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Abstract26

Acinetobacter baumanni, is an opportunistic nosocomial multi-drug resis-27

tant bacterium, which represents a threat for human health. This pathogen28

is able to persist in intensive care units thanks to its extraordinary resistance29

towards dehydration, whose mechanisms are unknown and enable it to easily30

spread through surfaces, contaminating also medical devices. In this article31

we reveal, with a multimodal approach, based on μ–R Spectroscopy, Gas32

Chromatography coupled to Mass Spectroscopy, Atomic Force Microscopy33

and Fluorescence Recovery After Photobleaching, the bio-physical mecha-34

nisms that the membrane of two A. baumannii strains undergoes during35

dehydration. Showing a substantial decoupling of the phase transition from36

liquid crystalline to gel phase from evidence of cell lysis. Such decoupling37

may be the core of the resistance of A. baumannii against dehydration and38

highlights the different ability to resist to drought between strains.39

Preprint submitted to BBA Biomembranes September 9, 2022
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1. Introduction44

In the last decades, battling hospitals-acquired infections has become45

a great challenge because of the emergence of drug-resistant pathogenic46

bacteria and their ability, not yet completely understood, to survive and47

persist in hospital environments, as for Acinetobacter baumannii. This Gram-48

negative bacterium is an opportunistic nosocomial pathogen responsible for49

a wide range of infections, such as bloodstream and urinary tract infections50

and ventilator-associated pneumonia (1). These infections are difficult to51

eradicate because multi-drug resistance runs in the genus (2), and because of52

the peculiar resistance against dehydration displayed by most of A. baumannii53

clinical isolates (2; 3). These features facilitate the contamination of life-54

support-machineries, such as mechanical ventilators, intravascular and urinary55

catheters, and drainage tubes, and contribute to the pathogen persistence in56

health care facilities. Unfortunately, the processes enabling its resistance to57

dehydration remain elusive.58

Generally, during dehydration, both the lipopolysaccharides and phos-59

pholipids of the Gram-negative bacteria outer membrane undergo a phase60

transition from a liquid crystalline phase to a potentially deadly gel phase61

(4; 5; 6; 7). The first phase is a fluid healthy state with bent and loosely packed62

lipid chains, while in the gel phase, lipid chains are highly packed parallel to63
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each other, leading to stiffer membranes, which become rupture-prone and64

trigger the loss of cytoplasmatic content. During the transition from liquid65

crystal to gel phase, the Van der Waals’ interactions between lipid chains and66

phase transition temperature, Tm, increase, along with the osmotic pressure67

that leads to a decrease in the membrane fluidity (7; 8). Thus, dry membranes68

are, preferentially, in a gel state at room temperature (depending on their69

composition). Once the cells are re-hydrated, Tm decreases and membranes70

undergo the reverse transition (4; 5; 6; 7; 8; 9; 10; 11).71

In the specific case of A. baumannii, it is not clear whether its mem-72

brane experiences the phase transition and the resulting breakage. Thus,73

we designed different experiments that aim to characterize the membrane74

reaction to desiccation stress of A. baumannii as in hospital environments.75

We focused on two A. baumannii strains: the type strain ATCC 19606T and76

the epidemic strain ACICU (12; 13) because of their different desiccation77

resistance: ATCC 19606T resulted more sensitive to dehydration compared78

to ACICU (3). In particular, we combined micro-Raman Spectroscopy (μ–R),79

Gas Chromatography (GC) coupled to Mass Spectroscopy(MS), Atomic Force80

Microscopy (AFM) and Fluorescence Recovery After Photobleaching (FRAP),81

in order to reveal for the first time the bio-physical modification that the82

membrane of A. baumannii undergoes during dehydration.83

2. Materials and Methods84

2.1. Preparation of bacterial inocula and desiccation conditions85

A. baumannii strains ATCC 19606T and ACICU were grown in LB and86

incubated at 37 ℃ for 18 h. 18 hours-bacterial cultures were sub-cultured87

3
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(1:100) in a flask and incubated at 37 ℃ under vigorous shaking (250 rpm).88

Bacterial cells were sampled after 6 h-incubation by centrifugation (3,000 g x89

5 min), washed twice, suspended in H2O, and diluted to the desired optical90

density at 600 nm (OD600). Bacterial suspensions in H2O were air-dried under91

the laminar flow hood at room temperature and stored in a 16 litres-vacuum92

bell containing 50 g of silica gel at an average temperature of 20.9 ± 0.6 ℃93

and an average relative humidity of 13.00 ± 5 %. Bacterial suspensions were94

desiccated on electronic-grade silicon (001) wafers for μ-Raman measurements,95

while glass coverslip (Corning cover glasses, Sigma-Aldrich) and glass slides96

(Thermo Scientific SuperFrost Microscope slides 76 x 26 mm with 1 mm97

thickness) were employed for FRAP and AFM analysis, respectively, as98

detailed in the following sections.99

2.2. μ–R Spectroscopy: experimental set-up and data collection parameters00

According to the inoculum conditions described above, A. baumannii01

strains ATCC 19606T and ACICU were diluted in H2O (OD600 = 4). 2.502

μL of bacterial suspensions were spotted on a silicon substrate and the03

experiment was performed in triplicate. An InVia Renishaw μ–R spectrometer04

equipped with a Leica DM2700 M confocal microscope has been used to05

collect unpolarised Raman spectra. A solid-state diode laser source at 53206

nm (maximum output power ∼100 mW), was used as excitation pump. A07

Leica 50X LWD objective allowed focusing the excitation beam down to 108

μm, enabling single bacterial cell analysis. Holographic edge filters gave the09

high-contrast rejection for elastically scattered component. The anelastic10

contribution was then dispersed by a diffraction grating (1800 grooves/mm)11

achieving a spectral resolution of ∼ 1 cm–1. The scattered light is collected12

4



Journal Pre-proof

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1
 Jo
ur

na
l P

re
-p

ro
of

by a 1024 x 256 pixel CCD detector, Peltier cooled (-70 ℃), to reduce the13

interference of dark counts to a negligible level. The spectra were recorded at14

room temperature in the wavenumber range 2600–3850 cm–1. The 520.5 cm–1
15

line of the inner silicon standard sample was used to calibrate the spectral16

energy. WiRE 5.3 software licensed by Renishaw is used for measurements17

set-up, acquisition and subtraction of systematic errors (i.e. cosmic rays18

removing).19

In order to follow the desiccation process of the samples and optimize the20

spectral analysis, a 1-min-Raman-timelapse was performed by combining two21

different set-ups for wet and dry samples. Drops of wet bacterial samples were22

probed with a surface power density of 6.3 · 1010 W/m2, for an exposition23

time of 1 s for 15 accumulations (acc.), while dried samples with a surface24

power density of 1.2 · 1010 W/m2 for an exposition time of 3 s for 10 acc.25

These experimental conditions optimize the signal to noise ratio during the26

whole drying process, avoiding sample degradation and taking into account27

the drying time, as shown in Figure S1 of Supplementary.28

2.3. Lipid extraction and GC-MS analyses29

According to the inoculum conditions described above, A. baumannii30

strains ATCC 19606T and ACICU were suspended in H2O. 4 mL of these31

bacterial suspensions were maintained in water or air-dried on a glass Petri32

dish. At each time point (i.e., 0, 6 and 24 h) desiccated and maintained33

in water samples were diluted in H2O to a final OD600 = 3, centrifuged34

and after discarding supernatants, bacterial pellets were collected and stored35

at -20℃. Total lipid extraction and GC-MS analysis were performed as36

previously described by Lopalco et al. 2017 (14). Lipids were extracted37

5
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from frozen bacterial pellets suspended in 200 μL of glacial acetic acid. 538

mL of 1:1 mixture of chloroform and ethanol was added, and samples were39

vortexed for 3 min. The upper aqueous layer and cell debris at the interface40

were discarded after centrifugation (10 min at 1, 000 x g). The extracts were41

dried on a rotary evaporator at 30 ℃ before weighing and then dissolved in42

chloroform (final concentration 10 mg/mL). A chloroform solution of the43

total lipid extract (about 1 mg) was dried in a rotary evaporator at 30 ℃44

and underwent a complete esterification. To a stirred solution of the obtained45

residue in ethanol was added a large excess of HCl 1.25 M in Ethanol. The46

reaction mixture was kept under stirring at room temperature for almost 72 h.47

After the reaction completion, as detected by TLC (Hexane/Ethyl Acetate),48

the solvents were removed under reduced pressure, the residue was taken up49

with H2O (3 mL) and extracted with Hexane (3 x 3 mL). The combined50

organic layers were dried (Na2SO4), filtered, and evaporated under vacuum51

affording the desire Fatty Acid Ethyl Esters (FAEEs), whose composition was52

determined as follows.53

The GC-MS analyses were carried out on a Shimadzu GC-MS 2010 plus54

Gas Chromatograph coupled to a Mass Spectrometer Shimadzu GC-MS55

QP2010 SE. The chromatographic separations were performed using a SLB-56

5ms column (30 m × 0.25 mm id, film thickness 0.25 μm). The employed57

GC-MS parameters were: gas carrier (helium) at the constant flow rate of58

0.87 mL/min; the injector (split mode) was at 250 ℃; the oven temperature59

program was 120 ℃ (5 min) to 180 ℃ (3 min) at 20 ℃/min, to 280 ℃ (2060

min) at 10 ℃/min.61

6
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2.4. AFM: set-up and data analysis62

A. baumannii strains ATCC 19606T and ACICU were diluted in H2O to63

OD600 = 1. 20 μL of the bacterial suspension was spotted on a microscope64

glass (Thermo Scientific SuperFrostTM Microscope slides 76 x 26mm with65

1 mm thickness), and dried under laminar flow hood for about 10 minutes.66

AFM measurements were performed using a Dimension ICON AFM (Bruker,67

Santa Barbara, CA), operating in PeakForce mode using a ScanAsyst-Air68

Bruker silicon probe featuring a nominal cantilever elastic constant of 0.4N/m69

and a tip with a nominal radius of 5 nm. The AFM images were recorded at a70

temperature range of 20 - 24 ℃. The force set point was optimized in the 1571

- 25 nN range. For each experiment, multiple large scans from 3 μm × 3 μm72

for single cells to the maximum 98 μm × 98 μm in large scale were scanned in73

different regions of the glass slide, using a 512 × 512 pixels scanning mash per74

line in each image. The obtained AFM images were analyzed and processed75

with the open-source Gwyddion Software (http://gwyddion.net). Multiple76

images were recorded at each measurement to validate our observations.77

The analysed cells were spatially located thanks to a reference mark on78

the glass cover slip made with a diamond pen in order to measure the same79

cells at the different time points (0, 1, 6 and 24 h) following dehydration.80

After finding the targeted cells, they were measured and then stored under81

controlled condition (subsection 2.1) for the next examination.82

2.5. FRAP: Experimental setup and data analysis83

A. baumannii strains ATCC 19606T and ACICU were diluted in H2O84

to OD600 = 1 and stained with 1 μg/mL of Texas RedTM-X Succinimidyl85

Ester (TRSE), ThermoFisher Scientific, to label outer membrane proteins.86

7
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Bacterial suspensions were washed with distilled water to remove the excess87

of dye. An aliquot (20 μL) of the labelled bacterial suspensions was air-dried88

at room temperature for 24 h. 20 μL of bacterial suspensions maintained89

in water were poured on a microscope slide coated with 0.5 % agarose to90

immobilize the cells and to keep them in hydrated conditions. Confocal91

microscopy inspection was performed with a NikonA1+ equipped with 100 X92

oil immersion objective (NA 1.4). Two pre-bleach images of each microscopic93

field were photographed, after which a small portion (circular region of 194

μm of diameter) of cells was circumscribed for bleaching. Each region of95

interest (ROI) was bleached by exposing the area for 3 iterations (3 s total)96

to the 405-nm line (LU-N4 laser unit 405, 3.75-mW of power out of fiber).97

Fluorescence recovery was documented by photographing the cells every 598

min for 90 min after photobleaching. At this time resolution (one frame per 599

min), ROI photofading is minimized. Since we select the minimal ROI allowed00

(circular region of 1 μm diameter), and A. baumannii ACICU cells present01

∼ 1 μm dimensions, bleaching the selected region resulted in the complete02

bleaching of the cells and total absence of recovery. For this reason, FRAP03

experiment was performed only on A. baumannii ATCC 19606T cells, owing04

to their larger size with respect to ACICU (15; 16). Image processing and05

analysis of fluorescence recovery were performed with the ImageJ program06

(National Institutes of Health, Bethesda; (17)). Average background value of07

a cell-free area was subtracted from each image. Photophading correction was08

performed according to Day et al., 2012 (18). Half time of recovery (t1/2)09

and mobile fraction % (Mf) were calculated as previously described (18).10

8
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3. Results & Discussion11

μ–R enables to evaluate the membrane transition from liquid crystalline12

to gel phase by investigating specific bands, whose intensity ratio varies13

accordingly to its phase and can be used as Raman marker (9; 19; 20). Drops14

of bacterial suspension were analysed by 1-min-Raman-timelapses from the15

deposition up to 5 min after water evaporation, in order to characterize the16

dehydration process of A. baumannii.17

Preliminarily, extended range Raman spectra (1100 - 3800 cm–1) of ATCC18

19606T and ACICU were acquired (see Figure 1a) in order to identify the19

most suitable Raman marker. Both strains display similar spectra that can20

be divided into 5 main regions: the Amide I and Amide II region (∼1600-21

1690 cm–1 and ∼1480-1580 cm–1, respectively) which mainly represent the22

proteins contribution to the spectrum; the CC stretching region (∼ 1480-170023

cm–1), in which the contributions of both proteins and lipids are present; the24

CH stretching region (∼2800-3100 cm–1), mainly ascribable to the bacterial25

membrane lipids; and the water OH stretching region (∼3100-3700 cm–1;26

as can be seen in Figure 4 of supplementary, the disappearance of the OH27

band can be used to determine the water evaporation dynamics of the sample28

(21)) (22; 23; 24; 25; 26; 27; 28). Most of the Raman features of the phase29

transition belongs to the CC and CH stretching regions (10; 11; 22; 29; 30).30

We carried out the Raman timelapse on the CH stretching region because the31

contribution of other bio-molecules, different from membrane lipids, is very32

low in this part of the spectrum with respect to the CC stretching region,33

resulting in a site specific analysis.34

In order to tag its components, the CH stretching region was deconvoluted35

9



Journal Pre-proof

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2
 Jo
ur

na
l P

re
-p

ro
of

with six Voigt curves (Figure 1b), assigned to: CH2 symmetric stretching36

component (∼ 2850 cm–1), CH2 stretching component (∼ 2870 cm–1), CH237

asymmetric stretching component (∼ 2915 cm–1), CH3 symmetric stretching38

component (∼ 2930 cm–1), CH3 asymmetric stretching component (∼ 297039

cm–1) and CH stretching component (∼ 3060 cm–1) (22; 26; 27). Our analysis40

focused on the CH3 and the CH2 symmetric stretching bands since their41

Raman Intensity Ratio (RIR) is influenced by the variations of the lipid42

aliphatic chain and by the interaction among chains (11; 31).43

Interestingly, the RIR of both ATCC 19606T and ACICU follows a de-44

scending sigmoidal trend (Figure 2) that highlights the passage from less45

packed aliphatic chains of the membranes, ascribable to a liquid crystalline46

phase, to more packed chains that reduce the stretching motion of the CHs,47

typical of the gel phase.48

The data in Figure 2 were fitted with the following equation:49

y = A2 +
A1 – A2

1 + e(t–t0)/τ
(1)

Where A1 and A2 represent, respectively, the asymptote of the starting50

and finishing plateaus, τ is the time constant and t0 is the abscissa of the51

point of inflection.52

At the beginning of the timelapse, the membranes of both strains are53

in liquid crystalline phase and the relative RIRs lie in a similar A1 (∼ 7) .54

At this stage of the timelapse, the Raman spectra display an intense water55

OH stretching region that drastically reduces at the completion of the water56

evaporation (see the Supplementary section ”Raman - merging data”). At57

that point, the membranes of the two strains transit to the gel phase with a58

10
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similar rate, indeed the two τs are comparable, and the RIRs descend and59

reach the A2 plateau.60

There is a slight difference between the A2 values of the two strains: A261

of ATCC 19606T is 6% lower with respect to ACICU (see Table 1).62

Table 1: Fit parameters* of RIR of ATCC 19606T and ACICU and the relative goodness

ATCC 19606T ACICU

A1 7,0 ± 0,2 7,0 ± 0,1

A2 4,7 ± 0,1 5,00 ± 0,09

τ 65 ± 16 s 47 ± 9 s

adj. R2 0,91 0,95

* t0 is omitted since it is irrelevant to the phase transition dynamics

These different values of A2 may suggest the better fitting to dehydration63

resistance of ACICU with respect to ATCC 19606T. Indeed, the proximity of64

A1 and A2 of ACICU can be interpreted as a sort of similarity between its gel65

and liquid crystalline state since they display a similar packing of the CHs.66

As a consequence, the transition toward the second plateau is faster compared67

to ATCC 19606T, resulting in a more resistant membrane. In addition, the68

difference between the two RIRs may also be ascribed to a different lipidic69

composition along the dehydration process of the cell membranes of ACICU70

and ATCC 19606T, as discussed in the following paragraphs.71

11



Journal Pre-proof
Jo
ur

na
l P

re
-p

ro
of

Figure 1: Panel a shows the wide range Raman spectrum (1100 - 3800 cm–1) of A.

baumannii ATCC 19606T (black) and ACICU (green) and the identification of spectral

regions. The water-green and purple boxes surround the Amide I (∼ 1600-1690 cm–1) and

Amide II regions (∼ 1480-1580 cm–1), the red one the CC stretching region (∼ 1480-1700

cm–1), the orange box is the CH region (∼ 2800-3100 cm–1) and the blue box is the OH

region (∼ 3100-3700 cm–1) (22; 26; 27). Panel b shows the deconvolution of the CH region

of ATCC 16909T with 6 Voigts curves: the blue curve represents the Raman Spectrum, the

red one the relative fit and the green curves are the Voigt curves of deconvolution. Each

green curve is representative of a molecular roto-vibration, from low to high frequency,

CH2 symmetric stretching, CH2 asymmetric stretching, CH2 asymmetric stretching, CH3

symmetric stretching, CH3 asymmetric stretching and CH stretching, the CH3 and CH2

symmetric stretching are in red because their intensity ratio is the RIR.
12
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Figure 2: RIR of both ATCC 19606T (black) and ACICU (red). The squares and triangles

represent the experimental data, which correspond to the merged data of two timelapses

per strain, and the solid lines the relative sigmoidal fit. The data error was computed by

using the root mean square error of the CH component deconvolution, while the standard

deviation from the mean value of residues was taken as error of the sigmoidal fit.

Figure 3 displays the relative abundance of the observed FAEEs and how72

it changes during the first 24 h of dehydration for both the A. baumannii73

strains. Non-desiccated ATCC 19606T and ACICU cells present a different74

lipidic composition of the membrane prior the dehydrating process, since the75

first one is mainly composed of unsaturated fatty acids. Instead, ACICU is76

mainly made up of saturated ones.77

As the dehydration progresses, the ACICU membrane shows an increase of78

the relative amount of Ethyl Heptadecanoate and Ethyl (E)-hexadec-9-enoate,79

maintaining a high amount of saturated fatty acids. On the other hand,80

13
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the ATCC 19606T membrane experiences an important change of roles since81

the fatty acids population of ATCC 19606T changes from an unsaturated82

to a saturated one. Indeed, there is a reduction of Ethyl (E)-hexadec-8-83

enoate along with a substantial increase of Ethyl Heptadecanoate, Ethyl84

(E)-hexadec-9-enoate.85

Thus, the GC-MS analysis reveals that the two strains display a simi-86

lar modification in lipid composition: both strains increase the amount of87

saturated fatty acids during the first 24 h of dehydration. Moreover, this88

modification is coherent with the passage from a liquid crystal phase towards89

a gel phase (as shown above) since saturated fatty acids, because of the less90

bent lipid chains, tend to increase the packing of the membranes, making91

them stiffer (4; 6).92

Interestingly, this difference may indicate how the two strains fit to93

dehydration resistance, placing ACICU in a more advantageous situation with94

respect to ATCC 19606T since the composition of its hydrated membrane95

is close to the dehydrated one. Thus, ACICU does not have to drastically96

change its membrane composition as ATCC 19606T does.97

14
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Figure 3: Graphs of the relative abundance of FAEEs released by acid ethanolysis from

the total lipid extract throughout a 24 h dehydration and their molecular structure. The

data relative to ATCC 19606T are represented with full squares and solid lines, the ones to

ACICU with empty square and dashed lines, lines are there only to distinguish between

the two strains.

The morphology of ATCC 19606T and ACICU cells was monitored with98

AFM during the dehydration under room condition for 24 hours, as show in99

Figure 4. At a first glance, both strains did not show any evident variation in00

the overall morphology of their cells, only very slight changes were identified01

15
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in the membrane curvature and in the aggregation of extracellular materials02

close to the bacterial cell (yellow arrow in Figure 4a). This deformation03

in cell membrane curvature could be attributed to its interaction with the04

closest extracellular materials. Interestingly, this phenomenon was mainly05

observed in A. baumannii ACICU cells, and particularly in single cells or at06

the boundary cells in clusters.07

To have a detailed examination of the morphological response to dehydra-08

tion of both strains, Figure 4a and b show high magnification (3.5 μm x 3.509

μm) images of dehydrated A. baumannii ACICU and ATCC 19606T single10

cells. It is evident that A. baumannii ACICU has a relatively round-shaped11

cell (length to width ratio ∼1.03, and cell height: 300 nm) featuring depression12

in the central part of its outer membrane, while ATCC 19606T cells are rod-13

shaped (length to width ratio ∼2.47, and cell height: 250 nm), displaying a14

deformation at cellular poles. The depression of the outer membrane observed15

in both A. baumannii strains, is likely the first impact of dehydration process.16

By analysing the profile of the cells surface and roughness along the plotted17

dashed line for both strains (Figure 4a1 and b1), very little modifications are18

noteworthy through time. Both strains display negligible variations of both19

the height profile and the local surface roughness.20

Enlarging the view and analysing clusters of dehydrating bacteria as shown21

in Figure 5, it is evident that 0 and 1 h dehydrated bacterial cells of each22

strain are not entirely dried, which is more pronounced in the surrounding23

region of the bacterial cell cluster, shown by white arrows. After 6 h, water24

completely evaporates and the bacterial cells of both strains were totally25

air-dried. Moreover, these cells seem to maintain their overall morphology,26
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showing little cellular shrinkage and flattening. Indeed, the statistical analysis27

(Table 2) performed on 30 cells revealed no variation of the cell surface area28

(S), volume (V) and their ratio (S/V) and, interestingly, the ACICU results29

are in accordance with those described in Bashiri et al.2021 (15). Moreover,30

the absence of evident morphological modifications contrasts with other genus31

reaction to dehydration. As an example, in E.coli cells the phase transitions32

is accompained by a volume contraction, causing holes and cracks in the33

membrane, which lead to bacterial death (8).34

Comparing the two strains, ACICU shows a smaller S/V ratio with respect35

to ATCC 19606T, and, interestingly, a small S/V ratio has been related to a36

high resistance to dehydration (15; 32; 33). Moreover, the surface roughness37

analysis, conducted in the area of 400 X 400 nm on the developed surface,38

illustrates that at 0 h ACICU cells feature a rougher surface 6 ± 2 (0 h) than39

ATCC 19606T 3 ± 1. This parameter increases for both strains after 6 h of40

dehydration with ACICU having a higher roughness with respect to ATCC41

19606T. It is reasonable to suggest roughness as a marker for the adaptation42

to drough, as already proposed in Bashiri et al.2021 (15). Putting together the43

AFM with the μ–R results, it is possible to highlight the morphological and44

physical modifications that A. baumannii undergoes in order to better adapt45

to dehydration. In particular, ACICU (the most fitted strain) presents a46

rougher membrane with a lower S/V ratio along and a quicker phase transition47

compared to ATCC 19606T.48
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Table 2: Cellular characteristics and average RMS surface roughness of A. baumannii

ATCC 19606T and ACICU at different time points of desiccation process

Strain Time Cell Surface Area Cell Volume S/V Average RMS Ro

(h) (μm2) (μm3) (μm–1) (nm)

ATCC 0 1.0 ± 0.2 0.23 ± 0.05 4.1 ± 0.6 3 ± 1

19606T 1 1.0 ± 0.2 0.23 ± 0.04 4.6 ± 0.6 4 ± 2

6 0.9 ± 0.1 0.22 ± 0.03 4.2 ± 0.5 8 ± 2

ACICU 0 0.8 ± 0.2 0.25 ± 0.05 3.5 ± 0.5 6 ± 2

1 0.7 ± 0.1 0.23 ± 0.04 2.8 ± 0.3 8 ± 2

6 0.7 ± 0.1 0.21 ± 0.03 3.5 ± 0.4 9 ± 2

* Average RMS surface roughness measured over three different 400-nm by 400-nm areas

on individual cells. A minimum of 30 cells of each strain was characterized and averaged

for roughness analysis.
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Figure 4: Morphology alterations in A.baumannii strains during dehydration. The 3D AFM

height and peak force error images of ACICU and ATCC 19606T single cells are shown,

respectively in panel a and b. The yellow arrow point to the aggregation of extracellular

materials. The profile of cell surface and roughness along the plotted dashed line for both

ACICU and ATCC 19606T are represented in panel a1 and b1. AFM height images are set

to 400 nm for all bacterial cells.
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Figure 5: AFM images of A.baumannii cell morphology from the early stage of dehydration

to air-dried state. Panel a shows the peak force error images for ATCC 19606T and panel

b shows the ACICU strains from first minutes of water evaporation at room condition (0

h), within the first hour (1 h), and 6 h. The white arrows show the presence of a water

layer surrounding the bacterial cells.

Since during desiccation, bacterial cells face a severe decrease in membrane49

fluidity as demonstrated by previous μ–R analysis, FRAP technique (Figure 6)50

was employed to estimate diffusivity modifications that occur due to water loss.51

In addition, FRAP also estimates the intracellular diffusivity of proteins inside52

the cells using TRSE as fluorescent reporter. Membrane fluidity and TRSE53

degree of diffusivity inside the cell were performed on bacterial sample before54

and after desiccation at different time points (see supplementary materials).55

The FRAP experiment was performed in timelapse (Video S1-S2) on56

desiccated and hydrated cells (i.e., cells immobilized on agarose to keep them57

in hydrated conditions) of A. baumannii ATCC 19606T; in particular, a 1 x 158
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μm region of samples was photobleached by laser exposure and photographed59

every 5 min for 90 min, waiting for the fluorescence recovery.60

Hydrated cells easily recovered their fluorescence while those air-dried61

only partially (Video S1-S2, Figure 6). Such observation is corroborated by62

the fluorescence intensity curves (Figure 7): cells in both conditions show63

a fluorescence drop in correspondence of the bleaching action of the laser64

and only the cells in hydrated condition presented higher and more rapid65

fluorescence recovery than those desiccated. All these observations were66

corroborated by assessing the values of Mf and t1/2, which were found to be67

higher and lower, respectively, in hydrated samples compared to desiccated68

ones (Table 3). These results suggest that the hydrated cells present a more69

fluid membrane which allows the replacement of bleached molecules with70

other fluorescently labelled.71

Table 3: Mf and t1/2 values represent the mean ± standard deviation of FRAP experiments

independently performed on three cells for each condition.

Hydrated Air-Dried

Mf (%) 36.5± 6.9 10.6± 2.1

t1/2 (min) 15± 2.5 27.5± 4.1

Moreover, these findings are coherent with the μ–R results for ATCC72

19606T; indeed, it highlights a transition from a fluid liquid crystalline phase73

towards a stiffer gel phase (Figure 2). Unfortunately, FRAP analysis could74

not be performed on ACICU samples without bleaching the entire cell because75

of the coccoidal and smaller dimensions of the strain, demonstrating that the76
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analysis of RIRs is a fast and label-free methodology to evaluate the variations77

of the state of lipidic membranes that overcame the FRAP technicalities.78

Thanks to the correlation between the two techniques, we were able to infer79

a similar trend for the ACICU. In detail, the RIR referred to ACICU present80

a higher A2, indicating that ACICU is endowed with a higher membrane81

fluidity than ATCC 19606T, despite presenting a faster membrane phase82

transition.83

Figure 6: Six representative photograms of videos S1 and S2 are shown, an A. baumannii

ATCC 19606T cell stained with TRSE, maintained in water (left) and one desiccated

(right) for 24 h on a glass coverslip. Images were processed by applying a denoise filter and

deconvolution using the Nis Elements C software to better visualize bacterial membranes.

Red scale denotes pixel intensity.
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Figure 7: Fluorescence intensity curves of the FRAP experiment. The black and red lines

show, respectively, the fluorescence variations of the hydrated and air-dried samples.

4. Conclusions84

In this article we exploited a multi-modal approach that combined RS, GC-85

MS, AFM and FRAP to show for the first time the bio-physical mechanisms86

that the membrane of A. baumannii experiences during dehydration.87

Differently from many other Gram-negative bacteria, A. baumannii dis-88

plays a great capacity to withstand dehydration stress, making it a model89

organism to study desiccation resistance on inert surfaces, as those in hospital90

environments, (34; 35; 36).91

By means of μ–R and FRAP we have shown, that the membrane of both92

ATCC 19606T and ACICU strains experiences during dehydration a transition93

from a state where the aliphatic chains of the membrane lipids are loosely94
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packed to a state where they are closely packed. This modification is due to95

the phase transition from a liquid crystalline to a gel phase. In particular,96

ACICU membrane transits slightly earlier than ATCC 19606Ts (Figure 2),97

whose membrane fatty acids change from unsaturated to saturated ones98

during dehydration. On the contrary, ACICU membrane is mainly composed99

of saturated fatty acids even before desiccation (Figure 3). Therefore, we00

conclude that the gel and liquid crystalline phases of ACICU are chemically01

and bio-physically similar to one another, indicating a better fitting to the02

dehydration resistance of this strain. Nonetheless, it is not clear yet whether03

the phase transition is the only factor contributing to the modifications of the04

membrane composition. To address this point, we are currently investigating05

the impact of other metabolic processes. Furthermore, AFM characterization06

(subsection 2.4 and Figure 5) showed an intact membrane, without evident07

chenges in volume and surface, even 24 h after the dehydration has begun.08

This proves that the phase transition is not associated to any major membrane09

modifications for both strains. Consequently, the resistance of A. baumannii10

against drought relies on the fact that the morphology of the cell is not11

modified by the phase transition of the membrane.12

Taken together these results contribute to explain the epidemic success of13

A. baumannii in hospital settings (2), with the reference strain ATCC 19606T14

being the more susceptible to desiccation compared to the epidemic strain15

ACICU, in accordance with previous studies (34).16

In conclusion, this study provides new insights into the role of membrane17

composition in the dehydration stress response and shows a substantial18

decoupling of the phase transitions from evidence of cell lysis of A. baumannii19
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up to 24 h from dehydration since no cracks or holes were found on the surface20

of the bacterial cells, the membrane appears intact, boosting A. baumannii21

resistance toward dehydration.22
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FRAP =fluorescence recovery after photobleaching45

RIR = Raman Intensity Ratio46
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