambient condition un-
der a laminar hood and relatively faster. Additionally, to study the impact
of prolonged desiccation, freeze-dried and air-dried samples are stored for two
months in a sealed chamber with silica gel to control humidity and temper-
ature, mimicking the hospital conditions. Conversely, the hydrated sample is
maintained in water all the time and for each measurement, an aliquot of the
sample is exposed to air given the experiment schedule.

We study the morphological changes of the bacteria being imposed such
desiccation stresses by taking advantage of the AFM technique and evaluate
their survival against desiccation in the light of cell viability assessment. Fur-
thermore, we similarly examine the response of A. baumannii ATCC 19606
samples, as laboratory strains, to the same desiccation stresses in order to
generalize and validate our observations.

74



Bacterial cell morphology under different degrees of desiccation

5.1 Bacterial cell morphology under different degrees of
desiccation

In order to investigate the morphology changes of A. baumannii ACICU under
various drying methods, the bacterial cells are grown in the optimum condition,
i.e. flask-shaking, and are harvested in the early stationary phase given our
findings in section 4.1. Doing this allows us to study the response of cells that
are relatively more resistant to desiccation. Then we prepare the samples using
three different methods of drying, namely freeze-drying, air-drying, and main-
tenance in water (hydrated) that each imposes various degrees of environmental
stress on the bacterium.

As described in section 3.2, briefly, the freeze-dried and air-dried bacteria
are exposed to desiccation stress and respectively dry slowly under a vacuum
and rapidly in the air, which in turn causes different degrees of drying stresses
to these cells. Instead, cells maintained in water are mainly faced with osmotic
stress and undergone drying stress for a shorter time. On the other hand, a
review of the literature on the desiccation survival of A. baumannii strains,
reporting that these cells can survive for 33 days on dry surfaces in simulated-
hospital conditions (Jawad et al., 1996).

Therefore, we conduct our experiments in a two-month schedule and store
all samples in a chamber containing silica gel to mimic the hospital environment
by controlling the humidity below 30% at 22◦C temperature.

To provide an identical experimental condition for all drying methods, as
stated in the section 3.1, we prepare a separate sample at each time point of
the measurements. After desiccation, the samples are placed in a covered Petri
dish and stored for two months in a chamber equipped with silica gel to control
humidity. Bacterial cells are captured using scan-asyst mode in the air with
the scan rate of 0.4 Hz (for the hydrated sample) to 1 Hz (for the freeze-dried
and air-dried samples) and a pixel number of 512 × 512 per line.

Figure 5.1 shows an example of morphological changes of A. baumannii
ACICU cells at 1h, 6h, 24h, 48h, 72h, one week, two weeks, three weeks, one
month, and two months intervals, under various drying methods. We recognize
a decrease in the cell height for all samples over time, particularly, after two
months of desiccation, given that the color bar is adjusted to a constant value.
However, this reduction of height is not identical for all samples, as the bacteria
are exposed to different stresses in each drying process.
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Figure 5.1: AFM image of dried A. baumannii ACICU morphology by main-
taining in water, freeze-drying and air-drying methods during long-term desic-
cation.
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A more detailed inspection of height variations shows that the hydrated
cells have a higher height relative to the freeze-dried and air-dried cells at all
measurement times, except for the sample that is measured after two months.
We also notice that the freeze-dried cells form larger clusters compared to the
hydrated and air-dried cells, which can be due to either slow drying under
vacuum or freezing process. In addition, examination of peak force images,
simultaneously captured for all the samples shown in Figure 5.1, reveals an
intact morphology for the hydrated A. baumannii ACICU cells mostly having
a mild depression in their outer membrane. In the case of freeze-dried cells,
the presence of long and thick fibers around the clusters of cells can also be
clearly detected (images will be shown later in detail).

Taken together all our observations from AFM height and peak force im-
ages, the most striking findings to address is strange and abnormal behavior
of the cells after two months of drying. These cells having the intact morphol-
ogy with considerably larger height throughout the drying period, suddenly
show a sharp decrease in cell height and a damaged cell membrane after two
months. Nevertheless, the visual inspection of the AFM images has not shown
a significant change in the morphology and even height of the freeze-dried and
air-dried cells after prolonged desiccation. First, we inquire about the morpho-
logical changes of A. baumannii ACICU cells under different degrees of drying
stress to figure out how drying methods cause either damage to the cellular
structure or alter it. Secondly, morphological alterations of these cells due to
the prolonged desiccation needs to be examined by focusing on the cells in
the first hours of desiccation and their changes after two months of storage.
Eventually, the effect of various drying methods and prolonged storage under
simulated hospital environments on desiccation survival of these cells will be
evaluated by cell viability measurements.

5.2 The impact of environmental stresses on bacterial
cell structure

To get a deep insight into the effect of drying methods on cellular structure,
we compare the morphology of hydrated, freeze-dried, and air-dried cells at a
specified time. The bacterial samples are selected after 24 hours of desiccation
to draw a clear distinction between the hydrated cells and air-dried cells (see
the materials and methods).

Figure 5.2 provides the visual inspection of the hydrated, freeze-dried, and
air-dried cell morphology beside cell membrane deformation examination with
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the AFM height and peak force images. From panel A, it is immediately
evident that the hydrated cells display a larger height (blue color) compared
to the freeze-dried and particularly to the air-dried cells (green-color).

We also realize the large depression in the air-dried cell outer membrane,
however, given the height disparity in boundary cells, this structural deforma-
tion does not seem to be similar for all cells into the cluster. This discrepancy
in the depression of the cell membrane between the central and boundary cells
is also obvious in hydrated and freeze-dried samples. Hence, we perform a set
of analyses on cell membrane deformations by drawing lines on the cell sur-
face. Panel B illustrates the profile of the central and boundary cells, which are
marked in panel A, relevant to hydrated, freeze-dried, and air-dried samples.
It is worth noting that since the images are flattened, we can compare the cell
length, height, and especially the depth of cell membrane depression among
different dried cells.

The obtained results from Figure 5.2, clearly confirm our observations that
the air-dried cells have a greater cell membrane depression than freeze-dried
and particularly hydrated cells; that respectively measure at about 112 nm,
98nm, and 42 nm for the central cells. The boundary cells also follow the
same trend as the central cells with more pronounced depression in their cell
membrane.

Furthermore, by comparing the cell profiles it can be seen that the cen-
tral cells reveal the symmetric depression in the center of the cell membrane,
whereas the boundary cells are found with a tendency to stick to the inner
clustered-cells. For more detail, in the area that boundary cells are in contact
with the substrate, the lower cell height is detected, and on the other side where
they are in touch with the inner clustered-cells, a more substantial height is
observed. Another interestingly finding from the cell profiles is that regardless
of the cell position, either central or boundary, the hydrated cells demonstrate
a higher height above 500 nm, which is significantly higher than the air-dried
cells with a height of less than 400 nm. On the other hand, freeze-dried cells
by retaining their height similar to the hydrated cells (500 nm) and showing a
deep cell membrane depression approximately 98 nm, which is comparable to
the air-dried depression, display an intermediate behavior.

Taken to account all observations, there is a noticeable difference in cel-
lular structures of hydrated, freeze-dried, and air-dried cells in terms of cell
height and cell membrane depression as a consequence of various environmental
stresses. Given that the hydrated cells are maintained in aqueous solution, they
reasonably can retain more intracellular water. Therefore, such cells exhibit
greater height and detect with mild depression in their outer cell membrane.
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Figure 5.2: Desiccation impact on A. baumannii ACICU cell structure under
various drying stresses through the freeze-drying and air-drying conditions, and
for the hydrated cells under osmotic stress (A), the profile of cells in the center
and boundary of the clusters with their outer cell membrane depression (B).

Before evaluating the effect of different drying methods on the desiccation
survival of the cells, we first address the impact of long-term storage on the
bacterial cell morphology under the simulated hospital environment.
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5.3 The impact of prolonged desiccation on bacterial
cells exposed to different environmental stresses.

A. baumannii ACICU

To further examine prolonged desiccation effects on A. baumannii ACICU cells
that are prepared by various drying methods, we focus on the morphology al-
teration of the cells after two months of storage compared to the first hours
of drying. Thus, Figure 5.3 illustrates the AFM height and peak force im-
ages for hydrated, freeze-dried, and air-dried cells at mentioned time points.
From Figure 5.3, the hydrated cells are observed with larger height (in blue
color) than freeze-dried and air-dried cells, as previously stated (see Figure
5.1). Subsequently, there is an apparent decrease in the height of all hydrated,
freeze-dried, and air-dried cells after two-month of desiccation (Panel B). Sur-
prisingly, despite that hydrated cells display a larger height consistently, their
height decreases more further than other cells after two months. The hydrated
cells, therefore, are observed as a group of cells that few of them appear with
large height (blue color) and often with low height (red color), suggesting the
collapse of the cells. This diversity in the cell height makes it difficult to visu-
ally compare the height of the hydrated cells with the freeze-dried and air-dried
cells. Additionally, we detect leaf-like structures around clusters of hydrated
cells, which can be associated with intracellular material leakage from the dam-
aged cells. These leaf-liked structures are similar to what we observed around
the A. baumannii ACICU cells that had been suspended in LB nutrients (see
Figure 4.12).

Generally, we speculate that this stability in the morphology of freeze-dried
and air-dried cells during prolonged desiccation may be due to the primary and
rapid drying effect on the outer cell membrane whereas the vulnerability of the
hydrated cells may describe the erosive impact of osmotic stress on their cell
wall. It seems that maintaining the cells in water can cause weakness in the
cellular structures such that they cannot morphologically tolerate desiccation
stress much as freeze and air-dried cells. Subsequently, the hydrated cells
lose their intracellular water further and dramatically over a prolonged time.
To get a better understanding of the cellular changes, especially after long-
time storage under dry conditions, we carry out statistical analysis for each
sample summarized in Table 5.1. The average and standard deviation of the
cell dimensions, volume, and surface parameters are calculated for more than
30 bacterial cells and reported at specified time points.

From the table above, we initially realize that the length and width of
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Figure 5.3: Distinction of hydrated A. baumannii ACICU morphology from
the freeze-dried and air-dried cells subject to the long-term desiccation.

the cells in all drying methods are not changed during long-term desiccation,
indicating a coccus morphology with the ratio of L/W=1.21 ± 0.05 for A.
baumannii ACICU cells. A closer look at the data in Table 5.1 shows that the
cell height in each of the drying methods decreases due to the gradual loss of
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Table 5.1: Average cellular dimensions (± SD) of A. baumannii ACICU cells main-
tained in sdH2O, freeze-dried, and air-dried during the time.

cellular water over two months. We also see that although hydrated cells always
exhibit higher height than other cells, their height declines sharply after two
months to 321nm, which is even lower than the air-dried cell height measured
at 331 nm. This analysis confirms our observations regarding the morphology
changes of the cells during prolonged desiccation. Another interesting result is
that the cell surface parameter for each hydrated, freeze-dried, and air-dried
cell does not change over time. As the cell surface remains constant, and the
height of the cells decreases, the cell volume subsequently decreases over long-
term desiccation as a function of these two parameters. Together, these changes
lead to an increase in the surface-to-volume ratio, so that for the hydrated cells,
this parameter is calculated to 2.12 µm-1 at first hours and 4.49 µm-1 after
two months of desiccation, indicating a cell collapse. It is worth recalling that
given our previous findings, we expect hydrated cells with the lowest surface-
to-volume ratio to show the highest desiccation resistance compared to other
cells, except for its cells after two months.

These observations will be examined further by cell viability assessment, but
before that, we scrutinize cell volume variations as a main cellular feature that
is significantly influenced by prolonged desiccation. To this aim, we calculate
the percentage of volume variations for all hydrated, freeze-dried, and air-dried
cells relative to their initial cell volume, as shown in Figure 5.4. A downward
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trend of volume variation in all cells that can be attributed to the loss of
cellular water during prolonged storage. But cell volume does not decrease
for all cells with an identical ratio, which clearly shows the effect of different
drying methods on cell volume.

Figure 5.4: Cell volume variation of desiccated A. baumannii ACICU cells
during two months.

Accordingly, given the data provided in the Table (4.3), the volume of
hydrated, freeze-dried, and air-dried cells at the first hours of drying is 0.486
µm3, 0.336 µm3, and 0.269 µm3 respectively, suggesting that the freeze-dried
and in particular air-dried cells significantly lose their volume when exposed
to air. Thus, the volume variations of these cells over the two months are
comparatively less. Another interesting finding is that hydrated cells show the
highest volume of the cells, nonetheless, we notice the largest reduction in the
volume of these cells. As can be seen in Figure 5.4, the hydrated cell volume
declines sharply up to 72 hours after desiccation, in which the hydrated cell
volume is comparable to that of the air-dried cells, approximately 0.280 µm3.

This result indicates that water cell maintenance leads to the preservation
of cell volume for a limited number of days. Given that the main difference
between hydrated and air-dried cells, in particular, in the first hour of desic-
cation (0 hours) is a short time that hydrated cells exposing to the air; thus,
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the significant variations in their volume, which measured 0.486 µm3 and 0.269
µm3 respectively, implying the instant effect of desiccation on the bacterial cell.

Further analysis from Figure 5.4, reveals that each of the hydrated, freeze-
dried, and air-dried cells respectively loss 54%, 29%, and 27% of their initial
volume within two months of desiccation. Such findings, in the light of the
AFM technique providing 3D data, indeed give us an insight into how much
water the bacteria may lose during desiccation and allow us to calculate the
amount of intercellular water.

A. baumannii ATCC 19606

After having discussed the impact of various degrees of desiccation on A. bau-
mannii ACICU cells, we now examine the morphological response of A. bau-
mannii ATCC19606 cells as laboratory strains in such environmental stresses
to verify the accuracy of observations. For this purpose, similar to A. bauman-
nii ACICU strain, the laboratory bacterial cells are grown in LB medium under
vigorous shaking and incubated at 37◦C. The hydrated, freeze-dried, and air-
dried cells of A. baumannii ATCC 19606 strains prepare with the same drying
procedures described in section 3.2. We then store the prepared freeze-dried
and air-dried samples in a sealed chamber with silica gel for humidity control
(16 ±4 % RH and 21±1◦C) to examine the long-term desiccation effects on
A. baumannii ATCC 19606 cells. The bacterial cell morphology is measured
using the AFM peak force technique in specific time intervals of 1h, 6h, 24h,
48 h, 72h, 1week, 2week, one month, and two months. With the aim of closer
inquiry into the effect of long-term desiccation in addition to the various desic-
cation stresses on A. baumannii ATCC 19606 cell morphology, we focus on the
samples measured at the first hour and after two months of drying. Therefore,
Figure 5.5 demonstrates the AFM height and peak force images of hydrated,
freeze-dried, and air-dried cells that comparable to data presented in Figure
5.3 for A. baumannii ACICU cells.

Comparison of A. baumannii ATCC19606 cells at the first hours of drying
allow us to study the effect of different drying methods on the morphology
of the bacterium. At first glance, we observe that the air-dried cells have a
lower height than other cells because they dried faster than freeze-dried cells
and are exposed to air longer than hydrated cells. Conversely, the height of
the freeze-dried and hydrated cells does not vary significantly. From the peak
force images the A. baumannii ATCC19606 cells are typically identified as
rod-shaped morphology with a length-to-width ratio of 1.78± 0.11 (Table 4.4),
whereas morphology diversity for this strain including coccus, coccobacillus,
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Figure 5.5: Morphological response of A. baumannii ATCC19606 to various
degrees of desiccation.

and elongated forms is also detected in all the samples. In the case of air-
dried method, the cells often deform and show an awkward shape so that the
boundary between the cells is not clearly defined. Evident depressions in the
cell membrane of freeze-dried cells are detectable, which may be attributed to
the compression of these cells during the freezing process. Comparison of the
AFM images obtained for A. baumannii ATCC 19606 at the first hours and
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after two months of drying reveal the morphological response of the hydrated,
freeze-dried, and air-dried cells to prolonged desiccation. Examination of the
AFM height images display a significant decrease in the height of the hydrated
and air-dried cells, while interestingly, there is no such drop in the freeze-dried
cells indicating the ability of the cells to maintain their height.

Table 5.2: Average cellular dimensions (± SD) of A. baumannii ATCC 19606 cells
maintained in sdH2O, freeze-dried, and air-dried during the time.

More precisely, as reported in Table 5.2, the height of the hydrated cells
decreases from 0.288± 0.03 µm at the first hours of drying to 0.199± 0.03 µm
after two months. This change is equal to 0.251± 0.02 µm and 0.227± 0.03µ
at the same time for the air-dried cells, respectively. Such more reduction in
the height of the hydrated cells is mostly due to the osmotic stress applied to
the cells when being preserved in water. In addition, the hydrated cells show
a collapsed morphology characterized by the presence of intercellular material
leakage around the cluster, which is very similar to our observations on A.
baumannii ACICU hydrated samples. The effect of prolonged drying on the
morphology of air-dried cells is identified by the appearance of pores on their
outer cell membranes. Such pores which are indicated by white circles in the
figure, suggest significant damage to the cell membranes that can be interpreted
as a cell death sign. As the morphology of freeze-dried cells does not greatly
change during long-term desiccation, it seems that A. baumannii ATCC 19606
cells are able to preserve their cellular structure under this drying method.
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A closer look at Table 5.2 reveals that the cell’s length, width, and surface
parameters are independent of the long-term drying process, and indicate no
noticeable change over time. In fact, the effect of prolonged drying is observed
mainly by reducing the volume and height of cells, which is attributed to the
removal of cellular water over time. These alterations subsequently result in
an increase in the surface-to-volume ratio in all hydrated, freeze-dried, and air-
dried samples for the A. baumannii ATCC 19606 species, which can contribute
to cell disintegration. It should be noted that the reason that the changes in
A. baumannii ATCC 19606 cell parameters do not exhibit a uniform trend can
be related to the morphological variability identified in the measured samples.

5.4 Desiccation survival of A. baumannii under
different environmental stresses

To clarify how desiccation stresses influence A. baumannii ACICU cells, besides
the morphological investigation, we performed a cell viability assay by counting
a viable formed colony (CFU) to examine the desiccation survival of these cells.
Figure 5.6 compares the viability of hydrated (green columns), freeze-dried
(blue columns), and air-dried (red columns) A. baumannii ACICU cells during
long-term desiccation. It is clearly seen that the hydrated cells exhibit the
highest ability to withstand desiccation so that the amount of CFU decreases
by just half a log after two months. In comparison, the air-dried cells with a
high sensitivity to drying lose their viability over one months, and practically
no viable cells are observed in the second month of measurement. On the other
hand, the freeze-dried cells, are able to maintain a relatively constant amount
of CFU only 48h after drying; and after that time, they’re losing their viability
with a decreasing rate.

An unusual characteristic of these cells is that given the relative preservation
of CFU up to two weeks after drying, which is more than the CFU of air-dried
cells, the survival of the cells rapidly decreases so that no live cells are detected
at the next measurement time point, i.e. after one-month desiccation. The
effect of the stresses induced by desiccation is evident due to the different
responses of the cells to drying. Within the first hours of desiccation, as air-
dried cells are exposed to the air for complete drying, they lose their viability
to a large degree, indicating an immediate effect of drying on cell survival. In
contrast, the hydrated cells indicate a constant and highest desiccation survival
and retain their viability over time, despite the significant reduction in their
height after two months. Therefore, hydrated cells display inconsistency in
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Figure 5.6: A graph of cell viability of hydrated, freeze-dried, and air-dried A.
baumannii ACICU by counting the viable forming colony (CFU) assay.

preserving their morphological structure and corresponding viability. This may
be due to the fact that long-term preservation of cells in a water solution
contributes to the cell wall weakening due to osmotic pressure. Thus, as soon as
the cells are exposed to air, the cell wall is unable to withstand the drying stress,
resulting in cell collapse. To verify the preceding observations, we perform
a cell viability assessment on A. baumannii ATCC 19606 cells. Figure 5.7
demonstrates a comparison of the viability of cells prepared by hydrated, freeze-
dried, and air-dried methods.

At first glance, we see that the hydrated cells retain their viability for up
to two months, however, they show a greater decrease compared to the A. bau-
mannii ACICU cells within this period. This supports our earlier findings that
preserving cells in aqueous solution contributes to longer drying cell survival.
A decreasing pattern is clearly seen in the survival of air- and freeze-dried cells
for up to a week, and after this time these cells lose their viability entirely.
On the other hand, lower CFU levels in A. baumannii ATCC 19606 cells and
loss of viability after two weeks suggest less desiccation resistance of these cells
compared to A. baumannii ACICU cells, particularly for air-dried and freeze-
dried cells. These results are in agreement with the findings reported in the
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Figure 5.7: A graph of cell viability of hydrated, freeze-dried, and air-dried A.
baumannii ATCC 19606 by counting the viable forming colony (CFU) assay.

literature. Furthermore, contrary to what is found with A. baumannii ACICU
cells, we note that air-dried A. baumannii ATCC 19606 cells exhibit greater vi-
ability than freeze-dried once, suggesting that these cells are not able to survive
well under freezing conditions.

5.5 Analysis of bacterial cell characteristics in single-cell
form versus clustered cells.

While examining all the samples prepared by the methods described before, we
found that the single-cells have a lower height than clustered cells, regardless
of the sample drying procedure.

An example of this observation is given in Figure 5.8 that shows an AFM
height image of hydrated ACICU bacteria in different aggregation mode in-
cluding single-cells, small multicellular clusters, and large clusters.

It is clearly seen that the cells in the latter have a height of up to 650 nm
which is considerably greater than single-cells whose height reaches a maximum
of 350 nm. In order to find a reasonable correlation between the effect of the
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Figure 5.8: Distribution of A. baumannii ACICU cells in single-cell form, small
and large cluster.

presence of a cell in a cluster and its corresponding cellular parameters and
also to identify a general pattern of cluster-dependent cellular behavior under
various environmental stresses, we perform statistical analysis on the cell sur-
face and volume parameters for all three types of air-dried, freeze-dried and
hydrated cells at two time points of 0h and 240h of desiccation.
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Figure 5.9: characterization of cell volume and surface depends on the size of
the cluster. Panel (A) refers to the cell volume variation versus increasing the
cell number in clusters, and (B) indicates the cell surface variations based on
the cell number in clusters.

Figure 5.9 indicates the variations in volume (Panel A) and surface area
(Panel B) of the cells as a function of the number of cells forming a cluster.
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In this respect, in order to make a meaningful comparison between clusters of
different sizes, we normalized the surface area and volume of each cluster by
dividing them by the number of cluster cells. In these figures, the freeze-dried
cells are blue, the hydrated cells are green, and the air-dried cells are red at 0h
(dark colors) and after 240h (light colors) of desiccation.

According to the Figure 5.9A, it can be shown that the volume remains
relatively constant with increasing numbers of cells in the cluster, indicating
that the volume parameter is independent of the number of clustered cells.

Figure 5.10: surface to volume ratio of A. baumannii ACICU cells from a
single-cell state of an individual cell in a large cluster.

Nevertheless, volume variations are observed in small clusters (less than 10
cells aggregation) within the range of 0.2 µm3 to 0.4µm3, frequently associated
with hydrated cells, indicating that the bulk of volume changes occur in single
cells or small clusters. Figure 5.9B, on the other hand, shows cell surface
changes against the number of cluster-forming cells. As shown, this parameter
demonstrates a decreasing trend with increasing cell number, changing from
1.4 µm2 for single cells to about 0.8 µm2 for large clusters (more than 100 cells
aggregation). It is worth noting that the lowest cell surface area is observed in
air-dried cells with surface values of less than 1 µm2. Such findings, consistent
with work published in the literature, indicate that rapid drying of cells in the
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air may contribute to their shrinkage (Potts, 1994; Lebre et al., 2017). As
the cell’s overall morphology depends on the simultaneous changes in surface
parameters and their volume, it is, also, desirable to plot the variation of the
surface-to-volume parameter as a function of cell number. The result is shown
in the figure 5.10. The graph shows a gradual decrease in the ratio with the
increase of cell numbers quite consistent with the variation of the cell surface
(Fig 5.9 B), obviously owing to the presence of fairly constant values of cell
volumes in the denominator of the surface-to-volume ratio (Fig 5.9 A).

In order to take all cellular morphological changing into account, regardless
of desiccation methods, a regression analysis was used to quantitatively predict
the variation of S/V versus cell numbers, yielding an exponential relationship
with a determination coefficient of 0.82. The results show that the presence of
cells in the cluster leads to a decrease in the cell surface-to-volume parameter
as well as the cell footprint. Also, as shown in the previous sections, cells
with lower footprint and surface-to-volume volume also exhibit higher drying
resistance. It can, therefore, be inferred that the formation of large clusters of
cells can be considered as a mechanism for cell resistance to drying
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Chapter 6

The influence of storage
conditions on bacterial cell

changes

In addition to the long-term desiccation and different drying methods addressed
in the previous sections, the condition of bacterial storage has also been doc-
umented to be a significant factor in the survival of bacteria (Jawad et al.,
1996; Morgan et al., 2006; Mutlu et al., 2015). In this respect, Jawad et al.
reported that the survival times for Acinetobacter strains at a higher relative
humidity (31% and more) are longer than those for bacterial cells kept at a
relative humidity of 10% (Jawad et al.,1996). This finding is consistent with
the observed tendency of A. baumannii ACICU cells to survive on dry surfaces
and hospital equipment, and they can be transferred under dry conditions in a
hospital environment during nosocomial infection outbreaks. Most researches
have therefore attempted to examine the Acinetobacter strains characteristics
in a hospital condition by using either a variety of salt compounds or silica-gel
for humidity control (Jawad et al., 1998; Espinal et al., 2012; Icardo et al.,2018;
Zeidler and Muller, 2019). Given the importance of simulating such conditions
for bacterial survival studies, in this section, we intend to explore whether
long-term storage of bacteria with salt or silica for humidity control similar to
hospital conditions has an impact on the bacterial structure. It is worth notic-
ing that we implement a labeling technique named as SMSF approach allowing
us to evaluate the morphology of a particular cluster over long-time storage in
dry conditions.



6. The influence of storage conditions on bacterial cell changes

6.1 long-term storage with salt under simulated hospital
conditions

.

Studies over the past decades have provided important information on des-
iccation tolerance of Acinetobacter species, however, most of them suffer from
poor morphological analysis of these strains over prolonged desiccation. Here,
we initially examine the morphological changes of the A. baumannii ACICU
bacterial cells, according to an instruction proposed by Jawad et al. (1998),
who used salt for preserving bacterial samples to simulate hospital conditions.
With this aim, the A. baumannii ACICU bacterial culture is prepared based on
Jawad protocol (see section 3.3), and then desiccated bacterial cells are placed
in the un-covered Petri dishes in an air tight transparent plastic box containing
saturated salt solution (CaCl2 × 6H2O) to maintain the humidity inside the
box around 30% RH.

In order to examine the morphological changes of a specified cluster during
long-term storage in dry conditions, we propose a novel approach to find, store,
and re-find the same cluster at different interval time points. This approach,
named SFMSF, is implemented by marking a glass slide to find an appropriate
cluster in terms of size and to record the cluster distance from the substrate
marks to find the intended clusters (see the material and method section 3.5).

The bacterial cluster is scanned employing the AFM Scan-Asyst mode on
the air with the scan rate of 1 Hz under ambient conditions. We regularly
perform the imaging process of the intended cluster over different time intervals,
i.e., 1h, 6h, 24h, 48h, 72h, 1week, 2weeks, 3weeks, one month, two months, and
three months after desiccation. After each measurement, the bacterial sample
is stored under simulated hospital conditions in the presence of the salt for
humidity control (RH 30% temperature 22◦C).

Figure 6.1 shows the representative images of specified A. baumannii ACICU
cell morphology at selected time points during three months of storage under
simulated hospital conditions with salt. Based on the images obtained, the
majority of A. baumannii ACICU cells are identified in rod-shaped morphol-
ogy with a length-to-width ratio of 1.6; however, few of them appear in coccus
type. The rod-shaped morphology is mainly associated with the growth condi-
tions used to prepare the bacterial culture, highlighting the dependency of cell
structure changes to growth conditions in line with our findings in the section
4.2.
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Figure 6.1: long-term desiccation of A. baumannii ACICU specified cluster
(A) AFM height image during three months monitoring of bacterial cell. (B)
Crystals form materials growing by the time and regular shapes.

Examination of AFM images reveals no significant changes in cell height
over three months of measurement that may be attributed to the fact that
these cells lose much of their intracellular water during the air-drying process
(see section 5.1).

On the other hand, after a week, we notice the appearance of small particles
on the substrate and the surface of several bacterial cells that grow over time
and gradually form regular crystals. Panel B displays the high-resolution peak
force images of these clustered cells after three months in which these nano-
crystals decorate the surface of the bacterium by creating triangular and cubic
shapes.
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Figure 6.2: Outer cell membrane pores appearance, intracellular materials re-
leasing and grew up the crystals on the cell surface and around the cells.98



long-term storage with salt under simulated hospital conditions

Interestingly, these crystals do not appear within a certain distance around
the cluster, i.e. inside the exclusion region. As summarized in Table 6.1,
these crystals can vary from diameter and height of about 40 nm and 100
nm respectively in the first week to approximately 90 nm and 300 nm after
three months of storage. Moreover, a closer inspection of the images revels
the presence of pores on the outer cell membranes, becoming more pronounced
over time, as shown in the following figure.

It is worth noticing that, we imaged other bacterial cells under the same
storage conditions to ensure the precision and repeatability of the observations,
all of which represent the same results. Figure 6.2 (Panel A) shows a detailed
comparison of cell surface changes for bacteria stored with saturated salt under
hospital condition after one week and three months. In order to highlight the
cell pores, the captured peak force images have been improved. Such pores that
are detectable within the first week of storage, gradually increase in number and
become more evident over time. As the pores on the cell wall appear, we also
notice the leakage of intracellular material that can be associated with these
cell pores, with an average depth of 30 nm, they are large enough to allow the
intracellular material to be released. Panel B, in Figure 6.2, represents highly
detailed magnified 3D images of cell pores corresponding to the area specified
in the inset of AFM height images.

The upper row provides three-dimensional images of a very uneven cell
surface including multiple pores at three different angles from the side, top,
and down views; whereas the lower row, for example, specifically focuses only
on one of the pores of the cell wall with a diameter of 27 and 17 nanometers,
respectively. The down view image clearly shows the depressions of the pores
penetrating into the cell wall with different and irregular depths. The depth of
these pores can vary around 40nm from the highest part of the cell surface to
17nm compared to the cell surface around the pores. Furthermore, the pores
themselves can appear as funnel-shaped (as seen in the bottom row for single
pores), which can drive the protein pathway out of the cell.

Further analysis of membrane pores, reported in Table 6.1, confirms the
rise in pores numbers from 7 within a first week to 25 pores number after three
months, for all the cells in cluster shown in Figure 6.2, with an average depth
of 30.67± 15 nm and a diameter of 63.4± 12 nm. This phenomenon, i.e. cell
membrane pores increment, may also be linked to rougher cell surface over
time.

Thanks to the AFM technique, we successfully identified the formation of
membrane pores, as an evolutionary pathway that mediates cell death, for the
intact and specified bacterial cells over time by implementing the SMSF ap-
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Table 6.1: A. baumannii ACICU cell membrane pores and crystal dimensions.

proach. Nevertheless, to the best of our knowledge, the emergence of membrane
pores for intact bacterial cells, particularly A. baumannii ACICU, without any
manipulation and treatment has never been reported in the literature. Taken
together, all observations, suggest that the storage of samples in the presence
of salt may prompt the formation of regular crystals on the substrate and cell
surface, as well as the appearance of cellular pores, and leakage of intracellular
materials. However, to examine whether the formation of crystals is due to the
presence of the salt or can be arising from bacterial suspensions, we carried out
two parallel experiments on different concentrations of bacterial suspensions
stored with salt and without salt. The results (not shown here) revealed that
these crystals occur only in the samples that are stored with salt and are not
linked to bacterial cell suspensions. Recalling that we have previously identi-
fied cell membrane pores in rod-shaped bacteria (discussed in section 4.2), it
can be argued that crystal formation and the emergence of membrane pores
could be correlated to bacterial growth conditions.

6.2 The effect of long-term storage with salt and silica
on bacterial cell at different growth phases

. In order to ensure that these observations are undoubtedly a consequence of
the samples storage with salt and are not due to the vulnerability of the cellular
structure, we design a supplementary experiment. As such, the bacterial cul-
ture will be prepared based on the optimal conditions that we have introduced
in this study and harvested at different growth phases that have different abil-
ities to withstand desiccation. Then we store the samples simultaneously in a
sealed chamber containing either salt or silica-gel for humidity control, mim-
icking the hospital conditions. With this purpose, we have grown the bacteria
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in LB medium in a flask with vigorous shaking at 37◦C overnight, precisely
the same as described in section 4.1. Then, the bacterial cells are harvested
in logarithmic, late-logarithmic, stationary, and late-stationary growth phases.
For each growth phase, we prepare two bacterial samples to store them simul-
taneously in a sealed chamber containing either salt or silica-gel for humidity
control.

The extent of salt and silica gel is adjusted to provide the humidity below
30 % at the 22◦C temperature to simulate the hospital conditions. A digital
thermo-hygrometer is used to monitor RH and temperature for each storage
condition. We employ the SMSF approach to image the morphological changes
of the intended bacterial cells in each sample at different time points i.e. after
1h, 6h, 24h, 48h, one week, two weeks, three weeks, and one-month of storage
with salt or silica.

Figure 6.3 shows the acquired peak force images from the bacterial cell at
different growth phases only in two-time points, in the first hour, and after
one month of storage in both conditions. As can be seen in this figure, all
bacterial cells at each phase of growth are identified by coccus morphology
and are distinct from those cells in the previous section. This morphological
diversity is assumed to be directly related to bacterial growth conditions.

The visual examination of salt-stored samples (panel A) shows the appear-
ance of regular nanocrystals for cells at the logarithmic phase. These crystals
are indeed particles, observed within the first week of storage, grow over time
and form regular crystals. Nevertheless, no particles or nanocrystals have been
observed in other growth phases for salt-stored cells even after one month. We
speculate that, as logarithmic phase cells have less desiccation resistance than
cells from other growth phases, the appearance of crystals only in the loga-
rithmic growth phase may be related to the weaker nature of these cells. On
the other hand, panel B displays the morphological evolution of silica-stored
cells at various growth phases. Surprisingly, no nanocrystalline shape is ob-
served at any phase of growth, even in the logarithmic phase, the cells of which
are weaker. By simultaneously comparing the salt and silica stored samples,
and considering the absence of crystals in the logarithmic phase of silica-stored
cells, it can be concluded that keeping the samples in salt causes crystals to
form.

Short summary As in section 4.2, we demonstrated the coccus cells can
survive desiccation better than the rod-shaped cells, or at least they are able to
preserve their morphology intact without evident membrane pores. Therefore,
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Figure 6.3: peak force AFM images of A. baumannii ACICU cells at a different
phase of growth preserved by the salt (A) and silica gel (B) during one-month
desiccation.

this phenomenon (crystals formation) could arise from the potent morphology
of coccus cells compared to rod-shaped cells. On the other hand, the lack of
crystals in the logarithmic phase for the silica-stored cells could be evidence
of this fact that storage the bacteria with salt may enhance the formation of
those crystals on bacterial cells.
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Conclusions

This thesis is based on the study of the morphological changes of Acinetobacter
baumannii ACICU under drying stress using Atomic Force Microscopy. Before
systematically examining the morphological changes of the bacterium under
desiccation, the intrinsic shape and structure of the A. baumannii cell must
first be properly identified. This is essential because the bacterial cell wall
is first barrier to protect the bacterium from environmental stress, and any
alteration and damage to the cell wall directly affects cell survival. It has been
widely reported that many factors are involved in the shape of the bacterial
structure and its resistance to desiccation, including the effect of growth phase,
growth conditions, and growth mediums.

In this research, we first studied the effects of each of these factors on the
bacterial cell morphology and its resistance to drying. We then determined the
optimal growth conditions and growth phase of the bacterium to desiccation
survival, primarily concentrating upon examining maximum survival (growth
rate) and highest drying resistance. Once we identified the conditions under
which the bacteria were more resistant to desiccation, we then studied the
effects of various degrees of drying stress on cellular structure and survival over
the duration of two months, including hydrated, freeze-drying, and air-drying
processes.

It is worth noting that we also examined the morphological response of the
A. baumannii ATCC 19606 bacterium under the same drying methods and
compared the results with our findings on A. baumannii ACICU. We tried to
simulate hospital conditions in our study as the conditions of bacterial storage
have been established as a factor that can significantly affect bacterial survival.



6. The influence of storage conditions on bacterial cell changes

Providing hospital conditions for a bacterium requires maintaining environmen-
tal conditions at temperatures of 20◦C and humidity below 30%. The method
we employed included preservation with salt, based on instructions from Jawad
et.al.1996, and silica gel.

Bacterial growth phase

We described a general morphology of A. baumannii ACICU cells as a coccus
shape, with a length to width change rate of L/W=1.2. This structure was
thoroughly maintained under the growth phase. However, in the logarithmic
phase, the cells were larger and exhibited a greater height. It is noteworthy
that while coccus morphology formed the dominant structure of the bacteria,
the analysis of multiple larger-scale AFM images revealed the sporadic presence
of some A. baumannii ACICU cells with a rod structure and average length
of 4µm. These bacteria, which comprised only 1.2% of the total population of
the studied cells, were no longer observed after entering the stationary phase.

More precisely, the observations showed that, when entering the stationary
phase, the A. baumannii ACICU bacterium undergoes a cell contraction (i.e.
becomes more coccus in form), so that the length and width of the bacterium
decrease from 1.29± 0.15 and 1.08± 0.11 µm in the logarithmic phase to 0.96±
0.17 and 0.79 ± 0.10 µm in the stationary phase, respectively. This shrinkage,
in turn, resulted in a decrease in cell height. In addition, the bacterial surface
area reached its lowest value in the stationary phase of the growth process,
contracting to 0.677 ± 0.17 µm2. Nevertheless, as the bacterium went through
the stationary phase, this trend was not preserved, and the surface of the
bacterial cells increased, which might be a consequence of the disintegration
of the cell into the death phase. Cell survival evaluation showed that the
logarithmic-phase bacteria are highly susceptible to drying and lose significant
viability (2 logs) upon exposure to air. In contrast, the highest desiccation
resistance was observed in stationary phase cells, with no significant change in
cell viability even after one week of drying.

In light of the CFU count results and given cell morphology changes, we
argued that the cells that have minimal surface are associated with higher
resistance to desiccation. Therefore, the shrinkage of the cells during the growth
can be considered a resistance mechanism of the bacteria to survive desiccation.
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Bacterial growth conditions

It is well known that several factors, such as PH, temperature, oxygen, etc., play
a significant role in bacterial growth conditions. Since A. baumannii ACICU
is an aerobic bacterium, we assessed structural changes of the cell on the basis
of the amount of oxygen available during development. In this regard, we
designed our experiments under two distinct conditions of flask-shaking and
tube-static, in which the amount of oxygen available in the latter conditions
was greater than in the former.

As mentioned earlier, during bacterial growth, most of the morphological
changes occur in the logarithmic and stationary phases. Accordingly, growth
curves obtained during 48 growths for both flask-shaking and tube-static con-
ditions to collect the bacteria in these two phases. The obtained growth curves
showed distinct dissimilarities for the flask-shaking and tube-static conditions.
The obtained cell density for the tube-static bacteria, ca OD600 = 1.5, was 4 ×
lower than that of the flask-shaking case. Furthermore, the cells in the tube-
static condition grew at a slower pace, experiencing a rather long logarithmic
phase of more than 24h and reaching the stationary phase after 30 hours of
growth, i.e. at a time 5× longer.

Cell morphology analysis indicated that bacteria grown in flask-shaking
condition appeared in both logarithmic and stationary phases with a coccus
morphology that had a length-to-width ratio of 1.2, whereas bacteria grown un-
der tube-static conditions displayed a rod morphology with a length-to-width
ratio of 1.6 in both phases. The average measured height of flask-shaking bacte-
ria was 386nm and was 238nm for tube-static bacteria. In addition, the average
surface-to-volume parameter was calculated for both phases as S/V=5.3µm−1

for tube-static rod-shaped cells and S/V=3.08µm−1 for coccus flask-shaking
cells. This result confirms that the tube-static cells have a larger footprint,
which correlates well with our observation reported in the previous section
that a larger cell relative footprint is linked to a lesser survival performance.

A closer inspection into cellular characteristics changes in those conditions
showed that the difference in S/V is due to the larger cell surface parameter in
the tube-static condition, as the volume changes in both growth conditions are
not significant. Therefore, the cell surface, as a function of cell length, can be
considered a representative parameter in morphological change of bacteria. By
taking into account all of our observations of A. baumannii ACICU cell changes
as a function of the growth phase and growth conditions, we determined the
bacterial growth conditions, with particular attention to oxygen availability
that served as a main effective factor in cell morphology alterations.

105



6. The influence of storage conditions on bacterial cell changes

Cell viability was evaluated using CFU to analyze the conditions under
which the bacteria displayed the highest drying resistance. In general, the
cells that were grown in the tube always showed less resistance to drying than
the flask cells; however, regardless of the growth conditions, the bacteria were
found to be more susceptible to desiccation (CFU reduction of about two logs)
in the logarithmic phase. The results demonstrated that the highest resistance
to desiccation was associated with the A. baumannii ACICU cells, which were
grown in flask condition and harvested during the stationary phase. Since the
cells grown in the flask displayed a higher growth rate and drying resistance,
and since no structural damage (pores) were found in their cell membrane, these
conditions were considered in our studies to be the optimal growth conditions
for A. baumannii ACICU cells.

We likewise examined growth medium as another factor affecting bacterial
morphology. To do this, we succeeded in measuring the bacteria in various
physiological environments by using the advanced AFM peak force technique.
Thus, the A. baumannii ACICU bacteria grown under optimum conditions
were suspended in liquid solutions (various media), such as LB, CAA, BSA, and
0.9%NaCl, and then compared with the sample suspended in sterile water in
order to determine the role of nutrients in protecting the bacterial cell structure.
Immediately after drying, we observed the formation of leaf-like structures
and large salt crystals for bacteria suspended in LB and 0.9%NaCl medium,
respectively.

The bacteria displayed a morphology of coccus in all media, which was often
egg-shaped and without depression, while the bacteria suspended in the water,
i.e., in the absence of nutrients, indicated a significant depression in their cell
wall. It is notable that the bacteria suspended in the BSA not only had a
morphological variation, such as coccobacillus, rod, etc., but also none of them
had any cell wall damage or depression and showed untouched structures.

Different degrees of desiccation

After the flask-shaking growth conditions were identified as the optimal con-
ditions for A. baumannii ACICU growth, the effects of different degrees of
desiccation – that is, different types of environmental stress – were studied us-
ing various methods of maintenance in water – (hydrated), freeze-drying, and
air-drying – on the cellular structure of the bacterium. For each of these three
groups, morphological responses of the bacteria to a prolonged drying process
were also evaluated in order to simulate the hospital environment. Thanks to
the ability of AFM to produce 3D images and data, the measured volumes of
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A. baumannii ACICU bacteria in the first hours of drying in hydrated, freeze-
dried, and air-dried methods were equal to 0.486 ± 0.10 µm3, 0.336 ± 0.08
µm3 and 0.269 ± 0.06 µm3, respectively. The latter trend was also observed
with measured cell height.

These findings can be examined in various aspects. Since the hydrated
bacteria were measured immediately (within 30 minutes) after evaporation of
water under ambient conditions, they experienced the lowest drying stress and
subsequently lost less water. This probably explains why it showed the highest
volume compared with the other two conditions, i.e., air-dried and freeze-dried.
The larger volume of freeze-dried than air-dried cells can also be attributed to
the slow drying in the vacuum and the freezing process. On the other hand,
because the air-dried cells were exposed to the air for a longer period of time
to dry completely, they lost more cell water, resulting in less cell volume. Such
observations and comparisons in the hydrated and air-dried cell volumes in-
dicate the immediate effect of drying on cell volume, so that cell volume was
dramatically reduced by up to 50% in the early hours of drying. The depres-
sion of bacterial cell walls is another result of varying degrees of desiccation.
Analysis of cell morphology showed that hydrated cells were mostly without
depression — or at around 45nm with mild depression – whereas the depres-
sions in freeze-dried and air-dried cell membranes were measured to be 98 nm
and 112 nm, respectively. The observations demonstrated that prolonged des-
iccation leads to a decrease in cell volume and height of A. baumannii ACICU
cells. No significant changes were detected in other cellular characteristics, such
as cell length and width. However, these changes have occurred at different
rates, depending on environmental stresses imposed on bacteria when drying.
A two-month analysis of the hydrated cells showed that the bacteria not only
had the highest volume and height compared to the air-dried and freeze-dried
cells but also had an intact morphology with low depression throughout this
period. Nevertheless, after two months of storage, this intact morphology was
suddenly destroyed by exposure to air, and the intercellular material leaked
out and formed leaf-like structures. In contrast, air-dried and freeze-dried cells
preserved their structures relatively well, and no variations in their morphol-
ogy were found, except for a reduction in cell height during the prolonged
desiccation.

Taken together, these findings suggest that although maintaining the cells
in the water can help preserve intracellular water and apparent cell morphol-
ogy, it may cause decay and weakness in the cell membrane over time due to
osmotic stress in the aquatic environments. Hence, when cells are faced with
atmospheric conditions, the weak cell membrane cannot withstand desiccation
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stresses, resulting in a cell volume reduction over time and eventual cell col-
lapse. The reduction of hydrated cell volume we measured over two months is
somewhat surprising given the fact that these cells were maintained in water.

The cell volume analysis showed that the volume of hydrated cells after
two months decreased by 54 percent with respect to the initial cell volume,
whereas the freeze-dried and air-dried cells displayed a decrease in initial cell
volume of 29 percent and 25 percent, respectively. It is worth noting that the
analysis of cell volume undertaken here expanded our knowledge of the effect of
drying methods on cell morphology and could provide an insight into cell water
content. Given the cell volume reduction attributable to cell water that we
measured, we can estimate the approximate content of A. baumannii ACICU
cellular water. To validate our findings on the effect of various degrees of drying
on the bacteria’s cell morphology, we carried out the same experiments on A.
baumannii ATCC 19606 strains during long-term desiccation. We identified A.
baumannii ATCC 19606 cells as having a rod-shaped morphology and a length-
to-width ratio of about L/W=1.5. The height and volume of these cells were
also relatively low, leading to an increase in surface-to-volume parameters of
about twice that of the A. baumannii ACICU cells. Accordingly, we predicted
that such bacterial strains would demonstrate lower resistance to desiccation
as a result of large footprints. The obtained results from the analysis of A.
baumannii ATCC 19606 cells confirmed the association of various degrees of
drying with bacterial cell volume.

In line with our previous findings, the prolonged desiccation of A. baumannii
ATCC 19606 cells led to a decrease in cell volume and cell height over time
along with an increase of the cell surface-to-volume ratio. Furthermore, the
abrupt and significant reduction in the height of A. baumannii ATCC 19606
cells, along with the damaged cell morphology we observed after two months,
provides further support for the hypothesis that maintenance of the cells in
water caused erosion and weakness of the cell membrane.

After having discussed the immediate and long-term effects of various de-
grees of drying on the bacterial cell structure, the consequences of these en-
vironmental stresses on desiccation survival of the A. baumannii ACICU and
ATCC 19606 were examined for two months. We performed a cell viability
assessment on bacteria that were exposed to different environmental stresses
in order to evaluate their desiccation survival. The hydrated cells were ob-
served to have the highest resistance to desiccation and consistently preserved
the initial CFU value for two months or more. In contrast, freeze-dried and
air-dried cells showed a decreasing trend relative to initial CFU values and
lost their survival after two weeks and one month, respectively. These findings
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imply that environmental stresses exerted on the cells play an essential role in
the desiccation survival of the bacteria. One of the interesting and important
results obtained from the measurements was the inconsistency in the viability
of the hydrated cells and the corresponding morphology observed after two
months. We observed that although the hydrated cells display a strong volume
reduction, the viability of these cells is approximately equal to their initial CFU
values, demonstrating a visual incompatibility. This study is one of the first
investigations to focus specifically on A. baumannii ACICU cell morphology
alterations under different desiccation effects. Further work is therefore needed
to understand the association between cell morphology and cell viability.

A similar analysis of cell viability of the A. baumannii ATCC 19606 species
confirmed our findings of the high resistance of hydrated cells to desiccation.
Indeed, these cells again consistently preserved their initial CFU value over two
months. It was also noted that the air-dried A. baumannii ATCC 19606 cells
demonstrated a higher survival rate of CFU than freeze-dried cells. However,
both lost their viability after two weeks. Given that the freeze-dried and air-
dried cells in A. baumannii ATCC 19606 species lose their viability after two
weeks, despite having the low viability, our results clearly confirm that A.
baumannii ACICU cells can better tolerate desiccation.

Storage conditions

Lastly, we examined the impact of long-term storage on A. baumannii ACICU
cell morphology under dry conditions. To do so, we considered two differ-
ent methods of controlling humidity to mimic the hospital environment. For
this purpose, the bacteria were grown under optimal conditions, as previously
described in this work, and harvested in different growth phases, before be-
ing kept separately in the presence of saturated salt and silica gel for two
months. In a two-month study of bacteria in the presence of salt, we found
that small particles emerged on the bacteria in the logarithmic growth phase
after a week. These particles developed slowly over time and formed regular
crystalline structures. This phenomenon was not observed in the other growth
phases of bacteria in the presence of either salt or silica gel.

Further observations showed that keeping bacteria in the presence of salt
would have additional consequences if the bacteria were grown in other growth
conditions, such as those proposed by Jawad et al., 1996, in which the bacteria
had a rod-shaped morphology. In addition to the formation and growth of
regular crystals on the substrate and the bacterial surface of up to 100 nm, we
detected pores with a depth of 35 nm in the cell membrane after approximately
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one month, and these pores increased in number over time. As these pores arose
on the cell wall, soft material appeared adjacent to the cells and gradually
formed irregular structures.

It would seem that such soft material had leaked out from the cells. Taking
all of the above considerations into account, it can be concluded that, if the
bacteria are in the logarithmic phase or are undergoing other growth conditions
that engender structural weakness, maintenance of the bacteria in the presence
of salt may significantly influence cellular morphological changes during drying.
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ABSTRACT: Acinetobacter baumannii has emerged as a major 
bacterial pathogen during the past 3 decades. The majority A. 
baumannii infections occur in hospitals and are caused by strains 
endowed with high desiccation tolerance, which represents an 
essential feature for the adaptation to the nosocomial environment. 
The aim of this work is to investigate the desiccation response of 
the multidrug-resistant A. baumannii strain ACICU as a function of 
bacterial growth phase and oxygen availability, correlating 
bacterial survival on culture media with shape alterations. The 
morphological studies were performed by employing the atomic 
force microscopy (AFM) in peak forceTM tapping mode. AFM 
images of A. baumannii ACICU cells revealed a prevalence of 
coccus morphology at all growth stages with a tendency to reduce 
their size in the stationary phase, accompanied by higher survival 
rate to air-drying. Moreover, cells harvested from logarithmic 
phase revealed to be more sensitive to desiccation and presented 
higher volume compared to the cells harvested from the later 
growth stages. In addition, oxygen deprivation caused a significant 
decrease in cellular size, formation of membrane pores and increase 
of membrane roughness with a parallel reduction in culturability 
after desiccation. Morphological plasticity and multidrug 
resistance may contribute to the desiccation tolerance and therefore 
to the persistence in the hospital setting. 

KEYWORDS: Acinetobacter, Atomic Force Microscopy, 
bacteria, desiccation, morphology, nanoscopy, super-resolution 
microscopy.

INTRODUCTION
 Bacterial species exhibit an extraordinary variability of shapes 

which are preserved through countless generations (1). Although, 
bacterial shape is genetically determined, sporadic changes in 
bacterial cell morphology can occur in response to environmental 
conditions (i.e., physical and chemicals stressors, changes in 
osmolarity, colonization of other organisms, nutrient depletion or 
abundance, etc). Indeed, shape drives the interactions between a 
bacterial cell and its environment, and morphology modifications 
reflect the bacterial response to a given environmental change (2).

The ability of changing morphology in response to the stress 
imposed by the antimicrobials was recently described in the human 
pathogen, Acinetobacter baumanni (3, 4, 5). A. baumannii is an 
opportunistic human pathogen responsible for a variety of hospital-
acquired infections, especially among severely ill- and 
immunocompromised-patients in intensive care units (6, 7). This 
bacterium has become a growing global concern in recent years due 
to the rapid emergence of multidrug-resistant strains (MDR), 
especially in hospital environments (7, 8). Among Gram-negative 
bacteria, A. baumannii is characterized by an impressive ability to 
tolerate long-term desiccation (9, 10, 11) and to resist to various 
temperatures, pH levels, and nutrient-limiting conditions, both on 
biotic and abiotic surfaces (12). For this peculiar feature, A. 
baumannii represents a model organism for desiccation studies in 
Gram-negative bacteria (13, 14, 15, 16), and to investigate the key 
features that promote survival and transmission of bacterial 
pathogens in healthcare settings (10,11). The desiccation tolerance 
varies among A. baumannii strains, in particular isolates adapted to 
the hospital environment appear generally more resistant than 
laboratory-adapted strains (11). In this work, the prototypic MDR 
A. baumannii strain ACICU (17) has been selected as clinical 
isolate endowed with high desiccation resistance (11), and as model 
organism to investigate changes in bacterial cell morphology due 
to desiccation.

Scanning and transmission electron microscopy have widely 
been used to investigate bacterial cell morphology or bacterial 
ultrastructure (such as pili, membrane, flagella). These techniques 
reach the necessary resolution to allow visualization of bacterial 
microdomains at the nanoscale level. However, they have several 
limitations, including harsh chemical procedures in sample 
preparation and the necessity to work under vacuum and/or 
cryogenic conditions. In recent years, atomic force microscopy 
(AFM) has brought novel molecular insights into the assembly, 
dynamics, and functions of bacterial cell nanostructures (18, 19). 
The ultrafine resolution and physical sensitivity of the technique 
have revealed a wealth of ultrastructural features that are invisible 
to traditional, diffraction-limited optical microscopy techniques or 
imperceptible in their true physiological state by electron 
microscopy (18, 19).
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Several aspects of A. baumannii have been investigated using 
AFM such as the effects of antimicrobial compounds (3, 4, 20), the 
role of a transcriptional regulator involved in pathogenicity 
modulation (21), the mechanism of phage infection (22) and the 
bacterial adhesion and biofilm formation (23).

In the present work, AFM was employed to study the A. 
baumannii ACICU morphology in different growth phases and 
diverse oxygenation levels. Moreover, the A. baumannii ACICU 
cell viability was determined at each condition in order to correlate 
survival to desiccation with morphometric parameters measured 
with AFM operating in peak force mode.

EXPERIMENTAL SECTION

Growth conditions. A. baumannii ACICU was grown in LB liquid 
medium (24) for 18 h at 37°C with vigorous shaking (250 rpm), 
then sub-cultured (dilution 1:100) in a 15-ml tube containing 5 ml 
of LB or in a 350 ml flask containing 50 ml of LB and incubated at 
37°C in static conditions (static tube; ST), or under vigorous 
aeration by rotary shaking at 250 revolutions/min (shaken flask; 
SF), respectively. The dissolved oxygen levels were 10% and 25% 
in ST and SF, respectively, as determined by using a Dissolved 
Oxygen Measuring System (Instech). Bacterial growth was 
monitored during time, measuring the absorbance at 600 nm 
(OD600) using a BioSpectrometer® (Eppendorf) spectrophotometer.

Viable cell counts. At each time point specified in the Results 
section, 1 ml of bacterial culture was collected, washed twice and 
diluted in distilled water to reach OD600=1, equivalent to ca 5x108 
CFU (Colony Forming Units) per ml. An aliquot of 20 µl of the 
bacterial suspension was used to determine the CFU by viable 
counts and a second aliquot of 20 µl was spotted on a glass 
coverslip (Corning® cover glasses, Sigma-Aldrich) and air-dried 
under the laminar flow hood for 20 minutes at room temperature. 
Cell viability after desiccation was determined by viable counts on 
LB-agar (LA) plates before and after air-drying, as previously 
described (11). Briefly, desiccated samples were rehydrated in 2 ml 
of distilled water, incubated for 15 minutes at room temperature, 
mixed by vigorous shaking for 30 seconds to ensure a complete 
detaching of bacteria from the glass coverslip, and appropriately 
diluted in saline (isotonic) solution to perform viable counts on LA.

Sample preparation and AFM measurements. Bacterial cells 
were washed twice and diluted in distilled water to OD600=1. 
Twenty µl of the bacterial suspension were poured on a microscope 
glass slide (Thermo ScientificTM SuperFrostTM Microscope slides 
76 x 26 mm, with 1 mm thickness) and air-dried under the laminar 
flow hood at room temperature for 20 minutes. AFM measurements 
were performed using a Dimension ICON AFM (Bruker, Santa 
Barbara, USA) set to Peak Force Tapping mode equipped with a 
ScanAsyst-Air Bruker silicon probe featuring a cantilever elastic 
constant of 0.4 Nm−1 and a tip with a nominal radius of 2 nm. The 
AFM images were recorded at a temperature ranged from 20–24 
°C. The oscillation frequency and oscillation amplitude of the 
cantilever were set to 1 kHz and 150 nm, respectively.

 For each measurement, height sensor and peak force error 
images were recorded simultaneously. The AFM images were 
analyzed and processed with the Gwyddion software 
(http://gwyddion.net). All images were first-order flattened and set 

to the constant value of height to facilitate their comparison. After 
leveling, to measure the biophysical parameters of cells, a 
metrological analysis was performed on at least 30 different, 
randomly selected cells. Briefly, cellular length (L) and width (W) 
were referred to elongated and short horizontal axes, respectively. 
The cross-section of the cell was graphically portrayed as cell 
height (H). Cell volume (V) was interpreted as a set of curves, each 
belonging to one pixel in the XY plane. The depth of the cell-
membrane pores was considered from the highest protruding rim 
relative to the lowest concave edge. Surface roughness was 
obtained by measuring the root mean square deviation of flattened 
images, in the area of 400 nm × 400 nm of the cells, by an average 
of at least ten different cell areas.

RESULTS AND DISCUSSION

Growth phase influences desiccation tolerance and cell 
morphology.

Previous findings demonstrated that desiccation tolerance in A. 
baumannii ATCC19606T type strain is a growth phase-dependent 
phenomenon, in that cells harvested during the logarithmic growth 
phase were more sensitive to dehydration than stationary phase 
cells (25, 15, 16, 26). We wondered whether also A. baumannii 
ACICU shows a growth phase-dependent susceptibility to 
desiccation and whether a correlation exists between growth phase, 
bacterial survival and cell morphology. A. baumannii ACICU was 
cultured in LB medium and bacterial growth was monitored for up 
to 48 h in shaken flask (SF condition), in order to define the time 
intervals of the different growth phases. By measuring the 
absorbance at 600 nm during time, the following growth phases 
were defined: lag (tgrowth<1 h), early logarithmic (1 h<tgrowth<4 h), 
late logarithmic (4 h<tgrowth<6 h), stationary (6 h<tgrowth<32 h), and 
death (tgrowth>32 h) phase (Figure 1A). Concurrently, at 3, 6, 14, 24 
and 48 h of growth (corresponding to early logarithmic, late 
logarithmic, stationary, late stationary and death phase, 
respectively), bacterial cells were washed and normalized to 
OD600=1. The bacterial survival rates, were determined before and 
after air-drying, and expressed as viable counts (CFU; Figure 1B). 
During incubation of bacteria at 37° in LB medium, one CFU log 
reduction was observed only at 48 h, confirming the predicted death 
phase, while no reduction in bacterial viability was observed in 
earlier growth stages. As expected, desiccation of A. baumannii 
ACICU cells taken from the early logarithmic phase caused a 
significant decrease (P=0.0024) in survival compared with cells 
harvested from late logarithmic (P= 0.0326), stationary (P= 0.055) 
or death (P=0.75) phases.

In order to evaluate whether the desiccation effect on cell 
viability correlates with an alteration of cell morphology, AFM was 
used to image A. baumannii ACICU cells at each growth phase 
(Figure 1C). In all the investigated samples, a tendency of the 
bacteria to condensate in clusters was observed, with only few 
sparse individual cells, probably due to the driving force of the 
evaporating water which cause the so-called “coffee-stain” effect 
(27). Interestingly, the height of A. baumannii ACICU cells in 
early-logarithmic growth phase was higher than the other growth 
phases (Figure 1C). To gain insight into the cell dimensions, length, 
width, height, volume, and surface/volume ratio were calculated on 
more than 30 desiccated cells for each growth phase (Table1).
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Figure 1. Growth, cell viability, and morphology of A. baumannii ACICU during growth in shaken flasks (SF). (A) Growth plot of A. 
baumannii ACICU cultured in LB at 37°C under vigorous shaking. At the indicated time points, bacterial growth was measured as absorbance 
at 600 nm (OD600). The colour boxes yellow, green, red, cyan, and violet indicate lag, logarithmic, late logarithmic, stationary, and death 
phase, respectively. (B) CFU at different growth phases determined by viable counts on LA plates before and after air-drying. Colours of the 
histogram bars outline correspond to the growth phases shown in panel A. (C) A. baumannii ACICU cells imaged with AFM. All images 
were first-order flattened and set to the same range of height (0-540 nm) to facilitate comparison between conditions. Scale bar: 5 μm. 
Statistical analysis was performed with the software GraphPad Instat (GraphPad Software, Inc., La Jolla, CA), using One-Way Analysis of 
Variance (ANOVA). Asterisks indicate statistically significant differences between before and after air-drying conditions (* P <0.05; ** P 
<0.01).

Table 1. Cellular dimensions at different growth phases of A. baumannii ACICU cultured in shaken flask (SF).

Cellular dimensions
Growth phase 

Length (μm) Width (μm) Height (μm) Volume (μm3) Surface/Volume (μm-1)
Logarithmic 1.29 ± 0.15 1.08 ± 0.11 0.397 ± 0.11 0.350 ± 0.06 3.14± 0.40

Late logarithmic 1.06 ± 0.14 0.90 ± 0.11 0.335 ± 0.04 0.201 ± 0.03 3.79± 0.61
Stationary 0.96 ± 0.17 0.79 ± 0.10 0.325 ± 0.04 0.226 ± 0.06 3.02± 0.31

Late stationary 1.06 ± 0.18 0.88 ± 0.12 0.308 ± 0.06 0.203 ± 0.05 3.86± 0.63
Death 1.15 ± 0.18 0.96 ± 0.13 0.316 ± 0.04 0.260 ± 0.04 4.01± 1.12

At all the investigated time points, A. baumannii ACICU cells 
displayed a coccus morphology, with an oval surface projection 
featuring an average length-to-width ratio of L/W=1.2  0.02, ±
suggesting that the shape of A. baumannii ACICU is not influenced 
by growth-phase in the tested experimental condition. Although the 
overall cell morphology did not 

change, the height and the volume of cells in the early-logarithmic 
phase were higher than those in the late logarithmic, stationary, late 
stationary, and death phase. Interestingly, A. baumannii ACICU 
cells in stationary phase showed the lowest surface to volume ratio 
and were also the most resistant to desiccation compared with cells 
in the other growth phases.
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 Figure 2. Morphology of A. baumannii ACICU cells. Bacillary and rod shape of A. baumannii ACICU grown for 14 h in flask at 37°C with 
shaking. Bacterial cells were harvested, washed twice and diluted to OD600=1 in distilled water. An aliquot of 20 µl of the bacterial suspension 
was deposited on a microscope glass slide and air-dried for 20 minutes at room temperature before imaging with AFM. Black arrows indicate 
elongated cells. Relative insets of a bacillary-shaped cell and the corresponding 3D projections were shown.

Then, we speculated that cells with lesser surface are endowed with 
higher desiccation resistance. This observation is in line with a 
previous study of Madigan and coworkers, suggesting that smaller 
cells can tolerate adverse conditions better than the large cells (28, 
29). 

Of note, albeit AFM analysis indicates that A. baumannii ACICU 
had coccus shape, sporadic 4 µm-long rod-shaped cells were 
detected in the logarithmic-phase (Figure 2), in agreement with 
previous studies reporting a bacillus-like morphology for cells in 
the logarithmic growth phase (30). From the high magnification 3D 
rendering of a rod-shaped cell (inset of Figure 2), it was possible to 
observe a sizeable lower heights and a larger footprint compared to 
the surrounding coccus cells. The abundance of elongated-cells 
observed in the early-logarithmic growth phase was <0.3%, but 
increased to 1.5% in the late-logarithmic growth phase. 
Interestingly, rod-shaped cells were not detected in samples 
collected at > 6 h incubation, following examination of > 300 cells. 

Oxygen deprivation influences desiccation tolerance and cell 
morphology

Bacterial cell morphology can be influenced by a number of 
factors like temperature, light, pH, relative humidity, salt 
concentration and oxygenation (31, 32). Although A. baumannii is 
a strictly aerobic bacterium (33), it can occasionally be faced with 
low oxygen concentrations, e.g. during biofilm-mode growth in 
vivo (34). Therefore, we wondered whether microaerophilic 

cultural conditions could influence A. baumannii cell survivability 
to desiccation and/or morphologically. To this aim, the effects of 
oxygen deprivation on the growth of A. baumannii ACICU has 
been mimed by inoculating cells in a tube containing 1/3 
atmospheric oxygen/cultural medium volume ratio and incubated 
in static conditions. Since A. baumannii is a non-motile bacterium, 
the static condition causes the bacteria to settle at the bottom of the 
tube, minimizing oxygen availability (35). The effect of static tube 
(ST) growth on A. baumannii ACICU desiccation tolerance and 
morphology was then compared with those determined for aerated 
(SF) cultures. To this purpose, A. baumannii ACICU growth in ST 
was monitored for up to 48 h (Figure 3A), and compared with the 
SF condition (Figure 1A). Cultivation in ST produced an overall 
slowdown of growth rate, with a clear delay of all growth phases: 
lag (tgrowth<3 h), early logarithmic (3 h<tgrowth<24 h), late 
logarithmic (24 h<tgrowth<26 h), stationary (26 h<tgrowth<32 h), and 
death (tgrowth>32 h) phases. Moreover, the maximum of cell density 
reached under ST conditions was ca. fivefold lower than that 
reached in SF (OD600= 1.0 vs. OD600= 5.0, respectively). 
Furthermore, the logarithmic growth phase duration was fivefold 
longer in ST than in SF. Then, the impact of oxygen availability on 
A. baumannii ACICU desiccation resistance was investigated by 
comparing the bacterial viability before and after drying between 
SF and ST cultures (Figure 3B). An overall increased susceptibility 
to desiccation was observed for ST cells, compared with SF cells, 
and this effect was evident irrespective of the growth stage 
(exponential or stationary; Figure 3B).
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Figure 3. Comparison of growth, cell viability and morphology of A. baumannii ACICU during growth in shaken flasks (SF) and static tube 
(ST). (A) Growth plot of A. baumannii ACICU cultured in LB at 37°C in static condition. At the indicated time points, bacterial growth was 
measured as absorbance at 600 nm (OD600). The colour boxes yellow, green, red, cyan, and violet indicate lag, logarithmic, late logarithmic, 
stationary, and death phase, respectively. (B) CFU of A. baumannii ACICU grown in shaking and in static condition. The CFUs were 
determined before and after air-drying. Colours of the histogram bars outline correspond to the growth phases shown in panel A. (C) AFM 
imaging of A. baumannii ACICU grown in static and shaking conditions. All of the images were first-order flattened and set to the same 
range of height (0-500 nm) to facilitate comparison between conditions. Scale bar: 5 μm. Statistical analysis was performed with the software 
GraphPad Instat (GraphPad Software, Inc., La Jolla, CA), using One-Way Analysis of Variance (ANOVA). Asterisks indicate statistically 
significant differences between before and after air-drying conditions (* P <0.05; ** P <0.01; *** P <0.001; **** P <0.0001).

 At the exponential phase, the extent of desiccation-dependent 
cell death was ca. two log reduction in ST and < one log in SF. 
Likewise, desiccation had nearly no effect on SF cell at the 
stationary phase, while it caused one log reduction of ST cells. 
These results indicate that low oxygen availability increases the 
susceptibility to desiccation of A. baumannii ACICU. To extend 
the investigation of the effect of oxygen availability on cell 
morphology, A. baumannii ACICU cells from SF and ST 
conditions were imaged by AFM during the logarithmic and 
stationary growth phases (Figure 3C). AFM investigations revealed 
that 

cells grown in a low-oxygen condition (ST) displayed reduced 
height than SF cells (Figure 3C). To better characterize A. 
baumannii ACICU cells grown in ST, the length, width, height, 
volume and surface/volume ratio were calculated for more than 30 
air-dried cells harvested from logarithmic and stationary growth 
phases (Table 2). ST cells showed a 1.6 L/W ratio in both 
logarithmic and stationary phases. Moreover, no significant 
differences for all the calculated parameters were observed 
between ST cells from logarithmic and stationary phase. 
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Figure 4. Surface morphology of A. baumannii ACICU cells after growth under static and shaked conditions. A. baumannii ACICU cells 
were imaged by AFM after desiccation. White and black arrows denote the presence of an exopolysaccharidic layer on the cell surface and 
the release of DNA, respectively. White dot circles denote membrane pores. 

Table 2. Cellular dimensions of A. baumannii ACICU grown in static tube (ST).

Cellular dimensions
Growth phase

Length (μm) Width (μm) Height (μm) Volume (μm3) Surface/Volume (μm-1)

Logarithmic 1.73±0.22 1.11±0.13 0.244±0.31 0.275±0.04 5.091±0.63

Stationary 1.67±0.30 1.05±0.12 0.232±0.25 0.263±0.05 5.498±1.28

 

Of note, ST cells grown under oxygen-deprivation condition 
appeared to be ca 1.5-fold longer and 0.7-fold thinner than those 
cultured in SF (Table 1). It must be pointed out that nearly all the 
measured ST cells should be considered dead, given the dramatic 
reduction of cell viability observed after desiccation (Figure 3B). 
Interestingly, ST cells had a larger footprint and surface to volume 
ratio compared with SF cells, corroborating our observations that a 
larger cell relative footprint is related with a decrease in viability. 
Since morphological differences were observed depending on the 
oxygenation level, AFM comparative analysis at higher resolution 
was performed on SF and ST cells (Figure 4). To this aim, 3x3 μm 
field of views were acquired, revealing the presence of a smooth 
layer covering the SF bacteria (Figure 4, white arrows). This layer, 
which is absent in ST bacteria, could be composed by 
exopolysaccharides that could play an osmoprotectant role by 
retaining water in the local microenvironment, protecting bacterial 
cells from dehydration and enhancing the survival in harsh 
environments (25, 36). On the other hand, ST cells were 
characterized by more irregular surface with visible ripples and 

relatively large pores (Figure 4, see dashed circles). These pores 
were likely generated by major alterations in membrane integrity 
caused by desiccation. The pore average depth and diameter 
measured 20-30 nm. These holes were large enough to allow the 
leakage of intracellular material, including that observed on the 
glass slide in the neighborhood of some cell clusters (Figure 4, 
black arrows). The presence of a putative exopolysaccharide layer 
covering SF cells impeded a scan topography of their surface. Thus, 
root mean squared (RMS) roughness analysis of the cell membrane 
was carried out on at least twenty different ST cells. Nearly 
identical surface roughness of 1.2 ± 0.3 nm and 1.1 ± 0.2 nm was 
observed for the logarithmic and stationary phase, respectively 
(Figure S1). This finding is in line with an earlier study on the A. 
baumannii type strain ATCC19606T, showing that the RMS 
roughness was invariant for cells across all growth phases (3).

CONCLUSIONS
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The peculiar capacity of A. baumannii to overcome the desiccation 
stress certainly contributes to the adaptive success of this bacterium 
in the nosocomial environment. While A. baumannii is endowed 
with a formidable desiccation resistance compared with other 
Gram-negative bacteria, some intra-species differences exist, 
resulting some strains more resistant than others (11). This has led 
us to gain more insights into the functional and morphological 
effects of desiccation on A. baumannii ACICU, a strain regarded to 
as the prototype of epidemic strains causing large outbreaks around 
the world (13,17). In the present work, we demonstrated that 
desiccation tolerance and cellular dimension are strongly 
influenced by the growth phases and by oxygen availability. A. 
baumannii ACICU cells presented a predominant coccoidal 
morphology at all growth phases, although rare rod-shaped 
elements were detected in the logarithmic phase. Moreover, A. 
baumannii ACICU cells in early-logarithmic phase appeared more 
susceptible to desiccation than those in stationary phase. 
Intriguingly the A. baumannii cells in stationary phase display the 
smallest surface/volume ratio, indicating a possible correlation 
between cell dimension and desiccation resistance. As to the effect 
of oxygen on cell shape and desiccation resistance, a significant 
decrease in cell height and volume, together with a significant 
reduction of survival rates, were observed for A. baumannii cells 
cultured in a microearobic environment (ST condition). Moreover, 
growth under microaerobic conditions resulted in the formation of 
membrane pores (likely responsible of intracellular material 
leakage) and an increase of surface RMS roughness, which 
represent novel identified cellular markers of environmental fitness 
decline, after exposure to dry conditions. In conclusion, this 
pioneering work provides a preliminary description of some 
functional and morphological changes occurring in A. baumannii 
during desiccation under condition mimicking those encountered 
in the hospital environment, and paves the way for the use of AFM 
as a tool for the investigation of the adaptive response to 
dehydration, or other environmental stresses.
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Growth, cell viability, and morphology of A. baumannii ACICU during growth in shaken flasks (SF). (A) 
Growth plot of A. bau-mannii ACICU cultured in LB at 37°C under vigorous shaking. At the indicated time 

points, bacterial growth was measured as ab-sorbance at 600 nm (OD600). The colour boxes yellow, green, 
red, cyan, and violet indicate lag, logarithmic, late logarithmic, station-ary, and death phase, respectively. 
(B) CFU at different growth phases determined by viable counts on LA plates before and after air-drying. 

Colours of the histogram bars outline correspond to the growth phases shown in panel A. (C) A. baumannii 
ACICU cells im-aged with AFM. All images were first-order flattened and set to the same range of height (0-
540 nm) to facilitate comparison between conditions. Scale bar: 5 μm. Statistical analysis was performed 

with the software GraphPad Instat (GraphPad Software, Inc., La Jolla, CA), using One-Way Analysis of 
Variance (ANOVA). Asterisks indicate statistically significant differences between before and after air-drying 

conditions (* P <0.05; ** P <0.01). 
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Morphology of A. baumannii ACICU cells. Bacillary and rod shape of A. baumannii ACICU grown for 14 h in 
flask at 37°C with shaking. Bacterial cells were harvested, washed twice and diluted to OD600=1 in distilled 

water. An aliquot of 20 µl of the bacterial suspension was deposited on a microscope glass slide and air-
dried for 20 minutes at room temperature before imaging with AFM. Black arrows indicate elongated cells. 

Relative insets of a bacillary-shaped cell and the corresponding 3D projections were shown. 
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Comparison of growth, cell viability and morphology of A. baumannii ACICU during growth in shaken flasks 
(SF) and static tube (ST). (A) Growth plot of A. baumannii ACICU cultured in LB at 37°C in static condition. 
At the indicated time points, bacterial growth was measured as absorbance at 600 nm (OD600). The colour 
boxes yellow, green, red, cyan, and violet indicate lag, logarith-mic, late logarithmic, stationary, and death 

phase, respectively. (B) CFU of A. baumannii ACICU grown in shaking and in static con-dition. The CFUs 
were determined before and after air-drying. Colours of the histogram bars outline correspond to the growth 
phases shown in panel A. (C) AFM imaging of A. baumannii ACICU grown in static and shaking conditions. All 

of the images were first-order flattened and set to the same range of height (0-500 nm) to facilitate 
comparison between conditions. Scale bar: 5 μm. Statistical analysis was performed with the software 

GraphPad Instat (GraphPad Software, Inc., La Jolla, CA), using One-Way Analysis of Vari-ance (ANOVA). 
Asterisks indicate statistically significant differences between before and after air-drying conditions (* P 

<0.05; ** P <0.01; *** P <0.001; **** P <0.0001). 
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Surface morphology of A. baumannii ACICU cells after growth under static and shaked conditions. A. 
baumannii ACICU cells were imaged by AFM after desiccation. White and black arrows denote the presence 

of an exopolysaccharidic layer on the cell surface and the release of DNA, respectively. White dot circles 
denote membrane pores. 
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