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In stochastic blocking electrochemistry, adsorptive collisions of nano and micro-particles with an
ultramicroelectrode (UME) generate steps of decreasing current overlaid on the current—time (i—t)
baseline of an electroactive mediator reacting at the UME. The step amplitude (Ai) induced by particle
blockage informs about its size, while collision frequency correlates with particle transport. However,
because most particles arrive at the UME faster than the acquisition speed of conventional
electrochemical instruments, current steps appear vertical. Recently, when analyzing rod-shape bacteria
(bacilli), we detected slanted steps of duration At (~0.6 to 1.1 s) that were found to scale up with bacillus
length (~1 to 5 um, respectively). In this work, we apply a Savitzky—Golay (SG) algorithm coded in
MATLAB to convert experimental i—t recordings into derivative plots of Ai/At versus t. As a result, current
steps become peaks on a flat baseline. Unlike the original values of Aji and At that require manual
gauging, the coded SG-algorithm generates both parameters automatically from peak integration. We
then display Ai and At in bidimensional scatter plots comparing mixtures of A. erythreum (~1 um) and B.
subtilis (~5 pm). The spread of Aji and At values complies with the size distribution observed using
scanning electron microscopy. By introducing SG-processing and bidimensional plotting of -t
recordings from stochastic blocking data we broaden the scope of the technique. The approach
facilitates distinguishing bacilli in mixtures because both At and Ai increase with bacillus length and now
they can be displayed in a single graph along with adsorption frequency. Moreover, density distribution
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Introduction

Of the electrochemical techniques that detect single particle
impacts,™ stochastic blocking electrochemistry remains the
most universal because it can probe both insulating®® and
conductive particles.” In this technique, colliding particles
disrupt the flux of an electroactive mediator reacting at the
surface of an ultramicroelectrode (UME). Individual adsorptive
impacts appear as steps of decreasing current (A{) overlaid on
the baseline of current-time (i-¢) for the mediator steady-state
response.">® Particle size affects the magnitude of Ai, while
collision frequency is controlled by particle concentration and
transport." However, because data acquisition in conventional
electrochemical instruments is slower than the collision speed

of most particles,>® current steps appear vertical.>®
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Consequently, since the first report on stochastic blocking
electrochemistry in 2004," the main focus has been on under-
standing how Ai relates to particle size,>® and the ways that
transport and concentration affect collision frequency.***
Hence, research on extracting particle information from the
transient character of current steps has been scarce.**
Recently, when examining adsorptive impacts of rod-shaped
bacteria (bacilli), we detected slanted current steps (Scheme 1)
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Scheme 1 Representation of signal processing by a 1°*-derivative SG-
filter applied to current steps of magnitude Ai and duration At from i—t
recordings of adsorptive impacts of bacillion UMEs. Both Aj and At are
obtained automatically upon integration.
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that exhibited a duration At, proportionate to bacillus length.*
In this work, we extend that investigation to exploit At using
digital processing of i-¢ recordings from bacilli mixtures. We
created a MATLAB script (see ESIt) that applies a Savitzky-Golay
(SG)** algorithm to experimental it recordings and generates Ai
and At values automatically. We then prepared bidimensional
plots of Ai and At for binary mixtures of bacilli. The analysis
scope of the technique broadens because even in mixed pop-
ulations of bacteria, Ai, At, and adsorption frequency can be
displayed in a single graph. To the best of our knowledge this is
the first time a SG-filter is applied to i-t recordings from
stochastic blocking electrochemistry to render bidimensional
scatter plots of current and time data points.

Since their development in 1964," SG digital filters have
been applied to data processing in various fields, including
infrared spectroscopy,'® medicine,"”” and geosciences."® SG-
filters work by fitting a range of adjacent data points in
a signal (i.e. wavelength, time, etc.) to a least-squares poly-
nomial value.” The latter becomes a weighted average for the
center point of the data interval.® Each data point in the signal
is replaced by a local polynomial fit as the SG-filter moves
through successive adjacent intervals to render a smoothed
output of the initial signal.*® The data range and order of the
polynomial are chosen beforehand. A lesser-known feature of
SG-filters relies on obtaining the derivative of the polynomial to
yield smoothed derivative plots of pristine signals.” We applied
the latter approach to experimental i—¢ recordings and produced
plots of Ai/At versus t (Scheme 1). As a result, current steps
become peaks on a flat baseline, and values of Ai and At are
generated from peak integration (Scheme 1). Both values of A{
and At are obtained automatically and take less time to extract
than manual measurement from i-t recordings. Moreover,
when A7 and At are plotted in bidimensional charts, mixtures of
bacteria can be examined graphically, as is done using dot plots
obtained from flow cytometry.** The latter is a technology that
interrogates single cells employing laser beams when cells flow
in solution.” Chemical and physical information from cell
populations is visualized in bidimensional dot plots according
to fluorescent or light scattering characteristics from individual
cells. Here we make similar plots, displaying Ai and At as
proxies of bacillus length."* When comparing mixtures of A.
erythreum (~1 um) and B. subtilis (~5 pum), we find that varia-
tions in Ai and At, reflect the dispersity of size distribution
observed using scanning electron microscopy.

Our goal here was to develop new ways of extracting infor-
mation from i-¢t recordings in stochastic blocking electro-
chemistry after having detected the new parameter A¢.'* By
combining SG-filtering and bidimensional plotting of Ai and A¢,
we expand the scope of this technique to differentiate bacilli by
rod length. This processing approach newly applied to
stochastic blocking electrochemistry can be extended to other
rod-shaped bacteria given that bacilli are responsible for
serious infections like, tuberculosis, tetanus, typhoid, diph-
theria, anthrax, salmonellosis, and several more.?> Moreover,
spherical microbial cells like yeast, can also be analyzed
because as we demonstrated recently, they exhibit rather long
At-values due their large size.”
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Materials and methods
Reagents

All reagents were used as received without further purification.
Potassium  hexacyanoferrate(n) trihydrate (K [Fe(CN)g]),
(98.5%), sodium chloride, sodium phosphate dibasic, and
potassium phosphate monobasic were obtained from Sigma-
Aldrich (St. Louis, MO, USA). Potassium chloride (KCl) was
purchased from Thermo Fisher Scientific (Hampton, NH, USA).
All aqueous solutions were prepared using Millipore water
(=18.2 MQ cm).

Instrumentation

All electrochemical experiments were performed using a CHI
660C potentiostat (CH Instruments, Austin, TX, USA) with
a three-electrode setup in a single-compartment electro-
chemical cell housed in a Faraday cage. The electrode setup
comprised a 3 M Ag/AgCl reference electrode, Pt wire counter
electrode, and a Pt working ultramicroelectrode (UME) fabri-
cated as described in prior literature (10.7 + 0.1 pm disk
diameter).>* Before and between experiments, the Pt UME was
gently polished with 0.05 um alumina powder (Buehler, Lake
Bluff, IL, USA) slurry on a Buehler polishing pad. Scanning
electron microscopy (SEM) was completed using a Hitachi SU-
70 FE-SEM operating at 5 kV. Critical drying of samples in
preparation for SEM was achieved using an Autosamdri-931
(Rockville, MD, USA). Dynamic light scattering (DLS) experi-
ments were performed using a ZetaSizer Nano ZS (Malvern
Panalytical, Westborough, MA, USA).

Cell culturing and bacteria preparation

Luria-Bertani (LB) broth was prepared by adding 10 g of tryp-
tone, 5 g of yeast extract, and 10 g of NaCl to 1 L of water. The LB
broth was the autoclaved for 45 minutes prior to use for cell
culturing. A 100 pL-aliquot of 50% glycerol stock solution con-
taining Aeromicrobium erythreum or Bacillus subtilis was added
to 10 mL of LB broth and grown in a rotary shaker at 37° for 24
hours (B. subtilis) or 48-72 hours (A. erythreum). Cell growth was
monitored using optical density measurements and only
bacteria in the stationary phase were used to perform
experiments.*®

The concentration of the bacterial cells was calculated using
optical density measurements. Cells were harvested by centri-
fuging 1 mL of the cell culture at 3500 rpm for 5 minutes (B.
subtilis) or 5000 rpm for 8 minutes (4. erythreum).>® The super-
natant was removed and the pellet was resuspended in 1 mM
PBS. The solution was centrifuged again before resuspending
the cells in a solution of 100 mM K,[Fe(CN)e] and 1 mM KCI. All
vials, tubes, and pipette tips were stored on a clean bench and
cell cultures were stored in a sealed vial to avoid contamination.

Scanning electron microscopy

Cells in liquid media were centrifuged and washed in PBS
solution twice, then resuspended in 1 mL of 3% glutaraldehyde
and refrigerated for 24 hours to preserve cell morphology. After
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refrigeration, the glutaraldehyde solution was removed by
centrifuging the cells three times with PBS, then dehydrated by
suspending the cells in a series of ethanol-water solutions from
30 to 100% ethanol. After dehydration, the cells were drop-
casted onto clean silicon wafers followed by critical point
drying. The silicon wafers were then fixed to conductive carbon
tape and coated with gold for SEM imaging.

Data collection and analysis

Electrochemical experiments were recorded using CH Instru-
ment's CHI660 software version 18.01. Data analysis was per-
formed using a homemade MATLAB (R2019a) script (ESIt) to
calculate step magnitude, Ai, and duration, At. Steps were
manually counted and analyzed to confirm the accuracy of the
MATLAB script.

Results and discussion
Experimental i-t response

Fig. 1B shows the i-t response for 100 mM of Fe(CN)¢*~ and
1 mM KClI (without B. subtilis), while the potential of the UME
was kept at +0.40 V vs. Ag/AgCl. This potential was chosen to
attain a steady-state current wherein ferrocyanide oxidation
becomes limited by mass transport.**” The concentration of
cells was adjusted to 10 fM (Fig. 1B) using the same ferrocyanide
solution for the bacillus-free response. In contrast to the blank
trace, the i—t curve for bacilli shows single adsorption events
manifested as current steps (Fig. 1B inset) over the baseline of
ferrocyanide oxidation.™ Despite appearing upwards, the steps
represent drops in current,** which arise from bacteria blocking
ferrocyanide flux at the UME surface as observed in previous
studies.'>'*?*$3° Even though the landing locus on the UME
surface influences the magnitude of current steps,® bacillus
length and particle size in general, also control Ai-values.* The
frequency of adsorption (number of steps per second) is regu-
lated by bacillus concentration and transport mode.'* We and
others, have demonstrated that transport to the UME surface for
bacteria is dominated by electromigration.’*** The positive
potential imposed to oxidize Fe(CN)s*~, pulls the negatively
charged cells towards the UME, with a velocity compatible with
electromigration,” including some contribution from
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Fig. 1 i—t response on a disk-Pt UME of ~10 um in diameter held at
+0.4 V vs. Ag/AgCl, 100 mM Fe(CN)g*~, 1 mM KCL. (A) No cells; (B) steps
(inset) for individual adsorptive collision of B. subtilis (10 fM) appear
upwards but represent drops in current baseline.
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electroosmosis."> The negative charge of the cells was confirmed
by measuring zeta potential values of —41 + 6 and —36 + 5 mV
for B. subtilis and A. erythreum, respectively (see Materials and
methods). The low concentration of supporting electrolyte (KCI)
also causes electromigration of ferrocyanide, which affects the
magnitude of the steady-state current as we have shown previ-
ously," however the conclusions of this work remain the same.

Application of first derivative Savitzky-Golay filter

Though SG-smoothing appears in the MATLAB tools, the algo-
rithm to apply the 1°* derivative filter does not, therefore we
created a script (see ESIt) to carry out the calculation steps
described in the original paper by Savitzky and Golay.'* Typi-
cally, a SG-filter is applied to the signal of interest by selecting
an interval of data points (Scheme 2) equal to an odd number
(11 for this case). The center point of this interval is replaced by
a value from polynomial fitting using convolution coefficients
listed in the original paper by Savitzky and Golay for a data set of
11." Then, the interval shifts one data point over (Scheme 2) to
calculate the next center value and continue the iteration until
all values in the signal are replaced by polynomial fits.

We chose a range of 11 data points so that 2m + 1 is equal to
11 and m = 5 (Scheme 2). Then, we took the convolution coef-
ficients (C) and normalization factor (N) corresponding to the
1% derivative and the quadratic (2™ order) polynomial to fit the
11 points from the original table by Savitzky and Golay."* The
SG-derivative filter calculates a new value using eqn (1) to
replace the center data point of the moving window." In this
expression, each data point of experimental i-¢ plots is repre-
sented by y; in the y-axis (current) and Ax; in the x-axis (time).
The latter is written as an interval because SG-filters are applied
to equidistant points in the x-axis," which for i-¢ plots corre-
sponds to the sampling interval employed during acquisition
(0.05 s). Because current steps in Fig. 1 are defined by Ai and A¢,
the fitted values calculated using eqn (1) constitute a derivative
Ai/At (slope) of the corresponding data points in a i-¢ recording.

Slope = Z—CA‘/C;}’;;{ (1)
]

The index k goes from m to —m, the limits of the moving
window, whilej (1, 2, 3, ..., n) designates data point order. Once
the first value is fitted, the window moves one data point over,
along the data set to fit the next value.

This process continues iteratively until replacing all data
points in a i~¢ recording. Fig. 2 illustrates the transition from
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Scheme 2 Pictorial representation of a SG-filter being applied to a it
step signal. The moving window of adjacent data points is selected so
that 2m + 1is equal to an odd number, in this case 11 (m = 5).
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Fig.2 (A)i-trecording for B. subtilis in Fig. 1; (B) slope plot (Ai/At) after

applying a 15'-derivative SG-filter using a 11-point data interval (2m + 1
=11, m=5).

Table 1 Comparison of values from i—t and derivative plots®

Al At

i-t plot Derivative i-t plot Derivative
0.423 0.403 2.142 1.637
0.221 0.211 1.468 1.518
0.138 0.142 2.099 1.872
0.327 0.312 1.174 0.845
0.078 0.101

“ From Fig. 2.

the experimental i-¢ plot (Fig. 2A) to the SG-derivative plot
(Fig. 2B). Every step in the i-t plot becomes a peak on the
relatively flat baseline of the derivative plot. Several advantages
arise from the transformation: (1) peaks are easier to discern
than steps, especially when appearing close together like the
steps between 200 and 250 s in Fig. 24A; (2) peak integration
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Fig. 3 (A) Comparison of a step and a derivative peak illustrating the
challenge of integrating and extracting Ai and At from a step; (B) effect
of the number of adjacent points used to calculate the slope points in
the derivative plot.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Analytical Methods

renders the parameters Ai and At automatically (Scheme 1). (3)
Processing of a it plot with multiple steps is quicker and
produces similar values from manual estimates (Table 1).

Fig. 3A overlays a step with its corresponding derivative peak
to illustrate that it is easier to integrate a peak than a step,
because in the former the baselines match. We found that when
increasing the number of data points in the “processing
window”, the peaks come out slightly broadened their base
while decreasing their height (Fig. 3B). Such result led us to
select the 11-point window for processing the i~¢ plots in this
work because the peaks appeared heightened and the values of
Ai and At extracted were closer to the manual estimates.

Analysis of binary mixtures of bacilli

Bidimensional plots of unmixed and mixed bacilli are shown in
Fig. 4. To collect the data and prepare the plots, collision
experiments with 10 fM of each bacillus (A. erythreum and B.
subtilis) were run in separate electrochemical cells. The result-
ing i-t curves were processed using the SG-derivative filter and
plotted together in Fig. 4A. Another series of experiments was
performed with 10 fM of each bacillus mixed in the same
solution. After SG-derivative these data are plotted in Fig. 4B.
The boxes in Fig. 4A were drawn by calculating the overall
average of Ai and At across trials and data points, adding the
standard deviation on both sides (vertical or horizontal) of the
average value to delineate the box perimeter. We copied and

15} v

A

A 10 fM A. erythreum
® 10 fM B. subtilis

< 1
= .
- s
0.5}
o, *e
Aoy —
0 A% : -
0.5 1 1.5 2 25 3 3.5
At s

1.5 & 10 fM A. erythreum + 10 fM B. subtilis

0 "
0.5 1 1.5 2 25 3 3.5

Fig. 4 Bidimensional plots of Ai and At values after SG-processing for
B. subtilis and A. erythreum (10 fM each). The arrows indicate the
direction wherein Ai and At cue bacillus length increments. (A) Plotted
together from separate i—t experiments with boxes delineating stan-
dard deviations of Ai and At for each bacillus. (B) Mixed bacilli in one i—t
experiment using the boxes from (A) to identify bacilli in the mixed
sample.
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pasted the boxes from Fig. 4A and B as an attempt to identify the
bacilli in the mixed sample. However, the boxes represent
a visual aid to identify the two groups of bacteria, given their
wide and overlapping distributions of Ai and At values. Had the
ranges been narrower, they would appear as separate data
clusters distinguishable from one another, each representing
a population in the mixture. Bacteria are expected to show
broad size distributions because they engage in a constant cycle
of birth and death. We believe this lack of discriminative power
in Fig. 4, can be addressed by adding a dilute polymer hydrogel
that slows down bacterial arrival due to viscosity and differen-
tial permeation.

We believe the bidimensional representation in Fig. 4 brings
benefits because it can display values of A7 and At for mixed
samples and enables potential identification of cell groups by
size, given that both parameters increase when bacillus length
grows."

Previously, we found that the longer the rod length of the
bacillus, the larger the distance from the UME surface at which
ferrocyanide flux begins to be disrupted during cell arrival,
thereby generating a heighted value of At.™ Similarly, based on
experiments and simulations,” Ai has been found to be
proportional to the bare electrode current, iz, and the square of
the ratio, rp/re, following the empirical expression:*”**

Ai = i (:—P) ’ )

Here, r,, symbolizes the radius of a spherical particle, and r.
corresponds to the radius of the UME. Eqn (2) is only approxi-
mate because it does not consider the flux difference between
center and edge that distinguishes UMEs.”” Consequently, eqn
(2) or a variant of it can only be used if the landing location of
the particle on the UME is known.** Nevertheless, given that
both Ai and At behave as proxies for bacillus length (see arrows
in Fig. 4), they can still be used to analyze bacterial samples
using the bidimensional plots in Fig. 4. In cases where size
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Fig. 5 Scanning electron micrographs and rod-length distribution for
(A) B. subtilis and (B) A. erythreum.
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distributions are narrow, cells groups would be identifiable by
their location on the bidimensional chart.

The degree of scattering observed for Ai and At in Fig. 4
results from the broad size distribution exhibited by B. subtilis
and A. erythreum. Fig. 5 shows images from scanning electron
microscopy for both bacilli. The distributions obtained from
surveying the cells in the images are also depicted in Fig. 5.
Overlap of the boxes in Fig. 4 can be explained by the wide range
of sizes shown by these bacteria.

Conclusions

We have described a method that enables analysis of bacterial
populations using bidimensional plots of Ai and A¢ from it
recordings in stochastic blocking electrochemistry. Because
both parameters grow when bacillus length increases, we can
use data distribution on the plot to compare and in some cases
distinguish populations of bacteria. This is despite lacking
formulae that relate A7 and At with bacillus size. We arrived at
this method by applying a SG-derivative filter that converts
current steps from experimental i-t plots to peaks on a flat
baseline. We carry out the method using a home-made MATLAB
script that delivers Ai and At automatically from peak integra-
tion. Both parameters show similar values to Ai and A¢ manu-
ally extracted from i-t plots. Combining SG-filtering and
bidimensional plotting of A7 and At, we expand the scope of this
technique to differentiate bacilli using rod length. This pro-
cessing approach may be applicable to other microbial and
mammalian cells, provided their current steps in i-¢ recordings
exhibit measurable A¢-values. It is important to realize that this
technique is applicable only to low concentration samples (fM
to pM) because simultaneous bacterial collisions blur data
interpretation, similar to single molecule measurements that
use diffraction-limited optics wherein nanomolar concentra-
tions overload the detector.>® Therefore, concentrated samples
would have to be diluted.

The present approach has the sensitivity of single cells,
emulating methods like electron microscopy, coulter counting,
AFM, flow cytometry, and fluorescence microscopy, but requires
less instrumental complexity and footprint. Selectivity relies
purely on bacterium size, but discrimination in mixtures
remains challenging because of the intrinsic broad distribu-
tions displayed by bacteria. We believe that dissolving a polymer
hydrogel in solution to provide differential permeability during
bacterial collisions may help narrow the bidimensional distri-
butions of Ai and A¢ and discriminate bacteria in mixtures.
Another way consists in applying signal correlation analysis* to
the i-¢ plots and use the collision frequency as fingerprint for
size. We will try these ideas in upcoming work.

Data availability

The data supporting this article have been included as part of
the ESLt
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