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performance over standard electrolyte buffers (e.g. PBS) currently widely used in impedance spectros-
copy measurements of bacterial suspensions. Our theoretical and experimental comparisons of con-
ductivity of classical and zwitterionic buffers at various different concentrations show that ion-ion
interaction effects are significantly higher in zwitterionic buffers as compared to classical buffers at the
concentrations at which they are used. This and the fact that zwitterions have larger sizes leads to the

gs%‘:;zﬁ'gn lowering of their conductivity which significantly improves their impedance sensing ability. We illustrate
Impedance through an example of heat-induced ionic release in model S. typhi and S. aureus bacteria that having a
Biosensor low conductivity buffer is indeed beneficial for biological impedance measurements. In fact, the best
Bacteria buffer for impedance studies can be chosen solely based on their electrical properties as long as they are
also biologically compatible. This gives Good's zwitterionic buffers an edge over conventional media as
they satisfy both these criteria.
© 2021 Elsevier B.V. All rights reserved.
1. Introduction time [1—3]. Its common applications for bacterial sensing include:
Impedance spectroscopy is a simple and label-free tool for high- I. Tracking microbial growth by measuring changes in imped-
throughput analyses of bacteria and bacteria-related events in real- ance response due to increase in biomass (direct approach).
This requires the use of growth buffers [4].

II. Monitoring cellular activity or survival by measuring changes
* Corresponding author. in medium conductivity due to release of cell metabolites,
** Corresponding 3”th°lr- e o oehemicali ions etc. (indirect approach). This typically takes place in
. (; gn:llz)lt:fdresses. goelg@chemical.itd.ac.in (G. Goel), shalinig@chemical.iitd.ac. response to an external stimulus (e.g antibiotics) and re-

1 Equal contribution. quires standard buffers or DI water [5].
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Il. Measuring changes in blockade current as cells get immo-
bilized on a pre-functionalized electrode surface (direct
approach) [6,7]. This requires use of buffers since the
immobilization step typically involves biological
interactions.

Traditionally, impedance measurements of biological systems
are performed in phosphate buffer saline (PBS), tris-HCl buffer,
growth media, glucose, mannitol, or deionized (DI) water [8—13].
While DI water provides the lowest background conductivity
(favorable for impedance measurements), it also has an unstable
pH and induces a large osmotic pressure on the cells. 1x PBS, on the
other hand, provides an ideal isotonic environment with good
buffering capacity that improves cell survival near the physiological
pH. In spite of this, 1x PBS is not the best choice of medium for
carrying out impedance studies due to its high conductivity
(~1.68 S/m). As a result, many impedance experiments are per-
formed after diluting the PBS 100 to 1000 times [14—17]. This,
however, makes the medium hypotonic and reduces its buffering
capacity, putting undue stress on the cells as in the case of DI water.

The current trends in impedance biosensors all focus on elec-
trode design and cell enrichment strategies to improve signal
sensitivity and limits of detection [18—22]. There is very little
emphasis on the use of novel buffers to enhance detection sensi-
tivity [23,24], defined here as the relative impedance change in
osmotic pressure-matched buffers. In general, it is well known that
a low conductivity medium gives rise to a large value of absolute
impedance, as evident from the inverse relationship between

complex conductivity (K(w)) and impedance (Z(w)) (eq. (1)),
N C,

Z(w)= R(w) (1)

Here, C. is the system's geometrical cell constant and o is the
angular frequency. A large impedance value inevitably means a
high signal but there is also a possibility of higher background noise
in low conductivity media, forcing one to perform experiments in
an “appropriate” low conductivity buffer that has higher imped-
ance signal coupled with low background noise, leading to more
sensitive biosensing [25].

What is perhaps less obvious is that a low conductivity medium
also gives rise to a higher change in impedance which can then be
utilized for reporting the data more sensitively. Given that K () and
Z(w) are, respectively, the conductivity and impedance of the me-
dium alone, and K(w) + AK(w) and Z(w) + AZ(w) are the conduc-
tivity and impedance after the addition of cells to this medium,
using eq. (1) we get,

G C
" K(w) + AK(w)  K(w)

AZ(w) ()

This is a complex equation where both the real and imaginary
parts of K(w) and AK(w) can contain frequency-dependent terms.
For impedance measurements in which the real parts dominate the
imaginary parts, we can safely neglect the imaginary parts and get a
simplified relationship (eq. (3)) in terms of K'(w) or « (real
component of K(w), also known as DC or ohmic conductivity)
(discussed later in section 2.2). This approximation holds true for
most cases and especially those pertaining to solution conductivity
changes during cellular ionic release.

G G MG
AZ*KJrAK_?i K.(k + Ak) (3)
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Here it can be seen that between any two systems having the same
Ak value (i.e., the same number of cells), the one with a lower «
value translates to a higher AZ response, and in turn, better
detection. In other words, compared to a high conductivity me-
dium, cells suspended in a lower conductivity medium contribute
more to the overall change in impedance response relative to the
ionic species already present in the background. Therefore, it ap-
pears wiser to report impedance results in terms of differential
impedance [19,26—28] rather than absolute values as done in many
papers. Subtracting impedance comes with its own limitations
though, as additional correction terms may be required below
threshold frequencies due to electrode polarization artifacts [29].

There are additional benefits of using low conductivity media
for cell impedance studies. One, they allow more electric field to
penetrate through the cells at relatively lower frequencies. This
helps in studying individual cell properties in greater detail,
ensuring complete characterization of different cell components,
viz. wall, membrane, and cytoplasm. Second, low conductivity
media also enhance electrokinetic forces (in particular, positive
dielectrophoretic force) leading to greater cell enrichment near the
electrode surface, thereby enhancing biosensor sensitivity. Third,
having less number of total ions present in the medium tends to
minimize Joule heating and electrolytic effects that can lead to
larger temperature variation and water splitting in miniaturized
sample volumes.

The widely popular low conductivity media such as DI water or
diluted PBS are excellent for monitoring metabolic activity or ionic
release of cells for detection purposes, but fare rather poorly for
carrying out cell viability studies (in the absence/presence of
external stimulus) as they give faulty baselines due to unwarranted
ionic release by cells under stress due to hypotonicity. Good's
zwitterionic molecules are a special class of buffers that are
extensively used in biological and biochemical research. They are
water soluble, have pK, values between 6 and 8 (with minimal
dependence on temperature, ionic strength and concentration) and
are impermeable to cell membranes, which makes them an ideal
medium for living cells [30—32]. Additionally, these buffers have
surprisingly low conductivities at the concentrations at which they
are used (typically 15—40 mM). For example, 15 mM of 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer at
pH 7.4 has a conductivity of only 0.04 S/m which is more than 40x
lower than that of 1x PBS.

In the literature, very few impedance studies report the use of
zwitterionic buffers. Our own studies with HEPES, however, show it
to be a more sensitive medium than PBS for particle detection and
bacterial cell viability analyses [27,33]. Clearly, everything else
remaining same, these low conductivity Good's buffers provide a
viable alternative as a medium for probing live cell impedance. In
this article, we investigate both theoretically and experimentally
the role of zwitterionic electrolytes in enhancing the sensitivity of
impedance signals of bacterial suspensions.

2. Theoretical analysis of electrolytes in aqueous media

In order to quantitatively study the electrical properties of an
electrolyte in aqueous medium, we introduce the term complex
dielectric permittivity (¢) which can be related to complex con-
ductivity and impedance as discussed below.

#w) = € () — i (w) (4)

In eq. (4). ¢ (w) and —¢" (w) denote the real and imaginary parts
of permittivity, respectively. Similarly, complex conductivity can be
expanded into its real (K'(w) or k), and imaginary (K’ (w)) compo-
nents using eq. (5),
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K(w)= K'(w) + iK' (v) (5)

By definition, complex permittivity and complex conductivity
are related to each other as depicted in eq. (6),

K(w) = iwe(w) (6)
By combining eqs. (4) to (6), we obtain eqgs. (7) & (8),

£(w)= (7)

P K
e (W)=~ (8)

The real part of dielectric permittivity represents the energy
storage term and is a measure of the system's overall polarizability.
In “classical electrolytes”, the main contribution to energy storage
comes from the dipolar water molecules, whereas in non-classical
electrolytes such as zwitterions, the contributions result from
both water and net neutral zwitterionic molecules. Analogously,
the real part of conductivity (also called the ohmic or DC conduc-
tivity) signifies dissipation arising from the physical displacement
of ions in the presence of an external electric field.

We can relate the modulus of experimentally measured

impedance (‘Z(w)‘) to more fundamental properties like conduc-

tivity and permittivity by using a similar expansion for Z(w) (eq.

9.

Z(w) = Z'() +iZ (w) 9)

Combining eqgs. (1), (5), (7), and (9), we get eq. (10),
o) = 0
K2+ (w.e'(w))?

in which we can clearly see that ’Z(o))’ can be increased by

decreasing either the DC conductivity (k) or the product of w and &'.
We now investigate both these terms in greater detail below.

2.1. lonic conductivity of electrolytes

An electrolyte dissociates into its corresponding ions when it is
added to water. The dissociation can be complete or incomplete
depending upon whether the electrolyte is weak or strong. The
dissociated ions are hydrated by water molecules (in fact, hydration
is the main thermodynamic force behind dissociation [34]) and the
extent of hydration can vary between different ions depending on
their size, structure, and charge.

When an electric field is applied across an aqueous electrolyte,
ions move to the oppositely charged electrodes. This physical
movement of ions constitutes the conductivity of this electrolyte
solution. The overall conductivity can be written as a sum of the
individual conductivity contributions from all the cations and an-
ions present in the system as shown in eq. (11),

K= K++K7: A+C++A7C7 (11)

where, A, and A_ are the molar conductivities of the cation and
anion, respectively, C, and C_ are the cation and anion molar
concentrations in solution, respectively (can be different from the
overall electrolyte concentration (C,) added). Molar conductivity of
a solution is defined as (eq. (12)),
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K
A= — (12)
Cel
One mole of strong electrolyte AxBy completely dissociates into x
stoichiometrically equivalent moles of AY™ (aq) and y moles of B*~
(aq). Accordingly, we can write C; = x.C,; and C_ =y.C,. Using this
relation along with egs. (11) and (12), we obtain (eq. (13)),

A=xAy +yi_ (13)

As C,;—0, A approaches A%, also known as the limiting molar
conductivity. Eq. (13) can then be rewritten as,

A0 =x20 4 y2° (14)

Eq. (14) is also known as the Kohlrausch's law of independent
migration and is widely used to calculate the limiting molar con-
ductivities of electrolytes using tabulated limiting conductivities of

their individual ions (AO). Eq. (14) can be used to calculate con-
ductivity of an electrolyte under very dilute/ideal conditions, where
no ion-ion interactions exist (A = A°). In practice, however, non-
ideality often comes into play at the working concentrations of
almost all electrolytes, which makes A a concentration-dependent
parameter. For strong electrolytes, it is experimentally found that
(eq. (15)),

A= A% — constant/C (15)
el

The deviation in A from A° arises due to many reasons like ionic
cloud relaxation and electrophoretic effects [35]. Debye-Hiickel-
Onsager gave a detailed understanding of this phenomenon in 1927
[36,37] and came up with a theoretical equation (eq. (16)) (fora 1:1
strong electrolyte) reminiscent of the empirical eq. (15).

Atheo. = A% — S V Cactual (16)

Here, S =a+ bA® where a and b are constants that depend on
temperature, permittivity, and viscosity of the solution [35]. An
important thing to note here is that in eq. (16), Cycpua iS the actual
amount of electrolyte available in solution (the portion that dis-
sociates), whereas, in eq. (15), G is the total electrolyte concen-
tration added to the solution. As we move to higher concentrations,
ions begin to associate and C,,, becomes less than C,; giving a
deviation from eq. (15). As we shall see in the subsequent sections,
this plays a role in the zwitterionic conductivity, as ionic conduc-
tivity, k, becomes the most important, in fact the only parameter

that directly affects ‘Z(w)‘ in eq. (10).

2.2. Dielectric permittivity of electrolytes

The frequency dependence of dielectric permittivity comes from
the fact that electric dipoles cannot change their orientation
instantaneously in response to an externally applied electric field.
In other words, there is a time lag associated with the change in
dipolar orientation. The relaxation frequency for water dipoles is
rather high (in GHz) whereas, impedance measurements for bio-
logical entities are performed below 50 MHz. Therefore, ¢(w) of
water can be considered independent of w for all practical purposes.
¢/(w) can also be expressed in terms of relative permittivity (er) as

S’f,;"), where ¢ is the permittivity of vacuum. The value of &, for

water is ~80 at 20°C.

When an electrolyte is added to water, the relative permittivity
of the medium falls. This happens due to two reasons. First, the
dipolar water molecules are replaced by isotropic ions, leading to a

& =
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reduction in the number of dipolar species present per unit volume
[38]. Secondly, the water molecules trapped in the hydration shell
around the ions lose their orientational mobility. Since these water
molecules are under the influence of an additional local ionic field,
they cannot move freely in response to the externally applied
electric field. This results in “dielectric decrement” which can be
quantitatively written as shown in eq. (17),

es= ew + 0.Cy (17)

Here, ¢ and ey are the relative permittivities of the electrolyte
solution and pure water respectively, and ¢ is a phenomenological
constant (M~!). The value of ¢ for a typical electrolyte (e.g. NaCl) is
around — 11 M~![39]. Therefore, for 1x PBS, which can be simply
approximated as 151.6 mM NaCl, ¢ is estimated to be 78.3.

The addition of neutral dipolar molecules, instead of simple
ionic electrolytes, affects the relative permittivity of the solution
very differently. Neutral dipolar molecules like HEPES, in their
zwitterionic form, possess a high dipole moment (23.8 D as
compared to 1.85 D of water) due to the large separation between
their positive and negative charge centers [40]. These molecules
have larger polarizability compared to an equivalent volume of bulk
water. This leads to an increase in its permittivity. Like the dielectric
decrement in the case of ions, this increment can also be quanti-
tatively approximated by eq. (17).

The fraction of neutral (or conversely anionic) molecules in a
20 mM HEPES solution at pH 7.4 can be calculated using the
Henderson-Hasselbalch equation (eq. (18)),
pH: pKa—i-log 10% (18)

The pKa; value of HEPES is equal to 7.5 [32]. Therefore, at a pH of
value 7.4, which is close to pKay, we get [A"] = [HA], which means
that half of the HEPES molecules in solution exist in the neutral
form and the other half as anions. As a result, the 6.C,; term in eq.
(17) in case of HEPES can be represented by two separate parts, one
capturing the dielectric increment due to its neutral form and the
other as dielectric decrement due to anions. Since [A™] = [HA], C;
becomes 10 mM for both parts. Further, 6 due to neutral molecules
is reported to be around 90 M~! for HEPES [41], and we take 6 due
to dissociated HEPES to be —11 M~! (same as that of NaCl as ¢ for
Na"HEPES™ is not reported in literature and typical 6 values for 1:1
strong electrolytes lie in the range of —8 to —15 M!) [39]. The net
effect of both these factors turns out to be a dielectric increment of
0.79, which is non-appreciable.

Further, if we look at eq. (10), a high value of impedance de-
pends not only on ¢(w) but the product we'(w). Since the practical
frequency range for performing impedance measurements in bio-
logical samples is 10 Hz—100 kHz, putting ¢ = 80¢y and f = 100
kHz yields w.¢/(w) = 27f.¢'(w) = 4.4 x 10~4 S.m~L. On comparing
this product to «, which has a typical value of 0.01—1 S.m !, we see
that it can easily be ignored with respect to k unless one works at
very high frequencies (GHz range). This was essential to establish
because it rules out the effect of change in dielectric constant as a
potential reason for unusually high impedance readings observed
in zwitterionic buffers.

3. Experimental analysis of electrolytes in aqueous media

3.1. Comparison of ideal versus experimental conductivity
behaviour

We compared the conductivities of HEPES and PBS buffers at
different concentrations. Calculation of k4., (at infinite dilution)
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for 1x PBS at pH 7.4 having a composition of 137 mM Nacl, 2.7 mM
KCI, 10 mM NayHPO4, and 1.8 mM KH3PO4 yielded a total
Na* concentration of 151.6 mM and a total ClI~ concentration of
142 mM (other ions being much less in concentration were safely
neglected). By taking PBS to be equivalent to 151.6 mM NaCl in
order to simplify our calculations and putting values in eq. (14), we

obtained A% = 2% +1% =0.0126 S.m?.mol ! and

Kideal = A%.Cop = 1.91 S.m~ . Similarly, kjqea; for 20 mM HEPES at pH
7.4 having composition of 10 mM HEPES™ and 10 mM neutral
zwitterions was calculated as A® =A%, + A%gpps = 0.0072
S.m%mol ! and Kigea = A°.C,; = 0.072 S.m~ 1 [42,43].

The comparison between ideal and experimental values of PBS
conductivity at different concentrations is shown in Table 1. We
found that PBS does not show much deviation from ideal behaviour
even at relatively high electrolyte concentrations of 151.6 mM,
meaning that ion-ion interactions are still very weak at this con-
centration. HEPES, on the other hand, showed a significant devia-
tion from its ideal behaviour even at a low concentration of 15 mM
(the actual HEPES electrolyte concentration was only 7.5 mM)
(Table 2). A possible reason for reduced conductivity in HEPES
was initially contemplated to be associated with the lowering of
Cyctual Value which can occur due to ionic association in highly
concentrated electrolytes [35] or electrolytes in confined spaces
[44] as reported for ionic liquids [45,46]. Both these reasons were,
however, ruled out as they did not apply to our system.

To further look into the possibility of anion (HEPES™) and/or
zwitterion (HEPES) molecular interaction, we compared the devi-
ation from ideality in two cases: one where 50% molecules existed
in the neutral form (pH = pKa;) versus one where essentially no
neutral molecules were present (pH = pKa, + 1, see eq. (18)). The
percentage deviation from ideality in both cases was found to be
very similar (~30% as shown in Table 2), leading us to conclude that
ion/zwitterion self- and cross-interaction may be the main reason
responsible for deviation from ideality, which start at a relatively
lower concentration in HEPES as compared to PBS. Indeed, piper-
azine based molecules and other zwitterionic systems such as
arginine are known to form supramolecular assemblies and
participate in host-guest complexation reactions [47—49]. We
further suspect that this early onset of ion-ion interaction is likely
due to the large ionic size of HEPES, which leads to a further
decrease in conductivity in an already low conductivity buffer. The
average center of mass separation for a pair of HEPES molecules in a
15 mM HEPES solution, calculated assuming uniform and random
distribution of all ionic and zwitterionic species, was found to be
5.1 nm or only ~4.8x the diameter of a HEPES molecule. This further
supports the possibility of modulation of conductivity by self- and
cross-interactions involving anionic and zwitterionic HEPES
species.

Next, we tried to fit our experimental data into the theoretical
eq. (16) provided by Debye-Hiickel-Onsager by combining eq. (16)
with Agpeo. = fown [35]. One should note here that in eq. (16),
Cactual 1 simply the added electrolyte concentration in case of PBS
(= C,) whereas in HEPES, Cjycrya = 0.5C,; (since [A™] = [HA] at pH
7.4 as shown earlier). A plot of Ay, versus square root of elec-
trolyte concentration gave us the value of S for both PBS and HEPES
buffers after linear regression (Fig. 1a and b). The parameter S is
essentially a measure of the non-ideality in a system. Its value was
found to be nearly 6.5x higher in HEPES than in PBS, which further
ascertained that ion-ion interactions are indeed much stronger in
HEPES and thus lead to large decrements in its conductivity value.

3.2. Comparison of HEPES with other Good's buffers

To verify that the large deviations in conductivity seen in HEPES
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Table 1
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Comparison between ideal and experimentally measured conductivities of PBS buffer at various dilutions.

PBS buffer at pH 7.4 Equivalent NaCl concentration (mM) Kexpt. (S/m)

Kidear (S/m) Ak(S/m) (Kigeqt — Kexpt.) % deviation from ideality

0.01x 1.52 191 x 1072 1.91 x 1072 —6.00 x 107> 0.31%

0.05x 7.58 10.00 x 1072 9.57 x 1072 -430 x 1073 4.4%

0.1x 15.16 1.85 x 107! 1.91 x 107! 1.14 x 1072 5.9%

1x 151.60 1.68 1.91 234 x 107" 12.2%
Table 2

Comparison between ideal and experimentally measured conductivities of HEPES buffer at various dilutions. The actual electrolyte concentration is 50% of buffer concentration
at pH 7.4. Large deviations from ideality were seen even at low electrolyte concentrations.

HEPES buffer concentration Actual electrolyte concentration (mM)

Kexpe.(S/m)

Kidear (S/m) Ak(S/m) (Kigeqt — Kexpt.) % deviation from ideality

15 mM at pH 7.4 7.5 4.78
30 mM at pH 7.4 15.0 0.74
40 mM at pH 7.4 20.0 0.99
40 mM at pH 8.5 40.0 2.02

X
X
X
X

102 5.40 x 1072 1.40 x 1072 25.9%
107! 1.08 x 107! 3.70 x 1072 30.5%
107! 144 x 107! 4.40 x 1072 30.5%
102 2.88 x 107! 8.80 x 1072 30.5%

are actually linked to its unique structure and large size, we per-
formed additional experiments to measure the conductivities of a
few other Good's buffers (see Table 3) keeping their concentration
the same. EPPS (4-(2-hydroxyethyl)-1-piperazinepropanesulfonic
acid) was chosen due to its structural similarity with HEPES,
varying only by a C—C bond length in its backbone. Similarly, PIPES
(1,4-Piperazinediethanesulfonic acid) and POPSO (Piperazine-1,4-
bis(2-hydroxy-propanesulfonic acid) dihydrate) also differed from
each other by only a single C—C bond length but had two + charge
centers instead of one and a dipole moment quite similar to that of
HEPES [50] (ungepes = 34.3 D and upjpgs = 32.6 D; see section 5 for
details).

When the conductivities of EPPS, PIPES and POPSO were fitted
to eq. (16), the S values were found to be very similar to that of
HEPES. Any slight deviation in these values as well as those of the
absolute conductivities of different buffers were attributed to the
disparities in the ion-ion and ion-solvent interactions (also evident
from the dissimilar fitted A® values in each case), and not so much
to the differences in their molecular size, as a slight increase in ionic
size does not typically change ionic mobility (/10) significantly. For
instance, even though the HEPES anion is approx. 6.5x larger than
Cl~, its ionic mobillity is only 3.5x smaller. Overall, the conductiv-
ities of HEPES and EPPS were found to be lower than those of PIPES
and POPSO leading us to conclude that they may be better buffers
for biological impedance measurements, all other factors being the
same. Although we have provided experimental evidence which
supports this claim, a thorough understanding of the conductivity
theory of electrolytes in the presence of neutral dipolar molecules
is needed and is not yet established in the literature. Therefore, it is
difficult for us to reason out the exact mechanism of conductivity
for these systems. One can perhaps perform direct permittivity
experiments in the high frequency range (GHz) to validate our
claims.

3.3. Osmotic pressure on bacterial cells in low electrolyte solutions

After discussing the electrical properties of a good buffering
system, we finally focus on the most important aspect, which is the
biological functionality of the buffer since the vitality/fitness of any
living organism is greatly impacted by the conductivity of its sur-
rounding medium. In this respect, it is intriguing to know how
bacteria survive in Good's buffers in spite of their low conductivity.
Bacteria have a rigid cell wall that prevents inward/outward flow of
ions and maintains a turgor pressure (4Pg) across its structure. In
addition, the cells have pressure channels that help them actively
respond to osmolarity changes in their environment and counter

any osmotic stress. The typical value of this turgor pressure is in the
range of 2—5 atm [51]. Thus, bacterial cell integrity is maintained
through an interplay between the peptidoglycan layers in the cell
wall that provide mechanical strength and the mechanosensitive
(MS) channels present on the cytoplasmic membrane that allow it
to adjust the turgor pressure via active ion transport [52—54].
Under a hypotonic shock condition (4P > 4P), these MS channels
open and the bacteria pump out inner ions and metabolites into the
medium to maintain osmotic pressure without undergoing lysis.

To understand the role of hypotonicity in low conductivity
buffers, we calculated the theoretical suction pressure across bac-
terial cells, which we defined as (4P — 4Py), i.e., the extent of de-
viation from the turgor pressure. A larger suction pressure implies
higher ionic release from the cells into the medium and thus
greater stress on them. The osmotic pressure difference between
the cells and medium was obtained using the van't Hoff theory for
dilute solutions [55], as shown in eq. (19).

AP =11, — II; = (¢, — cm)RT (19)
where, II is the osmotic pressure and c is the osmolarity of a bac-
terial cell (denoted by b) or the medium (denoted by m), R is the gas
constant, and T is the absolute temperature. By fixing the bacterial
osmolarity at 300 mOsm [56] and the turgor pressure at 4 atm, we
estimated the suction pressure for various medium concentrations
(or, osmolarities) of PBS and HEPES as shown in Table 4. In addition,
the suction pressure for DI water (zero osmolarity) was also
calculated as control.

As evident from Table 4, the suction pressure was found to be
the highest in DI water followed by 0.01x, 0.05x and 0.1x PBS and
15, 40 and 100 mM HEPES in that order. So next we selected three of
these media with similar suction pressures namely DI water, 0.01x
PBS and 15 mM HEPES to perform actual cellular ionic release
studies. For this, model S. typhi bacteria suspended in each of these
media were captured on interdigitated microelectrodes using
positive dielectrophoresis and their cellular ionic release profiles
were measured and plotted as a function of time (Fig. 2a). The
dielectrophoretic step was included to enhance the final signal. The
results showed a significantly high ionic release in PBS whereas
changes were found to be negligible in HEPES and DI water.

The primary reason for the different extent of ionic release in
0.01x PBS and 15 mM HEPES, in spite of very similar suction
pressures, was likely linked to the positively charged nitrogen atom
in the HEPES molecule that works as an electrostatic crosslinker
and stabilizer for the negatively charged bacterial cell wall. This
type of crosslinking is not observed in PBS or other standard buffers
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Fig. 1. Plot of A with C%5 for (a) HEPES, (b) PBS and (c) EPPS, PIPES and POPSO. The
slope of the best-fit straight lines yielded the S value for HEPES to be nearly 6.5x more
than that of PBS, indicating that ion-ion interactions were significantly stronger in
HEPES. Similar results were obtained for EPPS, PIPES and POPSO with S values 4.4x, 9x
and 6x that of PBS, respectively. The horizontal red lines in the top two graphs indicate
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like tris-HCI [57,58]. This unique crosslinking enhances the stiffness
of the cell wall (increase in turgor pressure), allowing cells to
remain rigid over higher osmotic pressure differences [59] and
thus, leads to lesser ionic release. This in turn makes HEPES a good
buffer for bacterial cell studies [33]. The second reason for the
difference in ionic release was attributed to the different extents of
bacterial cell capture on the electrodes, since dielectrophoretic
force depends on the medium conductivity that varies in all the
three media (see Table 4). This was, however, ascribed to be a minor
reason as the degree of cell capture was not very different in the
two media (~28% in HEPES and ~32% in PBS of the total cell pop-
ulation in the bulk). Why was the ionic release higher in 0.01x PBS
as compared to DI water is still not fully clear to us. Interestingly,
the value of suction pressure was found to be even lower in 40 mM
HEPES as compared to 0.05x PBS at pH 74, in spite of their
matching conductivities (~ 0.1 S/m). This suggested that at a similar
conductivity, HEPES is a better medium than PBS because it has
lower suction pressure and additional cross-linking property that
leads to a less stressful environment for the cells.

Once we established that HEPES provides a more favorable
environment for bacterial cells, we conducted further experiments
in which ionic release in S. typhi and S. aureus bacteria was triggered
through an active heat treatment process. Cells heated up to 95 °C
for 30 min in standard concentrations of PBS, HEPES and EPPS
buffers at physiological pH of 7.4 and in DI water showed appre-
ciable cytoplasmic ionic release due to rapid degradation of cellular
components and cell lysis, which was measured through imped-
ance spectroscopy (Fig. 2b and c and Fig. S1). Control experiments
without heat treatment, on the other hand, did not show any sig-
nificant impedance change (Fig. S2). Culture data for S. typhi
confirmed 100% cell death after 30 min of heat treatment, whereas
up to 99% cells remained viable after 60 min without any treatment
(Fig. S3). Impedance data illustrated that both cell types displayed
similar extents of ionic release upon heat treatment (Fig. S4). Also,
slightly bigger size IDEs were required to reliably measure
impedance response at lower cell concentrations (Fig. S5). Control
experiments in which buffer was heated alone did not show any
impedance change, indicating that heating did not cause any buffer
degradation (data not shown). Among the different media tested,
HEPES buffer (k= 0.04 S/m) exhibited the best performance fol-
lowed by EPPS (0.02 S/m) due to a discernibly high signal and high
signal to noise ratio (S/N) at the same time. No measurable signals
were found in case of 1x PBS (1.6 S/m) especially at lower bacterial
cell concentrations suggesting that it is not a good buffer for
impedance measurements. On the other hand, the signal measured
was highest in DI water but the signal itself suffered from relatively
poor S/N. Also, the signals for 10° and 10° cfu/mL overlapped with
each other, rendering DI water an unsuitable medium for differ-
entiating bacterial concentrations. These data established that
biologically compatible Good's zwitterionic buffers with low ionic
conductivity truly have an edge over conventional buffers.

4. Conclusions

In summary, we have demonstrated that Good's zwitterionic
buffers (e.g. HEPES) are a viable and better alternative to the simple
buffers (e.g. PBS) currently used in the impedance studies of bac-
terial systems. Zwitterionic solutions have good buffering capacity
near the physiological pH and also low conductivity that gives both
higher impedance and higher changes in impedance signals. At the

the theoretically calculated values of ionic mobility (A®) based on Kohlrausch's law.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Table 3
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Conductivity measurements of different zwitterionic buffers at 40 mM and pH = pKa, + 1 (where all the buffers exist as only anions). The conductivity of PIPES and POPSO was
found to be approximately twice as that of HEPES and EPPS due to the presence of two negatively charged sulfide ions per molecule instead of one. The molecular structures
were geometrically optimized in Avogadro (s/w version 1.2.0) [66] to calculate their ionic sizes.

Good's buffer Chemical structure of the zwitterionic form pKa, Unsolvated anion diameter (A) Kexpt. (S/m)
HO
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) \LN" N o 7.5 10.56 0.212 + 0.011
-(2- -1- i i P . . . + 0.
HN _\_%_ o
()
H\N* N
4-(2-hydroxyethyl)-1-piperazinepropanesulfonic acid (EPPS) HO/\/ p— _0 8.0 10.92 0.247 + 0.025
57
N
0" o
o f
g I
1,4-Piperazinediethanesulfonic acid (PIPES) v \ﬁ/H o 6.8 12.15 0.496 + 0.025
HON _\—g—o'
‘c‘)
i
“0—S=0
OH
Piperazine-1,4-bis(2-hydroxy-propanesulfonic acid) dihydrate (POPSO) 7\ 7.8 1349 0.460 + 0.006
N N
HO #°
oA
07\

Table 4
Theoretical estimate of suction pressure generated on bacterial cells when placed in three different media at various concentrations.
Buffer Concentration Kexpt.(S/m) Theoretically calculated medium osmolarity (mOsm) Suction Pressure (AP - APp) (atm)
pi
HEPES at pH 7.4 200 mM 0.38 300.0 -4.00
100 mM 0.31 150.0 -0.28
40 mM 0.10 60.0 1.92
15 mM 0.04 225 2.83
PBS at pH 7.4 1x 1.60 313.0 -4.00
0.1x 0.20 313 2.62
0.05x 0.10 15.7 3.00
0.01x 0.02 3.1 3.30
DI water (control) - 1.00 x 10~ 0.0 3.38
(a) 0.005 (b) (C) 2500
[ D! Water (0.0001 S/m) 7 5
[ 0.01x PBS (0.02 S/m) 353J- 107 cfu/mL 1.00 [ 106 cfu/mL
0.004 1y 15 mM HEPES (0.04 S/m) = I 10° cfu/mL.
€ | E 2E3 € 1000
a 0.003 8 'S
~ 1E3 -
273
% 0.0024 N sl N
J 100
0.001 3.40
50
435
. ‘ . : Ny @ AS® oo™ | g
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Fig. 2. (a) Conductivity change (4k, where, k = <5 and ¢ is the measured impedance phase angle) of the medium due to time-dependent ionic release by S. typhi bacteria

Z]

(107 cfu/mL) in three different low conductivity media. Similar experiments performed with heat-treated (b) S. typhi and (c) S. aureus bacteria in four different standard media
(buffer pH was maintained at 7.4). The impedance results plotted after 60 min showed HEPES to have the best performance in terms of simultaneously high signal and high S/N
values (given above respective signal bars; see model calculation in SI). Here, the standard deviation has been taken as measure of noise. All the results are plotted at 100 kHz.

same time, cells remain more vital due to the lower suction pres-
sures experienced by them. By comparing HEPES to PBS at the
concentrations at which they are typically used in biological
studies, we found that 15—20 mM HEPES has significantly lower

conductivity than 1x PBS at pH 7.4. This was attributed to HEPES's
already low molarity coupled with lower (50%) effective ionic
concentration and strong ion-ion interactions mediated by neutral
HEPES molecules. Therefore, we conclude that zwitterionic buffers
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with large ionic size and lower conductivities are the best for car-
rying out impedance spectroscopy measurements of bacterial
suspensions.

5. Methods
5.1. Sample preparation

The buffers purchased from Sigma Aldrich (India) were pre-
pared by reconstituting powders/tablets in Milli-Q water of re-
sistivity 18.2 MQ.cm (Millipore, India), adjusting their pH using 1 M
NaOH and filtering them through the sterile nylon filters (13 mm/
0.2 pum; Merck, India). Bacterial suspensions were prepared by
extracting Salmonella typhimirium (S. typhi) andStaphylococcus
aureus (S. aureus) from their exponential growth phase and
centrifuging them twice at 10,375 rcf for 10 min each to replace
their supernatant with the chosen buffer. The final desired cell
concentration was determined using UV—visible spectrophotom-
etry (Shimadzu UV-2600) at 600 nm wavelength.

5.2. Impedance measurements

A freshly prepared 20 pL suspension of cells was placed on a
clean pair of interdigitated electrodes (IDEs) (50 um width, 50 pm
gap for experiments with S. typhi and 100 pm width, 100 pm gap for
experiments with S. aureus) enclosed in a PDMS chamber (4 mm
dia, 1.6 mm thickness) which was covered by a glass cover slip and
sealed by vacuum grease. The first impedance reading was taken
immediately (Z,_g) using an impedance analyzer (E4990A, Key-
sight) at + 100 mV and 100 kHz. The cells were then captured at the
electrodes for 30 min via positive dielectrophoresis (20 Vp, 5 MHz)
using a waveform function generator (33500B Agilent). The func-
tion generator was switched off and subsequent impedance read-
ings were taken for another 30 min. The final results were plotted
as Ak = (Kt=t — K¢—p). For heat-induced ionic release measurements,
the cell suspensions were heated at 95 °C for 30 min using a water
bath and then cooled for another 30 min at room temperature
before repeating the impedance measurements as discussed above.
The only difference was that no dielectrophoresis was applied in
the second set of experiments. The final results were reported as
AZ = (Zneat treatment (t=60) — Zbefore heating (t=0))- All experiments were
performed thrice, and the results were reported as mean + 1 SD.

5.3. Cell culture

Cell viability analysis was performed by withdrawing a 10 pL
aliquot from the bacterial suspension (107 cfu/mL) at any time and
spreading it on a sterile Luria-bertani (LB) agar plate (Himedia Labs,
India). The plates were placed in a B.0.D. cum shaker incubator at
37 °C for 15—18 h and the bacterial colonies formed were counted
the next day. All experiments were performed in triplicate and the
results were reported as mean + 1 SD.

5.4. Dipole estimation

The dipole moments of HEPES and PIPES were calculated using
density functional theory (DFT) in ORCA package [60]. The geom-
etry in gas phase was optimized using a range-separated, hybrid
generalized-gradient approximation (GGA) CAM-B3LYP functional
and 6-31G* Pople basis set. Range corrected CAM-B3LYP functional
has been shown to be suitable to obtain reliable geometries for
conjugated molecules [61,62]. The electronic properties and charge
model 5 (CM5) partial atomic charges were calculated at the M06-
2X/aug-cc-pVDZ level of theory since the aug-cc-pVDZ basis set
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that adds diffuse functions to the correlation consistent basis set
family has been shown to be appropriate for anions. The dipoles in
the gas phase were obtained as uygpgs = 30.6 D and upjpgs = 29.5 D.
The effect of solvent (water) was taken by setting the dielectric
constant in the conductor-like polarizable continuum model (C-
PCM) to 80.4 [63]. The class IV partial atomic charges were calcu-
lated using CM5 [64] on the Multiwfn package [65] yielding
unepes = 34.3 D and upjpgs = 32.6 D. The HEPES value was found to
be in excellent agreement with experiments on multipole pop-
ulations for HEPES in crystalline state [50].
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