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HIGHLIGHTS

® Structural changes in E. coli membrane
with heating was studied with EPR.

® E.coli cell size increased from 2.3 to
3.0 um when heated to 50 °C.

® Further heating caused shrinkage ob-
served as decrease in size (ca. 1.7 um).

e TEM was used to visualize the related
morphological changes.

® Survival ability of bacteria is related
to membrane and morphological
changes.
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ABSTRACT

Bacterial cell characteristics, such as size, morphology, and membrane integrity, are affected by environmental
conditions. Thermal treatment results in related structural changes, extent of which is determined by the mi-
croorganism's survival skills and inactivation kinetics. The objective of this study was to characterize changes in
cell structure of Escherichia coli during heating using the combined analysis of dynamic light scattering (DLS),
electron paramagnetic resonance (EPR) spectroscopy, and transmission electron microscopy (TEM) techniques.
The size of E. coli cells increased from 2.3 ym to 3.0 um with heating up to 50 °C followed by a shrinkage with
further heating up to 70 °C. The morphological changes were verified using transmission electron microscopy.
Related changes in membrane integrity was quantified via the mobility of 16-doxylstearic acid (16-DSA) spin
probe using EPR spectroscopy. Two order parameters S; and S, defined on x- and y-axes, respectively, decreased
with increasing temperature indicating loss of membrane integrity. The combined techniques as in this study can
be used to further understand factors that play role in survival behavior of microorganisms.

1. Introduction

changes is determined by inactivation mechanisms and the resistance of
microorganisms to the applied stress. The heating process can damage

The survival kinetics of microorganisms is determined by the effects multiple cellular elements, such as disruption of the peptidoglycan cell
of external stresses, such as heat and antimicrobial compounds, on cell wall and damage to RNA, DNA, and enzymes. Microorganisms can re-
size, morphology, and membrane structure [1,2]. The extent of these sist thermal stresses by altering their cellular properties (i.e. adjustment
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of lipid bilayer viscosity and rearrangement of the membrane layer to
maintain the membrane functionality). However, cellular alterations
can tolerate a maximum change, after which the cell structure irre-
versibly gets damaged [3].

The destruction of these elements interferes with the replication and
the self-maintenance mechanisms of the cell. Moreover, changes such as
the disengagement of the membrane from the cell wall, formation of
pores, release of cell components out of the cell, and alterations in outer
and inner cell membrane structures have been previously reported [4].
The increased cell membrane permeability, observed in parallel with
increased membrane fluidity, disrupts the control over the transport
mechanisms and eventually leads to the loss of internal homeostasis
[5]. Indeed, it is know that this process results in compromised meta-
bolic cell functions and leaching of the cell components [1,6]. Early
studies measured particle size with microscopic methods, which require
analysis of large number images and tedious sample preparation steps
[7]. More recent studies commonly used flow cytometry to characterize
membrane structure and mobility. This technique is based on use of
fluorescence probes and the measurement is taken on each cell at a
single time [8]. The changes in the membrane integrity under different
stresses, such as temperature [4] and ultrasound [9], were previously
investigated using this technique. In flow cytometry analysis, mem-
brane integrity is characterized using dyes to stain specific components
(e.g. DNA) in bacteria cell. The dying step requires time for permea-
bilization and washing steps afterwards which are challenging and
time-consuming. Moreover, the cell aggregations might interfere with
the sensitivity of measurements [10]. Recently, Vargas et al. showed the
usability of dynamic light scattering (DLS) measurements to study the
growth (i.e., size and population) of E.coli and S.aureus in the lag phase
as an alternative to the traditional methods [11]. Electron Para-
magnetic Resonance (EPR) spectroscopy is a non-destructive technique,
which has been used to study membrane structures [1,3,12]. EPR
spectroscopy is sensitive to the presence of molecules with unpaired
electrons, where the spin relaxation of electrons is determined by the
mobility of the molecules. In a spin-labeling technique, a stable free
radical (i.e., spin probe) is introduced to the system and serves as a
reporter molecule. The interaction between the spin probe and the
target molecule, i.e. the cell membrane, is used for characterization
studies. For example, a nitroxide radical with an aliphatic carbon chain
aligns itself along the lipid bilayer, and the specific rotation on each
axes is responsible for the shape of the complex slow-tumbling spectra
[3,12,13]. The hyperfine splitting of slow-tumbling spectra is typically
associated with the extent of rotational diffusivity of the spin probe on
each axes [14].

Previously Glover et al. [1] used an aliphatic spin probe 5-doxyl-
stearic acid (5-DSA) to characterize the membrane integrity of Proteus
mirabilis, Staphylococcus aureus, and Saccharomyces cerevisiae under the
action of surfactants. Similarly, other researchers used similar aliphatic
spin probes to study the integrity and fluidity of human sperm plasma
membranes [13], Listeria monocytogenes cell membranes [3], and bovine
retina membranes [15] as a function of various external stresses.
Therefore, we propose that EPR techniques can be used to characterize
the changes in bacterial membrane, which eventually provides in-
formation for their survival ability. The objective of this study is to
evaluate the effect of heating on the cell morphology and membrane
mobility of E. coli by the combined analytical techniques of EPR, DLS,
and transmission electron microscopy (TEM).

2. Materials and methods
2.1. Materials

Escherichia coli cultures (ATCC® 12435™) were obtained from
American Type Culture Collection (ATCC®; Manassas, VA). The stock

solutions were stored on Trypticase Soy Agar slants (TSA; Becton,
Dickinson and Company, Sparks, MD) at 4 °C, and the cultures were
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grown in Tryptic Soy Broth (TSB; Becton, Dickinson and Company,
Sparks, MD) prior to use. The spin probe, 16-doxylstearic acid (16-
DSA; > 95.0% purity), was purchased from Enzo Life Sciences (NY,
USA). Potassium chloride (KCI; Fisher Scientific, USA), peptone water
(Bacto™ Peptone, Becton, Dickinson and Company, Sparks, MD) and
phosphate-buffered saline (PBS; VWR International, LLC, Solon, OH)
were analytical grade and used without any modification.

2.2. Growth curve

The cell count and absorbance measurements were performed fol-
lowing the method given in Fujikawa et al. [16] with some modifica-
tions. Briefly, an isolated colony of E. coli was inoculated into 10 mL of
TSB and incubated at 35 °C overnight. 5 uL of the overnight (ca. 18 h)
incubated cultures were transferred to 50 mL of TSB and kept at 35 °C.
Every three hours, the optical density was measured using a UV-Vis
spectrophotometer at 600 nm (Genesys, 10S UV-Vis, Thermo-Fisher).
For E. coli enumeration, samples were serially diluted in 0.1% peptone
water (Bacto™ Peptone, Becton, Dickinson and Company, Sparks, MD)
and spread plated on TSA following the standard plate count agar
method. All plates were incubated (VWR Incubator Gr Con 6, 85CF,
Germany) at 35 °C for 24 h. Cell counts results were reported in loga-
rithmic scale.

2.3. Particle size analysis

The particle size of E. coli cells was measured using a dynamic light
scattering (DLS) instrument (DelsaMax Pro, Beckman Coulter, Brea, CA)
based on the method described by Saini et al. [17] and Walker et al.
[18] with modifications. Briefly, E. coli cells were grown in TSB at 35 °C
until early stationary phase (ca. 9-12h). The cell samples (5 mL) were
centrifuged at 3800rpm for 15min (Allegra X-14R Centrifuge,
Beckman Coulter) and resuspended in 5mL of KCl solution (10 mM).
The centrifugation and resuspension steps were repeated once. The
twice rinsed cells were then diluted with 5mlL KCI solution to have a
final concentration of 10°~10° cells/mL. The effect of heating from 35
to 70 °C at a rate of 1°C/min on cell size was studied using flow cell
setup with the DLS instrument. The instrument operated at 45 mW with
a wavelength of 532nm. The average of five acquisitions of hydro-
dynamic diameter is reported for each measurement.

2.4. Membrane mobility analysis by EPR

The membrane mobility of E. coli cells were measured with EPR
based on the method described by Glover et al. [1] with some mod-
ifications. Briefly, cell suspension in the early stationary phase (ca.
9-12h at 35°C) was centrifuged (3800rpm for 15min) and re-
suspended in glass vials containing fresh PBS (2.5 mL). Aliquots of 16-
DSA solution (2.5 mM) was added to the cell suspension to have a final
concentration of 400 uM. The cultures were incubated at 35 °C for 1 h to
ensure 16-DSA partition into the membrane. Incubated cultures were
heated to 42, 50, or 65 °C with gentle stirring in a hermetically sealed
vial using a block heater (Heating/Stirring Module, Reacti-Therm III,
Pierce). When the culture temperature was reached to set temperature
(ca. 1°C/min), the cell suspensions were centrifuged at 4300 rpm for
15 min and the supernatant was discarded. The cell pellets (ca. 50 mg)
were transferred to borosilicate capillary tubes (VWR International,
ID:0.5-0.6 mm) for EPR measurements. The EPR measurements were
performed at room temperature in an EPR spectrometer operating at X-
band (SpinscanX, ADANI, Belarus). The samples were analyzed under
the following measurement conditions: center field 335 mT, sweep
width 12 mT, modulation frequency 100 kHz, modulation amplitude
600 uT, microwave power 6 mW.
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2.5. Transmission electron microscopy (TEM) analysis

TEM imaging of the E. coli cells were conducted in the Microscopy
Facility, Division of Biology, at Kansas State University. The negative
staining procedure was adapted from Trinetta et al. [19]. Briefly, post
fixation of cells was carried out by 1% osmium tetroxide in 0.1 M ca-
codylate buffered solution. Cells were treated with ethanol, and pro-
pylene oxide, respectively. Thin sections were attached on copper grids
and analyzed with a CM 100 TEM (Thermo Fisher Scientific). The
images were captured with a Hamamatsu C8484 digital camera using
an AMT digital image capture system (Chazy, NY).

2.6. Statistical analysis

The results were analyzed with analysis of variance (ANOVA) for
significant of difference (a < 0.05), and post-ANOVA calculations
were performed using Tukey's multiple comparison test to evaluate
differences between treatments by using Minitab software (v16,
Minitab, Inc.).

3. Results and discussion
3.1. Cell size

DLS analysis is based on the movement of the scattered particles and
measures the hydrodynamic diameter [11]. The hydrodynamic dia-
meter is not actual size; however, this technique is reliable and allows
direct and real-time monitoring in the characterization of the changes.
Therefore, we hypothesize that this issue did not interfere with the
results. The growth curve of E. coli at 35°C was created using optical
density measurements at 600 nm and microbial counts in Log CFU/ml
(Fig. 1). The cells reached to stationary phase after 9 h of incubation
with a 9-log population count. The cells at the early stationary phase
were used for subsequent experiments as they are healthiest and most
resistant to external stresses. We also monitored the size of E. coli cells
during the different growth stages as hydrodynamic diameters using
DLS technique. The E. coli cell size was ca. 2400 nm at the early sta-
tionary phase (Fig. 2). This is similar to previous data reported as
measured by using optical microscopy [20,21]. The cell size effectively
remained unchanged at the later stationary phase up to 24 h, however
slightly but significantly (p < .05) larger size (ca. 3000 nm) was ob-
served at the exponential growth phase. This is probably because the
cell growth and cell division rates are increased, and therefore the
number of large cells ready to divide is the highest in the exponential
phase [22]. In contrast, the cells were in smaller size due to slower
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growth rate in the stationary phase.

In parallel to particle size measurements, the net surface charge of
E. coli cells at their stern layer were also measured as zeta potential
values, which largely remained unchanged at around —25 to —30mV
during growth. Other studies reported varying surface charge potentials
(e.g., ca. between —60 and — 140 mV) of E. coli cells during the growth
cycle [23,24]. However, the techniques used in these studies are com-
pletely different, such as impedance spectroscopy and intracellular
microelectrodes. The stern later charge measured as zeta potential is
affected by the ionic strength of the solution, and in our case the
measurements were conducted after dispersing cells in KCI solution
(10mM), which resulting in lower surface charge potentials and
eventually masking the fine differences that might be resulting from
any compositional changes during growth.

The aliquots (170 uL) of E. coli cell suspensions were being heated
from 35 to 70 °C at a rate of 1 °C/min in the flow chamber of the DLS
instrument, and the cell diameter was automatically measured at 30 s
intervals (Fig. 2). The cell size first gradually increased up to ca.
3000 nm until around 50 °C, followed by a decrease to ca. 2000 nm with
further heating to 70 °C (Fig. 2). Similarly, Kim et al. [25] and Gabriel
and Nakano [26] observed that inactivation of E. coli cells start around
50 °C. Mackey et al. [27] also indicated that membrane lipids melted
around 40 °C and ribosomal subunits and soluble cytoplasmic proteins
denatured irreversibly around 47 °C. After cell damage starts at tem-
peratures above 50 °C, the cells lose their ability for homeostasis ac-
companied to disruption of membrane integrity and porosity. There-
fore, continuing the heating results in reduction of the cell size likely
due to leaching of cell components. The overall data for DLS mea-
surement had high precision (standard deviations of our data were
smaller than 10% from the mean values). The standard deviation was
small and < 5% from the mean around the optimum growth tempera-
ture of the cells (37 °C). During heating, it increased; however, it was
still under 10%. The small deviation from the mean indicated a good
precision of the technique. In the next section, we investigated the
changes in the membrane integrity and mobility using the EPR spec-
troscopy due to heating.

3.2. Membrane mobility analysis by EPR

The spin probe 16-DSA, produces an isotropic three-line spectra in
solutions when it is not bound characteristic to fast tumbling spectra of
nitroxide spin probes where hyperfine separations of parallel and per-
pendicular axes are averaged out [28-30]. The spin probe can penetrate
into the bacterial membrane to provide structural information as illu-
strated in Fig. 3A. The fast-tumbling spectra of the 16-DSA in its
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Fig. 1. Optical Density (O.D.) and log counts for E. coli cells grown at 35 °C.
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Fig. 2. Hydrodynamic diameter of E. coli cells with heat treatment (35-70 °C). The solid line represents the mean of individual particle size measurements (n = 4)

and the dash lines represent + standard deviations.

solution is a characteristic triplet signal for the nitroxide radical, where
the rotation times on each molecular axes are averaged out (Fig. 4A).
Once it is immobilized in the phospholipid membrane, it produces an
anisotropic spectrum hyperfine splitting determined by spin relaxation
times of individual molecular axes as shown in Fig. 4B. Some distortion
in the spectra was observed in the form of spin exchange broadening
related to probe localization at a certain spot [31].

The interaction between the spin probe and phospholipids causes
distortion in the signal, and the shape of the EPR spectra was affected
by heating due to changes in the mobility of the spin probe in inter-
action with the membrane. The spectra of the 35 °C indicate the control
sample without heating. The change in the peak shape with heating is
enhanced at the high-field region, where the position of the peak lo-
cated around 339 mT showed decreasing hyperfine separation, while
337 mT diffused out with increasing temperature. The faster mobility of
molecules with higher rotational diffusivities in parallel and perpen-
dicular axes resulted in decreased spectral anisotropy. These changes
were quantified by the order parameters S; and S, defined from the
anisotropic hyperfine peaks associated with the two perpendicular axes
[28,29,32]:

S1 = (Azz_Axx)/(Azz,max_A)o(,min) (1)

S, = (Azz_Ayy)/(Azz,max_Ayy,min) 2

where A,y is the hyperfine coupling constant related to motion on the x-
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axis, Ayy is the hyperfine coupling constant related to motion on the y-
axis, A,, is the hyperfine coupling constant related to motion on the
parallel axis, and (A, max —Axx,min) and (A, max —Ayy,min) are the hy-
perfine coupling constants for the rigid spectra. The measurements of
hyperfine coupling constants were shown in Fig. 5. Rigid spectra values
(2.73 and 2.78 mT for S; and S,, respectively) are obtained under im-
mobilized spin probe conditions in freeze-dried powders and in agree-
ment with the literature [1,12,33].The order parameter is close to 0 in
the fast tumbling spectra, while it is close to 1 in the slow tumbling
spectra (i.e., when the spin probe is completely immobilized).

The Gram negative E. coli cells have two membranes separated by a
thin cell wall. The outer membrane acts as a selective permeability
barrier. The inner lipopolysaccharide layer is a selective barrier for
small molecules and its rigid structure controls the passive diffusion of
lipophilic compounds [34,35]. Although the spin-probe initially parti-
tions to both inner and outer membrane, we assume that the spin probe
is likely to wash-away from outer membrane with the double-rinse.
Therefore, we expect the contributions coming from the outer mem-
brane is expected to be small as compared to inner membrane, yet there
is still probability that some small amount remains and contributes to
the complex EPR spectra.

The order parameters S; and S, after heating to different tempera-
tures were shown in Fig. 6. The lipid molecules exhibit molecular ro-
tation (e.g. gauche-trans isomerization and lateral diffusion) along the
parallel and perpendicular axes of carbon-carbon bond alkyl chain

Fig. 3. The cartoon representation of alignment of
spin probe 16-DSA (orange molecule) in the cell
membrane A) at growth conditions, and B) after
heating (not to the scale). The blue group on the spin
probe represents the nitroxide group. (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)
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Fig. 4. EPR spectra of 16-DSA in A) PBS (400 uM solution) with the fast-tumbling spectra, and B) E. coli cells at 35, 42, 50, and 65 °C.

[32,36,37]. When the spin probe interacts with the cell membrane, the
tail part (alkyl chain) continues rotational motion; however, the head
structure (containing nitrogen moiety) is hindered by the membrane
[32]. Therefore, the long axis of the tail part produces an anisotropic
motion while the head structure governs a “wobbling” movement
[32,38]. The motion direction of spin probe can be visualized as a cone
shape. A rigid medium result in a smaller conical radius and motion
amplitude to give a greater difference in hyperfine separations [31].
This restricted motion is reflected in the EPR spectra and order para-
meters.

The high magnitude of the order parameters at 35 °C indicate the
control cells at the growth conditions where the spin probe is largely
immobilized within the membrane. The motion of the spin probe mo-
lecule is largely restricted at the parallel axes aligned in the direction of
bilayer structure of cell membrane, while it retains limited mobility at
the x and y axes. The order parameter S; was significantly larger
(p < .05) than S, probably related to the preferred alignment of the
spin probe and the position nitroxide group within the membrane

structure. The x-axis with the longer nitroxide dimension was freer to
move between the phospholipids forming the bilayer, while the wob-
bling motion of the y-axis was more restricted with the peripheral fatty
acid chains.

Both order parameters S; and S, decreased with increasing tem-
perature indicating less restricted motion, and damage to membrane
integrity. Similarly, Rottem et al. [14] showed that the outermost peaks
in EPR spectra of DSA spin probes approached to each other (decrease
in 2A,, values) with less restricted motion in an investigation of my-
coplasma membrane and effects of growth conditions. Moreover,
Hubbell & McConnell [39] discussed the effect of temperature on the
order parameter of aliphatic spin probes through phase transition of
polymethylene chains of phospholipid membranes. When membranes
heated above chain melting temperatures the order parameter abruptly
changes indicating loss of membrane integrity. Similar observations
was also reported by Mackey et al. [27] on melting of membrane lipids
and changing structure of cell components. Therefore, we hypothesize
that based on the thermal resistance of microorganisms are related to
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Fig. 5. Hyperfine coupling positions in the slow-tumbling EPR spectra.

the phospholipid composition of their cell membranes. The bacterial
cells tolerate, survive, and finally go through adaptations under stress
conditions, such as changing temperatures and the presence of essential
oils or antibiotics. Other researchers studied the effect of stress condi-
tions such as surfactant [1], essential oils [3], ultrasound [9], and the
combination of ultrasound and antibiotics [40] on the cell membrane
structure. Similar to our findings, these researchers related the loss of
cell membrane integrity and disruption of tight packing to the phos-
pholipid composition and structure.

The membrane integrity determines the cells ability for home-
ostasis, and a compromised membrane structure can result in dys-
function of the cell membrane activity and its selective permeability
functionality. Baatout et al. [4] observed increased membrane perme-
ability in E. coli cells submitted to 50, 60, and 70 °C temperature
treatments and stated that an increase in membrane permeability was
linked to damaged membrane integrity. The loss of membrane barrier
functionality and increased permeability can eventually lead to
leaching of cell components outside the cell to cause shrinkage. In the
next section, we investigated the changes in cell morphology as a result
of heating using TEM imaging.

3.3. Cell morphology analysis by TEM

The untreated (control) E. coli cells showed their characteristic rod

shape morphology, and undamaged cell integrity with an intact mem-
brane structure as shown in Fig. 7A1 and A2. The thin lines extended
from the cells are the flagella. Heating the cells resulted in swelling
(Fig. 7B1 and B2) as they reached to their largest size at around 50 °C
characterized by DLS measurements. The thickness of the gap between
the inner membrane and cell wall decreased compared to non-heated
cells due to swelling (i.e., indicated with red circles in Fig. 7B). This
enlargement compromised the cell membrane integrity as a result of
two related phenomena: the increased mobility of the fatty acid chains
and loss of lipoprotein structure with increasing temperature, and in-
creased separation between molecules forming the membrane with
enlargement. Similar observations were also reported by Munna et al.
[41].

Further heating (up to 65 °C) caused the cells to shrink (Fig. 7C1 and
C2). At this extreme point, the cell components leach out of the cell due
to compromised cell membrane functionality. Without the internal re-
sistance the membrane collapse observed as a much larger and irregular
separation of the membrane from the cell wall (i.e., indicated with red
circles in Fig. 7C). Similarly, Russell [42] reported that the severe da-
mage to the inner membrane at high temperatures led to cell leakage
and eventually to death. This was explained as the thermal degradation
of inner membrane lipoproteins by high temperature. Baatout et al. [4]
stated the bacterial cells undergo several changes such as membrane
separation from the cell wall, pore formation, and leakage of cell
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Fig. 6. The order parameters S; and S, calculated using egs. 1 and 2, respectively. The different letters on the data indicate difference (p < .05) for the same

parameters at different temperatures.
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Fig. 7. TEM images of E. coli cells A) incubated at 35 °C, and heated to B) 50 °C, and C) 65 °C. The first row images are taken with x13,500 magnification; second row

images are taken with x92,000 magnification.

components to the outer environment when they are exposed to tem-
peratures higher than they can tolerate (e.g. 25 to 42 °C for E. coli). The
swelling and shrinking of bacterial cells characterized with DLS and
TEM analyses were in agreement with changes observed indicating
changes in membrane integrity, which was consistently degraded with
continuing heating as quantified by EPR measurements.

4. Conclusions

The present study showed that the EPR analysis (decreasing order
parameter) in combination with DLS and TEM techniques showed the
order of the changes in E. coli membrane integrity with temperature.
This information can be used to compare the effects of environmental
stresses that determine bacterial survival behavior. Our findings sug-
gested the analysis of cell size, morphology, and membrane mobility
can be used in parallel to provide a deeper understanding of structural
changes related to bacterial thermal resistance. Multiple and related
structural changes occur with external stresses, and their character-
ization is important to thoroughly understand survival skills of micro-
organisms. The combined approach proposed in this study can be
helpful for further understanding of these changes that affect mem-
brane integrity in combination with compositional information.
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