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lons, metabolites, and cells: Water as a reporter of surface

conditions during bacterial growth

Tasha A. Jarisz, Sarah Lane, Lea Gozdzialski, and Dennis K. Hore?
Department of Chemistry, University of Victoria, Victoria, British Columbia V8W 3V6, Canada

(Received 27 January 2018; accepted 15 March 2018; published online 5 April 2018)

Surface-specific nonlinear vibrational spectroscopy, combined with bulk solution measurements and
imaging, is used to study the surface conditions during the growth of E. coli. As a result of the
silica high surface charge density, the water structure at the silica—aqueous interface is known to be
especially sensitive to pH and ionic strength, and surface concentration profiles develop that can be
appreciably different from the bulk solution conditions. We illustrate that, in the presence of growing
cells, a unique surface micro-environment is established as a result of metabolites accumulating on
the silica surface. Even in the subsequent absence of the cells, this surface layer works to reduce the
interfacial ionic strength as revealed by the enhanced signal from surface water molecules. In the
presence of growing cells, an additional boost in surface water signal is attributed to a local pH that is
higher than that of the bulk solution. Published by AIP Publishing. https://doi.org/10.1063/1.5023748

I. INTRODUCTION

The manner in which biomolecules interact with surfaces
plays a key role in a host of applications ranging from implant
biocompatibility and biosensors to drug delivery platforms and
chromatography.! Protein and cell adhesion is a complex phe-
nomenon, governed by interactions between molecules on the
cell surface, together with the nature of the substrate and sur-
rounding solution environment.” When a surface is placed in
contact with a proteinaceous solution, rapid adsorption causes
the formation of a conditioning film, which is necessary for
subsequent adhesion of cells—an important step in the for-
mation of biofilms.>~® Biofilms have significant consequences
for industry and public health, due to their central role in
equipment fouling and infectious diseases.”® In the initial
stages of bacterial colony formation, cells irreversibly adhere
to the surface and begin production of extracellular polymeric
substances (EPSs) which, over a period of hours to days, com-
pletely envelop the surface.’ Secretion of EPS is one of their
unique features, improving adhesion and cohesion and offer-
ing enhanced resistance to environmental stresses.'%"'? Cells
within this polymeric extracellular matrix are distinct from
their planktonic counterparts and grow and respond to changes
in their immediate environment.'? The composition of the EPS
is dependent on the stage of growth and other critical features
of the environment which dictate the formation and prolifera-
tion rate of the eventual biofilm.'* In addition, the EPS secreted
by bacteria readily bind cations, anions, proteins, and other
organic molecules near the cells.!* Studies varying the surface
and solution conditions have concluded that the nature of the
surface, including its charge, hydrophobicity, and roughness,
and pH and ionic strength of the environment are critical fea-
tures influencing the amount and conformation of adsorbed
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proteins and cells.”>° The solvation environment plays an
integral role in both protein and bacterial adsorption such that
changes in the hydration structure at the surface are a sensi-
tive measure of early adhesion events. Water constitutes by
far the largest part of the environment in which most bacte-
ria grow and is also the major component of the EPS matrix.
Polymers within this matrix trap ions and water molecules,
creating chemical gradients that are distinct from the bulk solu-
tion.!* The creation of these micro-environments, in which
water plays a significant role, is important for bacterial adhe-
sion and colony growth. Water molecules may compete for
hydrogen bonding opportunities with both the protein and
surface, thereby suppressing protein adsorption.”’>> On the
other hand, dehydration of hydrophobic regions on the pro-
tein or substrate is thermodynamically favourable due to the
increased entropy of the displaced waters. This serves to pro-
mote protein adsorption, especially for globular proteins that
may alter their conformation and unfold upon adhesion to a
surface.”® The surface charge and presence of co-solvating
ions have also been shown to be important factors in mediat-
ing protein adsorption.’* Consequently, the extent of protein
adhesion is influenced by the pH and ionic strength of the
aqueous medium.

Silica is an ideal surface to study bacterial adhesion
due to its prevalence in many biological applications, includ-
ing chromatography, sensors, assays, implants, and metal-ion
extraction.”® Moreover, its high surface charge density makes
it very sensitive to small changes in pH, especially in the
6-8 range of biological systems.”® As the pH of the solu-
tion is increased, deprotonation of silanol groups to form
siloxide results in a more negatively charged surface. Con-
sequently, the structure of water molecules at the silica—
aqueous interface is affected by alterations in pH, as the
degree to which interfacial molecules are ordered depends on
the extent of hydrogen bonding and the surface charge.?’>°
Ions in solution are also known to significantly alter the

Published by AIP Publishing.
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water structure at silica surfaces.’®3%=37 Studies have shown
that increasing the ionic strength of the solution results in a
decreased ordering of water molecules at the interface. This
may occur via two different mechanisms: increased screen-
ing of the partially negative surface charge on silica and
compression of the electrical double layer and/or electro-
static interaction of hydrated cations at the negatively charged
surface, thereby disrupting hydrogen bonding between water
molecules.*

It is increasingly recognized that early protein condition-
ing and cell-surface interactions are prerequisites to the attach-
ment of bacteria and formation of biofilms. Although scientists
have amassed considerable knowledge of the growth, com-
position, and structure of mature biofilms,**" the details of
such a conditioning layer and early bacterial adsorption are not
clear.*1241-44 The role of the interfacial environment, includ-
ing water structure, pH, and ionic strength, on initial bacterial
adsorption and early development of colonies are acknowl-
edged as critical factors, yet remain largely unknown.* 7
This is partly owing to the complexity of the interfacial envi-
ronment (surface roughness, charge, hydrophobicity; solution
ionic strength, pH, composition of osmolytes) and partly a
result of the paucity of in situ, label-free techniques that can
probe the interfacial environment with sufficient selectivity
and structural sensitivity. The physical and chemical nature
of the substrate, and hence conditioned surface, including the
structure of interfacial water molecules and the role of ions, are
key aspects that need to be better understood.*®** Thus, a more
sensitive and surface specific technique, capable of in sifu char-
acterization of the solid—aqueous interface, is needed. Among
the probes available for surface analysis, visible-infrared sum-
frequency generation (SFG) spectroscopy is unique in its
ability to provide quantitative molecular level information at
buried interfaces with extreme surface-specificity.’*>3 This
is a result of the second-order nonlinear susceptibility ten-
sor y® vanishing in centrosymmetric materials, such as the
bulk solution phase. Therefore, this second-order nonlinear
vibrational technique is ideal for monitoring alterations in
the surface-bound water structure, in order to serve as a pre-
dictor for interfacial environmental conditions that lead to
adhesion.

Here, we use SFG spectroscopy, in combination with
imaging and solution characterization techniques, to moni-
tor how early protein conditioning and E. coli cell adhesion
influence the interfacial environment at silica surfaces. We
illustrate that SFG spectroscopy is a sensitive probe of the
local ionic strength, which is reduced as a result of ion adsorp-
tion by EPS of the bacterial matrix, and local pH, which is
increased as a result of metabolic activities of bacteria at the
surface.

Il. EXPERIMENTAL
A. Cell culture

Escherichia coli K12 MG1655 (ATCC 700926) were
stored at —80 °C in Lysogeny broth (LB, Difco Laboratories)
containing 50% (vol./vol.) glycerol. Working liquid cultures
were inoculated from LB agar plates into 500 ml of LB and
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aerated with vigorous stirring at 37 °C for 25 h. Our Lennox
formulation of LB consists of tryptone (10 g/1), yeast extract
(5 g/1), and sodium chloride (5 g/1). Offline growth was mon-
itored by measuring the optical density at 600 nm using an
Ultrospec 10 Cell Density Meter (Amersham Biosciences). In
the case of online growth, 8 ml of the offline culture was placed
into the sample chamber of the SFG spectrometer 2 h after
inoculation (while in the lag phase). The bacteria were grown
inside this Teflon chamber at 37 °C and were aerated with
stirring.

B. SFG measurements

SFG measurements were performed using a picosec-
ond laser system (Ekspla PL.2241).* The frequency-doubled
532 nm visible beam was s-polarized and defocused to a diam-
eter of 1 mm at the surface of an IR-grade fused silica dove
prism (Del Mar Photonics), approaching the surface at 68°
with an energy of 100 uJ/pulse at a repetition rate of 10 Hz.
Mid-infrared pulses from 2800 to 3550 cm™! were gener-
ated in AgGaS, in a wavelength-scanning optical parametric
generator (Ekspla PG501). The p-polarized IR beam was nom-
inally 200 pJ/pulse and was incident at 60° with a diameter of
0.5 mm. The sample cell consisted of a custom Teflon vessel
mounted against the fused silica prism with a fluoropolymer
O-ring (Marco Rubber, NH) and maintained at 37 °C by means
of a recirculating water bath channeled through an aluminum
block enclosing the Teflon. The s-polarized component of the
SFG intensity was collected, and the average of 200 laser shots
were acquired at each IR wavenumber.

C. Cell solution characterization

Fractions of the working E. coli culture were collected
at various times during the lag, exponential, and stationary
phases and stored at 4 °C overnight. The fractions were then
centrifuged (Eppendorf 5810R) at 2250 rcf for 45 min at4 °C.
The supernatant was poured off immediately and then filtered
using a sterile 0.2 um filter and 5 cc syringe. The pH of each
fraction was measured using a pH meter (VWR Symphony
SB70P) and glass electrode (VWR 4002-850) using a two-
point calibration method with pH 4 and pH 10 buffers. The
conductivity of each fraction was measured with a traceable
conductivity meter (VWR) after calibration with a standard
potassium chloride solution prepared as follows: KC1 (ACP
Chemicals) was oven-dried at 110 °C for 5 h and dissolved
in 182 MQ cm water to make a 0.01 M solution. The
temperature-corrected conductivity reading was adjusted to
1323 pS/cm at 22 °C.

D. Quartz crystal microbalance

Quartz crystal microbalance with dissipation monitor-
ing (QCM-D, Q-Sense, Gothenburg, Sweden) experiments
were performed at 37 °C on SiO; coated sensors. Prior to
use, the sensors were rinsed with 18.2 MQ cm water, dried
under nitrogen, and then put in an UV-ozone cleaner (Bio-
force Nanosciences) for 10 min. Frequency and dissipation
shift data were collected upon flowing water at 0.1 ml/min,
followed by the LB solution until equilibrium was reached
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(approximately 30 min). These data were analyzed using a
Kevin-Voigt model®-% to determine the adsorbed mass and
rheological properties of the surface.’’

E. Imaging

Following some of the experiments, the solution was
drained from the sample cell, and the silica prism was detached
and rinsed with distilled water. To improve our statistics, we
also performed additional growth measurements independent
of the SFG experiments for the purpose of image analysis.
Crystal violet was applied, allowed to maintain contact for
60 s, and then rinsed with distilled water. The prism sur-
face was then imaged at 1000x using a 100x oil-immersion
objective on an inverted microscope (Nikon Diaphot-TMD).
This enabled high magnification without the use of long work-
ing distance objectives as the dove prism had a thickness of
10 mm. Image analysis was performed using the code we
developed in Python using the SciPy numerical libraries®® and
the Matplotlib 2D graphics library.”® This consisted of an ini-
tial flatting step where a single-channel image was created
from the average of each of the RGB channels on a (0, 255)
scale and then renormalized to (0, 1). A subsequent binary
image was obtained in a subsequent flattening step where pix-
els were assigned a value of 0 if they were below a cutoff value
and a value of 1 otherwise. This cutoff was determined from
the contrast between regions with obvious lack of colonies and
those with large colonies and had typical values between 0.7
and 0.8. This data set was then used for colony counting and
size distribution reporting. The final binary image was inverted
so that colonies appeared dark (black) and unadhered regions
were white.

lll. RESULTS

A. SFG response to online vs offline
growth conditions

The population of E. coli was monitored by measuring the
optical density at 600 nm. As shown in Fig. 1(a) (points), this
followed a logarithmic behavior, enabling the data to be fit by

0 =1 b, ey

T+ o kuim
where A is the amplitude, k is the growth rate, #,, is the mid-
point of the exponential phase, and b is any offset. Fitting the
data to this equation resulted in k = 0.87 h~!and 7, = 8.1 h,
as indicated by the line in Fig. 1(a). Based on this data, we
consider the lag phase to exist up to 4 h, the exponential phase
to exist from 4 to 15 h, and the stationary phase to exist after
15 h. We refer to this as the offline growth, as no vibrational
spectra were recorded during this period.

We then perform the same experiment, but inside the
thermostated sample chamber of our SFG spectrometer,
referred to as online growth. The intensity of the SFG sig-
nal is proportional to the square of the sum of second- and
third-order contributions to the polarization. In our polar-
ization scheme, we probe only a single element of y®
and )((3),
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FIG. 1. (a) E. coli K12 growth curve as determined from the optical density
at 600 nm (points) and fit to the model in Eq. (1) (line); (b) online growth SFG
intensity (black points) at 3200 cm™! with respect to the neat water-silica
interface, superimposed on the same growth model (black line); signal from
cells grown offline (red) followed by centrifuged fractions (green); 0.08M
NaCl rinse (blue); (c) bulk solution pH; (d) bulk solution conductivity.
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where E,is and Etr are the electric components of the fields
from the laser approaching the sample and Ey(z) is the
distance-dependent static field originating at the silica surface.
The integration in Eq. (2) results in an interference between
the y® and y® terms that is modulated by the ionic strength
and wavevector mismatch.®*%! The local field correction fac-
tors L provide the laser fields at the silica—aqueous interface
and are calculated according to the refractive index and beam
amgles.62 As we will describe later, these factors are espe-
cially important when near the critical angles, as small changes
in the refractive index can have a marked effect on the SFG
signal.
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FIG. 2. SFG spectra collected at the aqueous-silica interface for water (blue),
LB growth medium (red), and E. coli K12 (gray). During bacterial growth,
SFG intensity increases from 21% of the initial silica-water signal to 53% of
this level. The intensity at 3200 cm™! is plotted in Fig. 1(b) (black points).

As shown in Fig. 2, we first collect the signal of water
adjacent to silica from 2800 to 3550 cm™! (blue trace), cor-
responding to the O—H stretching vibration. We then remove
the water and fill the chamber with fresh LB growth medium.
The resulting spectrum (red trace) shows essentially the same
shape, but with only 21% of the intensity. For all subsequent
SFG data, we will display the intensity relative to that of water
at 3200 cm~!. When the LB is now replaced with growth media
that is inoculated with cells, spectra obtained (gray traces) for
the first few hours have the same shape and intensity as the
initial LB spectrum. After some time, however, the spectra
increase and then reach a plateau. The trends in this data are
more clearly observed in Fig. 1(b), as the points display a log-
arithmic growth. The line is a plot of Eq. (1), with the same
values of k and #,,, as was obtained for the ODggy data. Here
only A and b have been adjusted to match the scale of the SFG
data, normalized with respect to the water signal. It is curi-
ous that the signal increases to such a large extent (more than
250%) and that the trend so closely matches the population
growth curve. In order to further investigate the origins of this
effect, we perform a separate experiment in which fractions
of the population (as monitored in an ODgpy measurement)
are isolated, centrifuged, and filtered to remove the cells and
then introduced to the SFG spectrometer. We have selected one
snapshot from the lag phase, one from the early exponential
phase and two from the late exponential phase, and one from
the stationary phase. As shown in Fig. 1(b) (green points),
all fractions have the same SFG response throughout the lag,
exponential, and stationary phases, with no increase observed.
As it would appear that the dramatic difference between these
two data sets may be the result of the cells being present, a final
experiment studied the collected fractions without separating
the cells and introduced them into the SFG spectrometer. The
data [red points in Fig. 1(b)] show only small changes in SFG
signal intensity throughout each phase of growth, indicating
that there is little difference between the presence and absence
of cells in the offline SFG data.

We then investigate whether the increase in signal for
online growth is due to the change in composition of the
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surface or bulk environments or whether it has its own time
dependence. We return to the centrifuged fractions and intro-
duce them in succession onto clean silica surfaces. Before the
introduction of the solution, the water signal is measured as a
reference, and the surface is then pre-conditioned with LB. We
have confirmed that the LB signal does not change with time,
even over a 24 h period [Fig. 3(b)]. The signal obtained from
each fraction is then monitored for 4 h, as shown in Fig. 3(a).
Consistent with the data shown in Fig. 1(b) (green points), the
SFG signal corresponding to the initial exposure to the solu-
tions is fairly constant at 21% of the water value. Here it is
noted that, as in the case of LB, there is also no change over
time throughout the lag and exponential phases. However, the
late exponential 14 h fraction (ODggy = 1.76) exhibits a more
than 50% increase in signal over the 4 h monitoring period.
Further into the stationary phase, the signal also increases with
time, but to a lesser extent. It can also be seen in Fig. 3(a) that
the 25 h fractions grown both online and offline show identical
increases over the 4 h period, reaching a plateau at the same
time and intensity.

B. Solution conditions during cell growth

The bulk pH and conductivity of the LB fractions after
supporting varying amounts of E. coli growth were measured,
as shown in Figs. 1(c) and 1(d), respectively. Starting from a

14 h
035 @

25 h online

0.30

0.25 -

SFG3200 W.r.t. water

020 T T T T I

time / h

60' b

40 A

20 -

% increase over 4 h

LB 2 h 6 h 10h 14 h
offline fraction

24 h

FIG. 3. (a)Evolution of the SFG signal at 3200 cm™ ', normalized with respect
to the water-silica interface, for different centrifuged fractions collected during
offline cell growth (circles). This displayed a constant signal level over 4 h
for all fractions up to 10 h, followed by an exponential rise in SFG with time
(solid lines) for the 14 h and 25 h fractions. For comparison, a 25 h fraction
from online growth (squares, cells removed) was monitored and displayed
the same exponential increase (dashed line). (b) The relative increase for the
initial LB medium and all offline fractions.
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neutral pH of 7.0, the pH decreases to 6.5 by the end of the
lag phase and then abruptly increases during the exponential
phase, reaching a plateau at pH 8.2 in the stationary phase. The
conductivity y, however, remained relatively constant through-
outthe E. coli growth phases, with the ionic strength varying by
only 10%. As the major ions in the initial LB are Na* and CI-,
we can estimate the ionic strength / assuming a 1:1 electrolyte
from the linearized relationship®*%4

I =ay, 3)

where @ = 16 x 1073 mol cm mS~! 171, 7 is in mol 17!, and
v is in mS cm™!. The results of this ionic strength estimation
using Eq. (3) are shown on the right axis of Fig. 1(d).

C. Adhered cells and surface conditions
during cell growth

Two representative images acquired after 24 h at 37 °C
followed by rinsing and crystal violet staining are shown in
Figs. 4(a) and 4(b). The RGB color maps were flattened to
create gray scale images which were then further flattened to
binary images [Figs. 4(c) and 4(d)] using an automatically
generated threshold value. This enabled counting of colonies
and measuring their size distribution [Figs. 4(e) and 4(f)]. We
have determined that the average colony surface area was less
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FIG. 4. [(a) and (b)] Representative images of silica surfaces following expo-
sure to E. coli K12 for 24 h at 37 °C following rinsing and staining with crystal
violet. After thresholding, a binary map was created for the purpose of [(c)
and (d)] area calculation and [(e) and (f)] colony counting.
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than 5 um?, and the surface coverage was between 5% and
15%. We note that in our SFG experiment the IR beam limits
the probed area and was focused to a diameter of approxi-
mately 500 um, large on the scale of the heterogeneity of the
adhered cell colonies. This accounts for the consistency in the
trends observed for repeat SFG data. The experiments per-
formed are probing relatively homogeneously colonized silica
surfaces and the collected data reflect what is occurring when
these colonies are present.

We are also interested in understanding the surface envi-
ronment in the absence of cells through pre-conditioning with
LB and exposure to the growth medium over time. Although
there are many techniques that are capable of characteriz-
ing the roughness (profilometry, atomic force microscopy),
adsorbed layer thickness (ellipsometry, QCM-D, surface plas-
mon resonance, dual waveguide interferometry), and compo-
sition (secondary ion mass spectrometry, energy-dispersion
X-ray spectroscopy), it is important for us to know that we
are reporting on the same spot that the visible and infrared
lasers are spatially overlapped during the SFG measurement.
Our QCM-D measurements indicate that, when exposed to
fresh LB, the adsorbed mass reaches 85 ng/cm?. Note that
this value is determined post-rinsing and that the dynamic
mass is likely even greater. We are therefore interested in
an in situ probe that can be performed simultaneously with
the SFG measurements. Using the offline fractions with cells
removed, we rinse the solution cell with water three times
after each fraction is measured, then replace the water with
0.08 M NaCl solution (to match the ionic strength of the
growth medium), and monitor the SFG signal at 3200 cm™".
This is plotted with respect to the initial (clean silica sur-
face) water signal in Fig. 1(b) (blue). We observe very little
change throughout the growth period. This confirms that the
increase in intensity observed during cell growth is not a
result of molecules from the bulk being continually deposited
on the surface since the constant composition of the NaCl
solution allows us to discriminate between surface and bulk
effects. The slight negative slope of the NaCl rinse data indi-
cates that the surface waters are becoming progressively less
ordered.

IV. DISCUSSION

A. The effect of bulk solution conditions
on the interfacial water structure

The influence of the nature of surfaces and interfacial envi-
ronments on the water structure is a complex phenomenon,
especially in biologically active systems. How bacteria and
other microorganisms affect and interact with the surface is
poorly understood. Here we report on changes in the inter-
facial water structure in the presence of growing E. coli at a
silica-aqueous interface. From previous studies of this surface,
it is known that the water signal increases with increasing pH,
as the surface becomes more negatively charged, and decreas-
ing ionic strength, which reduces screening and expands the
electrical double layer.?%-36465-67 These same trends were
observed in our SFG data (Fig. 1), but subsequent exploration
of the bulk environment did not explain the extent of the signal
increase.
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Acidification and alkalinisation of the bulk solution were
not sufficient in magnitude to explain the increase in water
O-H stretching signal observed. Darlington et al. recently
reported SFG intensity as a function of pH at the silica-aqueous
interface with 100 mM NaCl.?° They observe the SFG water
signal at 3200 cm™! to increase approximately 1.5 times from
pH 6 to 8, whereas in the online growth experiment presented
here, the signal intensity increases to more than 2.5 times the
initial value [Fig. 1(b)]. Thus, changes in the bulk pH alone
cannot fully account for the increase in SFG intensity observed
during E. coli growth.

Tonic strength effects on the silica-water interface are typ-
ically observed over many orders of magnitude. In our online
growth experiments, the signal increases by 250% from the lag
to stationary phase. When varying only the NaCl concentra-
tion, such an increase accompanies a thousand-fold reduction
in ionic strength.®® The data in Fig. 1(d) show that the con-
ductivity changes by only 10%, as expected due to the high
baseline ionic strength of the selected LB growth medium. We
note that it has been established that the SFG signal does not
change much with ionic strength in this region, making a 5 g/l
NaCl growth medium ideal for this study.®® Thus, changes in
bulk ionic strength can only account for a small fraction of the
increase in SFG intensity observed.

As we are working so close to the critical angle of the
visible and SFG beams, we must concern ourselves with
the so-called optical (refractive index) effects as a possible
cause for the variation in SFG signal. These effects man-
ifest themselves in the L factors appearing in Eq. (2). As
the product of the three local field corrections (for the SFG,
visible, and infrared beams) is common to the second- and
third-order terms in Eq. (2), we note that the intensity is pro-
portional to ILyLyLzlz. Frequency and concentration dependent
refractive data for NaCl solutions in the visible and mid-
infrared®®-7 show that the real part of the refractive index
increases with increasing salt concentration [Fig. 5(a)] and
the imaginary part of the refractive index decreases with
increasing salt concentration [Fig. 5(b)]. This has the com-
bined effect of substantially reducing the SFG signal through
the local field factors, particularly at low ionic strength as
shown in Fig. 5(c). Note that this is the opposite trend from
what is observed here. If we now consider biomolecules in
solution, this would increase the bulk refractive index by
approximately 0.19 for each g/ml in the bulk solution.”! At
the surface, the refractive index due to adsorbed molecules
depends on their coverage and degree of hydration,’? but is
also higher than that of the non-adsorbed surface. We con-
clude that none of our observations can be explained by optical
effects.

B. Surface micro-environment during cell growth

Since the increase in SFG signal so closely matches the
growth curve, the biological component of our system must
be considered. It is well known that during aerobic growth,
E. coli consume sugars and amino acids to produce a variety
of metabolites. In LB broth, the sugar content is low and instead
consists predominantly of amino acids and small peptides.”?
During growth, preference is given to catabolizing sugars,
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FIG. 5. Literature values of the (a) real and (b) imaginary components of the
refractive index of salt water at 3200 cm™! as a function of ionic strength.
(c) The effect of these optical constants on the local field correction factors.
The shaded region highlights the behavior for ionic strengths in the vicinity
of 100 mM.

which results in the production of carbonic acid during res-
piration.’”* This, in combination with exposure to atmospheric
carbon dioxide, causes acidification of the surrounding envi-
ronment and is observed as the initial decrease in pH during the
lag phase [Fig. 1(c)]. If sugars or other carbohydrates are not
present in sufficient quantity, metabolism switches to the use
of amino acids, followed by peptides, both of which result in
the production of ammonium and increase the pH of the envi-
ronment. This, too, can be seen over the course of exponential
to early stationary phases in our results.

As bacteria interact with surfaces or other cells, they
become altered and begin to form colonies at the surface, even-
tually producing a complex network of extracellular polymeric
substances (EPSs) that are characteristic of mature biofilms.'3
A key factor in this process is the presence of a conditioning
film which forms on the surface from deposition of proteins or
cell debris from the surrounding environment and whose pur-
pose is to regulate cellular adherence.” As cells begin to form
colonies, they enclose themselves in an EPS matrix.”®’” This
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matrix contains a diverse range of proteins, biopolymers, and
exopolysaccharides that accumulate multivalent cations and
macromolecules, which aids in keeping nutrients readily avail-
able for replicating cells and imposes sharp chemical gradients
on the surroundings.>’® They contain polar and apolar regions,
and groups with hydrogen bonding potential, which allows
them to sequester ions from the aqueous environment.® During
colony formation, bacteria can enhance chemical gradients by
depleting nutrients from the local environment and producing
a variety of charged metabolic wastes that accumulate in their
place.”® In addition, bacteria require various ionic species,
especially K*, Ca®*, and Mg?* for proton transport and to neu-
tralize or bridge polyanionic lipopolysaccharides on their outer
membrane.”%" As a consequence of these processes, there can
be significant changes in the immediate extracellular condi-
tions, including pH, ionic strength, and osmolarity. It is also
known that there is no contribution to the SFG signal that arises
directly from the adherence of cells to the surface.!”-1881-83
One possibility is that the EPS binds directly to the silica sur-
face, without any intervening water layer. We suspect that we
are not probing water within the EPS, due to the need for
solvating the high concentration of ions and other osmolytes
in this matrix, leading to a disruption rather than enhance-
ment of the polar alignment of water molecules. Therefore,
we propose that when the bacteria are introduced into the SFG
setup, cells accumulate at the silica surface, creating a micro-
environment in the process, wherein water molecules and other
hydrated ionic species attracted to the surface become trapped
between the surface and the EPS matrix, resulting in a local
pH and ionic strength that differs significantly from the bulk
solution.

C. Effect of the interfacial micro-environment
on surface conditions

At near-neutral pH, where these experiments were per-
formed, the effect of salt on the silica surface charge and
dissolution rate is enhanced.?® This is due to the low buffering
capacity of the surface groups, which leads to a large sensitiv-
ity of water molecules at the interface to the introduction of
metal cations. Such heightened sensitivity could account for
the increase in SFG signal intensity observed in the presence
of growing E. coli in this interfacial micro-environment. If
ions were removed from the surface through attraction to the
EPS matrix, the ionic strength would be decreased within the
interfacial micro-environment. This would cause an increase
in ordering of water molecules trapped there and/or a reori-
entation of those waters, resulting in an increase in the SFG
intensity. Moreover, waters in the hydration shell of alkali
cations attracted to the negatively charged silica can disso-
ciate, leading to an accumulation of hydroxide anions at the
surface and thus an increase in the local pH. The results
from Darlington et al.?° indicate that the pH of the micro-
environment would have to increase to a pH between 8 and
9 in order to account for the 250% increase in SFG intensity.
This was not observed in the bulk solution, which changed
from approximately pH 6.5 to 8 [Fig. 1(c)]. Such an increase
is plausible, however, given that increasing concentrations of
metabolic waste products like ammonium would migrate to the
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negatively charged silica and become trapped, enhancing local
pH increases. This would result in an altered structure of
interfacial water molecules that causes the SFG signal to
increase. Any remaining trapped cations would also have
this effect, increasing local pH through dissolution of their
solvation waters, although this would be a small contribu-
tion. The combination of these processes could result in the
required pH increase and ionic strength decrease since the dif-
fusion rates of the bulk solution into the local surroundings
are low.

The increase in spectral intensity closely follows the
growth curve and is consistent with the effect of the micro-
environment on the interfacial pH and ionic strength. The
concentration of ammonium is linked closely to their growth
rate, as is the formation of the EPS matrix. During their lag and
early exponential growth phases, E. coli have a predominately
negative surface charge and so experience electrostatic repul-
sion with each other and negatively charged regions of silica.®
As a result, less interaction occurs with the surface, result-
ing in very few colonies forming. During this time, very little
EPS matrix is produced. As growth progresses, polysaccharide
concentrations on the outer membrane increase, displacing
the previously uniform charge distribution.3® This results in
less electrostatic repulsion and greater chances for colony for-
mation. As the bacteria multiply, it becomes an exponential
pattern as more cells are available for interaction with other
cells and surfaces. Another effect of metabolism is in com-
positional changes to the immediate environment, resulting
in reorientation of proteins near the surface and allowing for
greater orientation of interfacial water molecules.?” As the
cells reach the stationary phase, they are secreting metabolites
at a fraction of the rate they were during exponential growth,
since there are very few cells still dividing at this stage.®°
This is reflected in the SFG spectra, which also plateau as a
result of the relatively constant solution composition, pH, and
ionic strength in the micro-environment, as well as in the bulk
medium.

All of the changes in pH and ionic strength that occur
in the micro-environment happen as a result of cell growth.
This explains why they are only observed in the online growth
experiments. Despite the same metabolic processes occur-
ring in each fraction taken from offline and online conditions
and given that both experiments were sampled at the same
time points, the increase in water SFG signal was only seen
if cells were given prolonged access to the surface, as in
the online experiments. This allows for colonies, and subse-
quently micro-environments, to form. In light of this, when
fractions containing cells interact with the surface only during
the brief period of measurement (5 min), the cells do not have
sufficient time to establish a large increase in pH in the micro-
environment as would be observed with cells actively growing
there. Thus, only the small increase in bulk pH exists for these
later fractions, which, as stated previously, is not enough to
account for the increase in SFG intensity.

A small amount of signal increase did occur when the
growth media devoid of cells was monitored spectroscopically
in the sample cell over time, but only with a mature culture. As
seen in Fig. 3, when media interacted with the silica surface
over time, fractions from the late exponential phase (collected
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at 14 h) displayed a 60% increase and those from the sta-
tionary phase (collected at 25 h) displayed a 45% increase.
These fractions are relatively exhausted in nutrients, but rich
in metabolic products and cellular components from the grow-
ing culture. Therefore, it is likely that EPS fragments and other
extracellular proteins may settle near the surface and still retain
some of their chemical behavior, such as accumulation of ions
and macromolecules through electrostatic and specific inter-
actions. As net diffusion of ions away from the surface occurs
as atime-dependent accumulation of extracellular components
near the interface, it displays a trend that is similar to online cell
growth, but reduced in scale. This is because the cells are not
there to aid in the production of an extensive matrix of EPS
and are not producing ammonium to increase the pH at the
interface. Consequently, the ionic strength and pH differences
in the micro-environment at the surface are much less when
there are no cells present. This is evident in Fig. 3(a) which
shows that the increase seen in the 14 and 25 h fractions is
still only approximately 30% compared with the initial water
signal, while online growth with cells present reaches 53%
[Figs. 1(b) and 2].

V. CONCLUSIONS

We have observed that water is a sensitive reporter of
interfacial conditions during bacterial growth. Although the
silica—water surface structure in the presence of the initial
growth medium is substantially altered from that of the neat
surface as aresult of the osmolytes and high ionic strength, this
structure does not change as a function of time. However, when
cellular excretion products enter the solution and adsorb on the
surface, those molecules enhance the interfacial water signal,
attributed to a reduction in the local ionic strength as extra-
cellular polymeric substances deplete ions from the interface.
When cells are present, the increasing pH of the immediate
environment due to their metabolism causes a further increase
in the surface water response. Further work is needed to deter-
mine the extent of solution composition changes during cell
growth and the micro-environment composition. This may be
accomplished with metabolomics assays of the filtered growth
media for each snapshot along the growth curve, combined
with ATR-IR or confocal Raman spectroscopy to probe the
composition near the silica surface.
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